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A S MBI BRFE (2 2 ADRERFEIIERE)

o —dystroglycan @ O-mannose BUFESE & RS matrix BEICRYEEE T
ERMEGY A a7 4 —OFFREAER & InEE OB 3

EEHRE EAER  FRKEEFERN B

MREE

o ~dystroglycan (o DG) @ O-mannose BUFEGS D RO ENHE S NALEREFH A a7 o — R, T
RPN O (LTS RIERF S A b w7 4 — Fukuyama type congenital muscular dystrophy FCMD, 7 4 > 5
v Rz 55 Muscle—eye-brain ¥% MEB, 38 X O Walker-Warburg FEMERE WWS D4y TR REARER & TR TE DB
RAEBAME LT, FOMER, HEKEEA laninin a2 AT AR Td D DG @ 0-mannosyl glycan(Sia
0 2-3Gal B 1-4G1cNAc B 1-2Man & 1-0 Ser/Thr) DA RGRFR OBEE TUH 3RABRAET 5 Z L ML TE, =
DI OB TR 2 EEEAHER SN, BH, QUM 3 RAEFKIL, HlaDG PR OYBIER R
HioDG 27 & EHAOR B BT, A —/S—LAT v EATO aDG- FI=VEG R ROBFFHHEIBL TH-T
VB, @ 2 BLPE GLoNAc B 1—2Man @ 1-0 Ser/Thr (BEREESR PONGNT1 (1p33-34) X TNV VHIRICH Y . £ OH
GEFOEEBRNREI LD POMGHTL THIMERERIEE LT MEB Z3IESE D, @8N 1| BIgfRBRERIEE
POMT (Man o 1—0 Ser/Thr) i 2 > R4y PONTL/2 QA E LT ER BIC THAE L, POMTL (9034.1) &
POMT2 (14q24. 3) FILEHL 0D SZEER/ R L ) POMT IEHEAS SEATE R LT WIS (F9 1 %1 ERIEXEDH, @
FCMD (9g31) D FEAE B fukutin (24E, POMONTL WML L T N BB I A« > & stem region, C 5iC DxD
notif % b OBEBEEREL FA A v 2R 5 WIEEBERIEIEITAR <. N MOBES FAA w2 LT
POMGNT1 & 5584 % I JEIEE HE Cdh ¥ POMGnTL IO modulator LR SN D, ® o DG @ O-mannosyl
glycan & D E 3 BefE (Gal B 1—4G1cNAc f 1-2Man o 1-0 Ser/Thr) . 4 B (Sia oo 2—3Gal B 1-4G1lcNAc B
1-9Man o 1-0 Ser/Thr) OEEEIEMED BE % & 1T RBILH DD 2 TR, ® a DG @ O-mannosyl glycan &
Bz EBDT I = VAR SEROBRLIMC, KR (BEREE Schwann e o> HH B A
DR | i GEE B ERME T A7 VT RFBELOR) (b H T E D | KR (R) BT RE L MORE 1
B (B —b - LT YR BEOE S, 6B ETRE (AENEE L iRilHE) WNFTET 5. (ORNA]
DEBND . T OESEEREEET S L EBERRHOBREER Y a vV VA THOERIN, DHELH
RIS A IS MADRS TH D, @F L a D6 HiH R FE & LT dystrophy chicken NEET D, ORE
& T, BDC 4fE% & LT matrix metalloproteinase type 2 & 9 REE S, = D4 fRFE L Duchenne Bl
FOVEETIAS A b1 7 4 —sarcoglycanopathy (Z CRERICTLET S, LA L FOMD TIIIETLETH Y FCMD
DIBTICHISA T & 720, FOD 7 Y EEBEARET 2RI, & LABHBHEIC L 5@ MREAOTNH
HMChD. SRR SN, ELER FKRP R E, Large RHAE & dystrophy chicken, Brozhbeo
BRIERS BICEINERETH D,

SyHRFsEHE EEER (M) RSB EIL - BREME -
FHES KRKFERFEREFRIFER FRUEE AR A ITSERT
BHFEHE JIISERKEEZAD FEEHE WP RFREREERIER



MNE—F HK2ESEDN
THEER AHHKEEZL
A HFZEE®Y

a-Dystroglycan( aDG) @ O-mannose BUGESH & A0
S matrix FEEICEREPELNDEREGF X b
7 4 —%f (a—-dystroglycanopathy ; #& LI e R 1A%
DA Mua 7 4 —FCMD H45. Muscle—eye-brain J% MEB
45, Walker-Warburg syndrome WWS %#45. FKRP B
HWIE, Large BEIE) O TR & IGBEOR
DT, @ ads @ O-mannosyl glycan
2-3Gal B 1-4GlcNAc B 1-2Man o 1-0 Ser/Thr) ® &k
FEMOBEORE, OBILBEREF A hu 7
A —DIFHEEBE fukutin OAEFHEEDREH, ©
M - RAEHPRISHEOMEN . @RMIEDORREE1T S,

(Siaa

B. WAL
@ o DG @ O-mannosyl glycan &K & By o % 52
DIAGTFFRHT 3 L OB R IR M 0 2 (b 30030 1 1 2 T

ST A (H16-17 ; &, F3), @fukutin DEALE

OB RERTEME 2 RE L, £ 04 PHAE 2 /80T L
fukutin &0 F 245 (H15-17; F@E), @7
IFURBFRATT T ADM « RAYMIRIFIE S H
TR ETRET D (H17; F &, 4 - %K),

OIEFEICBE LT, 1) EYIREOTH, PR b
07— 0 DG 4% metal loproteinase M B
X OMEEDREHRFT D HI6-17 ; K - 7§
K)o 2) BARTF - MIRIGHED 7= 0 BAHIE 54T 5

(H15-17 ; M - FH),

(fi ZEIE ~ DECE)
Fe b7 b BEFIRATAFIEIC B 2 (B ot
CFR 1343 A2 9 AXHE - ENE - RELE
TR L F) L ENCRERR - R v 7 — B A
FL. BHEEROED HHEBEICS &S0
BEBRORRBE/ILOLT B,

C. WIIERRKROER

(1) a-Dystroglycan (aDG) IT BRI A2 SiriT e
AMETRTOMBOBERCFELEEBEAY
laminin &HEHT DD T, EOHFOHF 1,/ 31

proline , serine . threonine 2% % < . serine .
threonine IZ#5& 975 0 BUB S S 3OS 95 mucin
domain THD, = FH 7V H 14-15 BEO
O-mannosyl glycan(Sia o 2-3Gal B 1-4GlcNAc B
1-2Man o 10 Ser/Thr) RNFIE L, RIEBHELE S T
laminin a2 ® G domain IZ#EE 95, Z @ O-mannosyl
glycan B RLDOHE ~ B BE GlcNAc 81— 2Man a 1-0
Ser/Thr DR PONGNTL 5T 4 7 n—=> 7 L7z,
/M E = F . 1p33-34 i B fE
UDP-N-acetylglucosamine :protein 0~1inked
mannose— f§ -1, 2-N-acetylglucosamine transferase
Ea— RS, ABIETHMEB OFREBEGTFTHS
ZEEMBAL, a-dystroglycanopathy HFFE{RELIC
EFEAUIRIL 35 5 4177 5 C epoc—making rearch & 72
272,

POMGnTL 13 660 73 /B&h0700 N BIDES /32
BTN SRR EGE AL LB BE0%, C S kT
PEMRALDS 8D o AR ARAR . SRR PIR . M1 I SR
FEL. FE 0T N B RTET 5, N-BUE O
4 & M (GleNAc— Man-Asn) 12 B b 2 5 15 75 B &
a—-3-D-mannoside B—1,2-N-acetylglucosaminyl
transferase 1(GnT-D& 1% 23.2%DFEFEMEAEF L TV /-,
POMGnT1 % HEK293T MIfRICHBSE5E POMGnT
TEVEIERT 100 fEHERL . — 05 GnT-1iEM 3% Han7e
otz

AEARTIL 1p33-34 |2 v o7&, MEB B K #15E T
DFFAETIR 1eM OFIZIEEL Iz, €2 TOIEHI 0 MEB
BECBVWTARBGFEMBITL L AT RENRR
D6 EDERE R, 3 il splicing donor site 25
FOFEQ Bl IVSIT+IGOT, 16 IVSIT+1G>A), 1
DIA B AR ROFE(TA3GOA, Ser550Asn), 1 0
L ERKILEDT L — AT T NERDFRE(1813delC),
1 GIDIAE AL R(1572C5G, Prod93Arg)& 1 S /K
K(1970delGNZ LB T L — AL T NERDEL ~T 0T
BT, EDBRDBRTT 4 TR ALY, A2
TAASNE = A TAVDN EEA, BAAD MEB
BEIZOROM) BEETICL 3EOEENR -
MoTND, o T, ABBITWRE 2 bz 4
Y7 Y FARRZEODITTIde ANEEB 2 CHE
T ERbhotz,



WP L E BB FEDOBRIERITELIET
LCVV=, 7. MEB B IE O Hla-dystroglycan $f
EHUEDOREMNRE | Hla-dystroglycan 27 EHE
PO QAT RIF, A— /=L ATy EATD DG
DIIZVEBRIFRBR Tholozbinh, KEERO
target #LC. aDG ® O-mannosy! glycan DT ALANE
R KIBL TV DEE X B, HIt MEB T Man—
aDG DFEFOED, FTI=VREABRRTHY, K
&+ aDG « dystrophin « fll i PN B 4 O SLREHEE A AE L
TNBHEBEZLND,

PA b &Y POMGnT1 HERsfs SR =11 MEB OJR A
AT CHY, WAHIED O-mannose BB FH B IO
M CEEREEE RIL CODIENB ZLND, YA
b7 —OREEE T LU CHEHBBBRERRESN,
ERICBRETERNERINZORND TOILLR>
7-. Loss of POMGnT1 function (aDG @ O0-mannosyl
glycan DI IEE—laninin & OFEERE) 2L

Muscle—eye-brain % MEB MEIET 5,

(2) DG ® O-mannosyl glycan &0 5 — Bt REEE
FIEM protein-0—mannosyl transferase POMT {3 Man
a1-0 Ser/Thr ZfEEL, vk« T v P 2B TR
., vavYa vzt HICERR Celegans [k
(Z POMT1/POMT2 # & A & L TiEHEZH L ER BETHE
BT B, WP —F TIREBEREEIE RV, TORE
ML, &Rkt b aDG peptide @ serine/threonine OH
& dolichol-phosphate, mannose TEAE F CRIE TE
Do

Walker-Warburg REEREE WWS D) 10 $DHBE T 71&
o POMT1 ZE8 (9g34. 1) HM#E Sz, WIN bR
ERENRKTHD, At Licd ZAHZEFE POMTL &
BT PONT2 ORRFR TR EDHMARDETHRIE
L TH Y POMTL 5T R4 T PONT &N SERIC KD
NTW3 Z ENIR SNz, TO%, POMT2 DR
FEH (14924. 3) A% 4 T Sh7eAs, PONTL BHE
LEEOHBFETH T, ZNT, WS OF 1 FIDH
HTE D,

g Y g R POMT1/POMT2 DV 410D RNAi
Tt aDG ® O-mannose SnBEERIGHENKEL, ¥

o U a N BRI O Al L 7 B X
=L, i tivd,

F7-. MEB B & A& FBRC . FlaDG FESHTIEDOR
BIERR R, HloDG 27 & EFLEDO R AR LT,
F— R AT A TO a DG TI=VRERIFRRT
BHolilnh, AEEED target &L T, aDG D
O-mannosyl glycan DT ASEBIR A RBLTNDEE
bk, Blh WWS TIZEEREEE- o DG &7a> T DT
H,II=VEANARTHY, K- aDG.
dystrophin* fAZPIE 4 ORFEREE SBEFEL T HEH
Zbhd,

Ptz bnh, b hEELHLE, Yavvs
v EEEBY T, oDG BEHOERLHRLY)
HIEYPE (ER ) TRIBLTWATD, FI=FERBTR
B Ly FENE . aDG - dystrophin - MR B O 21E
RS REEL TWDEE LN,

(3) FCMD OEAEAY fukutin i, N RFHIEGRE
% 6nT I <2 POMGnT1 LHEPIL T, N IZIRE@E A A
VLA b H, C I DxD motif & RFOMERTE
WRAAL LV EHET A, LHL fukutin (SI3FERBEE
EIEMIEAR . N RICHDEEE KA 27 LT
POMGnTL &#EE9 5 Golgi KIEEBE THD, 5 92
F 73BT N-glycan ENFHML TV D, Fukutin X
POMGnT1 LS EE L L. o DG ® O-mannosyl glycan
B DE BB (GlcNAc B 1—2Man o 1-0 Ser/Thr)
2B 5-F % modulator EHEEIND, ZOF XL,
FCMD #5025 fukutin REF AT U AH T
D, FloDG WHEFAEOREET R, HloDG 27 EH
BHEOREERG A= A7y A TDa
DG FI=VEEFRBEOKRELBE—HL, aDC D
O-mannosyl glycan DFERLHBIRAGIZKIAL TVDEE
Z b, BB FCMD Tl MEB F#kIZ Man-a DG &
I TWBh, FTI=VEERARTHY, BRI
aDG- dystrophin « FHIE B #& O 2R B E A REREL T
HEBZBND, ,

FCMD 3 & O myd mouse (Large BHHE) OB
T, HOLOBRBIICRRT H2EERF nyf 6 &
myosin heavy chain 2 & 7 OFEEMET L. #Hk
BB RMREERALND, Fio, MEHE



GEITHLELVEFEREHY . aDc DI T2 Y
7HRETH D, 6> T, FOMD FF AR BI OB
CPEICEEY | OB CHMIEEAT AR L T
DLHEERTED,

fukutin REF A T+ 7 X ORI, FRIoER
ROFS CROWEERME T LICE LOVEERH Y,
RAYPR IR S E TOHoDG #EHTIE DY aER T B
HaDGa7 B RHEAEOREMITRIF T, A — 3 —L
AT EATD a6 T I = U ERRENERL TV 5,
%> T, FOMD TR KRR res &
bRoTEY., BRBRABEOBTERS 5,

fukutin RIEx A T <0 ADOKRMME EHEEREIZ
DWTHEIBOA /N~ LF U XA, HE5ED
R =2 —a U BRURDO S ) TEREE # X T
WELTWD, Fo, 55 BHMEL S 6 BMiaa
BRMAENIC RS2 T 5, ZO/RER, 1tk
FCMDTIENER T X b e 70 7 & Z O RJEEN - <
27V T BRBICIFEMET S «D6 @ O-mannosyl
glycan DA B DI HIRFIEN IR L 20 | fH=
BED DR~ & BB 9 2 thiIR MR AR S — ST PR S 2
ATCHEEE 725, EOBPATH 12, ZOHF
3B 5. 6 BMIRICH TIXE DM 2-4BHIAICIEH
TIELRNZ LB LT,

Bricize b fukutin BIAELER ) v oA =R
EEBL, J9TAVREE ) v o4y / INHEL
~7 R OE TPOMGnT{HME DI 80 %K T & 3B 7z,
LAL, WMEELH YA MR T 4 —ORIETRL
BE~T 0 TEMAR KM EBEEREN L SN
DHThHD, WE~DOE V bOTFREERD S,

PLEDG | fukutin b =/L PHERBT POMGNTI fi#sE
EREA LT, [MSNOBFT GleNAc B 1—2Man o 1-
0 Ser/Thr of «DGIZBEE L, DO XKIEIZT Mana 1-0
Ser/Thr of aDG LMW TE RV ZHTI=UHFEABER
B &0 BJEME - aDG ¢ dystrophin « {18 P9 /B 4% D 4245
WEDWHET DL EZDND, ZORER, FCMD & MEB,
WWS T @ —dystroglycanopathy ThdEiEimTES, =
D, B RAEWE (FREE S Schwann g0
BEEERAL ) MR EEBLT A us U7 IRFRE) i-
BT Es,

(4) dystrophic chicken O'BHEATIED o DG 0% F&E
Lo F b OEAEERMS., dystrophic chicken @
a:DGIZiXGal B 1-3GalNAc, terminal GalNAc 234 < .
Sia@2-3Gal &I T —VBARFD LT3 2 &
BRBBIOLHTHOLMIAR Y, HlaDG HEHEPE
DRAMERTE  flaDG a7 EHEHEOR &M
REFT AL ATyRATOalG T I = A
BEDS L T D, POMT JEHE, POMGNT &, Gal #z
B, Y7 -V BEBEEICIIER 2 <,
O-mannosyl glycan LSS0 o DG BEES B % 5E O R Rt
B3d B, FKRP REAE (199, JERME MDCIC & EH7H
LGMD21) | Large BEAE (= 7 AfF VA L b FEHR)
W DWW THI 7272 o ~dystroglycanopathy & &% Sh
Do TOEBMIFITSHIZES NI,

(5) FCMD DIGFRIEBASE DB A S . D BDC DI
WBESOIE & QB T1RE. OMIaraE Ry iz,
(DDystroglycan {213 laminin A& B4 CHR G LS 5
WCHFIET % a—dystroglycan «DG & dystrophin &
WA LMIBNY 7 F I RmEE B BEER S B
—dystroglycan BDGBHYD ., D) v 77 <y
AEMEAEBIETH D Z & dystroglycan XS 7~
BHEERT2EAE (93 =008 Tk
DEFYA b7 4 —=RNEFEET S LT TIcAmo
ETHD, TNOLOHFPA a7 4 —ic#iET 5
L& LT, %RJERE laninin -
MR N actin ‘B #4215 &

(dystroglycan ZRHEHEE) OMAENH D, + ORkHE
WCBRLA U D dystroglycan #AKDAEHEL L
TBDG 53RN & D, BDG ILBE®E A (43 kDa) Tdh
Y. metalloproteinase MMP IZ X ¥ 13 kDa #BiafE4)
RAA BB A S 4v, 30 kDa B2y S AR
Do TORER aDC X, A LIEEE, HEIKERS )6
bEERET 5. ZOBFIE, HUS TS AN O
BIEBRLTWEEEAOND, ZOWMFIL. 49
FBIE LW IS A TUMMP i Ze < S W MMP types
2L 9DEEZ L, FRNER TIH TE 5,
Z D oy BT DMD
cardiomyopathic hamster DEFIEG « Loff CHEEM
(R ON DA, FOMD, fukutin KIBHF A F< 17 X,

dystroglycan -

dystrophin

sarcoglycanopathy .



MEB. WWS & a-dystroglycanopathy (ZI34F1E L 727>
72, €T, FOMD % MMP BHEZEIZ & » THMIRR
T& D AR,

@myc-tag &2iT =<7 A fukutin BiaF

EXEE

FLIET fukutin KX ATV ARIEEH~GATDHL,
fukutin 5., H1 o DG PEEHPIAY L laninin K-S HE
DIEIE % & DDIE DI A DT RIS
BIELLTEAME THD,

@IE#E~7 A0 B Hil 5k ES Miak HIRE~3{L- 55
WAL NP IREM RO IS R MIE A FTE T
%, BHBIEEIC THEEESEESNSTI= KA
fEwT AR mdx VAR EIRINGEATHE B
WAEESLT A RMAN E B ICFEET DI ENHAL,
FCMD & 5L~ 7 A CRA BN BB,

D. f&im

@ DG @ O-mannosyl glycan Sk & B BEEE SR 3Pk
&R, fukutin (ZEERZ O b O TR <. POMGnTL
ICREA LT 2 BB RESRIEMEIC B 5 D Goled IR
R Thol, FFFICIELE, MEB, WIS D JERIER
VA a7 4 —OEANSFRELBASh, Th
bOEEELT - EAEOMHT. RNAL RPN L, o
DG @ O-mannosyl glycan |ZHE « SEFHEBENV M IZIR
AEEL, HEEELMEOREEEL LT T
DIFFZFEL T, TORECERNEREHE LT
NWBHZ L, BERR (BRI LOKM) ORIC
REMBELEOT & BRI RS THRATE,
BRIREFINC KRR VA b a7 4 —DFERREIC
BA 59 % essential factor THHZ & ML LTz,
#2 . AAIEE T, Duchenne/Becker HUI DUV T%
WY A b a7 4 —FOMD DR ERREATE 122 L,
EEEEIC bEMES TV D, RE, BENERNE
YA hwr 74— (FKRP BEIE, Large BEAE) <
dystrophy chicken OfifBA, Z b OIREIER A
Bol AR LEY THD,

4t DRI

JERHER & 2 b1 7 —IHCKIZ % < Bt & &
bAbRNT L=y KR L A O T L=
CORBE E KB TE ., BEOKEDN o

~dystroglycanopathy & L CHBATCE A X 512720
FREARIA & T GBI T2WE, ERELERRE
Z2Wk) PKRIBICES L., SBOMBEE LT,
@D « ~dystroglycanopathy O H KRR RICIIMEE
B OR—FIHTH AN, PUILEEEZH S 2V
FEF R BMFET D, 2 O CTRHRIEMIITIGRIED
B 38 I BEAEROICBEMR T2 & b D, #71C O-mannose
glycan @DG I laminin PUMHCHE THEAVTE
THRIEERZLE THD, Qlarge RFE (myd) .
FKRP %4 . dystrophic chicken OEFAMNEET-ND,
@WHS D 10 %73 POMT EHE & L THBAFRETH D
A5, FED D90 WLRMHATH D, OFHBHEELERLE
BREOBRRBNEINTL, RETH D,
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Abstract

a-Dystroglycan is a cell surface peripheral membrane protein which binds to the extracellular matrix, while 8-dystroglycan is a type I
integral membrane protein which anchors a-dystroglycan to the cell membrane via the N-terminal extracellular domain. The complex
composed of @- and B-dystroglycan is called the dystroglycan complex. Although defects of the dystroglycan gene have not been identified
as the primary causes of hereditary diseases in humans, secondary but significant abnormalities of the dystroglycan complex have been
revealed in severe muscular dystrophies, including sarcoglycanopathy (LGMD2C, D, E and F). In this study, we investigated proteolytic
processing of B-dystroglycan and its effect on the extracellular matrix—cell membrane linkage in cardiomyopathic hamsters, the model
animals of LGMD2F. Compared to normal conirols, proteolytic processing of B-dystroglycan was activated in the skeletal, cardiac and
smooth muscles of cardiomyopathic hamsters and this resulted in the partial disruption of the dystroglycan complex in these tissues.
These phenomena were observed from the early phase of muscle degeneration process. Our results suggest that proteolytic processing of
B-dystroglycan disrupts the extracellular matrix—celt membrane linkage via the dystroglycan complex and this may play a role in the
molecular pathogenesis of muscle degeneration in cardiomyopathic hamsters.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Dystroglycan; Extracellular matrix; Cardiomyopathic hamster; Sarcoglycanopathy

1. Introduction the assembly and maintenance of the basement membrane
remains controversial [8—11], these facts indicate that the

The dystroglycan complex is a cell membrane-spanning dystroglycan complex needs to be disrupted efficiently
complex composed of a- and B-dystroglycan, which are when tissue remodeling takes place under various
encoded by a single gene Dagl and cleaved into two circuxr.lstances and suggest that a.speciﬁc device may exist
proteins by posttranslational processing [1]. a-Dystroglycan for this purpose. As such a candidate, we have reported a
is a cell surface peripheral membrane protein which binds to matrix metalloproteinase (MMP) activity that cleaves the

extracellular domain of B-dystroglycan [12]. The finding
that the C-terminal proteolytic fragment of B-dystroglycan
loses the ability to bind to a-dystroglycan indicates that the
dystroglycan complex is disrupted by this process [12].
The intriguing question would be if proteolytic
processing of the dystroglycan complex plays a role in
the molecular pathogenesis of muscle degeneration in
muscular dystrophies. One condition suitable for testing
this possibility - is cardiomyopathic hamsters, muscle

laminin in the basement membrane, while 3-dystroglycan is
a type I integral membrane protein which anchors
a-dystroglycan to the cell membrane via the N-terminus
of the extracellular domain and binds to the cytoskeletal
protein dystrophin via the C-terminal cytoplasmic domain
[1-7]. Thus, the dystroglycan complex provides a tight link
between the extracellular matrix (ECM) and intracellular
cytoskeleton. While the role of the dystroglycan complex in

* Comresponding author. Tel.: +81-3-3964-1211x1915; fax: +81-3- degeneration of which is caused by the defect of the
3964-6394. $-sarcoglycan gene [13-15]. In muscle, the dystroglycan
E-mail address: k-matsu@med.teikyo-u.ac jp (K. Matsumura). complex interacts with the sarcoglycan complex,

0960-8966/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0960-8966(03)00139-1
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comprised of a-, B-, y-, 8-sarcoglycan and sarcospan, to
form the dystrophin—glycoprotein complex (for a review
see Refs. [16-20]). While defects of the Dagl gene have
not been identified as the causes of hereditary diseases in
humans, defects of the a-, -, v- and 8-sarcoglycan
genes have been identified as the causes of severe forms
of limb-girdle muscular dystrophies, LGMD2D, E, C and
F, respectively [16-20]. Cardiomyopathic hamsters are
thus the model animals of LGMD2F. At present, the
molecular mechanism by which the deficiency of
o-sarcoglycan results in muscle degeneration in
cardiomyopathic hamsters remains unclear. However,
several lines of evidence indicate that the dystroglycan
complex is severely distupted and this plays a role in the
muscle degeneration process of these animals as well as
other types of sarcoglycanopathy and their model animals
[19,21-27]. In the present study, we investigated
proteolytic processing of B-dystroglycan and its effect
on the ECM~cell membrane linkage via the dystroglycan
complex in cardiomyopathic hamsters.

2. Materials and methods
2.1. Miscellaneous

Three to fifteen percent SDS-polyacrylamide gel
electrophoresis and immunoblotiing were performed as
described previously [12,25,28,29]. The monoclonal
antibody 43DAG/8D5 against the C-terminal 15 amino
acids of B-dystroglycan, IIH6 against the carbohydrate
residues of a-dystroglycan and 2D9 against the proximal
portion of the G domain of laminin 2 chain are kind gifts
from Drs L.V.B. Anderson (Newcastle General Hospital),
K.P. Campbell (University of Towa) and H. Hori (Tokyo
Medical and Dental College), respectively [1,5,28,30].
N-Biphenyl-sulfonyl-phenylalanine hydroxamic acid
(BPHA) is a hydroxamate derivative and a specific MMP
inhibitor that has narrow ranges of target specificity and low
levels of cytotoxicity [12,31].

2.2. Biochemical analysis of the dystroglycan complex
in hamster tissues

F1B hamsters and BIO 14.6 and TO-2 cardiomyopathic
hamsters were purchased from Bio Breeders Inc. (MA,
USA) and handled according to the animal welfare
regulations of Teikyo University School of Medicine.
After sacrifice of animals by decapitation under anesthesia
with diethylether, skeletal (quadriceps femoris) muscle,
cardiac muscle, smooth muscle (small intestine) and brain
were dissected out quickly. For immunoblot analysis,
the tissues were extracted quickly by homogenizing and
boiling in a buffer containing 80 mM Tris—HCI, (pH 6.8),
10% SDS, 1% B-mercaptoethanol, 115 mM sucrose, 1 mM
benzamidine, 1 mM phenylmethylsulfony] fluoride'(PMSF)

and 1 mM EDTA, unless stated otherwise [12,25].
The dystroglycan complex was isolated from the skeletal
muscle crude membranes by wheat germ agglutinin (WGA)
affinity chromatography as described previously [12].
Briefly, the crude membranes were extracted, at 4 °C for
2 h, with 50 mM Tris—HCI (pH 7.4), 0.5 M NaCl, 0.75 mM
benzamidine and 0.1 mM PMSF (buffer A) containing 1%
Triton X-100. After centrifugation, the supernatant was
incubated with WGA-Sepharose 6MB (Amersham
Pharmacia Biotech, Little Chalfont, UK) overnight at
4°C. After extensive washing with buffer A containing
0.1% Triton X-100, the bound fractions were eluted by the
same buffer containing 0.35 M N-acetyl-p-glucosamine.

2.3. Biochemical analysis of the dystroglycan complex
of RT4 cells

The rat schwannoma cell line RT4 was kindly provided
by Drs A. Asai (University of Tokyo) and Y. Kuchino
(National Cancer Center, Tokyo, Japan) [12,29]. RT4 cells
were grown in Dulbecco’s modification of Eagle’s medium
containing 10% fetal calf serum, 16.7mM glucose,
2mM glutamine, 100 units/ml penicillin G sodium and
100 pg/ml streptomycin. Culture medium was changed
every 3 days. When cells grew to near confluence,
culture medium was discarded by decanting and living
cells were harvested by scraping the culture dishes with
rubber policemen. The crude membranes were prepared as
described previously [12,28].

3. Results

3.1. Proteolytic processing of B-dystroglycan
in the muscle of cardiomyopathic hamsters

We have reported previously that, due to proteolytic
processing of the 43 kDa full-size B-dystroglycan
(B-DGgyy), a 30 kDa fragment of B-dystroglycan (8-DGs,)
is created in several bovine tissues [12]. BIO 14.6 and TO-2
cardiomyopathic hamsters are the descendants from the
same ancestral strain and have the identical mutation of the
d-sarcoglycan gene, a genomic deletion including the first
exon [13-15]. We performed immunoblot analysis of
B-dystroglycan processing in the tissue homogenates of
BIO 14.6 and TO-2 cardiomyopathic hamsters, using F1B
hamsters as normal controls. First, we analyzed 12-week-
old animals showing severe degeneration of skeletal and
cardiac muscles (Fig. 1). We have shown previously that
B-dystroglycan processing occurs physiologically in the
majority of normal bovine tissues, except skeletal muscle,
cardiac muscle and brain [12]. This was also the case in
hamsters and B-DGj, was not detectable in the skeletal and
cardiac muscles of F1B hamsters (Fig. 2a). In BIO 14.6 and
TO-2 cardiomyopathic hamsters, on the other hand, B-DGs,
was abundantly present in the skeletal and cardiac muscles
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Skeletal M.
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Fig. 1. Dystrophic changes in the skeletal and cardiac muscles of cardiomyopathic hamsters. Shown are the H&E stained cryosections of skeletal (quadriceps
femoris) and cardiac muscles of BIO 14.6 and TO-2 cardiomyopathic hamsters. Dystrophic changes, including muscle fiber necrosis, variation of muscle fiber
size, internal nucleation, proliferation of interstitial connective tissue and inflammatory cell infiltration, were present in the skeletal and cardiac muscles of both
strains of hamsters. These changes were more severe in 12-week- old animals than 4-week- old animals. Bar, 25 pm.

(Fig. 2a), indicating excessive B-dystroglycan processing in
the striated muscle of these two strains.

To see if this phenomenon is specific to striated muscle,
we analyzed brain and smooth muscle of 12-week- old BIO
14.6 and TO-2 cardiomyopathic hamsters. Similar to bovine
brain, B-DGsy was not detectable in the brain of FIB
hamsters (Fig. 2a). Interestingly, B-DGsp was also
undetectable in the brain of BIO 14.6 and TO-2
cardiomyopathic hamsters (Fig. 2a), indicating that 3-dys-
troglycan processing was not activated in the brain of these

two strains. We have shown previously that B-DGsp is
barely detectable in normal bovine smooth muscle {12].
Similarly, B-DGs, was barely detectable in the smooth
muscle of F1B hamsters (Fig. 2a). However, 3-DG3q was
more abundant in the smooth muscle of BIO 14.6 and TO-2
cardiomyopathic hamsters than F1B hamsters, indicating
excessive B-dystroglycan processing beyond the physio-
Jogical level in the smooth muscle of these strains (Fig. 2a).

These results indicated muscle-specific activation of
B-dystroglycan processing in the advanced stages of BIO
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Fig. 2. B-Dystroglycan processing by MMP in cardiomyopathic hamsters. Tissue homogenates of normal (F1B), BIO 14.6 and TO-2 cardiomyopathic hamsters
were analyzed by immunoblotting using 43DAG/8DS5. (a) Twelve-week- old hamsters. While only 8-DGry,y was detectable in the skeletal and cardiac muscles
of F1B hamsters, -DGsgo, in addition to -DGg,y, was detected in the skeletal and cardiac muscles of BIO 14.6 and TO-2 cardiomyopathic hamsters. $-DGsg
was undetectable in the brain of either F1B or BIO 14.6 and TO-2 cardiomyopathic hamsters. While 8-DG;o was barely detectable in the smooth muscle of F1B
hamsters, it was more abundant in the smooth muscle of BIO 14.6 and TO-2 cardiomyopathic hamsters. (b) Four-week- old hamsters. ‘Changes similar to those
of 12-week- old hamsters were observed. (c) The skeletal muscles of 12-week- old BIO 14.6 and TO-2 cardiomyopathic hamsters were extracted by the SDS
buffer with (+) or without (—) various protease inhibitors (PIs), including 20 mg/ml BPHA, 0.6 mg/ml pepstatin A, 0.5 mg/ml aprotinin, 0.5 mg/ml leupeptin,
I mM benzamidine, 1 mM PMSF, 1 mM EDTA and 1 mM EGTA. The proteolysis of B-dystroglycan was not significantly inhibited by the presence of

protease inhibitors in the SDS buffer.

14.6 and TO-2 cardiomyopathic hamsters. To see if this is
the consequence of severe muscle degeneration in the
advanced stages, we next analyzed 4-week- old animals
showing only mild muscle degeneration (Fig. 1). The results
were similar to those of 12-week- old animals and B-DGs
was detectable in the skeletal and cardiac muscles of BIO
14.6 and TO-2 cardiomyopathic hamsters, but not F1B
hamsters (Fig. 2b). In addition, 8-DGs, was more abundant
in the smooth muscle of BIO 14.6 and TO-2
cardiomyopathic hamsters than F1B hamsters, and B-DG;q
was undetectable in the brain of F1B, BIO 14.6 or TO-2
cardiomyopathic hamsters (Fig. 2b). These results indicated
that B-dystroglycan processing started in the early phase
of muscle degeneration in BIO 14.6 and TO-2 cardiomyo-
pathic hamsters.

We presume that f-dystroglycan processing in the
muscles of BIO 14.6 and TO-2 cardiomyopathic hamsters
is not due to degradation during the preparation process in
vitro, because the muscles were extracted quickly by
homogenizing and boiling in a buffer containing 10%
SDS. To further confirm this, we extracted the muscles by
the SDS buffer with or without various protease inhibitors,

including BPHA, a hydroxamate derivative which inhibits
the proteolysis of B-dystroglycan effectively [12]. If the
proteolysis of B-dystroglycan occurs during the preparation
process, it will be significantly inhibited by the presence of
these protease inhibitors in the SDS buffer. However, the
proteolysis of B-dystroglycan was not significantly inhibited
by the protease inhibitors (Fig. 2¢). These results indicated
that the proteolysis of 8-dystroglycan in the muscles of BIO
14.6 and TO-2 cardiomyopathic hamsters occurred before
the preparation process, most likely in vivo. This is also
consistent with our previous finding that the proteolysis of’
B-dystroglycan occurs in vivo in certain cultured cells [12].

The dystroglycan complex can be isolated from the
detergent extracts of the membranes by WGA affinity
chromatography, because it binds to WGA lectin with high
affinity {5,12]. To compare the integrity of the dystroglycan
complex between normal and cardiomyopathic hamsters,
we solubilized the skeletal muscle crude membranes with
Triton X-100 and applied the solubilates to WGA affinity
chromatography. In normal hamsters, the core components
of the dystroglycan complex, a-dystroglycan, B-DGgy;, and
laminin a2 chain, all bound to WGA-Sepharose (Fig. 3).
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Fig. 3. Disintegration of the dystroglycan complex due to B-dystroglycan
processing by MMP in the muscle of cardiomyopathic hamsters. The
dystroglycan complex was isolated from the Triton X-100 extracts of
hamster skeletal muscle membranes using WGA affinity chromatography.
Shown are the Triton X-100 extracts, the voids and eluates of WGA affinity
chromatography analyzed by immunoblotting using 43DAG/8DS5, 1IH6 and
2D9. In normal hamsters, the core components of the dystroglycan
complex, a-dystroglycan, B-DGgyy and laminin o2 chain, all bound to
WGA-Sepharose. In BIO 14.6 and TO-2 cardiomyopathic hamsters, -
dystroglycan, B-DGgy and laminin @2 chain, but not $-DGsq, bound to
WGA-Sepharose.

Likewise, a-dystroglycan, B-DGg,y and laminin a2 chain
all bound to WGA-Sepharose in BIO 14.6 and TO-2
cardiomyopathic hamsters (Fig. 3). However, $-DGso did
not bind to WGA-Sepharose and remained in the voids
(Fig. 3), indicating that B-DG3p was not linked to laminin
a2 chain via a-dystroglycan. Similar results were obtained
using the cardiac and smooth muscle membranes
(not shown). These results indicate that, due to processing
of B-dystroglycan, a fraction of the dystroglycan complex
was disrupted in the muscle of cardiomyopathic hamsters.

3.2. Dissociation of a-dystroglycan from the cell membrane
due to processing of B-dystroglycan in RT4 cells

RT4 cells are convenient tools to investigate the
proteolytic processing of B-dystroglycan in vitro, because
they express both B-DGry and B-DGso constantly [12].
We speculated that this processing in RT4 cells was due to
MMP, because (1) the cleavage site was localized to the
exiracellular domain of B-dystroglycan and (2) the
processing was inhibited by specific inhibitors of MMP
[12]. In this study, we further characterized this proteolytic
activity in RT4 cells. We have shown previously that the
proteolytic activity was associated with cells and not
secreted into the culture medium, because the activity was
retained in the total homogenates of harvested RT4 cells
(Fig. 4). In this study, we fractionated the total homogenates
of harvested RT4 cells into the membrane fraction.
The proteolytic activity was not only retained but also
augmented considerably in the membrane fraction (Fig. 4),

total homo memb
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Fig. 4. Enrichment of the MMP activity that processes B-dystroglycan in
the membrane fraction. The total homogenates or crude membranes of
harvested RT4 cells were incubated at 37 °C for various time periods and
analyzed by immunoblotting using 43DAG/8D5. When the total hom-
ogenates were further fractionated into the membrane fraction, the
proteolytic activity was not only retained but also augmented considerably.

indicating that the activity was associated with the cell
membrane.

To see the effects of B-dystroglycan processing on the
stability of ECM-cell membrane linkage, we cultured
RT4 cells in the presence or absence of BPHA [12].
We separated the total homogenates of harvested RT4
cells into the soluble fraction and crude membrane
fraction by centrifugation. In the presence of BPHA, the
processing of B-DGy,y was inhibited and $-DG3o was not
detectable in the total homogenates (Fig. 5a).
After centrifugation, both B-DGgy; and o-dystroglycan
were completely recovered in the membrane fraction
(Fig. 5a). In the absence of BPHA, processing of
B-DGy,; was active and B-DGsg was detected in the
total homogenates (Fig. 5a). After centrifugation,
B-DGsy, as well as PB-DGpy, were recovered in the
membrane fraction (Fig. 5a), consistent with the previous
finding that B-DGsp retains the transmembrane domain
[12]. On the other hand, only a small fraction of
a-dystroglycan was recovered in the membrane fraction
and a substantial amount was released to the
soluble fraction (Fig. 5a), indicating the dissociation of
a-dystroglycan from the cell membrane.

To further confirm this, we cultured and harvested RT4
cells in the presence or absence of BPHA. We then
incubated the total homogenates of harvested cells in the
presence or absence of BPHA at 37 °C for varying time
periods and separated them into the soluble fraction and
crude membrane fraction by centrifugation. In the absence
of BPHA, B-DGgyy decreased and B-DGs; increased with
the progression of time (Fig. 5b). While both 3-DGguy and
B-DGsy were recovered in the membrane fraction after
centrifugation, the amount of a-dystroglycan recovered in
the membrane fraction decreased and instead that released
to the soluble fraction increased with the progression of time
(Fig. 5b). These events were suppressed considerably by
BPHA (Fig. 5b). Similar results were obtained using
another hydroxamate derivative L-N-(N-hydroxy-2-isobu-
tylsuccinamoyl)-leucyl isobutyl amido (a kind gift of
A. Okuyama, Banyu Tsukuba Research Institute) (not
shown), which also inhibits B-dystroglycan processing
[12]. Altogether, the results indicated that, in RT4
cells, the membrane-associated MMP activity dissociated
a-dystroglycan from the cell membrane by processing
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Fig. 5. Dissociation of a-dystroglycan from the cell membrane due to B-dystroglycan processing by MMP. (a) RT4 cells were cultured in the presence or
absence of 20 pg/ml of BPHA for 3 days. The homogenates of harvested cells were separated into the soluble fraction and crude membrane fraction by
centrifugation, and analyzed by immunoblotting using 43DAG/8D5. In the presence of BPHA, the processing of 8-DGy,y; was inhibited and B-DGsg was not
detectable in the total homogenates. After centrifugation, 8-DGp,; and a-dystroglycan were recovered in the membrane fraction. In the absence of BPHA,
B-DGag, in addition to B-DGgyy,, was detected in the total homogenates. After centrifugation, both B-DGguy and B-DGsg were recovered in the membrane
fraction. While a small fraction of a-dystroglycan was recovered in the membrane fraction, a substantial amount was released to the soluble fraction. (b) After 3
days of culture in the presence or absence of 20 pg/ml of BPHA, RT4 cells were harvested, homogenized and incubated in the presence or absence of 20 wg/ml
of BPHA at 37 °C for various time periods. Then the homogenates were separated into the soluble fraction and crude membrane fraction by centrifugation, and
analyzed by immunoblotting using 43DAG/8DS. In the absence of BPHA, B-DGy,y decreased and B-DGsg increased with the progression of time. While both
B-DGay and B-DGsq were recovered in the membrane fraction after centrifugation, the amount of a-dystroglycan recovered in the membrane fraction
decreased and that released to the soluble fraction increased with the progression of time. These events were suppressed considerably by BPHA.

the extracellular domain of 8-dystroglycan, thus disrupting
the link between the ECM and cell membrane.

4. Discussion

Although defects of the Dagl gene have not been
identified as the primary causes of hereditary diseases in
humans, intriguing abnormalities of the dystroglycan
complex have been revealed in severe muscular dystrophies.
For instance, defective glycosylation of a-dystroglycan has
been demonstrated in several forms of congenital muscular
dystrophies, including Fukuyama-type congenital muscular
dystrophy, MDC1C/LGMD2I, muscle—eye—brain disease,
Walker—Warburg syndrome and Large™* mice, which are
the model animals of congenital muscular dystrophy
[32-41]. These diseases are all caused by the primary
defects of the genes encoding glycosyltransferases, which
are presumed to disturb glycosylation of a-dystroglycan.
Because glycosylation of a-dystroglycan is crucial for the
binding of laminin [5,42,43], its defect is expected to
perturb this binding and result in the disruption of the
ECM-cell membrane linkage via the dystroglycan
complex. This scenario is supported by the finding that the
antibody against the carbohydrate residues of
a-dystroglycan involved in the binding of laminin induced
a dystrophic phenotype in cultured muscle cells [44].

In the first half of the present study, we investigated
proteolytic processing of B-dystroglycan and its effect on
the ECM—cell membrane linkage via the dystroglycan
complex in the muscle of cardiomyopathic hamsters,
where a-dystroglycan has been reported to be dissociated

almost completely from B-dystroglycan and the other
components of the dystrophin—glycoprotein complex by
several workers [21-24]. Compared to normal hamsters,
proteolytic processing of B-dystroglycan was activated in
the skeletal, cardiac and smooth muscles of
cardiomyopathic hamsters in vivo. As a result, a fraction
of the dystroglycan complex was disintegrated, causing a
partial disruption of the ECM-cell membrane linkage in
these tissues. These phenomena were observed from the
early phase of muscle degeneration, indicating that it was
not simply the consequence of severe muscle degeneration
in the advanced stages. Altogether, these findings indicate
that proteolytic processing of B-dystroglycan is involved in
the muscle degeneration process of cardiomyopathic
hamsters. It should also be noted, however, that only a
small fraction of B-dystroglycan was proteolyzed and
a substantial fraction remained intact in both 4- and
12-week- old animals (Fig. 2). This suggests that additional
mechanisms should work to cause the severe disruption of
the dystroglycan complex reported by other workers in these
animals [21-24]. Alternatively, it could explain the
apparent discrepancy that the deficiency of a-dystroglycan
in these animals appears less severe in our study (Fig. 3)
than in those by other workers [21—24].

While this study is the first to demonstrate the 30 kDa
fragment of B-dystroglycan in animal models of
neuromuscular diseases, Anderson et al. reported a similar
fragment of B-dystroglycan in the biopsied skeletal muscle
of sarcoglycanopathy patients [30]. Importantly, their
finding was specific to sarcoglycanopathy and not observed
in other diseases [30]. Aside from neuromuscular diseases,
the 30 kDa fragment of B-dystroglycan has been detected in
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rabbit cardiac muscle concomitant with the onset of
irreversible ischemic injury [45] and in human breast and
colon cancers together with the reduction of a-dystroglycan
expression which correlated with higher tumor grade and
stage [46]. Altogether, these findings raise an infriguing
possibility that a mechanism similar to cardiomyopathic
hamsters may work in a variety of pathological
conditions, including sarcoglycanopathy, ischemic heart
disease and cancer.

In the second half of the study, we characterized the
proteolytic activity creating the 30kDa fragment of
B-dystroglycan in cultured RT4 cells, hoping that this
would give us further insight into this mechanism.
The results indicated that, in the case of RT4 cells, the
protease was MMP enriched in the cell membrane fraction,
raising the possibility that it might be a membrane-type
MMP. The results also revealed that B-dystroglycan
processing resulted in the dissociation of a-dystroglycan
from the RT4 cell membrane, demonstrating for the first
time the physical disruption of the ECM-cell membrane
linkage. At present, we do not know if the protease creating
the 30 kDa fragment of B-dystroglycan in cardiomyopathic
hamsters is identical with that in RT4 cells. For this purpose,
it is necessary to determine the N-terminal amino acid
sequences of these fragments and to identify the proteases
themselves by future studies. If they turn out to be identical,
we can envision that, due to processing of the extracellular
domain of B-dystroglycan by MMP, the link between the
ECM and cell membrane via the dystroglycan complex is
disrupted in the muscle of cardiomyopathic hamsters.
This will have a profoundly deleterious effect on the muscle
cell viability, because the disruption of the ECM-—cell
membrane linkage is expected to result in sarcolemmal
instability, which will further augment muscle cell damage
in a vicious cycle.
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