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Perid, FBLL-MuSK EAZ 7HFICRETHZLIC kY, HFiMSK B ahiiz X ) TiEmhiE
IHERFIET 5 Z L A AT GRiZ L A4/ L7=(JCL.2006).  Z4UZ K Y HiMuSK Hifk
DSEIERFENIEDIRK & 705 = L 23 LT, fERBOR L EBREAR I T2 Z LI
Bk L7= 372, MuSK HTAfiiEE A B%E L T (Neurology. 2004, 2005) , MuSK HiAMG BBE M
AL 2 LB, AP HECT: & SH{ECf TV WEEE 7= (Bur J Neurology. 2007, J Neurol
Seineces. 2007). & L THT MuSK HT{ABAE SiERn e /BB OFFIENTFE 6, BIEA =X A,
P, TRREEI R AR BEEZ B LN L TWA, L LBFE 258 L LI-atmalmmo
Hilanidn 0, BE L URIEOEBET VIO WETH S, SiZiZE ittt fU /e T <%
DUFRSUZREN LT 7 FHRBET N L~ 7 R, i MuSK FLAEERER e OwiEA
LM LT, E6ITIEREOMBL HRYE L THIEAEEDTVWA.  SEEEES. U¥ERT
T IVOREE L7 ADIREE A 3L G UAREE - T  (EE CREI 2R S AN LTz
THE TS, BIE LT= 2V X ORI 7 AR OREZ LA BE Sh., B EHIEAS MuSK
(LB T AOHERBAPRE T 5 = L CRIETH Z L AAGE Ao $1 MuSK Hiikss

LOLEZ NG, U ¥EFAOMB - EET HHIMSK i L, — O URFSSE L
ARV B 57 MuSK OBREZAIHIITT 5. 3IE L= 70D i7" A% C ikl - L Ak
BB SN FER L Hb e, TERRENEN RO S THRIETH Z L 458
bk lpoT-

A BFFERHY

i 2 B AEREE S JE  (myasthenia
gravis:MG) OBEHSFAETHLHML T
DT LA, 2006 FRCERE SN AN B O
AR IBI BT S T O

1= 18 FEAOLERRE AT 2.5 4% (L
THHHEET6000 A6 1 55, 100 A~) | 10
TSI 0 OFFREL 5.1 A6 118 A~E
HZ TWD., BKTEE 1990 SERIZ7e > T,
50 FLAEDAERTTREN LY HE< DR




X CHEROEESFERESNL £LT,
2007 4E|ZBAfE &/ 1ith International
Conference “Myasthenia Gravis and Related
Disorders” (New York Academy of Science F
fi) TH. SlHE MG OHEIN & 2 ORRARR R
EH &
PR, HEE, W FREEA ST OIE T &
D MG IZRHEWIAERDS, FFE IR T
SNBIZA 5.

HT MuSK HriARBMEEAERR SR L LIE UL
BITERDSEL L, BRSPS I OIE T
£ B EIE(ET A 12Ol RAIZIGERD S 3t
ETHUENRDS, L bR REET
AR B EALH S, T EFAaY
VAT 7 — I AChR HUATBAE T
THEDVE & A BITR U THEZI T 555, HiMuSK
PUOARE: FAER 8 AE R 0t L TR
NI TR LA Y AFE2 Y
—7p LidiE A T ER S 22 LG
MmElpoTAD, HaisRHIEHT MuSK HLiAE5
MEEAEAR AR S AR IR A O AR
fEHOARZMECE L T, HafthoBEHHh
BIE T HOHBUK T 5.

Fox X, FMuSKETADIE R S 722001470
MuSKEUIAHITE DM o 2 7 L e FF 3R R
(KR & OEFERFFETHRE LERELT
VW5, BRSSO SO LT, T2
Fbe - THM TRE AT 1-2H TR2WRR
BAR 2R RS SHOMENLICERR L TV D,
MuSK-MG DR iEIFAChR-MG & 1358705 Z & &8
LA LTWD. AFROFEFI CHRICK L [E L
HEAEFINZL | BYER, W ThE R Y
DERERE, 5 X OVERFHFRED FAChRE TS
EIERRAESE & o L TE SER L EETH
L0, WO INE T ) BETRVV—

EHRE O MG 32 TlL, IR T,

AhdDH Z L AMEEERE L ThA. Lavl
FIAChRFTIARESE EE AR SR AE & 1 LR 72 HIRHE
ELD AN =X LIRS TR
Z LCHEBRDIBHGE R L CTERAMETHHHT
MuSKHTIARER: BLHE i 8 T JHE D RAE A T = K L
RO H20I0E, FEEEWrET VA (E
ST T EE @ AR > TV D,

Fox 13T F A - - B 38R K Y MuSK
P TMGSRRIET 5 = L A R CRANCHE
LT 5. THEEAT R AREEMRRRG S EAET
EIHELEBLTWD I L, ZOREBET
N T, MR 7 AOIRREEE L&
AT 5 LD TREL p oz, ET-RAELIZ
7YX L7 A TIFAChREEE AN HNI L TV
HIZEHERALNILTHDD, TOAH=K A
% 7YX OFMuSKE A Al - TR 21T o7

B. BfEHE

P MuSK $UiAI = L 2 BRIETE T /L AR
LT, FER I HEDFIE A /) = A LAIH G/
(T BT T ADHERE LA L
THTZTT- E/-. i MuSK Fifkiz L5
AChR EHEHIHID A H=A L% Y a e K
agrin Tk X5 02012 HEAENE R AChR
BHET vt A AT LA KR LT

1. #i MuSK ik CRIEVH XET LDV
F 7 A FREERITREA L O RRAT

i 3 i IR (B, B0
HENRETIZERT) CARBENI-HIEIEST
Tolz. =V AOHAENOHER- L RNA 15
MuSK @ cDNA # PR i Cru—=1 L7
MuSK 3V €74 —BE L A FX—AT
hBHDS, O/ R AL LOREART Z—
ZVER LT CosT MfIC h T A7 27 ra s



D%, Ay a4 MEBE LTHRIL-

Yaryte)r FEAFRICHZ- TENDET
PAFRK, A =X L, & O3l
ETH-OOBERE AT L BRYE LT,
TAHY 7R 77 5—FAP), & Mok
7Y 1g6, His-tag & FTNTHME ST
MuSK BEA AR L7z 9oL T1EC
100-400 ug OFEHL L 7= MuSK-Fc, His-tag V) =
e MEAL 3 ELLERE L Rl
T=o4dbied &b 3 4 AL HBIZ LRBE

T HNEIHBE LT BIE LI N6

FmoobMmike L= £ ST7 74
WATATEFO.M U @Ry 77—,
phl7. 4) THEREE D%, fha-H L TR CEE
T4 BEZT1LRA yFai—arlis
% 10%, 20%, 30% = §5-PBS O BE
MIZBLTA v Far—ar Lz,
0.C.T. Compound & —HHZ K7 A 7 A A THi
L7z, WG L 7= kB 4 IhessEl o of LT T
(& 30up JEOHFEN R AR L TAT A KHZ
AVZ[EE 7=, a-bungarotoxin-rhodamin & —
KR (Hi=a—n 7 1 7 A Mk T
Th74 4K 1 11RE) TAEZT
BUG SHEE Lo, ki (Alexad88-
Pl JHR) Caotifa L. 3R S
(Nikon) THME -7 ADHEZ( L 248525
GL7=

TR TSR T X O T
REBET BTN, T T ANLT T E
FO. M Y Sy 77—, phl. 4) TERIEE
L% 7 0% —/\EEilk CHEE L TGESE
R OB R A ARk L7

2. Bt MuSK Sk B RERZAT
MuSK EH A% L C3AE L= iz

SENSHTIMSK FifEnR ok 5 oLy
TR L7 A0 AChR YA %7 ik
C2C12 %> TR L=  C2C12 Hia
VAR SERIR A S B E R~ LN S = &
MWTExAH ZAbIZYared b agrin 8%
FEHINR RIS & 30 SLAPIC MuSK D% A 11
o) AEATHET D L & bic, RN
(RN AChR BEEAFHET 2. Z OfT
VAT LAAES Z L2 LY agrinMuSK 24 L
7= AChR EESE 2 7 MRBOAA FHIRRT L 68
REMAT 2 G RICIT D Z & AWARETH 5.
BAaldoOT oA AT L%EFEST, agrin
L HiMuSK $7ifAA- [RIRF Z C2C12 |2 3$hN LT AChR
EHERTHIZE S MuSK TEM b 7 od b4
b 7=, Mileh 4 MuSK U4 1eG 472 Z
AxTaT A A CHE L CRgTC AV
& 6| TR 75T MuSK HUAE 1eG 27331 AL
B LT Fab iz 44 L ClRlksI Z B 38R
RV =

MuSK @ V) > bl T agrin Z43{k 7= C2C12
FEAARHIREL SN L C 30 Ik L= 7 A
P M LT, H1Y R (4G10 & PY20
Y VBT, 2 o—FAbig) ic kb oA
A— AT L OB UTs. C2C12 B
§a10>7 A P— MMkt LChi MuSK HT CoasEitse
BT NAKE L PVDF A7 L ATEES LT
U 7 A peroxidase Z{FESTHEA
L. RUAST L AaSEL, 7HEOH
MuSK A CMuSK AR L7=.  AChRD Y
AREHIE T A P— r e e FAE LT
a-bungarotoxin & 7 B2 agarose Tl L
THEIL PVDF A > 7 L AZHES LT=OBHTY
AR (4610 & PY20 LY ELE ) 7 1
—FNAfE) LHLACHR -beta &/ 7 n—F /U5
EZL D028 — AN LV ERLC



C. WFiEER
1. BELEYH X047 2 DOEE

B L 79X MG IR OMERS 7 A
OFRETG, MuSK HUAIE T 7 RO
(o VLT REHEEIHERT S LERA
LI-GRER). (KX, £: EFVHE A:
FAE LT -0, ek iR & <7 AR,
ARACHR : S 7 A%

¥ I FEEEEART B IEE < 7 A TH,
RIELEYYH XD T A%
(convolution & complexity) OFHE/EILH
BRI -(GEE, MEE<D RO TR

ERTUE “Lk}??!l MuSK MG 7#¥ BtLEvTT2R

2. BIEL T2 7 H X OH MuSK-1g6 @ Fab
7 F 7 A bk AChR BEE% M+ 5.

1 MuSK iy X H X OfEERh ~F 7 AD
AChR A XBHHRELA BEESE 528
HHT, MSK ERDA A 1 U B biEE
AL LABFHT L LEWHLMILTULA.
% L THIMuSK Hi475, 353 C2C12 #ilaod AChR
EEIZISRE S LD E ) LIz E Z

, L MuSK Tl'iﬁ‘i{ T agrin (215 AChRERES
MCHFlTLZLEBRHLMNILTWDS
(Shigemoto et al. JCI 2006). ZAud, A&
PN CHIMuSK $70{A3 MuSK OORBSREA- EREIHE L
T AN AChR BEEMIIA ST 5 - L
AL CU Ve T, ZOHMSK ko
[gG %73 L THERL THURRE LA
DLETAFab 77 A R EEREL T, B &
DD 1gG & [FHFZ agrin |2 5 % AChR BEE
AU 2008 D At L. ZooRE%R, A
FIMuSK Fifds &[RRI Z agrin (2 X 4 AChR EidE
Ao S Z L A BT LT

FERBE B & C:3HE LT= D7 A HhE

)

ci ] Ty Ly =¥
MuSK MG 74 ¥ o+ 7FxBoRR

MuSK FablZ It RESHEAIV 1B THS

Fab Fab

—_—

papain

Fc

MuSK antibodies(lgG)




agriniBN IZEDAChREI IR

®|Em &
MUSK-1gG FabZ 54 Ak

L MuSK 1gG ﬁ"l:ﬂiﬂ') Fah FTIIRA f‘g%“
7 g R
Ilrk |~_ ag‘rm gt 25 AChR

AChR clusters

n

\ZHURRE B ET Al LAV Fab 77 7
AL b3, HTIMuSK-IgG fifA L [FHRIZ agrin A3
< T 1) C2012 ABa MuSK A& 5
IHEEET L. FORETFROL HIZ Fab 7
FH A2 MIMSK OV A LA FHN LA
LGS o7

D. #%

Ferit, FBL- MuSK A 7 HFICkiE
FTAHZEIZEY, HiMSK HOhiEZ X v &
8 ) iE 2 BEHE S OIRIEZ AT L TV .
BIE LT 7R OuiRh 77 A T3 AChR @
EEELBL LTWAZ L 2B E@E L TW5

hs, BlEl T AOIEEC AR LIk 25
L7 RISVl . FORREIL
T T ARIMRETRATHWASZ EAALMNE AR
o7z FIMuSK i EMuSK (= L 5 37 A4
@ AChR BEEEF 1 Ced L BF B MuSK Z7T L
Tz 7 AREA~OMTTHEOMER > 7 b
MklT 52 Z LB ONE. EoENE 1
FEEE T, FBEL /=Y 7 A R4
BLIZL AU ABEOBRHERD, &6
[ Ziﬂi'-‘])x"#..a&%l%% Sk —5 T, $iACHR Hifk
I+ A EAEFRIEE DIED o7 A IR Gl ER
ENDH AT L DRI e RESh R
Motz ZHIORERENG, FaBLT
WABRRIEA A1 = X LOGRE S GIZHB AT 5
ZEMTER EOMGRLIE. HUMuSK BiiE)s
MRFR 7 AICHIE TS MuSK EFEE LT
(a) MuSK OHSFEABHSAH 5, (b) MuSK
BEOREMY (antigenic modulation) Ofs
B MuSK ORSEEAHIT 5. BEHL (a) &
(b) DIHEIMEH L CWH EEZ S,

1 MuSK HUASEE oD B M e R i i =
fHET HHIMuSK HUE 1g6 DY 77 7 Ai3EfH
HINZ 164 ThD (5 1g62 LT 5 Z LA
TEAHBKEDI, B b Iged (Sidlifds
PALREIZZR 2 &6, HTMuSK HUKIZ X 595
HEFSFF| Il L A1k o7 ASREE OB
Bz A YW LvRENTED  Hixd
FEHRET VT FORIEISLVZ LA
ISy falt O%#EHTN(V#x&ﬁGF%
TERMET A EVERT 5 Z L ITEZN L TVA.
1 MuSK Hifdiz L5 ﬂfmﬁ%’?ﬂﬁﬁﬂmﬁﬁﬁam H =
R I, BN R IERRER THAEOBSE Z I8t
FIVISLETHDHY, Fox OFERK LT BB
T NATHIETEESFEOREL < LT

HIEDALME ol




E. #&w

(DT MuSK 4 CHRAERGIEME A FIET SR
BEMWIET V(7 HX) 2EZORIEL BT
L= FELT- 7 ¥+ 72T, HiMuSK
HUARIZL » MuSK OBREA MR 2 Z LT &
FTRAEBEE G TR iR ST AL
BOMERHE A RE L TV D Z LA
fpofz, Ff-ir 7 ABMETIL AChR BEESST

TR, VT 7T AROWBE L RE N R HN

FROOERIZLY , AT AOEENEES
TERBDRIET S L B2 6hb.

(2) T MuSK $ifAi T agrin & [FHRIZ MuSK 4 o
m i AR 508, — OB URRS
SEM LA R 720 Fab 4318013 MuSK OfEMHERE
2. L L lofiA L RIS agrin (2
X2 AChR BEEAIIT 5 Z Lh6. FiiEA
MuSK #ERES: A4 AAZkEBT5 2 L Tllies
i LT h = L psei Al Sh

(3) L MuSK HrifAsi 3 HfiE i /e BB O phiR T
T AT AChR BEEEMERF1T T, ¥
T AREERIROMER - L LETH CHiR
FOBEXINETHZ L TRIETD EEZLD
N5, Fox ORBEET VATHT MuSK HTiA%RE
P BECAE 7 S AE DR REARRCTE R OBR 2
HEHTHD Z Lhmani F-ERSE LV
BRI 2MRABTEY | SRS
DT,
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Myasthenia Gravis Experimentally Induced
with Muscle-specific Kinase

KAZUHIRO SHIGEMOTO,** SacHIHO KUBO,” CHEN JIE,” NAoHITO Hato,“ Yasunrto
ABE,” NoriFuM1 UEDA,” NaoTO KoBayasHl/ KENj1 KAMEDA,® KATSUMI MOMINOKL,”
ATSUO MIYAZAWA,' AKIHITO IsHI1GAMI,” SE[I MATSUDA,® AND NAOKI MARUYAMA”

“Department of Preventive Medicine, Ehime University School of Medicine, Ehime, Japan
! Department of Molecular Pathology, Tokyo Metropolitan Institute for Gerontology,
Tokyo, Japan
“Department of Integrated Basic Medical Science, Ehime University School of Medicine,
Ehime, Japan
* Department of Otolaryngology, Ehime University School of Medicine, Ehime, Japan
“Department of Molecular Pathology, Ehime University School of Medicine, Ehime, Japan

! Department of Bioscience, Medical Education Center, Ehime University School of
Medicine, Ehime, Japan

*Department of Bioscience, The Integrated Center for Science, Ehime University, Ehime,
Japan

¥ Department of Animal Resources, Advanced Science Research Center, Okayama
University, Okayama, fapan

‘Membrane Dynamics Project, RIKEN Harima Institute, Hyogo, Japan

Here we present the first evidence that muscle-specific kinase (MuSK) antigen can cause
myasthenia in animals. MuSK is expressed at the postsynaptic membranes of neuromuscular
junctions (NM]) and forms complexes with acetylcholine receptors (AChR) and rapsyn. MuSK
is activated by agrin, which is released from motoneurons, and induces AChR clustering and
subsequent formation of NM] in embryos, Notably, ibodies against MuSK were found in
a proportion of patients with generalized myasthenia gravis (MG) but without the characteristic
AChR autoantibodies. However, MuSK autoantibodies had no known pathogenic potential, and
animals immunized with purified MuSK proteins did not develop MG in former studies. In
contrast, we have now injected rabbits with MuSK ectodomain protein in vivo and evoked a
MG-like muscle weakness with a reduction of AChR clustering at the NM]. Our results showed
that MuSK is required for maintenance of synapses and that interference with that function by
MuSK antibodies causes myasthenic weakness, In pitro, AChR clustering in myotubes is induced
by agrin and agrin-independent inducers, which do not activate MuSK. Neither the receptor nor
the activation mechanisms of AChR clustering induced by agrin-independent inducers has been
identified with certainty, but MuSK antoantibodies in myasthenic animals inhibited both agrin and
agrin-independent AChR clustering. MuSK plays multiple roles in pre-patterning of the postsynap-
tic membrane before innervation and formation of NM] in embryos. Some of these mechanisms
may also participate in the maintenance of mature NMJ, This model system would provide new
knowledge about the molecular pathogenesis of MG and MuSK functions in mature NMJ.

Key words: myasthenia gravis (MG); experimental autoimmune MG (EAMG); muscle-specific ki-
nase (MuSK); acetylcholine receptor (AChR); neuromuscular junction (NM]); congenital myasthenic

syndromes (CMS)
Introduction
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antibodies have not produced experimental autoim-
mune MG (EAMG).=" Here we describe the recent
progress toward understanding this phenomenon.

Autoantibodies against MuSK

About 80% of patients with MG have autoantbod-
ies against acetylcholine receptor (AChR). A seminal
experiment by Patrick and Lindstrom demonstrated
the pathogenicity of autoantibodies to AChR about
30 vears ago.’ Although a number of swudies have
documented that AChR antibodies cause structural
and functional damage o the neuromuscular junc-
tion (NM]), autoantigens, in the nearly 20% of MG
patients without such antibodies, remained obscure,!
Then, in 2001, Hoch ¢ al. identified antibodies against
MuSK in a proportion of patients with generalized
MG." MuSK is required for clustering of AChR during
the formation of NM]J and is expressed predominantly
at the postsynaptic membrane in mature NMJ>" In
MuSK knockout mice, AChRs fail to cluster opposite

to growing motoneuron terminals on the surfaces of

myotubes.” Additionally, a case of heteroalleric MuSK
mutations that caused the reduction of MuSK expres-
sion has been associated with congenital mvasthenic
syndrome (CNIS),” Further, the reduction of MuSK
expression in rat muscles m vo upon RNA interfer-
ence induced disassembly of synapses.” Even though
the function of MuSK in mature NM] is still uncertain,
a causal relationship between MuSK autoantibodies
and MG has been proposed, ™!

Recent studies by Vincent and others showed thar
the frequency of MuSK antibodies in MG patients
who were AChR seronegative (lacked autoantibodies
to AChR) varied from 4 to 50%."" 7 We detected
MuSK antibodies in 29% of seronegative MG pa-
tients but not in any MG patients with AChR anti-
bodies (seropositive MG or with other autoimmune
diseases, ' Previously, we identfied antibodies against
a recombinant MuSK fusion protein with human al-
kaline phosphatase (AP) in seropositive MG patients"”
and later revealed that 8.8% of seropositive NG pa-
tients had autoantibodies to AP but not to MuSK."

We are currently studying the clinical significance of

the autoantibodies to AP in seropositive NG,

Clinical features of patients with MG and MuSK
antibodies are distinetive. Such patients often have se-
vere bulbar dysfunctions that can be difficult o weat
effectively with immunosuppressive and immunomod-
ulatory strategies. and atrophy of lacial and tongue
muscles is common, > Afier the identification
of MuSK antibodies in MG patents, laboratory quan-

Annals of the New York Academy of Sciences

tification of these antibodies is now required 1o con-
firm the diagnosis of MG, the appropriate clinical
treatment, as well as the presence of AChR antibod-

. B2
1e5,

Experimental Autoimmune MG

Although MuSK antibodies are present in some
seronegative MG patients and the clinical features are
distinctive, proving the pathogenicity of MuSK an-
tibodies has been difficult because these antibodies
did not induce myasthenia in experimental animals.
Formerly, the pathogenicity of AChR antibodies was
shown when rabbits injected with AChR protein puri-
fied from electric eels developed muscle weakness and
paralysis. Injection of eel AChR protein stimulates the
production of antibodies that cross-react with rabbit
AChR at the NMJ. Elecnophysiological studies con-
firmed that the flaccid paralysis in this animal model
resembled that in MG padents, Similarly, EANG ap-
peared in other species after immunization with pu-
rified AChR protein. In addition. the antibodies to
AChR in human MG patents could passively trans-
fer disease to mice.”* Therefore, creating an EAMG
model induced by MuSK antibodies was indispensi-
ble for proving the pathogenicity of MuSK antibod-
ies and investigating their pathogenic mechanisms in
MG, 1002

To pursue this objective, we recently immunized
rabbits with MuSK ectodomain, which caused myas-
thenic weakness and produced  electromyographic
findings that were compatible with a diagnosis of MG,
as shown by Patrick and Lindstrom.** The extracel-
lular segment of MuSK comprises five distinet do-
mains, i.e., four immunoglobulin-like domains and one
cysteine-rich region.™® The fusion protein expression
constructs we generated consisted of mouse MuSK
ectodomain with the Fe region of human IgG 1 or His-
tag and were used to wansfect COS-7 cells.® The
recombinant MuSK-Fe and MuSK-His proteins se-
creted were purified by using protein-A Sepharose and
histidine affinity columns, respectively (FIG. 1), New
Zealand white rabbits were then immunized with 100
100 mg of this purified MuSK recombinant protein.
After three to four injections of MuSK protein, all
six wreated rabbits manifested flaceid paralysis (FiG. 2).
Sera from the paretic rabbits contained high titers of
MuSK antibodies that reacted specifically with MuSK
molecules as observed by testing sera from MG pa-
tients with MuSK antibodies.*! “The paretic rabbits
developed severe muscular exhaustion revealed by his-
tological studies showing alterations in muscle fibers
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Receptor-type sMuSK-His sMuSK-Fc

95

Signal sequence

Ig-like domain

Cysteine-rich domain

0 !

Transmembrane region
Kinase domain

Fc region of human IgG1

[
O His-tag

FIGURE 1. Schemalic representation of the mu5c|e-5pecif'rc kinase [MuSK) domain structure and
expression of secrefory MuSK proteins in COS-7 cells. The domain structures of recombinant secretory
MuSK protein [MuSK-His and MuSK-Fc| and receptor-type MuSK are shown. The whole coding region of
the MuSK extracellular domain was fused with the His-tag or Fc region of human IgG1 as shown.

ranging from subtle to angular atrophy intermingled
with normal muscle. Atrophic changes of this type
can result from MG, reduced mechanical activity of
muscles, or cachexia. Repetitive electomyograms of
a paretic rabbit were then done 1o measure the re-
sult of stimulating the retroauricular branch at 20 Hz
and recording responses from the retroauricular mus-
cle. The compound muscle action potential (CMAP)
showed a decremental pattern, consistent with MG
However, the injection of ACh esterase inhibitor did
not significantly offset the CMAP decrement or de-
crease the symptoms. Importanty, the inducton of
EAMG by MuSK antibodies is not limited to rabbits,
Le., we and others have also produced EANIG in mice
by injecting MuSK protein (FiG, )

AChR Clustering and Structure of NMJ
in Rabbits with EAMG and MuSK
Antibodies

The clustering of AChR necessary for NM] for-
mation is completely abolished in MuSK knockow

mice,” and AChR clustering at the NM] is reduced
in subjects with CMS and MuSK mutations.” In a

previous RNA interference experiment, imjection of

double-siranded RNA (dsRNA) targeung MuSK di-
minishes the expression of MuSK protein and AChR
clusters in rat muscle hibers m oo, whereas dsRNA
targeting nonessential proteins does not have any ef-
fect (RNA-interference experiment).” Therefore, we
examined the expression of AChR at NM] in soleus
muscles of paretic and normal rabbits by fluorescence

microscopy alter applying a rhodamine-conjugated
ACHR agonist, a-bungarotoxin, Images of AChR clus-
tering were then recorded by using a digital camera.”
The sizes and optical densities were measured using
National Institute of Health (NIH) image analysis soft-
ware with unprocessed digitized NTH images (version
1-62: hittp:/ /rshanfo.nih.gov/nib-image), The results
unequivocally pictured a significantly reduced area
and intensity of AChR Huorescence in the paretic rab-
bits compared with their normal counterparts, In ad-
dition, a structural examination showed that the size
and branching of the NNJ were significantly dimin-
ished in paretic rabbits. Similar changes of NM] struc-
ture were observed in rats with reduced expression
of MuSK evident by RNA interterence.” in a patient
with CMS and MuSK mutations, and in mice express-
ing the missense mutation by electroporation experi-
ments.” Our results demonstrated that MuSK antibod-
ies also elicited synaptc changes in EAMG, including
the reduced expression of surface AChR at postsy-
naptic membranes of NM]. Further examination of
MuSK knockout mice disclosed presynaptic defects in
addition to postsynaptic ones.” indicating that MuSK
is also required for presently unidentified retrograde
signals to maintain the presynaptic structure m mature
NM]J.

Pathogenic Mechanisms of MuSK
Antibodies in AChR Clustering at NMJ

MuSK plays multiple roles in clustering AChR dur-
ing development of the postsynaptic membrane of
NM]J. Contact of the motor-nerve growth cone with
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FIGURE 2. Manifestation of muscle weakness after injection of purified MuSK proteins in experimental

animals (leff, a paretic rabbit; right, o paretic mouse)

the muscle induces a narrow, distnct, l‘ll(h}l;l'[l' 200
in the mid-muscle that is marked by a high density
of AChR clustering.® *" In this step, agrin released
from motoneurons actvates MuSK and redistributes
ACHR clusters to synaptic sites. However, a direct phys-
ical interaction between MuSK and agrin has so far
not been demonstrated, despite many efforts o do
50.”7 Thus, the mechanisms of MuSK activation and
the following events remain obscure, although a co-
receptor of MuSK, co-ligand of agrin or either post-
101 MuSK have been
postulated. Intiguingly, MuSK is also required for or-

translatonal modihcaton ol ag

ganizing a primary synaptic scaffold to establish the

post-synaptic membrane, ' Preceding muscle inner-

vations, AChR clusters form ar the central regions of

muscle fibers, creating an endplate zone that is some-
what broader than that in innervated muscle. Thus,
MuSK is required for pre-patterning of AChR cluster-
mg in the absence of motor mnervation. The scenano
of MuSK's roles in the process is somewhat compli-
cated: possibly an element other than agrin achieves
activation of MuSK and triggers postsynaptic spe-
cializaton at the NMJ, and/or MuSK acts as a pri-
mary scaflold molecule without activation. The listed
pleiotropic roles of MuSK in AChR clustering at NN
development could also require the maintenance of
mature NM]. Studies performed in vive have shown
that synaptic AChRs intermingle completely over a
period of approximartely 4 days and that many exrra-
synaptic AChRs are incorporated into the synapse at
the mature NMJ, although the synaptic membrane in
aclult muscle APPeArs o be macrosce P allv stable .33
Therefore, the mechanisms at play in AChR clustering
during NM] development are also required in mature
NM]J when postsynaptic complexes, including AChR
and MuSK. are dynamically turning over for mainte-

nance.

Io elucidate the mechanisms of AChR clustering
at NMJ, a number of studies were performed us-
ing cultured C2C12 myotubes. Agrin induces cluster-
g ol AChR in C2C12 myvorubes [ollowing MuSK
W2 This event i vitro repre-

ing at the NN

11}

T
amophosphorylation.

sents a major cascade of AChR clust
after inmervation by motoneurons,? 4 Laminin-1
V-acewlgalactosamine  (GalNAc -specifi
in (VVA-BY) can induce
AChR llllﬁh'l'in_;_" in C2C112 1Il_\HTlIh¢'_‘\ without act-
vation of MuSK. **7 % Neither the receptor nor the
actvaton mechanisms of AChR clustering induced

and the

lectin Tiea villosa ageh

by agrin-independent inducers has been identified

with certainty. However, these mechanisms may also
play important roles in the maintenance of NM]Js via
agrin-independent pathways and in their formation
as shown by genetic studies, ™!

In their previous study, Hoch of al. observed that
the MuSK antibodies of NG patients inhibited agrin-
induced AChR clustering in C2C12 mvotubes,! We
also found that agrin-induced clustering of AChR was
of MuSK antibaod-

ies, whereas absorption of the antibodies with purified

-II|r|n_',l\ blocked in the Jresence

MuSK products prevented this blocking effect.”* Thus,
MuSK antibadies were It'\]ll!ll\“)]l' for inhibitng the
formation of agrin-induced AChR clustering, We also
perceived that MuSK-specific antibodies strongly in-
hibited AChR clustering induced by all known agrin-

independent pathways as well as by agrin itself.

Conclusions

In our experimental model of myasthenia, MuSK
antibodies routinely mediated ]:.nhl WENesIs in rab-
bits and mice.”** Consequently. we now believe that
MuSK antibodies cause MG in patents. However,
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the pathogenic mechanisms of these anubodies entail
muluple events in which MuSK acts as a multfunc-
tional platform from which to regulate synapse forma-
tion and maintenance, These are reflected mn a diver-
sity of clinical features ranging from typical MG 1o a
multitude of variangs, ' 1010

ACHhR antibodies have been shown to altect new-
romuscular transmission by three main mechanisms:
() binding and activation of complement at the NM]J:
(b) accelerated degradation of AChR molecules cross-
linked by antibodies (antigenic modulation); and (c)
functional AChR block.*™*! Intriguingly, MuSK anti-
bodies in MG patients are mainly of the 1eG4 subclass,
which does not activate complement. !
croscopic observadons of NM]J in the EAMG rabbits
demonstrated a significant reduction of synaptic folds
but no destruction, thus our EANMG model resembles
the phenotypes of MG with MuSK antibodies, MuSK
antibodies against compound antigenic determinants
on the extracellular domain may elicit pathogenic ef=
fects through antigenic modulation and/or restraint
of MuSK functions,!" and the consequences of these
effects mnge from a partial to entire loss of MuSK
functions.

Recently, a new MuSK-interacting cytoplasmic pro-
tein, called Dok-7. has been discovered.™ Dok-7
knockout mice underwent a marked disruption of neu-
romuscular synaptogenesis that was indistinguishable
from the featwres found in MuSK-dehcient mice. Mu-
tations in Dok-7 caused a genetic form of limb-girdle
myasthenia (CMS). " Some clinical features of these
patients resemble the severe type of NG with MuSK
antibodies"'; therefore, the EAMG model with MuSK
antibodies presented here promises to facilitate resolu-
tion of the pathogenic basis of MG and CMS ar the
molecular level and identification of beneficial near-

Electron mi-

ment strategies against them.
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Abstract

Myasthenia gravis (MG) is caused by the failure of neuromuscular transmission
mediated by autoantibodies. That is, the binding of autoantibodics to postsynaptic
membranes in neuromuscular junctions (NMJ) results in weakening of the ocular,
bulbar and limb muscles and produces the characteristic syndrome of MG. This
relatively rare disease serves as a model not only for study of the pathogenesis and
treatment of all autoimmune disorders but also for understanding the basic mechanisms
of neuromuscular transmission at the NMJ. About 80 to 85% of patients with MG have
autoantibodies against acetylcholine receptors (AChR). Although a number of studies
have shown the possible existence of other autoantibodies in the remaining ~20% of
MG patients, the responsible autoantigens remain elusive. However, antibodies against
muscle-specific kinase (MuSK) have been found in 30% of MG patients without AChR
antibodies. MuSK, a tyrosine kinase receptor, is required for the development of NMI's
postsynaptic membranes. Still, the pathogenicity of MuSK antibodies as a cause of
muscle weakness in patients with MG remains a matter of dispute, because the
experimental autoimmune MG caused by MuSK antibodies in animals was absent. Here
we describe recent progress toward understanding the pathogenic role of MuSK

antibodies in the decline of muscle strength that typifies MG.

Key words: myasthenia gravis (MG); experimental autoimmune MG (EAMG);

muscle-specific kinase (MuSK)
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Myathenia gravis caused by antibodies to AChR

Mpyasthenia gravis (MG) is a rare neuromuscular disease, but a well-recognized
disorder because of such characteristic clinical features as ptosis with fluctuating
general fatigue and muscle weakness that worsens with repeated activity (1, 2)but tends
to improve with rest. Ptosis and diplogia occur early in the majority of these patients.
With passing time, when the weakness of bulbar and respiratory muscle becomes
worsen, it makes the disease becomes life-threatening so that intubation with
mechanical ventilation is required. About 80% of patients with MG have autoantibodics
against acetylcholine receptors (AChR) (1, 2). Patrick and Lindstrom provided the first
piece of evidence indicating the pathogenicity of AChR antibodies by experimentally
induced myasthenia gravis in 1973(3). While a number of studies showed the
pathogenic (4-8)roles of AChR antibodies in causing structural and functional damage
of the neuromuscular junction (NMJ), autoantigens of the remaining MG patients
(~20%) were elusive (5). Although these patients do not have AChR antibodies, they
respond to immunotherapies, and their serum antibodies can transfer a defect in
neuromuscular transmission to mice, indicating that the muscle weakness is also

induced by autoantibodies against NMJ,

MuSK antibodies in MG patients

For the last three decades, causative autoantibodies other than those to AChR have
been sought in MG patients but have eluded identification in spite of extensive research
efforts (1, 2). In 2001, Hoch et al. found autoantibodies against muscle-specific kinase
(MuSK) in a proportion of patients with generalized MG (5). MuSK is essential during
the development of NMI, when it organizes fetal AChR clustering at the postsynaptic
membrane. Subsequently, in mature NMJ, MuSK is expressed predominantly at the
postsynaptic membrane. Studies by Vincent and others showed that the frequency of
MuSK antibodies in “seronegative MG patients,” i.e., those who lack autoantibodies to
AChR, varied from 4 to 50% (4-8). Ohta et al. detected MuSK antibodies in about 30%
of seronegative MG patients but not in any MG patients with AChR antibodics
(seropositive MG) or other autoimmune diseases (9-11). The clinical features of MG
with MuSK antibodies are distinctive. These individuals often suffer from a severe
bulbar dysfunction that is difficult to resolve with immunosuppressive and

immunomodulatory treatments, and muscular atrophy of facial and tongue muscles is



