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Abstract

Agrin triggers the subsynaptic aggregation of aeetylcholine receptor (AChR) via

activation of the receptor tyrosine kinase MuSK (muscle-specifie kinase). At present.. the

intracellular mechanisms utilized by MuSK to initiate such a complex proeess remain

unknown. In the present study, [ tirst tested if H-ras was involved in the process of

synaptogenesis induced by agrin. The data presented suggest that ras eould have a role in

tbis process because a dominant inhibitory ras mutant (ras-N 17) partially blocked the

inductive etTeets of agrin while two activated ras mutants (ras-VIZ and ras-VIZ-038)

induced agrin-independent AChR clusters. These effeets were not due to major alterations

in the levels ofAC~ though more experiments are required to confirm these preliminary

findings.

Second.. [ investigated whether the adaptor protein Shc was a downstream etfeetor

of activated MuSK. MuSK and Shc could be co-immunoprecipitated't but this association

was not eonsistently observed nor was it modulated by agrio at ail times. Generally, no

alteration in Shc phosphotyrosine content was observed in response to agrin,. and when an

ioerease was detected.. it was modest. Finally, agrin did oot modulate the interaction

between Shc and Grb2. Based on these results, 1 conclude that She interaction with

MuSK is not regulated by agrin.
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Résumé

L'agrine déclenche l'aggrégation sous...synaptique des récepteurs à l'acétylcholine

(RACh) via l'activation du récepteur à tyrosine kinase MuSK. Les mécanismes

intracellulaires utilisés par MuSK pour parvenir à former la jonction neuromusculaire sont

toujours largement inconnus. Dans cette étude~ j'ai tenté de determiner si H-ras est en

aval de la cascade signalétique de MuSK. Les données présentées suggèrent que ras

pourrait avoir un rôle dans le processus d'agglomération des RACh car un mutant

dominant-inhibiteur (ras-N17) bloque la formation de larges aggrégats de RACh induite

par l'agrin alors que deux mutants dominant-actifs (ras...V 12 et ras-VI2-D38) provoquent

la formation de ces aggrégat en l'absence d'agrine. Ces effets ne semblent pas dûs à une

altération majeure aux niveaux de RACh à la membrane. Étant donné que ces résultats

sont préliminaires, plus d'expériences sont requises pour conclure sur cette question.

Deuxièmement, j'ai tenté de déterminer si la protéine adaptatrice Shc interagissait

avec MuSK lorsque celui·ci est activé par l'agrine. MuSK et Shc furent co­

immunoprécipités en quelques occasions, mais cette interaction n'était pas toujours

modulée par l'agrine. Généralement, l'agrine ne provoque pas de changements des

niveaux de phosphotyrosine de Shc, et lorsqu'une augmentation est détectée, elle est

modeste. Finalement, l'agrine ne provoque pas une augmentation de l'association entre

Shc et Grb2. En conséquence, il semble peu probable que l'interaction observée en

quelques occasions entre Shc et MuSK ait un rôle imponant dans le processus de

synaptogénèse induit par l'agrine.
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1 Abbreviations

AChE aeetyleholinesterase
AChR aeetyleholine receptor
Akt serinelthreonine kinase akt (also known as PKB)
a-BTX alpha-bungarotoxin
ARIA aeetylcholine reeeptor-inducing activity

BDNF brain-derived neutrophie factor

CAR Coxsackie-adenovirus receptor
eDNA complementary DNA
CMV cytomegalovirus

DG dystroglycan
DI dominant inhibitory
DMEM Dulbecco's modified Eagle's medium
OP dominant positive

EOF epithelial growth factor

1 EGFR epithelial growth factor receptor
erbB EGF receptor-Iike
Erk extracellular regulated kinase

FOF fibroblast growth factor

Gab Grb2-assoeiated binder
GaINAc N-acetyl-gaiaetosamine
GAP guanine nucleotide activation factor
GDf guanine nucleotide dissociation inhibitor
GDP guanine nucleotide diphosphate
GEF guanine nucleotide exchange factor
GFP green fluorescent protein
GLUT4 glucose transporter
Grb2 growth factor receptor binding protein 2
GTP guanine nucleotide triphosphate
GTPase guanine nucleotide triphosphatase

lOF insulin-like growth factor
IGFR insulin-like growth factor receptor
IR insulin receptor

1
IRS insulin receptor substrate

3
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MAPK
MASC
Mb
MEKlMKKlMAPKK
Mn
mRNA
Mt

MuSK

Neu
NMJ
NT
NT-4

PAGE

1
PDGFR
PKC
PI3K
PLCy
p70S6k
PTB

RalGDS
Rapsyn
ras
RATL
ROR
RPTP
RTK

Shc
SHP
SH2
SH3
Sos

TGFb

1

Mitogen activated protein kinase
MuSK-accessory specificity component
myoblast
mitogen activated kinase kinase
motoneuron
messenger RNA
myotube

Muscle-specifie kinase

neu ditTerenciation factor
neuromuscular junction
neurotropitins
neurotrophin 4

polyacrylamide gel eleetrophoresis
platelet-derived growth factor receptor
protein kinase C
phosphoinositol-3 kinase
phospholipase Cy
ribosomal p70 S6 kinase
phosphotyrosine binding

ral guanine nucleotide dissociation stimulator
receptor associated protein at the SYnapse
transfonning protein ofHarvey sarcoma virus
rapsyn-associated transmembrane linker
Regeneron orphan receptor
receptor tyrosine phosphatase
receptor tyrosine kinase

src homology 2 and collagen homology protein
src homology 2 containing protein tyrosine phosphatase
src-homology 2 domain
src-homology 3 domain
son-of-sevenless

transforming growth factor b
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Generalliterature review

The neuromuscular junction (NMJ) has been used extensively in the past 25 years

as a working model for synapse formation due to its inherent simplicity and experimental

accessibility. Significant efforts have been directed toward unravelling the molecular

mechanisms and etfector Molecules involved in postsynaptic ditTerentiation. This led to the

discovery ofMany proteins that are part of the subsynaptic complex (Hall and Sanes~ 1993 ~

Burden. 1998; Sanes and Lichtman, 1999). Although our understanding of neuromuscular

synaptogenesis has progressed tremendously~ severa! aspects still remain relatively

unexplored. ln particular~ efforts to elucidate the intracellular signaling pathway

underlying tbis process have only provided us with a few scattered fragments of

information (Colledge and Froehner~ 1998a; Wallace, 1996). ln the present study, 1 have

attempted to detennine if the signaling proteins ras and Shc have a role downstream of

agrin/MuSK signaling during NMJ foonation. Below~ [ discuss these two proteins~

followed by an introduction to the concept of primary myogenesis. Theo.. a detailed

description of neuromuscular junction formation will be provided. The signaling processes

involved in AChR subsynaptic aggregation and transcription will be emphasized.

Part 1- Ras

Ras (transfonning protein of Harvey sarcoma virus)~ a small G-protein of 21kD,

has been implicated in many signaling pathways activated by extraceUular ligands, leading~

among other things, to changes in proliferation or ditTerentiation (Boguski and

McCormic~ 1993). AlI mammalian eeUs studied thus far contain three homologous but

distinct ras genes: N-ras, Ha-ras and K-ras (Boume et al.~ 1990). Analysis of the ditferent

ras genes shows that sorne domains are conserved from yeast to human. Not surprisingly,

mutagenesis within these domains significantly alters ras signaling, suggesting that they

harbor crucial functional regions. These are the GTPase domai~ the GTP binding domain

and the smtch region 1 and 2 (or etfector binding domain~ Shih 1986~ Polakis 1993).

Another vital site is cysteine-286, which is required for ras membrane attachment~ a

prerequisite for ras activation (Seabra.. 1998).

5
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Figure 1.1 A The Ras GTPlSe cycle. Ras are bound most of the
time by guanine nucleotides GDP or GTP. raseGDP, the inactive
form of ras, is also the most abundant species. Activation of ras is
dependent on the removal of GDP trom ras followed by GTP
binding. This is catalyzed by ras-GEFs. raseGTP is only transiently
formed since ras possesses an intrinsic GTPase activity that cleaves
GTP to GDP and tbis activity if enhanced by ras-GDS. Ras aetivity
can be abrogated by ras-GDI~ which removes raseQTP from the
membrane fraction. Abbreviations used: GEF, guanine nucleotide
exchange factor ; GOS, guanine nucleotide dissociation stimulator ;
GDI, guanine nucleotide dissociation inhibitor; GDP, guanine
nucleotide diphosphate; GTP guanine nucleotide triphosphate (This
figure is modified from Denhardt 1996).

Figure 1. 1 B Schematic of ras activation by a receptor tyrosine
kinase. This representation il!ustrates the mechanism by which ras is
activated by a signaling cascade initiated by the binding of an
extracellular ligand to a receptor tyrosine kinase. Tyrosine
phosphorylation resulting from dimerization of the RTl( creates
docking sites for adaptor proteins such as Grb2. Since Grb2 is
constitutively complexed with the ras-GEFs called Sos~ it is also
translocated to the membrane fraction, a perfeet location to allow it
to modulate ras aetivity. Quiescent ras, which is bound to GDP,
does not interact with downstream etTectors. In contrast~ the binding
of GTP to ras causes major conformational changes that allow
signaling Molecule to interaet with it.

Figure 1.1 C Typical ras silnalinl cascade downstream of RTKs.
Activation of RTKs recruits the complex of Grb2/Sos to the
membrane directly or via Shc, and promotes ras activation. Ras
activity depends on the balance between the activities of positive
(ras-GEFs) and negative (ras-GOS) modulators. The primary
etTectors bind to raseGTP direetly (pBK, ralGDS, raf-l) and initiate
distinct signal transduction cascades. A negative feedback loop has
been reported whereby aetivation of MAPK downstream of ras
results in the dissociation ofGrb2lSos complex.



1 A

B

Ras GTPase cycle

Downstrum elfedors

Ras activation

1 Adapter

AdaPtor~\..p Ras-GOP Ras·GTP

Primary

1

c
Ras cascade

RTK

;~c1
+! +

Modulator GAP Grb2lSos ..----

1 +! +....._ ..... Ras"""-'Ca2+

+l---+1--+1
r PI3K Ral.GDS Raf-l

+ +! +! +!
Secondary RaclRho p90rsk Rai MEK

+!
MAPK-



1

1

1

At ail times~ ras proteins are bound by one of two ditTerent guanine nucleotides.

Interaction between the ras·GTP binding demain and GDP or GTP results in low or bigh

aetivity levels, respectively (Boume et al., 1990; Boguski and McCormic~ 1993). lndeed,

the binding of GTP to ras results in major confonnational changes involving mainly switch

regions 1 and 2 (pai et al., 1989; Milbum et al., 1990) which allows downstream signaling

molecules such as raf-l (Daum et al., 1994; Avruch et al., 1994), PI3K (Rodriguez­

Viciana et al., 1994) or ralGDS (Kikuchi et al., 1994), to interact with the etfector region

(figure 1.1 B; for reviews~ Marshall 1996; Herrmann 1996). Specifie mutations in tbis

domain results in partial loss of ras interaction with downstream effectors (White et al.,

1995; Joneson et al., 1996; Khosravi-Far et al., 1996). Ras activity is transient as it is

initiated intermittently by tightly regulated signaling pathways and is rapidly terminated

due to an intrinsic GTPase activity that hydrolyzes GTP to GDP (Boume et al., 1991).

Thus, ras constantly oscillates between the GDP- and GTP-bound states and acts as a

regulatory switch for ail signaling cascades that converge onto it (for reviews, Satoh et al.,

1992; Rommel and Hafen, 1998).

Three families of proteins directly modulate tbis cycle by driving it toward or away

tram the active state (figure 1.1 A). GEFs (guanine-nucleotide exchange factors) such as

Sos~ promote GDP disengagement and GTP binding (for review, Quilliam et al., 1995).

GAPs (guanine-nucleotide activating proteins), like rasGAP, increase ras GTPase activity

(for review, Polakis and McCormick~ 1992). Finally, GIDs (guanine-nucleotide

dissociation inhibitor) cause ras·GTP to dissociate from the membrane and transport it to

the CYt0sol, thus rendering it inactive (for review~ Olofssoo.. 1999). The balance between

the aetivities of these modulatory proteins determines what fraction of ras is active at any

given time. Mutations that render ras insensitive to GEFs or GAPs have been identified:

ras-N17 (where Ser-17 is changed to Asn-17) is locked in the GDP-bound state and is

considered as dominant-inhibitory (Szeberenyi et al., 1990~ Cai et al., 1990) and ras-VI2~

(Gly-12 ta Val-12) which CaIUtot hydrolyze GTP, acts as a dominant positive (Beitel et al.,

1990; Han and Sternberg, 1990).

It has been known for a long time that ras is involved is signaling downstream of

receptor tyrosine kinases (RTKs; figure 1.1 C; for reviews, Burgering et al., 1993;

6
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Pawson., 1994). The MOst studied signaling pathway implicating RTKs and ras is

undoubtedly the ones involving Grb2 and Sos, two proteins that are thought to he

constitutively complexed via Grb2 sm (src homology 3) domains (Simon et al., 1993).

Briefly, autophosphorylation of RTKs triggered by extracellular ligands creates a docking

site for Grb2, which binds to it via its SH2 (src homology 2) domain (Lowenstein et al.,

1992; Schlessinger, 1993). Grb2 translocation to the cell membrane brings Sos in close

contact with ras, thus allowing modulation of ras activity in a RTK-dependent fashion

(Buday and Downward, 1993; Li et al., 1993; Chardin et al., 1993; Olivier et al., 1993).

Ras signaling is also regulated by a negative feedhack loop that leads to Grb2/Sos complex

dissociation via MAPK-dependent pho~phorylation of Sos on serine or threonine residues

(Chemiack et al., 1995; Waters et al., 1995~ Waters et al., 1995b; Rozakis-Adcock et aL

1995).

Over the years, a wide variety of functions have been ascribed to ras and its

effeetors, ranging from initiation of gene transcription, to cytoskeletal rearrangements, cell

survival, proliferation and differentiation (for review, Macara et al., 1996). Not

surprisingly, mutations that affect the regulation ofthis versatile enzyme are often Iinked to

cellular transformation and are round in 300/0 of all cancers (for review, Barbacid, 1987).

Ras seems to be perfeetly located within signaling cascades to act as a nodal point for

integration of extracellular signais that modulate cellular processes in a co-ordinated

manner. lndeed, despite simultaneous convergence of many RTK signaling pathways on

one molecule, ras aetivity still gives rise to a variety of cellular outcomes (for reviews,

Vojtek and Der, 1998; Denhardt, 1996). This speciticity is likely to be due to the diversity

of ras modulators and downstream etTectors (for reviews, Wittinghofer and Hemnann,

1995; Parrini et al., 1997).

Part %- Sbc

The intracellular protein Shc (src-homology and collagen) is ubiquitously

expressed~ with three different forms (pelicci et al., 1992). The 47 and 55 kD forms

Mediate signaling downstream of RTK while the 66kO is thought to aet as a negative

regulator (pelicci et al., 1992; Okada et al., 1997). Shc, like Grb2, is said to be an adaptor

7
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protein because il has a modular architecture composed of multiple binding domains

allowing it to form multiprotein complexes (for review~ Birge et al.~ 1996). Although it

bas no intrinsic enzymatic activity~ constitutive Shc overexpression induces transformation

in NUi 3T3 mouse fibroblasts and results in tumorigenesis in nude mice (Pelicci et al.~

1992). Shc possesses two distinct domains that bind phosphorylated tyrosines: a PTB

(phosphotyrosine binding) domain (for review~ Borg and Margolis~ 1998; Kavanaugh and

Williams~ 1994; Zhou et al.~ 1995) and an SH2 domain (for review~ Ponzetto~ 1998; Pelicci

et al.~ 1992)~ located at the amino- and the carboxy-terminus~ respectively (figure 1.2).

The SH2 domain binds preferentially to YXXM motifs while the PTS domain interacts

with NPXY~ where X stands for any residue (Songyang et al.~ 1993). For the latter,

residues surrounding the motif NPXY determine the strength of the interaction while the

identity of the X appears to have no effect (He et al., 1995; Laminet et al., 1996).

Although the PTB domain is clearly used to Înteract with aetivated receptor tyrosine

kinases, the role of the SH2 domain remains unclear (Borg and Margolis, 1998).

Association of Shc with activated RTK generally results in tYrosine phosphorylation of Shc

in the collagen-homology domain (Rozakis-Adcock et al., 1992) and these modified

residues constitute new docking sites for signaling molecules that have SH2 domains, such

as Grb2 (VanderKuur et al., 1995).

Shc signaIing often involves but is not restricted to activation of the ras/raf­

llMAPK pathway via Grb2/Sos (Bonfini et al.~ 1996). lndeed, association of Shc with

activated RTK leads to the translocation of the Grb2lSos complex to the membrane

fraction (figure 1.1 C; Egan 1993). Shc is aIso able to interact with many other proteins

like SlfiP (Lamkin et al., 1997), adaptins (Okabayashi et al.~ 1996) or IRS-l (Kasus­

Jacobi et al., 1997). In MOst tissues, Shc is simultaneously involved in the signal

transduction cascade downstream of many RTK such as the EGF receptor (Batzer et al.,

1994), the iosulin receptor (Sasaoka et al., 1994) or the IGF-l receptor (Chow et al.,

1998). Notably, Shc-dependent signaling pathways aetivated by these receptors result in

completely distinct cellular processes, ilIustrating its funetional diversity (Cattaneo and

Pelicc~ 1998).

8
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Figure 1.2 The domains of Shc. The structure of Shc is illustrated
with the protein tyrosine binding (PTB) domain at the amino
terminus and the src homology-2 (SH2) domain at the carboxyl
terminus. In the middle, the collagen homology domain is rich in
serine-proline residues and contains 3 potential SH2 docking sites at
tyrosine 239, 240 and 317. The consensus motifs for the binding of
the PTB and SH2 domains are indicated. In the bottom panel are
presented examples of proteins that interaet with the three functional
domains of Shc.
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Part 3 - Myogenesis

Skeletal myoblasts (Mb), which ongtnate trom the dorsal mesoderm during

development, are cells that have the ability to perform two mutually exclusive but

complementary tasks. First, they can proliferate, resulting in clonai expansion of the cell

population. Second, Mb can exit the cell cycle, start to differentiate and ultimately

undergo cell fusion to generate multinucleated myotubes (Mt). This process is referred to

as primary myogenesis (for review, RosenthaI, 1989). lt is weB established that Mb and

Mt express very different sets of proteins that cao be used as markers to distinguish

ditferentiation levels. For example, Mb possess a wide range of cell cycle-related proteins

like the cyclins and cyclin-dependent kinases (cdks) whereas Mt do not (Zhang et al.,

1999). In contrast, myosin heavy chain and creatine kinase are only found in Mt

(Chamberlain et al., 1985; Lawrence et al., 1989).

Myogenesis regulation

An array of positive and negative cues tightly regulates myogenesis. For example,

insulin (Florini et al., 1996) and neuregulin/GGF2 (Kim et al., 1999) promote myogenesis

while TGFb (Oison et al., 1986) and FGF (Oison et al., 1987) inhibit it (figure 1.3 A: for

review, Oison (991). Since myocytes are exposed to many such signais during

development, signai integration is likely to occur via intracellular signaliog cascades. Not

surprisingly, Many signaling proteins like PI3K (Jiang et al., 1998~ Jiang et al., 1999~

Calera and Pilch, 1998; Kaliman et aL, 1996), MAPK (Bennett and Tonks, 1997), PKC

(Vaidya et al., 1991), raf-l (Dorman and Johnson, 1999), rac 1 (Gallo et al., 1999), rho

(Takano et al., 1998~ Wei et al., 1998; Rarnocki et al., 1997) and ralGDS (Ramocki et al.,

1998) have all been implicated in myogenesis, and their involvement strongly suggests an

important role for ras during myogenesis. Indeed'l dominant positive ras is very effective

al inhibiting myogenesis (Oison et al., 1987; PaYne et al., 1987; Gossett et al., 1988;

Sternberg et al., 1989; Koniecznyet al., 1989; Vaidya et al., 1991~ Weyman et al., 1997),

and tbis effect is due to the secretion of an inhibitory factor that is oot TGFb nor FGf

(Weyman and Wolfman, 1997). To my knowledge, the etfects of expressiog dominant

inhibitory ras on myogenesis have oot bcen documented (see Results).

9



• A
Myogenesis regulation

• B

Differentiation signais

PI3K
Integrins
Neuregulin (GGF)
IGF-1
IGF-2
InsuUn

IGF-I

1

Proliferative signais

Fetal bovine serum
bFGF2
TGFbeta1
Ha-Ras
PKC
RalGDS

Trigger factor X

•

1 PI-3k~ LY294002 rr
1 af-1 ~ ?

Akt 1....---......

p70S6K l
l- . MAPK! mpamycln l

Myogenesis Mitogenesis



•

•

•

Figure 1.3 A Faeton .....Iating myogenesis. Myogenesis is the
process by which myoblasts undergo fusion to forro multinucleated
r~lyotubes. ln essence, myoblasts are proliferative cells whereas
myotubes are quiescent and fully differentiated entities. Presented
here are sorne of the factors that are known to promote or abrogate
myotube formation.

Fig!lre 1.3 B Regulation oC myogenesis by insulin-like growth
faetor-L The etfects of insulin-like growth faetor-I (IGF-I) on
myogenesis are peculiar because depending on the lime scale, it
either inhibit it (short rime) or promotes it (longer exposure). The
inhibitory component of the signaling pathway involves mainly the
raslraf-IIMEKlMAPK pathway and results in proliferation
(mitogenesis). The positive signais are transduced by PI3K via Akt
and p70S6k. For more details, see text and also ref Coolican et al.,
1997.
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A role for ras in myogenesis

Recently, the role of ras during myogenesis has been clarified in studies focusing on

the modulatory effects of insulin-like growth factor-I (IGF-I) on myodevelopment

(Coolican et aL, 1997). This growth factor, which activates IGFRs~ displays a peculiar

functional dichotomy as it promotes both proliferation (after 1 day of exposure) and

differentiation (after 3 days) of myocytes (figure 1.3 B). IGFl-dependent myoeyte

proliferation has been linked to the raslraf-IIMEKIMAPK cascade while the lGF!

inductive etfects on myogenesis appear to rely on the PI3K1Aktlp70S6k signaling

pathway. Exposure of myoblasts to the MEK inhibitor PD0980S9, in conjunction with

IOFl, inhibited lGFl-dependent proliferation but resulted in ditferentiation levels that

were significantly higher than that obtained with IGF 1 alone. On the other hand, treatment

with either LY294002 (PI3K inhibitor) or rapamycin (p70S6k inhibitor) under similar

conditions resulted in an insignificant decrease in cell proliferation but completely

prevented lOF I-dependent ditferentiation. Finally. both LY294002 and rapamycin

hindered the myogenic effect of PDÛ98059. From these results, it appears that myogenic

factors might modulate the effeets of IGF 1 on muscle cells by alleviating the negative

influences exerted by the ras pathway. Still, blockade of this inhibitory pathway is not

sufficient to induce myogenesis since the PI3K1p70S6k pathway is required.

Part 4 - The neuromuscular junction

Motoneurons (Mn) are cells located in the ventral horn of the spinal cord that send

very long axons to every skeletal muscle of the body. Once Mn have arrived in the vicinity

of the muscle, they send off Many projections that innervate the muscle fibers. Although

multiple innervation is observed early in development, later on.. each myofiber has ooly one

NMJ (for review, Sanes and Licht~ 1999). The most striking postsynaptic change

concerns acetylcholine receptors (AChR) localization and expression. AChR are mobile

and uniformly distributed on the myotubes before innervation, however the presence of a

Mn in the vicinity induces aggregation of pre-existing AChR subsynaptically (Salpeter et

al., 1988). Nerve-muscle contact also results in an overall increase in AChR transcription

10
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that becomes gradually restricted to synaptic nuclei (Klarsfeld et aI.~ 1991; Sanes et al.,

1991). ft a1so triggers a switch in AChR subunit stoiehiometry~ as development proceeds

from the embryonie a2J3&y to the adult CL2J3~E (Mishina et aI.~ 1986~ Gu and Hall~ 1988).

A number of elements contained in the basal lamina, on the muscle membrane and in the

CYtoplas~ are also substantially enriched at the NMJ (figure 1.4). Before discussing the

prevailing mechanistic viewpoints underlying AChR localization and expression~ the basie

structure ofa mature NMJ will be described.

4.1 Structural components ofNMJ

Basal lamina components

As myotubes fonn they are gradually ensheathed by an extracellular matrix (ECM)

layer known as the basal lamina (BL). It is composed of an array of specifie isoforms of

Molecules like laminin (patton 1997)~ entactin (Chiu and Ko, 1994) and collagen (Sanes

and Hall~ 1979)~ which fonn a long-lasting scaffold as it escapes the normal cellular

turnover (Slater~ 1990). Early on it was observed that factors regulating neuromuscular

synapse differentiation were tightly Iinked to the BL. Indeed, an injured muscle growing

back within the remaining BL always formed a normal postsynaptic apparatus at the

original synaptic site, even in the absence of reinnervation (Sanes et al., 1978). Likewise~

lesioned Mn grew back in their original synaptic location~ even when muscle regeneration

was prevented. These events were prevented when the basa11amina was removed (Sanes

et al.~ 1978). Some BL residents, in panicular cenain collagen and laminin isoforms~ are

dramatically enriched at the NMJ (Sanes~ 1982). These proteins are involved in extensive

protein-protein interaction thus fonning a dense meshwork of homo- and hetero-oligomers

in which molecules secreted by Mn and Mt, like ARIA (aeetylcholine receptor-inducing

activity) or agrin are effeetively trapped (for review, Carbonetto and Lindenbau~ 1995).

Membrane-associated proteins

The membrane direetly opposed to the nerve terminal is quite ditTerent from the

rest of the myotube as it is composed subsets of enriched Molecules. Typically, one can

tind transmembrane glycoproteins such as integrins and a1~-DG sarcoglycans aggregated
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Figure 1.4 The proteins agregated at the neuromu5cular
junction. The formation of the subsynaptic apparatus involved the
clustering of AChR as well as many other proteins. For simplicity,
ooly the main ones are illustrated. Abbreviations: afP-DG,
a/~dystroglyean; MuS~ muscle-specifie kinase; MASC, MuSK­
associated signaling component; RATL, rapsyn-associated
transmemhrane linker; Grb2, growth factor binding protein-2; AchRs,
acetylcholine receptors; P, tyrosine phosphorylation, DAG,
dystropmn-associated glycoprotein complex.
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at the NMJ (reviewed in Carbonetto and Lindenba~ 1995). Studies with lectins

revealed that (unidentified) glycaproteins bearing terminal GalNAcs are also aggregated at

the NMJ (Sanes and Cheney, 1982; Scott et al., 1988; Martin and Sanes, 1995). Two

types of RTKs are also consistently observed at the NMJ, namely MuSK (Muscle-Specifie

Kinase) and erbB, the receptors for agrin and ARIA, respeetively (Bowen et al., 1998; Zhu

et al., 1995). Finally, sodium channels and NCAM are also found at the NMJ, In the more

precisely in the throughs of the junctional falds (Flucher and Daniels, 1989~ Covault and

Sanes, (986).

Cytosolic proteins

Many intracellular components are accumulated subsynaptically. For instance, the

following cytoskeletal proteins are aggregated at the NMJ: rapsyn, utrophin, a­

dystrobrevin-l, syntrophin, vinculi~ filami~ a-actinin, and actin (SeaIock et aI., 1984~

Peters et al., 1998; Froehner et al., 1997~ Shadiack and Nitkin, 1991), A few intracellular

messengers, such as PKC-e (Duca et al., 1998) and cortactin (Peng et al., (997) are also

concentrated subsynapticaIly. Src-like kinases (Fuhrer and Hall, 1996), which are

associated with AC~ might aIso be recruited at the synapse but it has not yet been

shawn.

4.2 Modulation of AChR aggregation

The study of the process of AChR c1ustering was facilitated the use of

tluorochrome-labeled a-Bungarotoxin (a-BTX), a non-reversible, high affinity AChR

agonist (Barnard et al., (979). Overnight exposure of cultured myotubes to a Molecule is

usually sufticient to assess its clustering ability. Early studies revealed lhat such c1uster­

promoting agents were present in brain extraet but the exact identity remained obscure for

a long time (Godfrey et al., 1984). Many purified molecules with aggregat:ng properties

have been identified, but their physiological relevance is not always established (see

below). First, 1 will provide a detailed description of the effects of two clustering

Molecules, namely agrin and Iaminin, which utilize phosphotyrosine-dependent and ­

independent pathways, respectively. Finally, it is useful to brietly discuss the other factors

12



•

•

•

that are known to influence NMJ formation in vitro, even though evidences for implication

in vivo is often lacking.

Agrin

Agrin is a potent postsynaptic differentiation inducer that was isolated and purified

ftom the extracellular matrix of the electric organ of Torpedo (Tsim et al.~ 1992~ Reist et

al., 1992). Agrin is a globular protein composed of 9 follistatin...like domains, 4 EGF-like

domains and 2 laminin G...domains. Deletion studies have specified the function of sorne of

these domains (Hoch et al., 1994). For instance, the amino terminus binds to laminin

(Denzer et al., 1997a)~ the laminin G...like domains binds to a ...dystroglycan (Gesemann et

al., 1996) and the C-terminus is required for the clustering activity (Gesemann et al.,

1995). The interaction of agrin., a 400kOa heparan sulfate proteoglycan (H5PG), with LN

and a ...dystroglycan presumably facilitates its stable incorporation into the subsynaptic Bl

(Denzer et al., (995). Alternative splicing at three sites (x., y and z) located at the carboxy­

terminus generates Many agrin isoforms in addition to the unspliced fonn. Indeed, a 3 or

12 amino acid insen can be added to the x site, a 4 amino acid insert to the y site while

inserts of 8, II or 19 amino acids can be displayed by agrin at the z site. Since the

bioactivity of agrin depends mostly on the inserts y and z, the terminology used

corresponds to agriny.z (Fems et al., 1992~ Ruegg et al., 1992~ Fems et al., 1993~ Hoch et

al., 1993). 1 will focus 00 the two most studied agrin forms. agrino.o and agriI4.8, which

have ditferent biological properties.

The first isofo~ agrino.o, is secreted by Many cell types including neurons and

myocytes (Ruegg et al., (992). At present, the exaet funetion of tms isoform (later

referred to as muscle agrin) is uncel1ain, but much evideoce suggests that it cannot induce

NMJ formation despite the faet that it binds to membrane receptors such as dystroglycan

(Sugiyama et al., 1994). Indeed, addition of muscle agrin to cultured myotubes does not

promote AChR clustering (Ruegg et al., 1992; Hoch et al., 1993) unless applied at very

high concentrations (Ferns et aL~ 1992), and might in faet reduce AChR tyrosine

phosphorylation (Meier et al., 1998a).
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In contrast~ agrÏJ4.8~ which is exclusively produced by~ is the main orchestrator

of NMJ formation (Denzer et al.~ 1997b; Ruegg and Bixby. 1998). Application of

exogenous agril4.8, even in the presence of saturating concentrations of a8riOo.o, triggers

AChR aggregation with other synaptic components (Ferns et al., 1993). StiU~ these

postsynaptic apparati are not fully differentiated~ as cultured myotubes exposed to agrin do

not form junetional folds~ suggesting that agrin may require other signais ill vivo.

Microinjection of agrÏJ4.8 cDNA in muscle regions devoid of NMJ lead to the elaboration

ofan ectopic NMJ, in the complete absence of innervation since neural agrin is secreted by

the muscle (Jones et aI.~ 1997; Meier et al., 1997~ Cohen et al., 1997). This indicates that

the expression ofagrinu is sufficient to induce NMJ formation.

Mice with a targeted mutation for agri~ which express neither agrinu nor agriOo.o,

have greatly reduced numbers of NMJ (Gautam et al., (996), yet myotubes derived from

these mice are fully responsive to addition of exogenous agrin in vitro (Gautam et al. ~

1999). A recent study elegantly demonstrated the specific role of agrinu by generating an

agrinu isoform-specific knockout mouse (Burgess et al., (999). Indeed, deletion of the

neuronal insert (4~8), resulted in a NMJ phenocopy of the agrin knockout. This proved

that agrinu is necessary to induce synapse formation while agrino.o is dispensable (these

mice expressed normallevels ofagriOo.o).

Tyrosine phosphorylation

Further support for the involvement of agrin in NMJ formation stems trom its

intimate link to tyrosine kinase aetivity. Indeed~ agrin induces sequential tyrosine

phosphorylation of MuSK its putative receptor (see below), and of AChR ~-subunit in a

dose-dependent manner (Glass et al., 1996a~ Fems et al., 1996). Tyrosine phosphorylation

of AChR l3-subunit is thought to be important in clustering since tyrosine kinase inhibitors

that block MuSK or AChR phosphorylation also compromise their aggregation (Ferns et

al.~ 1996; Wallace, 1994). TYrosine phosphorylation of the AChR also correlates with the

degree of cytoskeletal attachrnent (Meier et al., 1995)~ implyjng that such a modification

could be important in stabilizing clusters. ImmunoCYtochemicai studies with

phospbotyrosine antibodies revealed that phosphotyrosylated proteins are highly
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concentrated al the NMJ (Qu et al., 1990; Wallace et al., 1991; Baker and Pen~ 1993; Qu

and Huganir, 1994). A role for tyrosine phosphatase activity during AChR c1uster

foonation and dispersal bas also been suggested trom studies with phosphatase inhibitor

such as pervanadate (Wallace, 1995; Peng et al., 1995). Despite strong correlative

evidence, it appears that tyrosine phosphorylation of AChR-J3 is not as important as

anticipated since replacement of ail tyrosine by phenylalanine on the J3-subunit does not

hinder AChR elustering (Meyer and Wallace, 1998). It is important to understand that this

recent finding ooly challenges the involvement of tyrosine phosphorylation in the final step

(AChR elustering) within the current model ofMuSK-dependent signaling.

Agrin receptor: MuSK

Even if the importance of AChR t'jTosine phosphorylation has been over-estimated,

evidence for the involvement of a tyrosine kinase-based signaling cascade during NMJ

formation is stron~ yet still incomplete. Indeed, a component of the agrin receptor was

reeently cloned by sereening a cDNA library from injured skeletal muscle and is referred to

as MuSK (muscle-specifie kinase; Valenzuela et aL, 1995). Imponantly, MuSK is

expressed at the right time ta be the agrin receptor sinee it is only observed on developing

myotubes (Valenzuela et al., 1995). Furthermore, its expression is restrieted to the NMJs

in adult myofibers, except after injury or denervation upon whieh massive transcription

oceurs resulting in uniform MuSK distribution on the membrane (Valenzuela et al., 1995).

Much evidenee suggests that MuSK transduces agrin's signal (for review, Wells

and Fallo~ 1996). First, agrinu specitically induces MuSK activation and co-localization

at AChR clusters (Glass et al., 1996b; Hopf and Hoch, 1998). Second, the phenotypes of

agrillt.1 and MuSK knockout miee are overlapping (they bath exhibit a drastie reduction in

the number, size and density of NMJs; Gautant et al., 1996; DeChiara et aL 1996) and

myotubes cultured from MuSK-/- mice are not responsive to addition of exogenous

agri1l4.s (Gautam et al., 1999). Third, expression of constitutively active MuSK in

extrasynaptie muscle regions results in the formation of functional ectopie postsynaptie

differentiation (Jones et al., 1999) whereas expression of a kinase dead MuSK abrogates

agrin's effect (Glass et al., 1997~ Zhou et al.., 1999). Interestingly, when expressed in
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heterologous cells, MuSK does not bind to and is not activated by agrin (Glass et al.,

1996c). Since MuSK aftinity for agrin is very low and occurs only in the context of

muscle, the existence of an as yet unidentitied MuSK co-receptor, tenned MASC (MuSK­

Accessory Specificity Component) was proposed (Glass et al., 1996a).

Strueturally, the cytoplasmic tail of MuSK is highly homologous to the equivalent

damain of Trk receptors, suggesting that MuSK might signal through a Trk-related signal

transduction cascade (Valenzuela et al., 1995). In particular, they both share a NPXY

motif in their juxtamembrane domai~ which a docking site for Shc and PLC-y in the

context of Trk (Rozakis-Adcock et al., 1992;Vener et al., 1991). Matageliesis of tbis

motifdemonstrated that it was crucial for Trk signaling (Stephens et a~., 1994; Yoon et al.,

(997) and alse for MuSK (Zhou et al., 1999). The MuSK ectodomain is very similar to

that of Torpedo RTK (Jennings and Burden, (993) and ROR1/2 (Regeneren Orphan

Receptor; (Masiakowski and Carroll, (992). Unexpectedly, NT-3 (TrkC ligand) activation

of a chimeric receptor containing MuSK's intracellular domain and TrkC extracellular

portion resulted in AChR tyrosine phosphorylation, but it was unable to promote AChR

clustering (Glass et al., (997). Renee, both MuSK's intra- and extracellular portions are

required in order to get proper AChR aggregation, but neither is sufficient on ilS own.

Therefore, MuSK..induced AChR c1ustering is more complex than originally thought since

it appears to involve both the kinase activity and the ectodomain. In order to understand

tbis peculiar behavior, it might be instructive to draw comparison between MuSK signaling

and that of FGFR (fibroblast growth factor receptor), since it also uses both domains to

promote funetionai changes in myocytes (Kudla et al., 1998). From these results and the

work of Meyer and Wallace (1998) emerges a scheme in which AChR tyrosine

phosphorylation is neither sufficient nor required for AChR clustering induced by

agrin/MuSK.

Rapsyn

Rapsyn is a cytoskeletal protein that binds to and is co-distributed with AChR

(Froehner et al.~ 1981; Sealock et al., 1984; Bloch and Froehner, 1987~ Frail et al., (988).

Sïnce it does not affect the kinetics of the response of AChR to acetylcholine, it was
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postulated to play a role in the formation of NMJ (Neubig et al.~ (979). A better

understanding of its funetion was gained by expressing rapsyn and putative molecular

partners in a heterologous cell system (QT..6 cells~ fibroblasts). It is noteworthy that

rapsyn molecules are clustered together when expressed alone in these cells (Qu et a1.~

1996). This approach is validated because of the faet that the candidate proteins are

uniformly distributed unless rapsyn is co..expressed. Efficient co..aggregation was

observed when rapsyn was expressed together with AChRs~ dystroglycan or MuSK but

oot glutamate receptors (Brennan et al.~ 1992~ Apel et al., 1995~ Gillespie et al., (996).

Wheo the pairs AChRlDG or AChR/MuSK were expressed along with rapsYfi.t the c1usters

were perfectly coincident, indicating that large complexes had formed (Apel et al., 1995~

Gillespie et al., (996). lnterestingly, the interaction between rapsyn and MuSK was

sufficient to induce MuSK aetivity in this syste~ indicating that rapsyn might play a role

in modulation of MuSK signaling (Gillespie et al., 1996): this finding is still controversial

as it has not been reproduced by other investigators yel. While the rapsyn binding site on

dystroglycan has been mapped to its CYt0plasmic tail (Cartaud et al'~ (998), it appears that

rapsyn interaets with the MuSK ectodomain via an unidentified molecule called RATL

(RaPSYD-Associated Transmembrane Linker~ Apel et al., 1997). This might explain, al

least partially, why the MuSK eetodomain is 50 important (Glass et al., 1997). Since ail

these proteins are similarly co-expresscd in skeletal muscle but clustering is strictly

dependent on agrin, it suggests that agrinIMuSK signaling may relieve intrinsic inhibitory

signais in AChR clustering (Sanes et al., 1998).

Rapsyn is required for NMJ formation since rapsyo -1.. mice display altered NMJs~

however the phenotype is somewhat milder than that of agrin and MuSK knockouts

(Gautam et al., (995). Interestingly, cultured myotubes tram these mice form normal

subsynaptic aggregates of MuS~ AChE and laminin ~2 in response ta agrin~ suggesting

that these are part of a MuSK "'primary scaffold" (Apel et al., 1997). Furthermore~ agrin

induces MuSK but not AChR tyrosine phosphorylation in cultured myotubes from these

mice, thus implicating rapsyo in the tyrosine kinase signaling pathway downstream of

MuSK (Apel et al., 1997). Thus~ both the ecto- and endodomain-dependent signals
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originating trom MuSK appear to depend on rapsyn as a signaling etTector (for review,

Glass and Yancopoulos, 1997).

Agrin also binds to dystroglycan and integrins

ln vivo, the long-term subsynaptic incorporation and stabilization of agrin in the

synaptic cleft cannot be sufficiently accounted for by the indirect agrin-MuSK interaction,

suggesting that it requires other factors. One sueh high affinity factor eould be MASC, the

putative MuSK eo-reeeptor since its role would be to effeetively present agrin molecules

to MuSK. While agrin interacts with other ECM eomponents like laminin, it has recently

been found to interaet with membrane-associated glycoproteins that are co-Iocalized at the

NMJ, namely DG (Gee et al., 1994; CampaneUi et al., 1994; Sugiyama et al., 1994) and

integrins (Martin and Sanes, 1997; Burlon et al., 1998). This is not surprising given that

laminin binds to both DG and integrins and has sorne homology with agrin.

Although DG does not possess an enzymatie domain, DG eould potentially be

involved in eell signaling sinee it interaets with the eytoplasrnic proteins rapsyn and Grb2

(Apel et al., 1995; Yang et al., 1995). Still, DG does not display a preference for neural

agrin (Sugiyama et al., 1994) and agrin fragments that do not bind DG still induee

MuSK/AChR phosphorylation and aggregation (Meier et al., 1996). Therefore, DG

binding to agrin might be used to stabilize seereted agrin on muscle membrane (for review,

Fallon and Hall, 1994). In addition, integrin a.v~ 1 binds to agrin but also appears to be a

funetional agrin eo-reeeptor sinee blockade using antibodies or antisense oligonucleotides

eompromised agrin's effects (Martin and Sanes, 1997).

ln the following section, a brief review of the other factors known to induee or

modulate AChR elustering in vitro or in vivo is presented. While sorne of these findings

might reveal to be experimental artifaets, it is probable that sorne of them will soon

integrate the model of AChR clustering. 1 thought it is instructive because sorne of these

findings are often forgotten in the current Iiterature"l owing to the laek of strong evidenee

linking them to the current model of AChR elustering.
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Laminin and AChR c1ustering

Another factor known to induce AChR clustering is laminin. Addition of

exogenous laminin to cultured myotubes aise induces AChR clustering but tbis process

does not require tyrosine kinase activity (Montanaro et aI.~ 1998). At this point~ there is

evidence of the involvement of both DG and integrin a.7~ 1 in the process. Indeed,

interactions between laminin-I and DG potentiate the clustering activity of agrin

(Montanaro et ai., 1998; Sugiyama et al., 1997). ln contrast to those results, another

group found that blockade of integrin a 7pl inhibited both laminin- and agrin-induced

clustering and that integrin Cl7~ 1/AChR association was solely dependent on laminin-~2

addition (Burkin et al., 1998). Integrin a7p 1 knockout mouse have no apparent NMJ

defects probably due to compensation by other integrin isoforms. Laminin p2 knockout

mice have a weak NMJ defeet (patton et al., 1997). Based on these findings, it has been

proposed that clustering pathways activated by agrin and laminin are distinct and parallel~

co-operating in a synergistic manner. It is impossible at this point to determine if laminin

signaling is dependent on DG and/or integrins.

Calcium

[t appears that both extracellular and intracellular calcium ions are important for

AChR clustering. Indeed~ calcium influx induced by muscle activity promotes metabolic

stahilization of AChR at the endplate (Rotzler et al., 1991)~ high extracellular calcium

induces AChR aggregation (Bloch, 1983; Mook-Jung and Gordo~ 1995) while depletion

of calcium destabilizes the clusters (Wallace~ 1988; Caroni et al.~ 1993). lt is noteworthy

that a rise in extracellular calcium can aIso induce agrin-independent MuSK activation

(Grow et al., 1999). Furthermore, extraceUular calcium is required for the binding of agrin

to muscle cell surface (Nastuk et al., 1991; Ma et al., 1993). Since the calcium chelator

BAPTA blocked the inductive effects of agri~ it has been proposed that agrin triggers

intraceUular calcium fluxes that are required for AChR clustering (Megeath and Fallo~

1998). Interestingly, BAPTA does not affect agrin-induced AChR p-subunit tyrosine

phosphorylation, indicating that calcium-dependent signaling aets either downstream of or

in parallel to AChR phosphorylation (Megeath and Fallo~ 1998).
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Carbohydrates

The importance of carbohydrates on membrane proteins in AChR clustering is ooly

starting to he unveiled despite the faet in 1982~ it was reported that membrane glycolipids

and glycoproteins harboring terminal GalNAc were located exclusively at the NMJ (Sanes

1982; see also Martin et al., 1999). (t was shown that the lectin W A-B..~ which

recognizes GalNAc, could induce agrin-independent AChR aggregates, even in MuSK -/­

myotubes (Martin and Sanes~ 1995). Furthermore, application of GalNAc conjugated to

BSA specifically blocked agrin...induced clusters. Undoubtedly~ GalNac is very important

for NMJ fonnation but its funetion is unclear.

Sialic acid, which is seleetively cleaved by neurarninidase is another sugar moiety

that might play a role during NMJ formation since exposure of myotubes to neuraminidase

induces AChR clustering in the absence of agrin (Manin and Sanes~ 1995 ~ Grow et al.~

1999). Similar treatment also induces agrin-independent MuSK activation as weil as

AChR ~-subunit tyrosine phosphorylation (Grow et al., 1999). Since neurarninidase

treatment provoked a change in the apparent molecular weight of MuSK, it assumed that

removal of terminal sialic acid from MuSK disinhibits its catalytic activity (Grow et al.,

1999). A similar mechanism has been reported for Tr~ where TrkA deglycosylation by

tunicamycin resulted in ligand-independent activation (Watson et al., 1999). Under such

conditions, Shc associated with TrkA but rasIMAPK pathway was not aetivated.. probably

because unglycosylated TrkA is retained intracellularly (Watson et al., 1999).

Growth factors

lncubation of myotubes with various growth factors results in AChR clustering but

the underlying mechanism remains unk..'1own. For example, both IGF-l (insulin-like

growth faetor-l) and bFGF (basic tibroblast growth factor) induce AChR aggregation via

a tyrosine kinase activity-dependent mechanism (peng et al... 1991 ~ Dai and Pen~ 1992~

Baker et al., 1992; Baker and Peng~ 1995). In another study, co-application of bFGF,

EGF (epitheüal growth factor) and insulin resulted in an increase in AChR clustering (4.5

fold) and transcription (4 rold). When applied individually, ooly bFGF increased AChR
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clusters (3 fold) and insulin raised transcription levels (2 fold; Askanas et al.~ 1985). A

physiologie role for bFGF, EGF~ IGF-l or insulin is uncertain at this point.

HB-GAM (heparin-binding growth-faetor-associated molecule) also promotes

AChR clustering but has the particularity of being accumulated at hot spots and at NMJs

(peng et al.~ 1995). HB-GAM also binds to agrin and potentiates its clustering etTect

(Daggett et al.~ 1996). This finding is supponed by the faet that addition of heparin~

heparan sulfate or suramin (a heparin analogue), wruch is thought ta inhibit agrin bindin~

prevents AChR clustering rNallace, 1990; Hopf and Hoc~ 1997). [n the nervous system.,

the interactions of HB-GAM are extremely complex as it binds Many heparan sulfate

proteoglycans, for example~ N-syndecan (Lauri et al.~ (999)~ phosphacan/PTPÇ (Milev et

al.~ (998) and RPTPÇ/P (Maeda et al., 1999). RPTPÇ/P is a receptor tYrosine phosphatase

that interacts with PSD95 in neuronal postsynaptic densities (Kawachi et al., (999).

Nevertheless, based on the in vitro findings, HB-GAM may be a physiologically relevant

clustering modulator.

Src-like kinases

Since tyrosine phosphorylation of AChR appeared to be important for its function

and aggegration~ it is important to determine which kinases are involved in the process.

Src-like kinases are good candidates since they were abundant in the eleetric organ of rays,

an organ that is highly enriched in AChR (Fukami et al., 1986; Swope and Huganir, (993).

Recent work has shown that src-like kinases such as src, fyn or fyk are associated with

phosphorylated AChR via sm domains, and that AChR are a substrate for these kinases

(Swope and Huganir, 1994; Fuhrer and Hall, 1996). Still, neither the AChR/src interaction

nor src aetivity were modulated by agrin (Fuhrer and HaIt 1996). Recently, src was

shown to interaet also with raspy (Mohamed and Swope~ (999). This association induced

src aetivity and resulted in AChR tyrosine phosphorylation and cytoskeletal anchoring

(Mohamed and Swope, 1999). ln spite of all this correlative evidence, the funetion of src

kinases during NMJ fonnation remains unclear. Of note, it was demonstrated that skeletaI

muscles expressing an activated src (v-src) had impaired AChR clustering (Anthony et al.~
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1984), suggesting that src aetivity, at least when deregulated, is incompatible with normal

cluster formation.

Cytoskeletal remodeling: cortactin and rac

One major sre substrate, cortactin (Wu et al., 1991), is localized in regions of

active actin assembly and is involved in cytoskeletal rearrangements (Wu and Parsons,

1993). Src strongly downregulates the activity of cortactin (Huang et al., 1997).

Interestingly, cortactin is also specifically associated with early onset AChR clusters (Peng

et al., 1997) and is highly expressed in embryonic skeletal muscle (Wu and Montone,

1998). Hence, it is possible that cortactin activity might promote NMJ formation by

altering the subcellular distribution of many cytoskeletal proteins. It is intriguing that the

binding of HB-GAM to N-syndecan modulates cortactin..src and cortactin-fyn interactions

during neurite outgrowth (Kinnunen et al., 1998).

ln light of those findings, it is not surprising that the small GTPase rac is important

for NMJ formation as it is known for its involvement in eytoskeletal remodeling

downstream of growth factors (Ridley and Hall, 1992). Indeed, agrin-induced clustering

was perturbed by expression of dominant inhibitory rac while dominant active rac bypassed

agrin's requirement (Weston, C. 1998 Neurosci. Soc. Abstr.). In the same study, both

laminin and agrin induced phosphorylation of~ a marker for rac activation. Hence rac

clearly acts downstream of agrin and laminin and might constitute a point of convergence

between these two pathways. It is notable that activation of rac is regulated by calcium

fluxes and by src activity and it promotes cortaetin translocation from the cytosol to the

cytoskeleton (Weed et al., 1998).

A raie for autocrine neurotrophins?

Compelling evidence support the notion that the neurotrophins BDNF and NT-4,

which are secreted by muscles, negatively regulate agrin-induced AChR clustering via

TrkB receptors (Wells et al., 1999). Indeed, inhibition of AChR clustering was observed

upon addition of exogenous BDNF or NT4 (but not NGF or NT-3) or after treatment

with an anti-Trka antiserum, which plomotes ligand-independent receptor dimerization.
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Furthermore, when myotubes were incubated with soluble Trk.B receptors that scavenge

endogenous BDNFINT4, agrin-independent aggregates were visible. Given that TrkB

and MuSK have highly homologous eytoplasmic tails, it is tempting to speculate that they

are competing for a limited pool of common second messengers, such as PLC-y, Shc,

Grb2lSos, SNT, ras, MAPK, aktIPKB or PI3K (for review, Kaplan, 1998).

4.3 Modulation of AChR expression

The precise timing of expression of AChR subunits and the strict subsynaptic

localization of the AChR mRNA and proteins strongly suggest that ail aspects of AChR

biology are tightly regulated. Indeed, AChR expression at the membrane can be controlled

at the level of mRNA transcription, translation, post-translational modifications. subunit

assembly and membrane insertion (for review. Steinbach, 1981). Many neuron-derived

factors have been shown to modulate AChR mRNA levels, including CGRP (calcitonin

gene-related peptide; (New and Mudge, 1986; Fontaine 1987), ARIA and agrin. The

evidence supporting a role for CGRP during NMJ maturation will not be discussed since

the CGRP receptor is not aggregated al the NMJ (Jennings and Mudge, 1989) and CGRP

null mice have normal AChR transcription at the NMJ (Lu et al., 1999).

ARIA

The best candidate for neuron-derived regulation of AChR expression is the

polypeptide ARIA (acetylcholine receptor-inducing activity; Falls et al., 1993), which is

part of the neuregulin (NRG) family of growth factors (Lemke, 1996). Although it

initiates transcription of ail AChR subunits (Si and Mei, 1999), the induction of the

epsilon-subunit is by far strongest (Chu et al., 1995), suggesting that ARIA might be

responsible for the switch to adult type of AChR (Missias et al., 1996; discussed above).

ARIA also increases utrophin and sodium channel mRNA levels (Gramolini et al., 1999;

Corfas and Fischbach, 1993) but does not alter that of MuSK. rapsyn. erbB2, erbB3 or

SHP-2 (Si and Me~ 1999). Neuregulin-deficient mice are not informative with respect to

ARIA's role at the NMJ since they die before synaptogenesis (Meyer and Birchmeier~

1995; Martin et al., 1996). On the other hand, heterozygous mice have a 500/0 reduction in
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Figure 1.5 Modulation of AChR transcription by ARIA. ARIA is
a factor secreted by neurons and muscle that influences the
transcription of AChR when ~pplied to myotubes. ARIA activates a
signaling cascade via erbB2I3 RTK that involves both ras and PI3K.
The two paths are distinct bllt not totally independent since cross talk
appears to occur (small arrows). SHP2 is a protein tyrosine
phosphatase that binds to activated erbB RTl{ and downregulate its
activity. The mutant proteins expressed and the drugs used to
delineate tbis pathway are indicated. At the bottom are the proteins
for which mRNA levels were investigated in response to ARIA
treatment. Abbreviations: Ac, aetivated; On, dominant-negative.
For more details, see text.
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al.~ 1998). Second~ the dominant inhibitory ras mutant N 17 prevents ARIA-dependent

transcription of the epsilon-subunit whereas dominant positive ras (Cook et al., 1993)

bypasses the ARIA requirement (Tansey t:t al., 1996). Third, similar results were obtained

using dominant inhibitory and active raf-l mutants (Tansey et al., 1996). Fourth,

MEKIMAPK activity is modulated by ARIA and inhibition of ilS funetion by PD098059

prevents the ARlA-dependent inerease in AChR transeripts in both Sol8 and C2C 12 cells

(Tansey et al., 1996; A1tiok et al., 1997; Si et al., 1996; Si and Mei, 1999). Inhibition of

MAPK by oligonucleotide EAS2 bas similar consequences in chick myotubes (Altiok et

al., 1997).

ARIA signaling via PI3K pathway

The evidence supporting a role for PI3K pathway downstream of ARIA/erbB in

Sol8 eells is the following: 1) PI3K activity is stimulated by ARI~ 2) a dominant positive

PI3K bypassed the ARIA requirement and 3) PI3K inhibitor LY294002 prevented the

ARIA-induced increase in AChR mRNA (Tansey et al., 1996). Intricate cross talk

between the ras and PI3K pathways was reported (Tansey et al., 1996). However. results

from two other groups contradict these results. ln the tirst report, the PI3K inhibitor

wortmannin failed to inhibit ARIA' s etfect on C2C 12 cells (Si et al., 1996) while in the

second, it promoted AChR transcription in chick primary myotubes (Altiok et al., 1997).

These conflicting results May reflect ditferences in cell and/or drugs used and highlight the

diffieulty in generalizing between systems.

ARIA and tyrosine phosphatases

An ARIA-dependent signaling pathway involving the protein tyrosine phosphatase

SHP2 (sre-homology 2 domain-containing phosphatase) was recently reported to

negatively regulate erbB activity. In C2C 12 cells., expression of a dominant positive SHP2

bloeked ARIA-dependent AChR transcription while a dominant inhibitory SHP2 enhanced

it (Tanowitz et al., 1999). SHP2 only assoeiates with aetivated erbB receptors (He et al..,

1995) and appears to downregulate them via its phosphatase activity. Given its

accumulation at the NMJ, SHP2 might he the tyrosine phosphatase activity that is involved
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in AChR cluster formation and dispersal discussed above~ in addition to its role in the

regulation oferbB signaling.

Agrin and AChR transcription

While the role of agrin in AChR clustering bas been established for a long time~ ilS

implication in transcriptional regulation has ooly recently emerged. Initial results

suggested that agrin eould~ independently of any neural ARIA inputs~ promote the

formation of a fully functional NMJ (Jones et al.~ 1997; Meier et al.~ 1997; Cohen et al.~

1997). Indeed~ muscle and neural agrin are equally efficient at inducing AChR ~-subunit

transcription (Jones et al.~ 1996)~ a process which requires immobilization of agrin (Jones

et al., 1997). Furthermore, both agrin-I- and MuSK-/- miee have redueed AChR gene

expression despite the fact that erbB receptors were not aggregated at the NMJ (Gautam

et al., 1995; Gautam et al.~ (999). Induction of ectopie synapses by forced-expression of

agrïJ4.8 in muscle fibres results in normal NMJ formation in the complete absence of

innervation and neural ARIA (Meier et al., 1997; Meier et al., 1998b). Similarly, ectopie

expression of a eonstitutively active MuSK results in agrin-independent NMJ formation

with normal AChR transcription (Jones et al.~ 1999). Recent data indicate that the etfects

ofagrin on AChR transcription might arise from modulation of ARINerbB signaling since

agrin induees clustering of muscle ARIA and erbB receptors in vitro (Rimer et al., 1998).

Similar results were obtained by in vivo studies~ showing that ARIA and erbB receptors

were present at ectopie synapses resulting from expression of agrinu or activated MuSK

(Meier et al., 1998b; Jones et al., (999). Therefore, it is still unclear whether agrin cao

itself modulate AChR transcription independently of muscle or neural ARIA.

ln conclusion, it appears that a numbers of factors are intluencing the formation of

the neuromuscular junetion induced by neural-derived agrin (figure 1.6). Furthermore, the

proeess of aggregation and subsynaptic transcription are probably very tightly

intereonnected. Undoubtedly~ as our understanding of neuromuscular junetion fonnation

progresse~ it will prove that tbis «simple» system is~ in fact~ extremely complex.
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Figure 1.6 Model ror the induction or AChR clustering and
transcription. Signaling initiated by the release of agrin fram
motoneurons modulates AChR clustering. This process requires
MuSK and integrins. An alternative pathway is triggered by laminin
via integrins and dystroglycan. Neurotrophins (NTs) downregulate
agrin-induced clustering by aetivated TrkB. ARIA is necessary but
not sufficient to account for induction of AChR mRNA transcription.
Agrio's raie might not be restrieted to the clustering process as it
appears to play an important role in the transcription initiation.
Interplay between ARIA and agrin might occur extracellularly since
they bind ta each other, or id the cytosol via convergence of signaling
cascades (erbBs are required for the agrin-dependent induction of
AChR transcription). Agrin is aIso known ta interact with laminins,
a-dystroglycan and integrins.
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Objectives

1 attempted to unravel parts of the signaling cascade downstream of the receptor

tyrosine kinase MuSK. This study has two main parts. First, 1 was concemed with

determining if the small GTPase ras could play a role in agrin-induced AChR clustering

that would be distinct from that activated by ARIA via erbB receptors. My main goal was

to try to answer to the following questions:

1) What are the consequences of expressing ras mutants on the levels of AChR on the

membrane ofmyotubes?

2) Does the expression of mutant ras proteins in myotubes alter the c1ustering of AChRs

induced by agrin?

3) Is ras downstream ofthe MuSK signaling cascade induced by agrin?

The second pan of tbis study focused on the potential interaction between the

adaptor protein Shc and MuSK. MuSK and Trk intracellular tails have very homologous

and Shc is an important downstream etfeetor of Trk. In particular, both receptor tyrosine

kinases share the Shc binding domain «NPXY» in their juxtamembrane domains. In tbis

case, my aim was to find the answer to th\":se questions:

1) Is Shc phosphorylated in tyrosine residues after agrin treatment?

2) Shc and MuSK interact together?

3) Is this interaction modulated by agrin?
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Materi.. and Metbods

Reagents

The following polyclonal anrisera used in tbis study were: anti-MuSK (Carbonetto

lab; for inununoprecipitation), anti-MuSK (from Michael fems, McGill University; for

immunoblotting), anti-MEI(1, anti-Grb2, anti-Shc and anti-Sos1/2 from Santa Cruz

Biotechnologies (SCB), anti-H-ras from Oncogene, and anti-PI3K from Upstate

Biotechnology Industries (UBI). The monoclonal antibodies used in this study were anti­

Grb2, anti-phosphotyrosine PY20, anti-~-tubulin and anti-H-ras (SC8), anti-Shc and anti­

phosphotyrosine RC20H (Transduction Laboratories), anti-phosphotyrosine 4010 (UBI),

anti-human-c-myc (Roche). Streptavidin agarose, most secondary antibodies coupled to

fluorochromes as weil as all alpha-Bungarotoxin produets were from Molecular Probes.

Secondary antibodies conjugated to HRP were from Jackson (goat anti-mouse-HRP and

goat anti-rat-HRP) or Santa Cruz (goat anti-rabbit-HRP). PD098059 was obtained from

Calbiochem (see below) and cycloheximide was from Sigma Chemicals. Dr Michael Fems

(McGill University) provided recombinant c-agrinu. Cross-linkers DMS (dimethyl

suberimidate) and DMP (dimethyl pimelimidate) were purchased from Pierce Co.. Bovine

serum albumin (BSA) Fraction V and protease inhibitor cock-cail were trom Roche.

Protein G agarose was from Gibco BRL. Ali other chemicals were from Sigma.

Tissue culture

The C2C 12 cell line and a subclone of C2C 12 over-expressing the CAR receptor

(from Dr raul HoIland, MNl) are used. The cells were cultured on lOOmm culture plastic

plates (Falcon). The cells were plated at a density of 5xl06 cells per dish and grown at

37°C (80/0 C(h) in Dulbecco's Modified Eagles Medium bigh glucose (DMEM-Hi)

supplemented with 20% heat-inaetivated fetal bovine serum., 1% penicillin/streptomycin

(PIS) and 0.5% Fungizone. At 700/0 confluence, they were subjeeted to DMEM

supplemented with 4% horse serum, 1% PIS and 0.50/0 Fungizone, to induce myoblast

fusion into myotubes. Fresh growthlfusion medium was administered daily. Splitting was

done when the myoblasts reached 60010 confluence. To do 50, the dishes were washed
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!Wice with Ca2~/Mg2~-free phosphate buffer saline (PBS) followed by a 2-4 minutes

incubation al 37°C with 0.1% trypsin. AlI media were from Gibco BRL.

Recombinant adenoviruses and cell infection

Replication-defective recombinant adenoviruses expressing the ras mutants of

interest (ras-N17~ ras-V12, ras-V12-D38, ras-VI2-T35. ras-VI2-Y40~ for nomenclature

explanation, see table 1 in Chapter 3) were generously provided by Dr David Kaplan

(Mazzoni et aI.~ 1999). AlI ras mutants were tagged with a human mye epitope. Sorne of

the adenoviraI vectors aIso encoded for GFP as a reporter. Brietly, these adenoviruses

were engineered to express a single bi-cistronic mRNA encoding two distinct proteins due

to the presence of internai ribosomal entry sites (IRES). A similar adenovirus encoding

ooly for GFP was used as a control (Quantum). Ali of the constructs were under the

control of the cytomegaJovirus-5 (CMV-5) promoter. C2CI2-CAR myotubes were

infected with the recombinant adenoviruses by incubating them with the appropriate

amount of virus in a small volume for 2-4 hours to facilitate adherence to the eeU surface

receptors. Thereafter the cells were tlooded with normal amount of medium. Typically.

the cells were assayed 48 hours post-infection. Infection efficiency was assessed using an

inverted fluorescence microscope (Zeiss) using GFP as an indicator (when available).

Given that myotubes are multinucleated, it was difficult to detennine the exact number of

cells to be infeeted. To get a relative idea of the MOI (multiplicity of infection) to be used,

1 counted the numbers of cells 1 day after the change in fusion medium (it is known that

myoblasts go through one additional round of cell division before staning to ditTerentiate).

Assumiog that the number of ceUs ineorporated ioto myotubes remained constant, 1

determined that an MOI of 25 to 50 eould efficiently transduce the ceUs. Typically~ 50

MOI was used for all viruses except for Adv-GFP (10 MOI) and Adv-ras-VI2 (25 MOI).

Myotube treatments and protein extraction

Typica1ly, 3 day old fused myotubes are treated with loM of recombinant agrÎI4.s

for various lengths of time. Altematively, the eells were exposed to various concentrations

of ARIA or BDNF. After a careful wash with PBS, eeUs were scraped of the dis~
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transferred ioto iodividual conical tubes with lm! of protein extraction butfer (25mM Tris

(pH7.5), 25mM glycine, 150mM NaCI.. 5mM EDT~ 1% triton X:. 100, IX protease

inhibitor cocktail, 1mM NaV03 and SOmM NaF) for 20 minutes. Altematively, the cells

were extracted with RIPA buffer (25mM Tris pH7.5, 150mM NaCI. 0.5% sodium

deoxycholate, 1% Triton X-IOO, 0.1% SOS, protease inhibitor cocktail, 1mM NaV03,

50mM NaF) for 1-2 minutes. Samples were spun for 5 minutes at 1000g and the pellet

was discarded. Ali steps were carried out at 4°C. In sorne experiments, the pellet of

Triton X-IOO extraeted cells was re-extracted using RIPA buffer to solubilize proteins

associated with the CYt0skeleton (Schlaepfer et al., 1998). Protein concentration was

detennined using the BioRad protein determination kit and was detennined using a

standard curve generated with bovine serum a1bumin (BSA). Reducing sample buffer

(conaining SDS, OTT, Tris and glycerol) was added to the samples which were then

heated at 97°C for 5 minutes. Samples were usually processed on the same day by SOS­

PAGE. If not.. 100/0 glycerol is added ta the samples before they were snap-frozen in

liquid nitrogen; samples were stored at -200
( for no more than 1 week.

Drug treatments

Various drugs were used to study their effects on AChR clustering or level on the

membrane. These include a rvŒK inhihitor (PD098059) and a protein synthesis inhibitor

(cycloheximide). AlI were diluted in DMSO and added ta the medium for various length

of time (as indicated). The optimal concentrations were determined so as to minimize

CYtotoxicity. Typically, the cel1s were processed 24 or 48 hours after drug exposure. As a

control, an equal volume of vehicle (DMSO) is added to identical cultures~ the amount of

DMSO added was never more than 0.5% of the final volume ofcell culture medium.

Immunoprecipitation

Immunoprecipitations (IP) were carried out by adding the relevant primary

antibodies to the freshly thawed samples and mixed on a rocking platfonn for at least one

hour at 4°C. Subsequently, 35ml of protein G agarose beads (pre-washed in IP wash

buffer; see below) is added to capture the protein-antibody complexes. The samples are
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then spun at 4000rpm for 60 sec to pellet down the protein-G agarose beads and washed

four limes with IP wash buffer (SOmM Tris (pH8.0) and 1% Triton X-IOO) with either low

(1 5OmM) or high (SOOmM) NaCl. Finally, reducing sample buffer is added to the pelleted

beads, which were vortexed and heated at 97°C for 5 minutes. As a control, the beads

a10ne are always used to assess non-specific binding.

Co-immunoprecipitation experiments were used to assess direct protein-protein

interactions between MuSK and downstream effectors. Briefly, MuSK was

immunoprecipitated from cells extraeted with Triton X-IOO-based buffer as described

above. The antibody bead/complexes were washed with buffer of different salt

concentrations in order to evaluate the strength of the interaction. After SDS-PAGE and

electroblotting, the filters were probed with appropriate antibodies to see if candidate

molecules could be brought down with MuSK. Since [ was unable to puritY the MuSK

anti-serum without losing ail potent antibodies, 1 had to use the crude serum to perform

immunoprecipitations. This rendered analysis in the region 4S-60kO problematic since the

heavy chains (from the MuSK anti-serum) were strongly cross-reactive~ even with

secondary antibodies that do not recognize rabbit [gG. To circumvent trus problem, [

cross-linked the anti..MuSK antiserum ta protein-G agarose beads prior to IP using the

cross-linkers DMS or D~, essentially as described in Schneider et al. (1982). Briefly,

the agarose beads were washed once with NaBr buffer (O. lM, pH8.2), followed by

addition of the antiserum in the same butTer. After rocking for 30-60 minutes at room

temperature, the tubes were gently spun to gather the pellet at the bottom. The agarose

beads-antibody complex was washed twice more with NaBr butTer. Theo, after one wash

with triethanolamine buffer (0.2~ pH8.2), the cross-linkers were added (O.04M) diluted

in triethanolamine butTer and the tubes were rocked for 60 minutes. The reaetion was

stopped by pelleting the complex, followed by resuspension in an equal volume of

ethanolamine (O.04M, pH8.2). After 5 minutes of rocking, the complexes were washed

three more times with NaBr buffer (pH8.2) and stored in NaBr buffer supplemented with

0.2% sodium azide. The efficiency of the cross-linking procedure was assessed by

processing the samples from different steps of the procedure by gel electrophoresis 10%):

the IgO band was easily visualized by Coomassie blue staining.
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SOS-PAGE and Western blot analysis

The samples are loaded into the wells of a SOS-PAGE gel and electrophoresed as

specified by manufacturer (BioRad) with a butTer containing 0.25M Tris, 0.2M glycine and

ImM SOS. For SOS-PAGE, the stacking gel was made with stock solutions of Tris

(O.5M, pH6.8), lOOIQ SOS, 30% acrylamidelBis, 100/0 ammonium persulfate (APS) and

TEMED. The separating gel was made with the same solutions except for Tris (1.5M,

pH8.8). Pre-stained and unstained broad range molecular weight markers were from New

England Biolab (NEB). The samples were eleetroblotted (100mV, IOmA) onto supported

nitrocellulose membrane (Schleicher & Schluell) in a butTer containing 200/0 methanol,

0.25M Tris and 0.2M glycine. The nitrocellulose filters were blocked by for 1-2 hours

incubation in a solution containing 5% BSA (fraction V), 15DmM NaCI, lOmM Tris

(pH7.5) and 0.1% Tween 20-20. Sub~~quently the appropriate primary antibody was

diluted in the blocking solution and applied to the filters for at least 2 hours at room

temperature or overnight al 4°C. Theo., the membranes are rinsed (4x15min) in wash

butTer (150mM NaCl, 10mM Tris (pH7.5) and 0.1% TweeD 20-20), incubated with

appropriate secondary antibody conjugated to HR.P (1 br) and washed again. The signal

was revealed by soaking the membranes into a solution of enhanced chemiluminescence

system (ECL Plus, from NEN) for 30-60 seconds and immediately exposed to Kodak films

(XB-I) for various length of lime. Backprobing was done on stripped nitroceUulose filters

by bathing the membrane into a stripping butTer (0.2M Glycine~ 0.1% Tween 20-20,

pH2.5) for 10 minutes; thereafter the membrane is treated as described above.

Densitometric analysis was performed using a scanner and the NIH 1.6 imaging software

(details appear in the figure legends).

Fluorescence microscopy and immunostaining

Confluent ceUs were washed 1-2 times with PBS at 37°C followed by incubation

for 5-20 minutes in 20/0 paraformaldehyde (pFA). For intracellular proteins, the cells were

incubated with permeabilization buffer (0.1-0.3% Triton X-IOO, 5% BSA in PBS) for 3-10

minutes. The cells were then blocked for at least one hour with blocking butTer (5% aSA
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in PHS) foUowed by ovemight incubation with primary antibody diluted in blocking buffer.

The foUowing moming, the cells were carefuUy washed (4 times 15 minutes) with PHS and

incubated with appropriate secondary antibody coupled to a fluorochrome. One culture

was always treated with the secondary antibody alone to assess the specificity of the signal

observed. Once the staining procedure was completed~ Immunofloure was applied to the

eells (1 drop per 5cm2)~ followed by covering with a glass coverslip of appropriate size

(Fischer). Ail steps were done in the dark.

AChR clustering assay

The addition of various amounts of recombinant e-terminal agrinu was used to

induce acetylcholine receptor (AChR) c1ustering to the fusion medium. After 24 hours~

AChR were localized by exposing the cells to rhodamine-labeled a-BTX for l hour at

37°C (2ng/mL diluted in fusion medium). The cells were fixed and processed as described

above. AChR clusters were visualized with fluorescence microscopy. AChR clusters were

counted on myotubes of medium diameter which spanned the entire field (400X) and

which were first identified by phase-contrast microscopy. For experiments with the

adenoviruses, the c1usters were counted at 630X in arder to make sure that the c1usters

were trom a GFP-positive myofiber. A c1uster was defined as a continuous patch ofbright

staining, irrespeetive of its size~ small dots were not counted as c1usters. The average

number of clusters was obtained by counting at least 50 myotubes from different fields per

experiments.

AChR levels on the membrane

The levels of AChR on the membrane of myotubes were determined using IlSl_a_

BTX (Amersham). Typically, the cell cultures were incubated in triplicates for l hour with

a small volume of fusion medium eontaining 5nglmL of IlSl_a_BTX (between 2000Ci/mol).

Prior to this, a few wells were exposed ta 2000-fold higher amount of coId a-BTX

(1Omg/mL) to assess the levels of non-specifie binding (estimated ta be about 1% of the

total signal). The plates were put back into the incubator and gently rocked ta insure

proper distribution of the a-BTX over the entire surface of the weil. Thereafter, the cells
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were washed 4 times with PBS. For initial studies, the eells were scraped off the wells

using a rubber policeman but tbis method was found to generate a lot ofvariability because

the cells were not entirely removed from the well (especially in 24-wells plate). 1 solved

that problem by incubating the ceUs in a solution of divalent cation-free PBS/O.l% trypsin

for 10-15 minutes. The relative amounts of 12SI_a_BTX bound to the membrane were

detennined using a gamma counter (% bound / 1 minute). ln order for tms assay to refleet

accurately the entire pool of AChRs, the amount of 12SI_a_BTX added had to be

saturating. 1 calculated that 5nglmL was about 2-3 times saturation by comparing the

counts from control ceUs with that of an aliquot containing the same volume of 12SI_a_BTX

added to the cells (assuming that 125I_a_BTX binding efficiency was maximal). Each value

obtained was compared to every value from the appropriate controls: for example, each

value obtained with one particular virus was compared ta ail the values of the non-infected

cells. The final value was an average of all percentages obtained for a single type of

treatment. Statistical significance was determined by ANOVA (Fischer's PLSO).
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Introduction

Ras activity can be modulated by Many receptor tyrosine kinases aetivated by

extracellular ligands (pawson, 1994). The funetional specificity of a given ligand is

atTected by the modulatory components that aet on ras al any given moment (e.g., GAP,

GEF and GDf) as weil as by the activation of different subsets of ras downstream effeetors

(pI3K, raf-l, ralGDS). Therefore, ras plays a central role in Many cellular processes since

it appears to be able to integrate a plethora of convergent signais (Wittinghofer and

HerrméllUl, 1995).

Our understanding of the signaling mechanisms underlying NMJ formation is still in

its infancy (Colledge and Froehner, 1998a; Wallace, 1996). [n spite of intense efforts, the

ooly solid evidence gathered so far is the identity of the inducer (agrin), the initiator

(MuSK) and the mode of the signaling cascade (tyrosine kinaselphosphatase~ Sanes and

Lichtman. 1999). lt has been suggested that proteins like Grb2 (Yang et al., 1995~

Colledge and Froehner, 1998b) or src-like kinases (Swope and Huganir. 1994; Fuhrer and

Hall, 1996) might be involved in the process since they interaet with synaptic proteins such

as dystroglycan and AC~ respeetively.

Several indirect findings that support a role for ras at the NMJ have been reported.

For example, rac, a known ras downstream effector, appears to play an important role

downstream of agrinIMuSK (Weston, C. 1998 Neurosci. Soc. Abstr.). Furthermore,

neurotrophins signaling via TrkB (BDNF and NT-4) can dampen the effects of agrin,

possibly via ras, as it is an important downstream target of TrkB (Wells et al., 1999~

Klesse and Parad~ 1999). The high degree of homology between the kinase domains of

MuSK and Trk also raises the possibility that ras might be a common downstream target

(Valenzuela et al., 1995). Finally, ras is implicated in AChR mRNA transcription induced

by ARIAlerbB signaling (Tansey et al., 1996).

Based on these faets, 1 decided ta investigate the role of ras during agrin-induced

NMJ formation. The hypothesis is that ras might, as in other systems, be a point of

convergence for signaling pathways originating from the RTKs erbB, TrkB and/or MuSK.

The results obtained suggest that ras may be involved in AChR clustering induced by
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agrin, ~ut do not allow me to draw firm conclusions on this issue. The significance of the

results as well as improvements to the experimental paradigms is discussed.
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Table 1 The ditrerent ras mutants and the patbways that they
activate. Mutations in the ras proteins can affect dramatically its
funetions. Sorne mutations result in constitutive ras aetivity (ras...V12)
while another one completely abrogate ils function (ras-N 17). There
are three main ras downstream effeetors (PI3~ rafl and ralGOS).
Point mutations intlieted to the switch region 1 of ras-V12 change
considerably the signaling pathways lhat it utilizes.

Downstream effeetors
raf-l PI3K ralGDS

ras(WT) + + +
ras-NI7 ... - ...

ras-V12 + + +
ras-V12-D38E + ... -
ras...V12...Y40C - + -
ras-V12...T35S + - -
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ResulU

In order to study the role of ras downstream of agrin/MuS~ 1 decided to infect

cultured myotubes with adenoviruses (Adv) encoding different ras mutants (see table 1 and

Matenal and Methods). Since ras is implicated in Many signaling pathways 5uch as those

involved in myogenesis and AChR transcription~ it was important ta determine the optimal

length of time between infection and agrin treatment that would insure proper mutant

protein expression while minimizing collateral alterations that might confound the results

(e.g. erbB signaling).

Adenovirus infection ofC2C 12 and C2C 12-CAR cells

Initial attempts to infect fused C2C 12 cells with Adv-GFP (green fluorescent

protein) yielded very few GFP-positive myotubes but Many myoblasts were intensely green

(personal observation). Similar results were observed with both ras-N 17 (dominant

inhibitory) and ras-V12 (dominant positive)~ both adenoviruses also encoded GFP as a

marker and were myc-tagged. [also observed that ras-V12 prevented myotube formation

and led to uncontrolled cellular proliferatio~ as reported previously by Vaidya et al.

(1991). Conceivably, the expression of ras-N 17 might have the reverse etfect: blockade of

cell proliferation and promotion of myogenesis. Myoblasts expressing tbis mutant almost

never fused into myotubes indicating that ras-N 17 does not promote myogenesis. We did~

however, observe that ras-N 17 infeeted myoblasts (identitied by GFP expression) were not

proliferating. This showed that the two ras mutants had, at least in the conteX! of

myoblasts, distinct and opposite effects. Ras-N 17 mutant did not appear to be cytotoxic

for the myoblasts sinee neither vacuolation nor cell death was apparent. While the most

plausible explanation was that ras-Nl7 stopped ceUular proliferatio~ it was possible that

the cells divided normally but did not share the epichromosome encoding ras..N17

contributed by the adenovirus. To address this issue.. a dish of confluent myoblasts was

split one day after adenovirus infection and plated into a new well; an identical dish of non..

infected myoblasts was alse split. Thereafter the grolNth of the two groups of cells was

compared. It is notewonhy that ras-N 17 myoblasts adhered to the dish normally~
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indicating that inhibition of ras did not interfere significantly with substrate attachment.

While the population of non-infected ceUs typically doubled after overnight incubation, the

number of ras-N17-positive cells did not change, even after 3 days in culture, a time point

at which the control chamber was aiready confluent. Daily visual examination confirmed

that the GFP positive cells did not divide. As an additional proof, the rate of proliferation

of cells infected with Adv-GFP was similar to that of uninfected cells (personal

observation), indicating that neither the infection process., the adenoviral proteins nor GFP

itself contributed to the etfects observed with ras-N 17. From these results., it is clear that

C2C12 cells are not suitable to study the etfects of ras mutants on agrin-induced AChR

clustering since it was nearly impossible to infect myotubes directly or to get infected

myoblasts to fuse into myotubes. Recently, it was demonstrated that the inability of

adenovirus to infect myofibers is due to a dramatic downregulation of a membrane protein

called CAR (Coxsackie-adenovirus receptor) that is required for virus intemalization

(Nalbantoglu et al., 1999). Fortunately, 1 was able to get a subclone of C2C 12 cells

engineered to overexpress CAR in both myoblasts and myotubes (from Dr Paul HoIland,

Montreal Neurological Institute). C2C12-CAR myotubes were very efficiently transduced

with recombinant adenoviruses (see below).

(n my hands, C2C 12-CAR cells grew slightly slower than normal C2C 12 and could

be kept in fusion medium for extended periods (up to 12 days versus 3-4 days for C2C 12).

MuSK activation and AChR tyrosine phosphorylation in C2C 12-CAR cells was not as

strong as in C2C12 cells (figure 3.1 A and B), but the extent of agrin-induced AChR

c1ustering did not appear to be significantly different when C2C 12 and c2C 12-CAR cells

were treated with similar amounts of c-agril4.s (personal observation). Comparison of

developmental regulation of ras expression between C2e12 and C2C 12-CAR cells showed

a similar pattern of expression. Indeed, it was relatively low in myoblasts (G3) and early

myotubes (F1) but increased on day 2 in fusion mediu~ about the time when myotubes

were starting to be responsive to agrin (figure 3.2 A). Prefereotial expression of ras in

myotubes was confirmed by immunocyt.0chemistry with an anti-H-ras serum (data not

shown). Expression of J3-tubulin was used as a loading control to show that the

differences in ras levels were oot due to unequal protein amounts. Comparison of the
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expression pattern of other signaling proteins known to interact with ras such as Sos, Shc

and Grb2 showed no significant ditrerences between the two cell lines, aIthough the levels

of p47Shc might be slightly reduced in C2C12-CAR cells relative to WT cells (figure 3.2

B). It is noteworthy that the blots presented in figure 3.2 8 were generated trom cellular

extracts offusion day 2 (F2). Based on these tindings, it was concluded that C2C 12-CAR

cells are suitable for studying the etTects of mutant proteins during synapse formation.

Still, tbis cell line is not optimal for extensive biochemical studies given the low level of

MuSK and AChR phosphorylation after agrin treatment. Ali subsequent experiments were

done with the C2C 12-CAR cells to facilitate comparisons.

Transgene expression

Indirect evidence of transgene expression was obtained in the myoblast study

above since both ras-V12 and ras-N17 infected myoblasts behave as expected. Still, it was

important ta determine whether the mutant proteins of the ditTerent transgenes were

expressed after adenoviral infection of C2C 12-CAR myotubes. Whole-cell lysates from

infected cells were tirst probed with an anti-H-ras serum~ ras mutant proteins are easily

identified since they have slightly higher molecular weights than the native ras proteins

because they are myc-tagged (Mazzoni et al., 1999). As shown in figure 3.3 A.. ras mutant

proteins (N17 and V12) were expressed, albeit at different levels. Note that no band of

similar molecular weight was observed in the Adv-GFP lane or in the uninfected one~ the

doublet at 21 kD corresponds to famesylated and unprocessed ras wild type proteins.

Clearly, ras-V12 levels are much bigher than any other transgene. Expression of ras-N 17

and ras-V12 appeared to result in reduced levels of native ras proteins, but this might be a

simple ref1ection of underloading (compare the ~-tubulin levels). Certainly, the decrease

was not as drastic as that observed after cycloheximide treatment, a protein synthesis

inhibitor that does not seems to affect the concentration of ~-tubulin. Unfortunately, 1 did

not backprobe with an anti-c-myc antibody to be certain that the levels observed with the

H-ras antibody were accurate.

Ali recombinant adenoviruses used in tbis study encoded a single mRNA that is

translated into two distinct proteins (mutant ras and GFP) because of an internai ribosomaI
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entry site (IRES) located in the middle of the transcript. Therefore~ another important

control that was required before analyzing the etfects of the mutant ras on AChR

clustering was to determine whether GFP expression correlated with that of the

transgenes, both in terms of intensity and localization. It was found that~ in general~ GFP

intensity was lower in cells infeeted with ras-VI2 when compared to that of ras-NI? or

GFP alone. In contrast~ immunocytochemical studies with anti-c-myc antibody revealed

that ras-V12 infeeted cells expressed high levels of the transgene whereas the intensity of

the mye staining for ras-N 17 infected cells was much lower (figure 3.3 B and data not

shown). lmportantly, ail green cells were positive for myc but the intensity of GFP did not

correlate perfectly with that ofmyc staining. Furthermore~ sorne ras-VI2 expressing cells

that were clearly GFP negative were myc positive. Hence, a1l GFP-positive cells are myc­

positive but the inverse is not necessarily true. Finally. in most experiments, Adv-ras-N 17,

Adv-ras-VI2, Adv...ras-VI2...D38 and Adv-GFP infeeted approximately 750/0 of the

myotubes (personal observation). From these results, 1 concluded that counting AChR

clusters on OFP positive cells would provide a clear pieture of the effect triggered by of

these various mutants.

AChR levels on the membrane

In order to analyze the effects of the various ras mutants on AChR c1ustering, it

was important to verify the levels of AChR on che membrane since ras plays a central role

in the induction of AChR transcription by ARIA (acetylcholine receptor inducing aetivity).

Furthermore~ muscle ARlAis expressed by C2C 12 cells and may control the levels of

AChR in the absence of neural ARIA. I2SI-a_BTX was used to label AChR beeause it is

impermeant to the cell, thus giving values that retleet accurately the levels of AChR at the

plasma membrane. AlI assays were done 48 hours post-infection. Unexpectedly,

expression of GFP alone yielded values that were slightly but consistently lower than the

uninfected ceUs (p<O.05~ figure 3.4). Ras-VI2 scored higher than control but it appears

unlikely that such a modest inerease (vs. control) would account for the increase in

spontaneous AChR reported above. The myotubes in these studies did not display

extensive vacuolation. Preliminary results with mutants ras-VI2-Y40 and ras-V12...T35
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displayed no change in AChR levels. li was impossible to assess the efficiency of the

adenoviral infection since none of them co-expressed GFP and it is possible that these

results simply reflects the faet that no mutant proteins were expressed. Consequently,

these data should oot be regarded as truly indicative of the etfects these mutants may have

on AChR levels. A more thorough study of the effects of these mutants on AChR

clustering was not possible due to limited supply of adenovirus. Ras-VI2-D38 and ras­

NI7 infected myotubes were not signiticantly ditfereot than controls. The lack of

signiticant difIerences in AChR number between all treatments and the controls indicated

that etTects observed with these ras mutants were not due to major alterations in the levels

of AChR at the membrane.

T0 determine if the inhibition of the ras pathway by ras-NI 7 resulted in a decrease

in AChR levels, a pharmacological agent, namely PD098059, was used to inhibit the

function of MEK, a protein known ta be involved in AChR transcription downstream of

ras. T0 do 50, the cells were incubated for 48 hours with various concentrations of

PD098059. As shown in figure 3.5, a dose-dependent reduetion in AChR on the

membrane was observed with PD098059. Assuming nearly complete MEK inhibition at a

concentration of 100J,LM, these data indicate that MEK May regulate no more than 50% of

the AChR protein pool. It is noteworthy that no extensive cell death was observed after

drug treatments at all concentrations used (personal observation).

AChR clustering

To study the effeets of the ras mutants on AChR clustering, fully fused C2C 12­

CAR myotubes were infeeted. These were subjected to overnight agrin treatment 24

hours post-infection, i.e. when the levels of GFP and transgene were maximal. [n this

study, the effeets of the mutants were compared to non-infected cells or to myotubes

infeeted with Adv-GFP, which had no effec!, by itself, on AChR clustering induced by c­

agrinu. It was found that infection with ras-V12 often resulted in obvious vacuolation

and cytotoxicity 48 hours post-infectio~ and such cells were not very responsive to agrin

(persona! observation). Sînce a similar pattern was observed in uninfeeted C2C12-CAR

ceUs cultured for 12-15 days (as opposed to 3-5 days for ras-VI 2 infeeted myotubes), it is
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possible that expression of ras-V12 accelerated the aging process, possibly by inducing an

apoptotic pathway (tms avenue was not further investigated). In ras-V12 infected cells

that did not display extensive vacuolations, possibly because of lower transgene

expression, AChR clustering was observed, even in the absence of exogenous c-agrinu

(figure 3.6). Preliminary results indicates that infection of myotubes with ras-V12 does

not alter the effects of maximal c-agrinu (1 OOpM) since the levels of AChR clustering in

ras-V12 myotubes were similar to that ofGFP infected or non-infected myotubes (data not

shown). Unfortunately, confirmation of these data is lacking because in the time interval

between cell fixation and quantification, the quality of the cells deteriorated. [t is

important ta note that this study was not conducted with submaximal agrin concentration

(<1OOpM), thereby potentially masking the additive etTects of ras-V12 and agrin. Time

constraints did not allow me to repeat these crucial experiments.

Studies with ras-VI2-D38, which aetivates ooly raf-l because of a point mutation

in the effeetor domain (see table 1), were infonnative because it did not cause the

extensive vacuolation observed with ras-V12. This might reflect the fact that it was

expressed at lower levels than ras-V 12 (figure 3.3 A), or that ras signaling via downstream

etTectors other than raf-l promote cell death. Interestingly, expression of ras-V12-D38

also yielded an increase in agrin-independent AChR clusters (figure 3.6 and personal

observation). This preliminary result indicates that the positive effeets mediated by ras

during AChR clustering might be mostly conveyed via raf-l. This experiment should have

been repeated a few more times for the analysis to reach statistical significance. This

conclusion would have been strengthened if experiments conducted with ras-V12-Y40,

which aetivates PI3K but not raf-l, did not promote AChR clustering. Unfortunately, the

adenovirus encoding for ras-V12-Y40 did not co-express GFP rendering analysis much

less efficient than with the other veetors.

Expression of dominant-inhibitory ras mutant (ras..NI7) in myotubes did not cause

any major sign of cytotoxicity indicating that blockade of H-ras funetion is not deleterious

to critical cellular funetions. Ras-N17 did not alter significantly the level of spontaneous

clusters but reduced the impact of agrin addition on the formation of large AChR clusters

(figure 3.6). Qnly large AChR aggregates displayed on medium size myotubes were
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quantified. It is notewonhy that Many myotubes, especially the larger size ones, were

decorated with arrays of small clusters (figure 3.6; personal observation). These punetate

clusters were not included in the data analysis because AChR clusters were defined as

large continuous patches of rhodamine-Iabeled a-BTX.

Since incubation of myotubes with the l\ŒK inhibitor PD098059 reduced the

number of AChR levels on the membrane, 1 was interested to iovestigate the etfects of

MEK inhibition on agrin-induced AChR clustering. The cells were pre-incubated with the

drug for 1 hour before addition of 20-100pM agrin to insure that MEK inhibition was

effective beforc initiation of agrin treatment. The concentration of PD098059 used (51JM)

was expeeted to have minimal etTects on AChR levels (see figure 3.5). Addition of the

drug had no effect on spontaneous AChR clustering when applied alone. and it did oot

result in significant changes when applied in combination with optimal c-agril4.s

concentration (1 OOpM). In contrast, PD098059 potentiated the clustering etTects of

submaximal c-agrinu (20pM), reaching approximately the same level of AChR clustering

as that observed with IOOpM c-agrinu (figure 3.7). Furthermore, after treatment with

both 20pM c...agrinu and 5J.LM PD098059, the percentage of myotubes bearing no ACl1R

clusters was similar to that of myotubes exposed to lOOpM c-agril4.8 (6%)~ the

percentage of myotubes with AChR clusters on myotubes treated with 20pM c-agril4.s

alone was 30%. Therefore, PD0980S9 can potentiate the etTects of submaximal c-agril1.l.8,

indicating that agrin may relieve inhibitory components, possibly MEK, to induce AChR

clustering.

Ras downstream ofMuSK?

One way to determine if ras is involved in agrinIMuSK is to compare the

phosphorylation levels of MuSK and AChR J3...subunit, with or without agrin. Two

attempts failed at determining whether expression of the ras mutants had any etfects on

these posttranslational modifications (data not shown). These results were inconclusive

because 1observed neither MuSK nor AChR tYrosine phosphorylation in both uninfected

and infected cells. Sïnce smaU chambers were used for adenoviral infection (an area about

ten times smaller than the culture dish commonly used for biochemical analysis), these
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negative results probably emphasize the faet that the immunoprecipitation (for MuSK) and

the a-BTX precipitation (for AChR) were unsuccessful because of the low amount of

proteins used. These ineonsistent results were presumably neither caused by a decline in

the health of the cells nor by a lack of response to agrin since AChR clustering proceeded

normally.
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Figure 3.1 A MuSK activation by alrin in C2C12-CAR and
C2C12 ceUs. C2C12-CAR and C2C12 myotubes were incubated
with the indicated concentrations of agrin (0, 0.5 or loM) for 30
minutes. After two washes with ice coId PBS, the cells were
extraeted with a Triton X-IOO butTer and MuSK was
immunoprecipitated from the ceU lysates using a polyclonal anti­
MuSK antiserum. After SDS-PAGE (SOlO) and western blottin~ the
activation of MuSK was determined by immunoblotting with a
monoclonal anti-phosphol)10sine antibody (4GI0). The C2C12
immunoblot is presented to facilitate comparison.

Figure 3. 1 B Acetylcholine recepton p-subunit phosphorylation
in mponse to sirin in C2C12-CAR and C2C12 cells. Dishes
containing fuly ditTerentiated C2C12-CAR and C2C 12 cells were
exposed to lnM of c-agriI4.s for 30 minutes. Simultaneously, the
cells were also incubated with biotinylated a-Bungarotoxin. After 30
minutes, the cells were carefully washed with ice coId PBS (2X) and
extraeted with a Triton X-IOO butTer. The cell lysates were then
incubated with streptavidin-agarose beads at 4°C to precipitate the
AChR bound to a-Bungarotoxin. The samples were then subjected
to SOS-PAGE (1 OOtfo) and electrotransfered onto a nitroclellulose
lilter. Immunoblot analysis was done with antiphosphotyrosine
antibodies (a mixture ofboth 4GI0 and PV20).
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Figure 3.2 A Developmental regul.tion or ras espression in CAR
and C2C12 ceUs. C2CI2-CAR and C2CI2 cells were extraeted at
ditferent time point (G3, growth medium day 3; FI, fusion medium
day 1) with a Triton X-IOO butTer. Reducing sample buffer (3X) was
added to the cell lysates prior ta processing by SDS-PAGE (150/0)
and western blotting. Protein content was equalized using the
reagent of BioRad. Immunobloning of was done with anti-H-ras
monoclonal antibody followed by an anti-mouse-HRP secondary
antibody; the signal was reve.aled with enhanced chemiluminescence
Plus system. The ditferences observed were not due to differences in
loading since the levels of ~ ·tubulin were similar in each lanes.

Figure 3.2 B C1C12-CAR and C2C12 myotubes express similar
levels of sigDaliag proteins. CeU lysates were obtained trom both
cell types and processed exaetly as described in figure 3.2 A. The
ooly difference is that the gel for Sos and ~-tubulin was 80/0 bis­
acrylamide whereas the one for Shc and Grb2 120/0. Immunoblot
analysis was done with anti-Sos, anti-Shc, anti-p-tubulin and anti­
Grb2 antibodies followed by anti-rabbit-HRP or anti-mouse-HRP.
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Figure 3.3 A Ras mutant proteins are espressed after infection.
Oifferentiated C2CI2-CAR cells were infected with various
recombinant adenoviruses as specified in the Matenal and Methods.
Extraction was performed 48 hours post-infection. Samples were
processed by SOS-PAGE (150/0) and eleetroblotted on nitrocellulose
tilter, foUowed by immunoblotting with monoclonal antï-H-ras. Wild
type ras is a doublet while the mutant forms mns at slightly higher
molecular weight due to the mye tag. Probing with anti-~-tubulin

indicated that the loading were approximately equal except for ras­
N17. The high level of ras-V12 expression was confirmed in another
independent experiment.

Figure 3.3 B GFP is. valid marker for localization of ras mutant
proteins but Dot for expression levels. Two days post-infection,
myotubes infeeted with ras-V12 were fixed with paraformaldehyde
(2%~ 10 minutes), permeabilized for 3 minutes with Triton 0.10/0 , and
probed overnight with an anti-c-myc monoclonal antibody (5J.lglmL).
The signal was revealed using a secondary antibody conjugated to
rhodamine. The specificity of the signal was verified by incubating a
parallel weil with the secondary antibody alone in each case. GFP
stands for green fluorescent protein. Ras-N 17 myotubes were
treated similarly and displayed a similar pattern of staining that was
weaker in intensity (data not shown).
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Figure 3.4 Expression of various ras mutants in myotubes can
alter ACbR levels at tbe membrane. Fully differentiated C2C12­
CAR were infected with various recombinant adenoviruses as
described before. After two days, the levels of membrane AChR
were determined by adding 5nglmL 125I-a-bungarotoxin for 60
minutes. After many washes with PBS. the cells were split with
trypsyn and transfered into plastic tubes to be counted with a gamma
counter. The percentage of bound radioaetivity was measured for 1
minute. Cold a ..bungarotoxin (1 OJ.1g1mL) was added to sorne wells
to assess the level of non-specifie 125I-a-bungarotoxin binding: it was
found to he less than 1% of total eouDts. Most experiments were
done in triplieates (one was done in duplieate). Calculations: each
value obtained was divided by ail three values of the appropriate
controls to determine the degree of change in percentage~ all the
percentages for a given treatment were averaged. This graph
presents the percentage of ehange in membrane AChR levels
triggered by expression of various ras mutants relative to uninfeeted
ceUs. The data presented is the Mean +/- SEM from different
experiments; n=4 for ras-V12 and ras-N17, n=3 for GFP and ras­
D38, n=2 for Ras-Y40C, and n=1 for ras-V12-T35S.•• indicates
p<O.005 and ., p~O.05 by ANOVA Fischer's PLSO.
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Figure 3.5 MEK inhibition causes a decrease of membrane
AChR. DitTerentiated C2C 12-CAR cells were exposed for 48 hours
to various concentrations of MEK inhibitor PD098059. This
compound was diluted in DMSO and the laner was use as a control
(zero point); DMSO had no effect on AChR receptor levels (data not
shawn). AChR. levels were assessed using 125I-a-bungarotoxin as
described previously. Values are mean +/- SEM. For 0.5, 5 and
501JM, n=4; for 25 and IOOIJ,M, n=l. * indicates p<O.005 by
ANOVA Fischer's PLSD test.
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Figure 3.6 Espressiog ras mutants in myotubes impacts on
ACbR clustering. One day post-infeetiol\ myotubes were incubated
ovemight with or without 100pM agrin to induce AChR clustering.
The following day (48 hrs post-infection)~ rhodamine-labeled CL­

bungarotoxin was added to the medium for 60 minutes to stain
surface AChR. The cells were then processed for fluorescence
microscopy as indicated in Material and Methods. AChR clusters on
GFP-positive myotubes of medium sizes were counted. The values
presented are averages of 7S myotube segments from one experiment
for ras-V12 and ras-V12-038 and trom two independent experiments
for ras-Nl7 and GFP. Top, average numbers of AChR clusters per
myotube segment. Bottom, Representative images of the ditferent
treatments.
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Figure 3.7 MEK inhibition potentiates the c1ustering efl'ects of
submaximal agrin. The cells were incubated with 5J,LM of
PD098059 for 1 hour before addition of agrin (20pM or 100pM).
The following day, the cells were stained with rhodamine-Iabeled Q­

bungarotoxin and the AChR clusters were counted as mentioned
before (except that the counting was done at 40X). Values are
averages of 50 myotubes segments ftom one experiment. Similar
results were obtained in another independent experiment.
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Discussion

At the neuromuscular junction, ras plays an important role in the induction of

AChR transcription by transmining the signals emitted by ARIAJerbB to the nucleus

(Tansey et al., 1996). No direct evidence have been put forward for a role for ras in agrin­

induced clustering per se. Sïnce ARIA has no etTect on AChR clustering (Falls et al.,

1993), the possibility that ras might he important during the process of AChR aggregation

may seem counterintuitive. However, trus study provides prelirninary evidence suggesting

that ras might also modulate the clustering of AChR induced by agrin. Figure 3.8 is a

schematic summary of the data presented in this study.

EtTeets of PD098059 and ras mutants on AChR levels

ln experiments on the etTects of the various ras mutants on AChR levels, the

expression of none of the mutants resulted in significant changes when compared to

control (figure 3.4). Although the general trend of the ras-V l 2 mutants (in particuJar, ras­

V12, ras-VI2-Y40 and ras·YI2·T35) suggests they might increase slightly AChR levels, it

is unlikely that 5uch differences would effect AChR clustering.

The fact that no ras mutants had significant effeets on AChR protein levels at the

membrane is somewhat surprising given that it was found that the same mutants (ras·N17

and ras-Y12), when transfected and expressed under the control of a muscle·specific

promoter, could affect the induction of AChR mRNA transcription (Tansey et al., 1996).

In effect, ras·N17 efficiently blocked the increase in mRNA triggered by ARIA while ras­

V12 bypassed the ARIA requirement. Based on this study, we can prediet that expression

ofras-V12 in myotubes should affect endogenous AChR mRNA transcription, but notbing

can be inferred with regard to ras-N 17 on this issue. While a significant increase (or

decrease) in AChR mRNA levels may he important physiologically, it is important to stress

that it does not necessarily cause a rapid increase in protein levels. Post-transcriptional

negative feedback loops may also regulate the amount of protein that is being produced.

Evidently, the present study would have been strengthened if an analysis of AChR mRNA

would have been carried out to see if these results were reproducible. Another important
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Figure 3.8 Ras, raf-l and MEK may play a role during AChR
clustering. This model incorporates the results presented in this
study to what is already published relative to ras at the NMJ. The
pathway onto which ras-Nl7 and ras-V12 feed inta is general as it
concerns all possible ras downstream effectors. The pathway
activated by ras-V12-D38 aetivates ooly raf-l. Note that an
inhibitory signal from MEl( to raf-l was presented in figure 1.3.
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control to verify the extent of ras-N17 inhibition would have been to expose myotubes to

ARIA and look whether the increase in AChR mRNA was inhibited.

It is possible that the discrepancies observed between my results and those

published by Tansey et al. (1996) may ref1eet the tact that the length of time (48 hours)

was insufficient to see significant differences at the protein level. A1ternatively, these

contradictory results may retlect ditferences in the expression level of the ras mutant

proteins caused by the different mode of transgene transfer (transfection vs. adenoviral

infection) as well as by the distinct aetivities of the promoters involved. Supporting this

view is the faet that protein levels correlate with the degree of myogenesis inhibition by ras

mutants (Weyman et al., 1997). Finally, the apparent lack of etfect on ras mutants on

AChR levels may stem from the fact that the percentage of infected myotubes was

overestimated. If 50, the differences in AChR levels would masked the high percentage of

normal, uninfected myotubes that bias the result towards normality. Such problem was

circumvented by Tansey et al. (1996) by using lacZ reporter gene under the control of the

AChR epsilon promoter, which a1lowed direct deteetion of positive myotubes.

As mentioned above, it would have been expected that inhibition of ras aetivity by

ras-N17 would not ooly affect AChR mRNA, but aIso the proteins at the membrane. In

order to determine whether the lack of effect of ras-N 17 was due to the low levels of

mutant protein expressed, a pharmacological agent (P0098059) was used to inhibit the

aetivity of MEK, a major signaling protein downstream of raslraf-l pathway (Marais and

Marshall, 1996). The results obtained with P0089059 give reason to think that the

inhibitory effects of ras-NI7 were incomplete (figure 3.5). Indeed, assuming that the

effeets of PD098059 were specifie, the significant decrease in AChR levels could be

anributable to inhibition of MEK ooly. Since MEK is (ocated downstream of raslraf-I

signaling, one would expect that inhibition of either ras or MEK may lead to similar, but

not entirely overlapping cellular consequences. For example, expression of ras-NI 7 and

inhibition ofMEK by PD098059 both reduced the ability ofARIA to induee AChR mRNA

transcription in chicken myotubes (Tansey et al., 1996). Thus, it is likely that the

conjugation of low transgene expression with a lower percentage of myotubes infeeted

may have hidden the aetual etTects of the mutants. To address this issue, radioaetively
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labeled a-BTX followed by quantitative autoradiography could have been used. T0

quantify the number of AChRs per myotube. Alternatively, sequentiallabeling of myotube

cultures with cold a-8TX and 12sI-a_BTX (2-5 hours later) might have provided hints

conceming the rates of AChR insertion at the membrane. This approach., which is

essentially similar to the quantification of the total cell surface pool used in this study, may

be more sensitive because it focuses the analysis on the rate of AChR insertion rather than

on absolute numbers of AChRs. Finally, one could investigate only the post-infection

insenion rate of AChR by incubating the myotube cultures with cold a-BTX just after

infectio~ thereby etTeetively subtracting from the final results all the AChR that were

present prior to mutant protein expression.

Effeets ofras mutants and PD098059 on AChR c1ustering

First, a 40% reduction in the number of agrin-induced AChR clusters was observed

when the dominant inhibitory ras mutant (N17) was expressed (figure 3.6). This reduction

cannot be attributed ta a drastic drop in AChR levels triggered by the expression of ras­

N 17 (figure 3.4), assuming that the levels of transgene expressed were similar in bath

experiments. It is imponant to note that a more thorough study, which would have

included the small clusters, may have revealed a ditTerent scheme. Indeed, myotubes

positive for ras-N 17 frequently displayed constellations of punctate clusters that were

clearly ditTerent from the ones observed in uninfeeted myotubes. Hence, it is possible that

inhibition of ras funetion May black the formation and/or the consolidation of larger AChR

clusters induced by agrin. One of the mechanism proposed for AChR clustering involves

the graduai accretion of microaggregates into larger structures. The opposite mechanism,

namely cluster dispersion involves the disassembly of the large aggregates into a panoply

of small clusters (Olek et al., 1986; Krikorian and Daniels, 1989). Evidently, the faet that

these observations May be based on partial inhibition of native ras (see previous section)

complicates the analysis and might explain why the results sometimes appeared ambiguous.

AChR c1uster disassembly was observed in mice that have deficient TrkB signaling

(Gonzalez et al., 1999). Since ras signais downstream ofTrkB, it is possible that the true

effeet of ras-N 17 is disassembly of pre-existing clusters.
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A potentiation of the inductive etfects of submaximal agrin was abserved when

MEl( was inhibited by PD098059 (figure 3.7). This result appears ta be in direct

contradiction with a reduction of AChR clustering by ras-N17 since MEK aetivity should

have been reduced. This apparent paradox signifies that a thorough study of the etfects of

ras-N17 on AChR clustering when expressed at levels demonstrated to be inhibitory is

required. The drawback of this approach is that the levels of AChR would be expected to

be decreased significantly~ potentially hindering the clustering process. lncubating

myotubes ovemight with a concentration of PD089059 that significantly reduces the

AChR pool would verify if such a reduction would prevent agrin-induced AChR

clustering. These results raise important questions. ls MEK truly inhibitory for AChR

c1ustering? Would MEK be part of the signaling pathway activated by TrkB, which

negatively regulates clustering? Could ARIA signaling via MEK induce AChR expression

but downregulate its movement on the membrane?

Second, in the absence ofexogenous agrin, more AChR c1usters were observed on

myotubes expressing the mutant ras-VI2-D38, but the inductive etfeets of maximal agrin

were unaltered. This mutant caused an increase in AChR levels, which was not

significantly ditferent tram the control. In contrast to ras-NI7, the (low) expression lever

of ras-V12-038 protein is expected to be less critical since in essence, it constitutively

activates the downstream pathways. While ras-N 17 is inhibitory because it sequesters ras­

GEFs, making them unavailable for activation of native ras proteins (Feig and Cooper,

1988), dominant positive ras mutants canstitutively activate the downstream pathway.

Based on these findings, it appears as though activated ras partiallY mimics but does not

potentiate the etfeets ofmaximal agrin. Hence, if ras is implicated in AChR clustering~ it is

probably part of the signaling cascade induced by MuSK because in general, activation of

parallel signaling pathways potentiates the etfects of agrin. For example, simultaneous

addition of agrin and laminin results in a higher number of AChR clusters than when both

reagents are added individually (Montanaro et al.~ 1998).

Ras-V12-D38 signaIs ooly via raf-l because it cannot ioteraet the other ras

downstream signaling molecules with PI3K or ralGDS. Thus~ unless ras-VI2-D38 uses

another downstream etfector~ it is assumed that raf-l would mediate the c1ustering
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process. In general, the raf-l signaling cascade is thought to be aImost entirely funneUed

through MEK (Morriso~ 1995). Therefore, at first, the results obtained with ras...V12...

D38 appear to be in direct contradiction with that obtained with PD098059, which inhibits

MEl( (see above). A negative feedback lûop between MEK and raf-l has been reported in

myoblasts because inhibition of MEK with PD098059 results in higher raf-l activity

(Coolican et al., 1997). Hence, if raf.. l signaling is implicated in AChR clustering, it would

be via downstream etTectors that are PD098059-insensitive. There is precedence in the

literature for raf-l signaling that does not implicate ~ŒK (Laird et al., (999), or in which

the main substrate is not MEK but rather Tvl-l (Lin et al., 1999) or Rb (retinoblastoma~

Wang et al., 1998).

A recent report indicates that integrin a7 null mice display a striking constitutive

activation of raf-l in skeletal muscle (Saher and Hildt, (999), and that this mutation results

in a novel fonn of muscular dystrophy (Mayer et al., 1997). Based on the involvement of

integrin a.7 in both laminin ~2- and agrin-induced AChR clustering in culture (Burkin et

al., 1998), it came as a surprise that these mice had nonnal neuromuscular junctions

(Mayer et al., 1997). The lack of phenotype was suggested to arise from compensation by

other integrin forms. The interaction between integrins and the raslraf-IIMAPK pathway

is complex because the integrins can activate this pathway but a negative feedback loop via

MAPK also inhibits integrin signaling (Hughes et al., 1997). Furthermore, it is possible

that integrin a.7 signaling downreguJates raf-l activity since its absence results in

unregulated raf-l aetivity. From these results, 1 conclude that raf-l activity is cenainly not

deleterious for neuromuscular junction formation but 1cannot say whether it plays a role in

the process.

There has been a report, although unpublished, that rac could be involved in the

signaling process downstream of MuSK (Weston C, 1998, Neurosci. Soc. Abstr.). Given

that ras can activate rac (Nimnual et al., 1998~ Qiu et al.. 1995) via PI3 K (Rodriguez­

Viciana et al., 1997), it is plausible that the etTects of ras on AChR clustering might be

caused by a modulation ofrac funetion. It is difficult to reconcile my results with this idea,

as the ras mutant V12-D38 does not activate PI3K. Studies with ras-VI2-Y40, which

activates ooly PIJK signaling cascade, would have been informative.
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Like ras-Vl2-D38, ras-V12 treated ceUs also displayed agrin-independent AChR

clusters, an etrect which is probably not the result of the 20% increase in surface AChR

observed in these cells (figure 3.4). Indeed, ta my knowledge, there is no report that an

increase in AChR can, by itsel( trigger AChR aggregation. In fact, tetrodotoxin (TTX),

which blacks electrical aetivity in muscle, raises surface AChR levels by three fold but bas

not been reported to promote clusteriog (Bambrick and Gordon, 1994~ Osterlund et al.,

1989). However, the results obtained with ras-Vl2 were oot always consistent and

sometimes, the cells were unresponsive to agrin. In those occasions though, it was noticed

that ras-V12 was cytotoxic for myotubes, causing extensive vacuolation. Since 1 did not

investigate whether these cells were aetually dying, 1 cannot draw conclusions on the exact

consequences of expressing ras-V12 in myotubes.

The faet that ras-V12, but not ras-V12-D38, induces cell death is interesting in

itself as it means the pathway leading to cell death does not utilize raf-l. This might not be

surprising considering that raf-l is often associated with cell survival (Majewski et al.,

1999; Lau et al., 1998). In faet, it is possible that ras-Vl2 might signal via PI3K, which

has been linked to ras-dependent apoptosis in skeletal muscle (Nakagawa et ai., 1998). It

is aIso possible that the difference in cytotoxicity between the two mutants is simply a

reflection of different levels of protein expression. Evidently, one crucial improvement to

ail those experiments is to make sure that the protein levels of these mutants are not tao

low (ras-NI7 and ras-VI2-D38) nor too high (ras-VI2), by carefully adjusting the MOis

or by inserting an inducible promoter in the adenovirus genetic background. Another

approach to taclde tbis issue would he to make use of other ras-V12 point mutants like

ras-VI2-Y40, which aetivates only PI3K or ras-VI2-E37, which aetivates only ralGDS

(Rodriguez.Viciana et al., 1994). This approach would be useful because it would allow

precise determination of which downstream etfeetors are used by ras during AChR

c1ustering. For example, if ras-V12-038 promotes AChR clustering but ras·V12-Y40

does not, one could conclude that ras probably uses raf-l for this task, and not PI3K.

The etIects of ras mutants on AChR clustering could also he due to non-specifie

modulation of other cellular processes. For example, the effects of the ras mutants on

clustering might he due ta interference with calcium signaling, which is known ta be

so
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important for AChR clustering (Rotzler et al., 1991 ;Megeath and Fal10It, 1998;Grow et al.,

1999). Indeed, the relationship between ras and caldum is complex since ras can modulate

calcium signaling, and the inverse is true as well (Gawler, 1998). This issue could be

investigated by ineubating the ras-VI2-D38 infected eells with a calcium chelator like

BAPTA to see if the agrin-independent clusters would still forro. It is also possible that

both dominant active and inhibitory mutants might disrupt vital cellular proeesses such as

transcription, translation, glycosylation, cytoskeletal rearrangements or even glucose

transport (Dennis et al., 1989~ Davis, 1993~ Manchester et al., 1994).

The etTects caused by H...ras mutants, especially the activated forms, might also

reflect the activation of pathways not normally aetivated by agrin. Indeed, since cells

express Many different ras proteins with similar etTector domains and downstream targets,

it is possible that expressing activated H-ras might non-specifically contribute to the

signaling pathway of R-ras or K-ras rather than H-ras. For example, forced expression of

activated H-ras (ras-V12) in myoblasts etfeetively inhibited myogenesis (as expected), yet

native H-ras was undeteetable in myoblasts (this study). Continuing with tbis view, it is

possible that etfects observed with ras...V12 in myotubes might reflect non-specifie

activation of another homologous GTPase. The most likely candidate is RAP 1 since it is

aggregated al the neuromuscular junction (Pizon et al.. 1996) and its etTector domain and

downstream targets are exactly similar to that of H-ras (Nancy et al .• 1999). This unusual

yet simple idea would be difficult to test experimentally and, if confirmed, would confound

interpretations of results obtained with the ras mutants. lnterestingly, RAP 1 signais

downstream of Trk (York et al., 1998), and mutation to the NPXY domain of TrkB

abrogates its activation (Minichiello et al.~ 1998)~ this domain is conserved in MuSK

(Valenzuela et al., 1995) and is crucial for AChR clustering (Zhou et al., 1999).

Colleetively~ the findings presented above suggest that ras might be playing a role

in the process of AChR clustering. Since most of the data are preliminary and would

require more experiments, it is elearly impossible to draw a firm conclusion on this issue.

Unfortunately, due to time constraints, the MOst crucial experiments could not be

performed (see future directions). StilL the groundwork to characterize and optimize this

system should cenainly facilitate future studies using recombinant adenoviruses. It was

5l
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quite unexpected that the ras mutants did not have more consequences on surface AChR

proteins given that ras is involved in AChR transcription. While this faet facilitated the

analysis of the AChR clustering experiments, it also raised the issue that the ras mutants

were not as effective as expeeted. Alternatively, it might signify that changes in AChR

rnRNA observed with the ras mutants (Tansey et al., 1996) may not correlate directly with

the protein levels at the membrane (this study).

Is ras downstream of MuSK?

The third objective was to determine if ras was downstream of MuSK. Given that

expression of ras-N7 and ras-VI2...D38 appeared to modulate AChR clustering, it is

possible that ras might be implicated in MuSK signaling. In addition, the potentiation of

agrin-induced aggregation by l\ŒK inhibition also supports this assertion. These data are

clearly insufficient to draw conclusions and these findings should be considered as

preliminary. Nevertheless, they raise severa! important issues. First, if ras is involved in

AChR clustering, it would add an unexpected level of complexity to the schemes already

established since ras is already involved in induction of AChR transcription by ARINerbB

(Tansey et al., 1996), and possibly in the negative regulation of agrin-induced clustering by

neurotrophinslTrkB (Wells et al., 1999). Furthermore, if one considers the possible

modulation of ras by integrins (a7pl and avpl) or even dystroglycan (via Grb2?). then the

pieture becomes incredibly complicated (Burkin et al., 1998~Martin and Sanes, 1997~Yang

et al., 1995). It would be an interesting challenge ta determine how functional specificity

would emerge trom such a convergence of signals. Second, if agrin modulates ras

function, it might explain why agrin has an effect on AChR transcription (Jones et al.,

1996; Jones et al., 1997) and also why subsynaptic transcription occurs nonnally in rapsyn

null mice (Gautam et al., 1999). Third, it would clarify why Many factors, such as bFGF,

HB-GAM, insulin or IGF... l, modulate AChR clustering even if they are not physiologically

relevant (see table 2; Askanas et al., 1985; Peng et al., 1991; Dai and Peng, 1992; Peng et

al., 1995; Baker and Peng, 1995). As an example of such convergence onto ras, consider

the faet that both NGF and EGF modulate agrin transcription in PC 12 cells, albeit at

52



•

•

•

different levels, but only NGF is thought ta be physiologically relevant for neurons (Smith

et al., 1997).

ln conclusion, the system that bas been used and optimized. i.e. the C2CI2-CAR

ceUs, appears to be suitable for studies using recombinant adenoviruses encoding ras or

any other mutants. The results presented suggest that ras may play a raie during AChR

aggregation induced my agrin but also points out that much more work is required ta draw

firm conclusions. The idea that ras proteins are involved al synapses is not novel. Indeed.

the subsynaptic expression of ras modulatory proteins such as synGAP (Kim et al.. 1998~

Chen et al.• 1998) or COC25Mm (Sturani et al., 1997) in neurons suggest that it might he

implicated in synaptic plasticity. These preliminary data hint that ras May act by regulating

synaptic fonnation per se.
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Table 2. Many facton that affect AChR transcription and/or
dustering signal via ras.

ARIA ErbB2/3/4 Y tt
Agrin MuSK/MASC

Integrins av~ 1 ? t ÎtÎ
Dystroglycan

Neurotrophins TrkB Y ? ~

Laminin Integrins a 7~1 ') ~

y 1

Dystroglycan ? (Grb2) ') t
bFGF FGFR Y Î
HB-GAM Syndecan y ') t

RPTPz/~

CGRP CGRPR ? t
lOF IGFR Y Î
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Future directions and esperimental improvements

1) One of the most important experiments would be to investigate whether or not

agrin/MuSK signaling can modulate ras activity. This couId be achieved by comparing the

relative amount of GTP versus GDP bound to ras before and after agrin treatment. Two

approaches could be used to reveal the GTP/GDP loading of ras. First, after incubating

the cells with radioactive nucleotides and ras immunoprecipitation, the nucleotides are

eluted from the ras proteins and processed by thin-layer chromatography to separate the

GDP from GTP (Satoh et al.. 1990).

The alternative method is similar but does not require handling of radioisotopes.

The levels ofGDP and GTP bound to ras are indireetly but very accurately revealed using

a luciferase assay (Scheele et al., 1995). Using a series of enzyme, which modify both

GDP and/or GTP into ATP, one can monitor the relative arnounts of GDP and GTP that

were eluted from the immunoprecipitated ras proteins. 1 started to use this technique but 1

have not been able to test the GTP/GDP load of ras because optimization of the procedure

for low amount of ATP (tM) was difficult.

2) Another important modification relates to the amount of agrin that was used for most

of the clustering assays. It has been shown that addition of 100pM of c-agrinu to C2C 12

myotubes induces the maximal amount of AChR c1usters. Therefore, using submaximal

agrin concentrations (below 100pM) would be more informative, especially to determine

whether aetivated ras mutants can potentiate the etTects ofc-agrinu.

3) A thorough study that would include both small and large AChR clusters would be

required to draw conclusions on the nature of the etTeets of the ras mutants given the

arnbiguities generated by this study. It is thought that AChR clustering occurs in two

waves with the formation of microaggregates preceeding their coalescence into larger

structures (Anderson Ml and Cohen MW, 1977~ Steinbac~ 1981 ~ Montanaro et al., 1998).

Hence, it would be instructive to compare the clustering process in non-infected myotubes

at earlier time points with that of ras-N17 -expressing myotubes, for example.
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4) Ideally~ these experiments should be performed with many ditTerent activated ras

mutants bearing point mutations in their etfector domain., in order to pinpoint which

specific signaling pathways are involved. The results with ras-V12-D38 indicate that ras

signaling during the clustering process probably occurs via raf-l. This statement would be

reinforced if: for example, ras-V12 mutants that cannat activate raf-l were shawn ta have

no effect on clustering.

5) In order to investigate funher the possible involvement of raf-l in the clustering

process, one could test whether it is aetivated by agrin. This could be determined by

assaying whether it is translocated to the membrane after it becomes phosphorylated on

tyrosine residues (Leevers et al., 1994~ Xia et al., 1999). Altematively, the introduction of

kinase dead or activated raf-l (raf-l-CAAX) mutants into myotubes would also address

tms question nicely (Stokoe et al., (994).

6) It might be good to consider using an inducible promoter instead of the CMV promoter

used in this study. This would permit the infection of myoblasts without preventing

myogenesis and would allow the experimenter to be able to control the activity of the

promoter at will (Rossi and Blau, (998). As a consequence, the protein levels would be

similarly regulated since the aetivity of the promoter is proponional to the amount of

inducer added to the cells. Funhermort:, one could also test whether myotubes free of

mutant proteins at the time of agrin treatment respond normally (for an excellent example,

see Gossett et al., (988). It is evident that tms approach would be panicularly useful with

ras-V12 since it would he possibleto optimize the duration of the expression as weil as the

protein levels 50 as to minimize its cytotoxicity.
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Cbapter 4

She does Dot signal downstream of MuSK



•

•

•

Introduction

Shc is an adaptor protein that is implicated in a variety of signaling cascades as it

couples activated receptor tyrosine kinases (RTK) to their downstream effectors.

Typically, Shc binds to RTl< via its phosphotyrosine binding (pTB) domain, which

recognizes specifie phosphotyrosine-containing motifs (Borg and Margolis, 1998). It is

known that Shc PTB domains has a preference for a motif containing NPXY in the

juxtamembrane domain ofmany RTK (Kavanaugh et al., 1995; lsakoffet al., 1996). This

interaction results in Shc tyrosine phosphorylation, thereby creating docking sites for other

signaling proteins, such as Grb2. It is notewonhy that tyrosine phosphorylation is

observed on only two ofthe three Shc isoforms: on p47 and p56 but not on p66.

A role for Sbc during neuromuscular junction formation (NMJ) is primarily

suggested by the faet that MuSK and Trk RTK, which share highly homologous

intraceUular tails, both possess a juxtamembrane NPXY motif (see figure 4.1) that has

been shown to be imponant for their respective funetions (Zhou et al., 1999~ Minichiello et

al., 1998). Since Shc strongly interaets with Trk receptors upon activation by

neurotrophins (Dikic et al., 1995), it is possible that a similar interaction occurs between

MuSK and Shc. funhermore, downregulation of agrin inductive effects by

neurotrophinslTrkB signaling suggests that both Trk and MuSK might be competing for a

limited pool of common intracellular target, such as Shc.

Based on these findings 1decided to investigate if Shc is a downstream etfector of

MuSK. The results suggest that Shc probably does not play a role downstream of MuSK

since neither Shc tyrosine phosphorylation nor its interaction with MuSK was modulated

consistently by agrin.
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Figure 4.1 The NPXY dom.iD! of MuSK and Tru. The
intracellular tails of MuSK and Trk receptor tyrosine kinases are
highly homologous, especially in the kinase domain (shaded area).
The ooly other region of functional importance (at least in the
context of Trk) that is conserved is the NPXY motif located in the
juxtamembrane region. The tyrosine within this motif is
phosphorylated in both RTl( and is crucial for their funetion. In the
case of Trk, it involves the binding of the protein Shc via a PTB
domain. Another major phosphotyrosine of Trk is located after the
kinase domain and is involved in the activation of PLC-y~ this
tyrosine is absent from MuSK. The NPXY domains are situated at
sunilar distance trom the membrane in bath RTKs. In the rectanlge,
the sequences orthe NPXY motifs ofMuS~ TrkA TrkB and TrkC
are aligned (Cons is the consensus motit).
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Results

Shc expression and tyrosine phosphol)"lation

1 tirst confirmed that the three Shc forros (47, 56 and 66kD) are expressed in

C2C12 cells (figure 4.2 A). Probing an extraet of A431 cells known to contain high levels

of Shc (figure 4.2A) insured the specificity of the antibodies used. Subsequently, 1

investigated whether Shc tyrosine phosphorylation was modulated by exposure to agrin

concentration known to induce maximal MuSK activity (1 nM). Il was found that the

tyrosine phosphorylation levels of both p47 and p56Shc were not altered significantly by

agrin treatment (figure 4.2 B). It is noteworthy that the basal levels of Shc tyrosine

phosphorylation were quite mgh, potentially masking the agrin-dependent changes. 1

found that growing the cells in serum-deprived medium had no etfeet on the extent of Shc

tyrosine phosphorylation (figure 4.2 Cl.

In C2C12 cells, the endogenous phosphorylation levels of p47 and p56 forros of

Shc were much higher than that observed for p66. No induction of tyrosine

phosphorylation was apparent after agrin treatment (lnM, 30 minutes). It is well accepted

that the ditrerent anti-phosphotyrosine antibodies available do not necessarily recognize all

phosphotyrosines with the sarne efficiency. For exampie, the monoclonal antibody 4G10

recognizes aetivated MuSK very weil but PY20 does not (unpublished observations). 1

therefore tried another phosphotyrosine antiserum, more precisely RC20H that is a Fab'

fragment conjugated to HRP that is derived from PY20. Interestingly, 1saw a difference in

the pattern of Shc phosphorylation when using this antibody (figure 4.3 A). It is notable

that p56Shc was more phosphorylated than p47; phosphorylation levels of p66Shc, if

present, were always much lower than that of p47 and p56Shc. Densitometric analysis

showed that the increase in p56Shc phosphorylation in response to agrin was modest when

the values were normalized to the actual levels of Shc proteins present (figure 4.3 B).

Similarly, the phosphorylation ditTerences for p47Shc, although perceptible, were modest.

Despite this, it appeared as though Sbc tyrosine phosphorylation pattern is modulated by

a~ at least in the context of this experiment. Moreover, the peak at 30 minutes

correlates weil with the temporal activation of MuSK after agrin treatment. It is
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noteworthy that even with RC20a 1could not consistently see an increase in Shc tyrosine

phosphorylation in response to agrin. Hence~ 1 conclude that the increase in Shc tyrosine

phosphorylation that is observed in figure 4.3B does not reflect accurately the situation.

Shc subcellu1ar localization

1 was then interested to see if the subcellular localization of Shc was atfected by

agrin since Shc is known to translocate from an internai pool~ associated with the cytosol

and the cytoskeleto~ to the membrane after RTl< activation. In order ta this~ 1 took

advantage of the fact that extraction with Triton X·IOO solubilizes membrane·associated

proteins whereas RIPA, which is a much stronger solubilizing agent (it contains Triton x­
100 along with SDS and sodium deoxycholate)~ extraets proteins bound to the

cytoskeleton (Schlaepfer et al., 1998). Extractions of myotubes (treated with c-agrin as

indicated) from identical cultures were done with either Triton X-IOO or RIPA (RIPAI)

and the pellet from the Triton X-IOO extraction was further solubilized using RIPA

(RIPA2). As shown in figure 4.4 A, there is an increase in tyrosine phosphorylation in a

band of approximately the size of p56Shc in the Triton X-I OO~ but not in the RIPAl,

indicating that phosphorylated Shc is anchored to the membrane. ft is noteworthy that the

blot was stripped and reprobed with an anti-Shc serum ta insure that the phosphorylated

band was indeed p56Shc. The increase in tyrosine phosphorylation after agrin treatment

was relatively modest after normalization for protein content in each Jane (figure 4.4 B).

Interestingly~ the level of Shc tyrosine phosphorylation observed in RIPAI fractions was

70% higher after agrin exposure indicating that a portion of the modified Shc might

already have translocated to the cytosol. Of note, ooly half of the Shc pool was extracted

by Triton X·IOO, the other half being solubilized by RIPA (RIPA2). This finding was

supported by the faet that Shc levels in RIPAI were definitely higher than both Triton and

RIPAl individually. Interestingly, agrin treatment did not induce any changes in the levels

of Shc associated with the membrane.

Do Shc and MuSK interact?
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Next, 1 tested whether aetivated MuSK could interact with Shc since MuSK has a

NPXY motif that is crucial for its function (Zhou et al., 1999). First, 1 attempted to co­

immunoprecipitate MuSK with Shc. On Many occasions, 1 could co-immunoprecipitate a

phosphoprotein of IlOkO that co...migrated with MuSK and the time course of association

correlated with MuSK activation (figure 4.5 A). A1though unlikely, it was possible that

another RTK of similar molecular weight of MuSK and aetivated by agrin was co­

immunoprecipitated with Shc. To resolve this questio~ 1 probed a Shc

immunoprecipitation with an anti-MuSK antiserum: 1 found that it recognized a band at

110kO (figure 4.5 B). Even though the association of Shc with MuSK appears to be

slightly induced by agri~ the phosphorylation level of Shc (RC20H) was unchanged

throughout the time course, a finding that is inconsistent with the usual funetion of Shc.

Indeed, when Shc is associated with RTK, it usually becomes increasingly phosphorylated.

It is notewonhy that probing twin blots with the secondary antibodies alone did not yield

any signal indicating that the signais observed were likely to be specifie. lmponantly. an

identical immunoprecipitation from Triton extraet of cultured myotubes with an anti­

MuSK antiserum insured that the activation of MuSK by agrin was indeed observed.

Finally, agrin treatment did not modulate the binding of Grb2 to Shc in any way indieating

that if MuSK signals via Shc, it does not involved Grb2.

It was possible that the antibody used for immunopreeipitating She caused the

variability of the results. For example, it May not recognize the epitope as weil when Shc

was bound to MuSK. Therefore, the reverse co-immunoprecipitation was attempted, that

is immunoprecipitate MuSK and probe for Shc. 1 suspeeted that the success rate of tbis

procedure should he higher than the contrary because the pool of MuSK is relatively small

and can he depleted from the cell extraet quite easily; in contrast. the levels of She proteins

are much higher and it proved difficult to deplete it completely (data not shown). My

efforts were impeded because Shc proteins run at the same molecular weight as the heavy

chain of the antiserum used for immunoprecipitating MuSK (figure 4.6 A; see Matenal and

Methods). A 10 fold dilution of the serum revealed a protein distinct from the IgG just

above 55kD that was recognized by an anti-Shc antibody and appears to be ioduced by

agrin. Still, the presence of the intense signal from the heavy chain was not optimal.
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Cross-linking the antî-MuSK antîserum to the protein-G agarose beads (see Materia! and

Methods) completely removed the IgG band without interfering with the

immunoprecipitation efficacy (figure 4.6 B). funhermore, 1 was able to visualize clearly

that both p47Shc and p56Shc were associated with aetivated MuSK. Unfonunately, since

the zero time point was not cross-linked., 1do not know if tbis interaction was induced by

agrin. This procedure was attempted severa! other times but 1 was never able to get

signais as clear as these (see figure 4.7). The faet that the secondary antibody alone did

not reveal intense signais indicates that Shc was indeed specifically recognized in the

MuSK immunoprecipitation.

Figure 4.7 shows a typical experiment where 1 tried to investigate ail variables

simultaneously. In tbis case, Shc association with MuSK was very strong but was not

induced by agrin at ail (tirst set of blots to the left, top pan). In contrast, the levels of Shc

proteins in the MuSK immunoprecipitations increased with agrin treatment, although a

substantial amount was present even in the absence of agrin (first set of blots to the left,

bottom). The phosphorylation level of MuSK was increased in both Shc and MuSK

immunoprecipitations, but that of Shc was ooly increased in the MuSK

immunoprecipitation (it was unchanged in the Shc immunoprecipitation~ second sets of

blots., to the right). The ditrerences observed were likely to he quantitative since the

protein levels were similar in the Shc and MuSK immunoprecipitations (probed for Shc

and MuSK., respectively), as well as in the b-tubulin loading control. Note the stronger

signal in both immunoprecipitations of a 60kO phosphoprotein in agrin-treated lanes~ the

identity of this protein is unknown.
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Figure 4.2 A Sbc is esprased in C2C12 cells. Shc was
immunoprecipitated from a Triton-based ceU lysate of C2C12
myotubes with a polyclonal anti-Sbc serum. After processing with
SOS-PAGE (10%) and transfer on nitrocellulose membrane,
immunoblotting was performed with a monoclonal anti-Shc
antiserum. Three co-migrating Shc isoforms are similarly expressed
in C2C 12 myotubes and A431 cells, the positive control.

Figure 4.2 B Sbc basal tyrosine pbospborylation. Cultured
myotubes were extracted with Triton butfer and immunoprecipitated
with an anti-Shc antiserum. Following SOS-PAGE and
eleetrotransfer, the levels of Shc tyrosine phosphorylation were
assessed with monoclonal antibody 4G1O. The efficiency of the
stock of recombinant agrin used for these experiments was insured by
100king at MuSK activation (data not shown~ see figure 4.5 A). The
signal was not due to non-specifie binding to the protein-G agarose
beads used for immunoprecipitating the antibody-protein complex
(see beads alone lane). Furthermore~ the specificity of the signal
recognized by 4010 was demonstrated by omitting the primary
antibody (4G10) on parallellanes (see anti-mouse-HRP panel).

Figure 4.2 C Sbc basal tyrosine pbospborylation is unatTected by
serum stan_lion. Ditferentiated C2C 12 cultures were incubated
overnight with fusion medium containing different amounts of horse
serum (the usual amount is 4%). The following day~ the cells were
extraeted and processed exaetlyas described in figure 4.2 B.
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Figure 4.3 RC20H recolnïzes a different pattern of Shc tyrosine
pbospborylation. C2C12 myotubes were exposed to agrin (1 nM)
for 30 minutes, immunoprecipitated with an anti-Shc serum and
processed with SOS-PAGE foUowed by transfer on nitrocellulose
membrane. Identical blots were generated. The first one was probed
with RC20H, an anti-phosphotyTosine Fab' fragment conjugated to
HRP. The second was probed for Shc to normalize the
phosphotyrosine content to the actual levels of Shc proteins
immunoprecipitated. RC20H and 4G10 appear to recognize ditrerent
phosphotyrosine motifs since RC20H reveals lower amount of basal
tyrosine phosphorylation. The result of a densitometric analysis are
presented at the bottom. Four ditrerent exposure time of the blot
were scanned to account for differences in signal intensities. The
relative intensity of the phosphorylated bands was assessed and
normalized with the values obtained for Shc protein levels of similar
exposure time.
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Figure 4.4 Phospborylated Shc is associated with the membrane
fraction. Shc interaction with activated receptor tyrosine kinases
generally results in Shc tyrosine phosphorylation. ln order to see if
Shc phosphorylated in response to agrin was located at the
membrane, differential extractions were performed using two
extraction buffers. Triton X-IOO based buffers is expected to
solubilize mainly membrane-associated proteins whereas RIPA buffer
is able to solubilize the cytoskeleton-associated membrane protein as
weIl. One dish of myotu"es was extraeted with RIPA alone
(RIPAl). The other one was extraeted first with Triton (Triton 1).
the Triton insoluble material (pellet) was further solubilized in RIPA
buffer (RIPA2). Shc immunoprecipitations were performed on each
cell lysate and analyzed by western blotting. Top, Identical blots
were probed with RC20H or Shc antiserum. The phosphorylated
band co-migrated with that of p56Shc. Botto~ The graph
illustrates the rold increase in tyrosine phosphorylation of p56Shc
after normalization ta protein content densitometric analysis.
Quantification was done as described in the legend of figure 4.3
except that only one exposure time was used.
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Figure 4.5 AllO kD phosphoprotein is co-immunoprecipitated
with Sbc. Myotubes treated with or without agrin (1nM) for
different lengths oftime (O~ 5, 10~ 30 and 60 minutes) were extraeted
with a Triton buffer. The extraets were separated in two equal
volumes and Shc and MuSK immunoprecipitations were performed
independently. Equal volumes were loaded in a 100/0 SOS-PAGE
and transfered on nitrocellulose tilters as described in Materia! and
Methods. Western blot analysis was done with phosphotysoine
antibody 4G10.

Figure 4.5 B MuSK is bound to Sbc and Agrin does not modulate
SbclGrb2 intenaction. C2C 12 myotubes were exposed to agrin
(loM) for various lengths of time (0, 30, 60~ 120~ 180 or 240
minutes) and processed exaetly as described in legend of figure 2.5
A. The nitrocellulose membrane was tirst probed with anti-MuS~

anti-Shc and anti-Grb2 antisera; the levels of Shc phosphorylation
was determined by backprobing the stripped tilter with RC20H.
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Figure 4.6 A Shc is usociated witb MuSK. MuSK
immunoprecipitation was perfonned on Triton extracts from
myotubes exposed to agrin (loM; 30 minutes). Using undiluted
seru~ a high amount of MuSK was recovered as assessed by
probing with 4G10. Analysis of Shc co...immunoprecipitation was
hindered by the large IgG band that was strongly reaetive with both
the primary and secondary antibodies. A dilution by a factor of 10
reduced considerably the intensity of the (gG band and a protein of
56kD was recognized in the agrin-treated lane ooly.

Figure 4.6 B Cross-linkÎng aoti-MuSK antiserum to beads does
not affect immuDoprecipitatioD efficiency and facilitates Shc
probing_ In an attempt to solve the analytical problem generated by
the presence of the (gG band in MuSK immunoprecipitations, (
cross-linked the antibodies to protein-G agarose beads (see Material
and Methods). Two different cross-linkers were used (OMS and
DMP) but no differences were noticed between the !WO. This
procedure did not afiect the efficiency of MuSK
immunoprecipitations (compare the tirst and second lanes) and
removed the IgG bands (see anti-mouse blot).
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Figure 4.7 The etrecu of agrin on the interaction between Sbc
and MuSK are ambiguous. Myotubes exposed to agrin were
extraeted with Triton butfer and the resulting cell lysates were
separated in two for immunoprecipitation with Shc and MuSK
antibodies. In tbis experiment~ MuSK antiserum was cross-linked as
described in Material and Methods (see aIso figure 4 .6 B). Western
blot analysis with antibodies against Shc~ MuSK or phosphotyrosine
(4GIO and RC20fL top and bottom pannels~ respeetively). MuSK
has been observed to run as a doublet under certain conditions.
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Discussion

The signal transduction downstream of MuSI(, a receptor tyrosine kinase involved

in the neuromuscular junction formatio~ is al present unknown. In contrast, the signaling

pathways used by Trk receptors are very weil worked out (Kapl~ 1998). Since MuSK

and Trk have highly homologous kinase domains (Valenzuela et al., (995), it might be

instructive to investigate whether known Trk targets such as PLCy, Shc or PI3K are

involved in MuSK signaling. Outside of the kinase domains, the only conserved portion is

a NPXY motif located in their juxtamembrane domain. In the context of activated Tric,

tbis motif acts as a docking site for the adaptor protein Shc (Kavanaugh et al., (995) and is

important for its signaling (Yoon et al., 1997; Minichiello et al., 1998; Hallberg et al.,

1998). Based on these data, 1 decided to test whether Shc is an effeetor for activated

MuSK.

It is weil established that when Shc interaets with activated receptor tyrosine

kinases, it becomes rapidly phosphorylated on tyrosine residues located in the collagen­

homology domain (pelicci et aL, 1992). Hence, my tirst goal was to test whether Shc

phosphorylation was induced by agrin treatment. Initial attempts showed that agrin

treatment did not influence the levels of Shc phosphorylation, but it also highlighted the

faet that the increase might have been hindered by high basal tyrosine phosphorylation of

Shc (figure 4.2B). Severa! groups have shown that the basal phosphotyrosine content of

Shc is often high in skeletal muscle, suggesting that tbis phenomenon is not uncommon

(Chow et al., 1996; Paez-Espinosa et al J 1998). Furthermore, the increase in tyrosine

phosphorylation after ligand treatment has been shown to be relatively modest in the sarne

cells (Altiok et al., 1997; Tsakiridis et al., 1998). High basal activity of normal cellular

processes is a common problem in signaling studies and incubating the cells in serum-free

medium commonly circurnvents it. This modification had no etfeet on Shc

phosphotyrosine content in C2C12 myotubes (figure 4.2 Cl, indicating that the source of

Shc phosphorylation probably originated from signaling induced by autocrine factors. For

example, it could be caused by neurotrophin- or muscle ARIA-induced signaling, as these

factors are constitutively secreted by myotubes and their receptors are expressed on the

cell surface (WeUs et al., 1999;Zhu et al., 1995).
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In one study, the inCfease in phosphotyrosine content of Shc in response to insulin­

like growth factor-l was very significant, despite basal tyrosine phosphorylation (Ewton et

al., 1998). The ooly major difference between their protocol and the others (mentioned

above) was that they used a different phosphotyrosine antibody. 1 had observed that

distinct patterns of phosphotyrosine patterns emerged when a MuSK immunoprecipitation

was analyzed by immunoblotting with ditferent phosphotyrosine antibodies and a strong

signal was found with 4GIO, but not with PY20 (data not shown). Although these

antibodies were not generated against phosphopeptides (Ohtsuka et al., 1984), it appears

that intrinsic differences in affinity for specifie phosphorylated sites may exist. When 1

probed a Shc immunoprecipitation with RC20H (a PY20 variant) instead of 4GI0, it

appeared as though the level of basal tyrosine phosphorylation of Shc was 10wer.

uncovering a modest increase in phosphorylation in response to agrin (figure 4.2 and 4.3).

Still, 1 was unable to observe a consistent agrin-dependent increase in Shc

phosphorylation. From these results, l concluded that Shc tyrosine phosphorylation is not

modulated by agrin. Additional support for tbis assertion came trom the observation that

the interaction between Grb2 and Shc. wbich is dependent on Shc tyrosine

phosphorylation, was unatfected by agrin (figure 4.48). This aIso indirectly indicated that

ras activity is probably high in C2C 12 cells since Shc phosphorylation and association with

Grb2 generally correlates weU with the degree of activation of the rasIMAPK pathway

(Lin and Abraham, 1997). lmportantly, tbis tinding stipulates that if MuSK activates ras

during neuromuscular junction formation, as hypothesized in Chapter 2, it is probably not

via She and Grb2.

ln a parallel set of studies, [ tried to detennine if She eould bind to MuSK and,

importantly, if the interaction was regulated byagrin. Indeed, a signaling protein that has a

physiologie role downstream of MuSK would he expected to respond to agrin. An

interaction between MuSK and Shc was observed many times, and the controls performed

with secondary antibody alone and/or with beads aIone indieate that it was probably not

due to experîmental artifaets, like non-specifie cross-reaetivity to the antibodies (figure 4.5

8; figure 4.6). On sorne occasions, the interaction appeared to be clearly modulated by

agrin (figure 4.5 A), but again, 1 failed al repeating those findings consistently. Indeed.
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sometimes no interaction was visible between the two proteins whereas other times, it was

constitutive (i.e., not induced by agrin). In arder to clarify tbis Issue, 1 conducted

experiments during which aU the aspects of the interaction were investigated

simultaneously. As shown in figure 4.7, although sorne aspects orthe interaction appeared

to be modulated by agri~ but others were not. For instance, the interaction between

MuSK and Shc was constitutive and Shc phosphorylation was not induced. So far, such a

constitutive interaction between Shc and RTKs bas ooly been reported in cells expressing

activated (oncogenic) RTKs such as erb82 (Stevenson and Frackelton, Jr., 1998) or Trk

(BorreUo et al., 1994; Pelicci et al., 1995; Watson et al., 1999). Since MuSK activity in

the abgence of agrin is very low, this constitutive interaction could also be caused by a

phosphotyrosine-independent interaction. Even though such an interaction between Shc

and the protein phosphatase PTP-PEST has been reported (Charest et al., 1996), it is

incompatible with the idea that phosphorylation of the tyrosine contained in the NPXY

motifis crucial for MuSK aetivity (Zhou et al., 1999).

This inconsistent behavior suggests that the interaction ( observed might also be

due to a non-specifie binding of the !Wo proteins. It is generally assumed that the

interaction between two proteins is specifie if the complex is intact once the co­

immunoprecipitation has been subjected to washes in a butfer containing a high

concentration ofNaCI (500mM instead of 150mM). When 1 performed sueh a trealment,

the interaction was not observed (data not shown). This approach, which is valuable

rnainly for protein-protein interactions that are relatively strong, might not have been

optimal for studYing the interaction between She and MuSK. lnqeed, the strength of their

association is predieted to be relatively weak since MuSK does not contain sorne crucial

amino acids located upstream ofNPXY domain~ more precisely, a hydrophobic residue al

-5 and an asparagine at position -3 trom the tyrosine (Zhou et al., 1995). These residues

are important because ifthey are present, the interaction is considerably stronger (e.g. Tr~

Dikic et al., 1995) than when they are absent (insulin receptor~ van der et al., 1999~

Laminet et al., 1996). Still, while il is very difticult to co-immunoprecipitate the insulin

receptor with Shc, the increase in Shc phosphorylation observed indicated that they

somehow interacted (VanderKuur et al., 1995).
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A recent report by Zhou et al. (1999) answered a lot of the questions generated by

the ambiguous results 1obtained. Indeed, introduction ofa full length MuSK into MuSK ­

/- cells restored agrin-induced AChR clustering, only when the ATP binding site in the

kinase domain or NPXY motif were unaltered. When the tyrosine of the NPXY motif was

mutated to a phenylalanine, the effects of agrin were abolished and spontaneous clustering

was also absent. It is known that such a motif: in the context of activated receptor

tyrosine kinases, is a favorable binding site for protein bearing PTB domains, like Shc or

PLCy (Kavanaugh and Williams, 1994; Borg and Margolis, 1998). Hence, it is likely that

this important MuSK downstream effector is a PTB domain-containing protein.

Confirming my results, they did not see a significant increase in Shc tyrosine

phosphorylation in response to agrin in cells expressing wild type MuSK. Since the

strength of the interaction between Shc and MuSK is predicted to be weak (see above), an

optimal Shc binding site that resembled that of Trk receptors was introduced upstream of

MuSK's NPXY motifby replacing the sequence DRLHP for [PILE. A similar approach

dramatically iocreased the affinity of the insulin receptor for Shc (van der et al., 1999).

For MuS~ this modification did oot increase the ability of MuSK to promote clustering

but aetually led to a reduetion in the effects of agrin. Based on these results, they

concluded that Shc was not required for agrin signaling. Similar results were obtained

when the same approaeh was use for another candidate, namely PLCy. The results

presented in tbis article were impressive and led the authors to suggest that a Shc-like

protein, but not Shc itselt: with a PTS domain, is crucial for MuSK aetivity.

Taken collectively, these results strongly support the notion that Shc is not

important in the signaling cascade aetivated byagrin. Consequently, [ can conc1ude that

the interaction that 1observed between Shc and MuSK was probably non-specifie and due

to a chance occurrence. An alternative explanation is that a low level of MuSK aetivity is

present in myotubes, either caused by intrinsic MuSK aetivity or by an unknown

endogenous MuSK ligand. This MuSK aetivity, which could be involved in spontaneous

AChR clustering, might also promote the binding of Shc te MuSK.
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Future directions and experimental improvements

1) The faet that 1 used a single technique (co-immunoprecipitation) to investigate the

interaction between Shc and MuSK was a ümiting factor. This approac~ which is

valuable mainly for protein-protein interactions that are relatively strong~ may not he

optimal for studying the interaction between Shc and MuSK. To malee sure that my

results were valid, 1 should have used another technique. To do sc, 1 could have used the

method called a far western, which is similar to a typical western blot except that the tilter

is probed with a GST-fusion proteins instead of a primary antibody. In this instance, a

MuSK immunoprecipitation generated tr(\m cells exposed to agrin could he probed with a

Shc GST-fusion protein (Yeh et al., 1996). If the binding site is preserved after

electrophoresis and electroblotting, it is possible to determine if the proteins interaet

together. The additional advantage of this approach is that 1 could alsa determine which

domain of Shc is required for MuSK binding by using GST-fusion proteins of the different

dOmaillS ofShc (SH2 and PTB).

2) The next step is obviously to identify the Shc-like protein that is important for MuSK

signaling. As mentioned above, the NPXY domain of MuSK is crucial for its signaling but

it does not signal via Shc but rather via another protein which possess a PTB domain

(hence the protein is referred to as a Shc-like protein). This could be achieved two ways.

First, a yeast-two hybrid sereen using the juxtamembrane portion of phosphorylated MuSK

as bait should permit the identification of proteins that interaet specifically with this

do~ even if the interaction is weak. Another option would be to screen a cDNA

library from skeletal musele with a series of probes aimed al identifying PTB domain­

containing proteins since it is possible that this protei~ like MuSK, is expressed

exclusively in this tissue. In faet, it might be a good idea to perform such a study tirst on a

the same type of cDNA library that was used ta identify MuSK, that of injured skeletal

muscle (Valenzuela et al., 1995).
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3) Assuming that the protein that binds to the MuSK NPXY motif resembles Shc~ both

strueturaUy and funetionally ~ a few experiments could be proposed to study its raie during

agrin-induced clustering. Presumably~ similar experiments would also be feasible when the

Shc-üke protein will be identified. Expression of various Shc mutants demonstrated that

they could block normal Shc function. For example~ expression of fuU length Shc with a

mutation in the Grb2 binding site (Y317F) aeted as a dominant negative (lshihara et aI.~

1997; Stevenson et al., 1999). Expression of partial Shc proteins encoding the PTB

domains (Milia et al., 1996; Blaikie et al., 1997) also blocked Shc normal function,

presumably by inducing non-productive protein-protein interactions.
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