RAZOMZEMERBNE (2 AORERZEE)
(018) WFEERE=

0—CAMBTYN/ RNF—BHLORVEOFMAEORET
SEMEE  HFO F B - ARt —-BENEHER

MAEE

AFETIE, AIEEHCRESNTZZ VNIV EEBF N o —

VA aZ Y B ) NRNF—DREEGEFEMERY I BN EAMTE-DD
M HIEOWRMLZBER L, SBFGAIRTOSR v a Y h ik EHAET
EFNIY UREEO I TREY T EEEICLE, VA MY hrb
77 F UsiRNALEBHIE TIXED I T 2AFZ Y VT OBREIZ/INELS 2o T

7:»
)

A, BIZEEKN

a-Y A a Y b (D6) DEHE
HEEIT., ATICHERMZRELNLAEIL
BIERMEFH A ba 7 1 — (FCMD) i3 ©
® ., Walker—Warburg JEEEE (WWS) . B5-EB~
fd fiE B #% (MEB) , ERMEH P A bu 7 4 —
(MDC) 1D, MDClc/LGMD2I 72 E#Es D EE
REBVAIaT7 4 —DFEEEEELS EHb -
T3, TNOERBDELEEFEDIT
WP b o-D6 DYEHEMIZEES T 5 & &
ZAONTWD, REZETF 4 i3, POMGnTL,
7 7 F 2 LARGE I T )V RS R IR TE
EL, BEEEEERLTWHSZ &, FCMD
BEMIET GlcNAc Do-DG ~DE Y A &
BRIOLRWI EERL, £, 77 F
> .LARGE @ POMGnT1 #¥BE~DBEE 2R L
7= aDGP DO 20%DBETIIVWELER
BERFPREEINTELT., hoEiEsF
DEAEPTRINTWVWS, Fxrik,
POMGnTl, 7 7 F > . LARGE #E& B4
THEUNRIBEORERITY & & BHIT,
BESINTF X7 EEiEF PaDGP D JE
HEGFEMERD D200, HERF
ETHMTER NN EZEZE, BEREYE
WBmMLEII=VvERAWTCEREINE
HEMIEE, B2 loum BEOKRX X
D7 Pretzel” ¢MEEFENB T EF ALY
VERBOERSEK (7T RAFZ ) U IHEE)

ERRTDH, TrFEor2t) 958 L
WEIFENS, TS5 2FY v S iEE
DEFIIDCIRTFENTHBZ ERNFEINT
Wo, KIFERTIE, ZOT7EFALaY v
ZREBEOITREY) T EREBEDL, BE
FD) v I By ELRAEDLEBR I
T, oaDGP DFEREMELSTFD in vitro
TOFMMERFETH DD EETF NVELE
FRCTHAT, ZHIZ X Y, DNA BEF AR
DRI L L TOHERo-D6P EHEE S
FEHORI V—= v SO % B 18
L7,

B. BFEA*%

BEMEIZ~ T X C2C12 Mlaz v
T, BREBL LT, RUANV=F U
m7i=va—rE2HWE, HEME~
DHLITEEICR Y, MiEE2BRETSH
ETHbEFELR,
DG RETUNT7 7 F o siRNA VL Invitrogen D2 5
ALK, E6F /v 2757821306
DRERBLNNET 7 F L OmRNA BIZ &
WRIZE LT, BEGME~DE A
Lipofectamine RNAiMAX I

(Invitrogen) MW7,

TEeFNa Y CERFEOBREIZIE TRITC

-17-



F_RNa~-Trn bR rERNWE, 7
TAEYV T DORPEZE, AV R
Fluoview £E A L — ¥ —BMHEIC L v 1T
W, EE L%,

(RIEE~NDEE)
AMEICBONTHERATLZLTOE M
X, Exdw - - BRer sy —mEBZH
S CEABINTENEOREELHNT.,
BEDLDVEZZTORESE» LB EFHBHT
EEUOMEERICHTEAIREOERHFT
(fvT7x—ArFRarerh) 68+
DTHD, REEERTDIZYZ > Tt
TIANV—%BEEL, BLAILLEZET
ERALE, BREDORELZLVICELILL
) ZTOMET, BERBIUVFEKEDOE
BEHEELTWVWS, BEFMETICBELT
itk b AENTIFRIZEIT B L@ iE
RS LT, £, TR TOEMERIL,
EN M- R 7 — Ry
ERIZEBT 2 MEBREICENT o2, B
RIERITIEICE. REENBEOE
MEFEATDH EEHIZ, BIBICEREY S
ZRVWEIBRKRBOEE LA - 7=,

C. WMIEHR

DERBEXV 7 7 F o mRNAICE+ B3 F
Fh2B LUSTEDsiRNAEZR LT, 28
DDGsiRNAZLEE T T BDCR I L~ id,
RMEBO Y pa— iz 72K U1Y%
DRIBEMEN RSN,

ERGEMRE, BRI aTs—-F
FRVWESS, EEPAEunBEOHRO
TEFNa) VERBEOESEEEREL
e, EmLEII=rZAWTHERL
TE A, Ef10uniE E 0B MR
D” Pretzel” LFEENHAESE (/T2
2V THEE) BBALE,

Z DPretzelBEIX, DGR LV T 7 F
SIRNARLIEBIZ X » T, 208 . mEL bic.
HOPIZEA L, ROABOFEME T
W, B EEDZ O, 458 OPretzel 234
B2 XN DsiRNAKLER Gk, 13-231E.

18

7 7 F siRNAMLER TiE. 14-35{@ 12 B
LTWE, & DODPretzel EEOEFEIL.
I b — LT E123um® TH D DIz
XU, ZLYDEDH > -D6siRNALIR T &
D40E23um’ Th oz, Fo. BLHED
Hofz1FEDT 7 F o siRNALER TiX74
F10lum* A E R L, tho 2 78 T
Pretzel#IZIBA N B LN HLDO D, HEE
WWIRELLBRR N o1z,

D. &=

4 ¥ TPHDo-DEP BEDKRETIL. 19 20%
DBRET, BEEINTWBAEEMDRREE
BFIZERBR Nk, ZOZ &
. FrRRREEFOAMREEERE L
TWiz, b, B4xix, MERE L=
TIF U ELEASE~DEAESZ R
BEZREELTHWDIR, ZThAREREREF
ThAHAEEEZBEIZBETTE2VRT b
PBUBEBThHol, SEHOFETIE-EY
ELDCEEBEFD ) v I X UBE, £
ILDGIERZ VRV BB IRFD /) v ED
VR E, BEMRTOTEFAaY v
FREDI T AEZY I K o TEAHH
Bz ERHEE, ZoFEEZBVWRIE,
DNA D ERFIfEAT D RTERPE & U T &M &
F& D6 OBMEMITZEBL T KYiALZ
EMFRRIIRD EEZTVD,

E. &

BEGHBE OISR Ml Y bk
BRORTEFANIV U ZEREDI T R
FN) T EREIZ., o —D6POERE R
FHEMEIMT DD O@IT FIEO R
MEEBEH LML, DG& 7 7 F L siRNAKLER
MIBTERIIAFZV U TERPESL
o Tz,

F. BEEERER

iz L



6. MERE

1. MXHER

Tanicguchi M, Kurahashi H, Noguchi §,
Fukudome T, Okinaga T, Tsukahara T, Tajima
Y, Ozono K, Nishino I, Nonaka I, Toda T:
Aberrant
delayed terminal muscle fiber maturation

neuromuscular junctions and
in o-dystroglycanopathies. Hum Mol Genet

15:1279-1289. 2006.

Wu S, Ibarra MCA, Malicdan MCV, Murayama K,
Ichihara Y, Kikuchi H, Nonaka I, Noguchi S,
Hayashi YK, Nishino I: Central core disease
is due to RYRI mutations in more than 90%
of patients. Brain 129: 1470-1480, 2006.

Malicdan MC, Noguchi S, Nonaka I, Hayashi,
YK, Nishino I: A Gne knockout
expressing human V572L mutation develops

mouse

features similar to distal myopathy with
rimmed vacuoles or hereditary inclusion
body myopathy. Hum Mol Genet 16: 115-128,
2007.

Liewluck T, Hayashi YK, Osawa M, Kurokawa
R, Fujita M, Noguchi S, Nonaka I, Nishino
I: Unfolded protein response and aggresome
formation in hereditary reducing body
myopathy. Muscle Nerve 35:322-326, 2007.

Keira Y, Noguchi S, Kurokawa R, Fujita M,
Minami N, Hayashi YK, Kato T, Nishino I:
Characterization of lobulated fibers in
limb girdle muscular dystrophy type 2A by
gene expression profiling. Neurosci Res
57:513-521, 2007.

2. FERR
HETAH, BOMHE=, WK, WNIE #
PIERE, ZFOE, MBET, EF—=:77
F U EET (FKIN) BRIZL D S8RRERR
HE. £ 47 [ B AMRFESME, BN, 511,
2006.

19

P EF— =, Wu Shiwen, Ibarra Carlos, Malicdan
May, FHILAETF, sk, FOME, ARHE
Ty R I THEOREFRRI BRIZL
5. 247 BlH AR FERE, HK, b5.11,
20086.

Malicdan May, BP0 &, MRBEF, ZBPIE
B, WEF—Z &Y ZEREEE S EMAE I A
NF— (DMRV) DEF /N~ A{EH. & 47
Bl A AR ESRE, B, 5.12, 2006.
FETBH, BIRE=, #®hEsk, NI 5,
¥o B, ARHEEF, KEEART, B —=
B R b7 4 —2L B2 FKIN ¥Eis
FEE ORI 5 23 B/NRHR G REELE
EE4£. HA, 8.19, 2006.

Nishino I, Wu S, Ibarra C, Malicdan M,
Murayama K, Noguchi S, Hayashi YK, Nonaka
I: Central Core Disease Is Due to RYRI
Mutations in More Than 90% of Patients.
58th Annual Meeting of American Academy of
Neurology. San Diego, CA, USA.4.5, 2006.

Noguchi S, Ogawa M, Murayama K, Matsumoto
H, Imamura M, Hayashi YK, Nishino I:
Fukutin and LARGE Cooperatively work with
POMGnT1 on N-acetylglucosamine transfer in

(-mannosylglycan synthesis of al-
pha—dystroglycan. XIth International
Congress on Neuromuscular Diseases. Is—

tanbul, Turkey, 3 July 2006.

Astejada M, Hayasi YK, Fujita M, Uematsu F,
Nonaka I, Noguchi S, Nishino I: Disruption
of the in vivo regeneration process in
cardiotoxin-injected Emdy/-Mice. XIth
International Congress on Neuromuscular
Diseases. Istanbul, Turkey, 3 July 2006.
Keira Y, Kurokawa R, Fujita M, Minami N,
Hayashi YK, Noguchi S, Kato T, Nishino I:
Gene expression of Limb girdle muscular



dystrophy type 2A. XIth International
Congress on Neuromuscular Diseases. Is-
tanbul, Turkey, 3 July 2006.

Murakami T, Tanabe Y, Ogawa M, Nonaka I,
Noguchi S, Hayashi YK, Nishino I: Fukutin
(FKTN) mutations can cause cardiomyopahty.
XIth International Congress on Neuro—
muscular Diseases. Istanbul, Turkey, 3
July 2006.

Hayashi YK, Goto K, Nagano A, Ura S,
Kawahara G, Astejada M, Nonaka I, Noguchi
S, Nishino I: Emerinopathy and laminopathy
in Japan. XIth International Congress on
Neuromuscular Diseases. Istanbul, Turkey,
3 July 20086.

Kawahara G, Okada M, Morone N, Ibarra MCA,
Nonaka I, Noguchi S, Hayashi YK, Nishino
I: A heterozygous COL6Al1 glycine sub~
stitution that influences cell attachment
in fibroblasts causes sarcolemma-specific
collagen VI deficiency(SSCD). XIth In-
ternational Congress on Neuromuscular
Diseases. Istanbul, Turkey, 3 July 2006.
Okada M, Kawahara G, Nonaka I, Noguchi S,
Hayashi YK, Nishino I: Collagen VI de-
ficiency is the second leading cause of
congenital muscular dystrophy in Japan.
XIth International Congress on Neuro—
muscular Diseases. Istanbul, Turkey, 3
July 2006.

Malicdan MCV, Noguchi S, Hayashi YK, Nonaka
I, Nishino I: A GNE knockout mouse ex-
pressing human V572L mutation develops
features similar to distal myopathy with
rimmed vacuoles (DMRV). XIth International
Congress on Neuromuscular Diseases. Is-
tanbul, Turkey, 4 July 20086.

Sato I, Ibarra MCA, WuS, Noguchi S, Hayashi

20

YK, Nonaka I, Nishino I: RYRI mutation in
congenital neuromuscular disease with
uniform type 1 fiber. XIth International
Congress on Neuromuscular Diseases. Is—
tanbul, Turkey, 4 July 2006.

Ohkuma A, Murayama K, Ogawa M, Noguchi §,
Hayashi YK, Nonaka I, Nishino I: The
genetic cause of lipid storage myopathy is
unknown in more than 80% of the cases. XIth
International Congress on Neuromuscular
Diseases. Istanbul, Turkey, 4 July 2006.

Ibarra MCA, Malicdan MCV, Wu S, Murayama K,
Ichihara Y, Kikuchi H, Noguchi S, Hayashi
YK, Nonaka I, Nishino I: Pathlogical
findings in muscle from malignant hy—
perthermiasusceptible patints. XIth In-
ternational Congress on Neuromuscular
Diseases. Istanbul, Turkey, 6 July 2006.
Arahata H, Fujita M, Murayama K, Ogawa M,
Noguchi S, Hayashi YK, Raheem 0, Udd B,
Nishino I: The identification of non-DM1,
non-DM2 Patient in clinical DM patients.
XIth International Congress on Neuro-—

muscular Diseases. Istanbul, Turkey, 6
July 2006.

Noguchi S, Fujita M, Sasaoka T, Nishino I:
The therapeutic effect of my—
ostatin-blockade on muscular dystrophic
mice and gene expression analysis of the
treated muscles. 1lth International Con-
gress of the World Muscle Society. Bruges,
Belgium, 6 October 2006.

Hayashi YK, Astejada MN, Ozawa R, Fujita M,
Noguchi S, Nonaka I, Stewart CL, Nishino I:
Three kinds of model mice for nuclear
envelopathy. 11th International Congress
of the World Muscle Society. Bruges,
Belgium, 5 October 2006.



Malicdan MC, Noguchi S, Hayashi YK, Nonaka
I, Nishino I: A GNE knockout mouse ex-
pressing human V572L mutation develops
features similar to Nonaka myopathy or
distal myopathy with rimmed vacuoles
(DMRV). 11th International Congress of the
World Muscle Society. Bruges, Belgium, 4
October 2006.

Murakami T, Hayashi YK, Noguchi S, Nonaka
I, Campbell KP, Osawa M, Nishino I: Fukutin
gene mutations can cause familial dilated
cardiomyopathy with minimal muscle
weakness and normal intellience. The 9th
Asian & Oceanian Congress of Child Neu-
rology. Cebu Philippine, 24 Jan 2007.

H MO EEOHE - BHKR (PEZ
a)

1. RBFHFEE
Bz L
2. ERBER&G
Bzl L
3. Fo
ez L

21



M. WFERROTHTICEAT S &R



MR EDOFTIZE T2 — &k

REERA : WMXFA M. BRES H5: =¥, HRE

Goto K, Nishino I, Hayashi YK: Rapid and accurate diagnosis of facioscapulohumeral
muscular dystrophy. Neuromuscul Disord 16:256-261. 2006.

Taniguchi M, Kurahashi H, Noguchi S, Fukudome T, Okinaga T, Tsukahara T, Tajima Y,
Ozono K, Nishino I, Nonaka I, Toda T: Aberrant neuromuscular junctions and delayed
terminal muscle fiber maturation in « -dystroglycanopathies. Hum Mol Genet
15:1279-1289. 2006.

Wu S, Ibarra MCA, Malicdan MCV, Murayama K, Ichihara Y, Kikuchi H, Nonaka I,
Noguchi S, Hayashi YK, Nishino I: Central core disease is due to RYR1 mutations in
more than 90% of patients. Brain 129: 1470-1480, 2006.

Malicdan MC, Noguchi S, Nonaka I, Hayashi YK, Nishino I: A Gne knockout mouse
expressing human V572L mutation develops features similar to distal myopathy with
rimmed vacuoles or hereditary inclusion body myopathy. Hum Mol Genet 16: 115-128,
2007.

Osawa M, Liewluck T, Ogata K, lizuka T, Hayashi YK, Nonaka I, Sasaki M, Nishino I:
Familial reducing body myopathy. Brain Dev 29: 112-116, 2007.

Liewluck T, Hayashi YK, Osawa M, Kurokawa R, Fujita M, Noguchi S, Nonaka I, Ni-
shino I: Unfolded protein response and aggresome formation in hereditary reducing
body myopathy. Muscle Nerve 35:322-326, 2007.

Keira Y, Noguchi S, Kurokawa R, Fujita M, Minami N, Hayashi YK, Kato T, Nishino I:
Characterization of lobulated fibers in limb girdle muscular dystrophy type 2A by gene
expression profiling. Neurosci Res 57:513-521, 2007.

-20 -




V.  WFEEEROTIITY - Bk

_23_



PERGAMON

Neuromuscular Disorders 16 (2006) 256-261
www.elsevier.convlocate/mmed

Rapid and accurate diagnosis of facioscapulohumefél muscular dystrophy

Kanako Goto, Ichizo Nishino, Yukiko K. Hayashi *

Department of Neuromuscular Research, National Institute of Neuroscience, National Center of Neurology and Psychiatry (NCNP),
4-1-1 Ogawa-Higashi, Kodaira, Tokyo 187-8502, Japan

Received 10 September 2005; received in revised form 9 January 2006; accepted 18 January 2006

Abstract

Facioscapulohumeral muscular dystrophy (FSHD) is a common muscular disorder, but clinical and genetic complications make its
diagnosis difficult. Southern blot analysis detects a smaller sized EcoRI fragment on chromosome 4q35 in most facioscapulohumeral
muscular dystrophy patients, that contains integral number of 3.3-kb tandem repeats known as D4Z4. The problems for the genetic diagnosis
are that southern blotting for facioscapulohumeral muscular dystrophy is quite laborious and time-consuming, and the D474 number is only
estimated from the size of the fragment. We developed 2 more simplified diagnostic method using a long polymerase chain reaction (PCR)
amplification technique. Successful amplification was achieved in all facioscapulohumeral muscular dystrophy patients with an EcoRI
fragment size ranging from 10 to 25 kb, and each patient had a specific polymerase chain reaction product which corresponded to the size
calculated from the number of D4Z4. Using southern blot analysis, more than 90% of facioscapulohumeral muscular dystrophy patients have
a smaller EcoRI fragment than 26 kb in our series, and the number of D474 repeats is precisely counted by this polymerase chain reaction
method. We conclude that this long polymerase chain reaction method can be used as an accurate genetic screening technique for

‘facioscapulohumeral muscular dystrophy patients.
© 2006 Elsevier B.V. All rights reserved,

Keywords: Facioscapulohumeral muscular dystrophy; Chromosome 4q35; Genetic diagnosis; Southern blotting; PCR; EcoRI fragment; D474

1. Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is a
common autosomal dominant muscular disorder character-
ized by its distinct clinical presentation. It often involves
weakness and atrophy of facial muscles, followed by
shoulder-girdle, the scapula fixators, and the upper arm
muscles, Subsequently, pelvic girdle and lower limbs are also
affected. About 20% of the patients eventually become
wheelchair-bound by 40 years of age [I]. Difficulties of
whistling, eye closure, or arm raising are common initial
symptoms. Prominent scapular winging and horizontally
positioned clavicles are also observed. Facial or shoulder
girdle weakness usually appears during adolescence, but
signs may be apparent on examination even in early
childhood. Asymmetry of muscle involvement is often
observed in apparently affected patients, but this is unrelated

* Corresponding author. Tel.: +81 42 341 2712; fax: +81 42 346 1742,
E-mail address: hayasi_y@nenp.go.jp (Y.K. Hayashi).

0960-8966/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/1.nmd.2006.01.008

to handedness [2]. Weakness is relatively mild and the
progression is usually slow with frequent association of
subclinical hearing loss and retinal vasculopathy. The
clinical diagnosis of FSHD is sometimes difficult because
the onset of illness and the phenotypic expression is
extremely variable, both within and between families [3,4].

The gene locus for FSHD has been identified on
chromosome 4q35 wherein an array of tandem repeat
units is located. Each repeat is a 3.3-kb Kpnl digestable
fragment designated as D4Z4 (Fig. 1) [5-7). The disease is
usually associated with a deletion of this repeated region,
however the responsible gene has not yet been identified,
and the underlying molecular mechanism is still enigmatic.
Southern blot analysis using the probe p13E-11 (D4F104S1)
[6] is usually performed in the genetic diagnosis of FSHD.
Normal individuals have EcoRI digested fragments contain-
ing D4Z4 repeats which varies from 40 kb to more than
300 kb in size, however, most of the FSHD patients have a
smaller sized fragment from 10 to 35kb. The clinical
severity is often correlated to the fragment size, and patients
with the smallest EcoRI fragment show very early onset and
can be associated with epilepsy and mental retardation [8,9].
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Fig. 1. A schematic diagram of the FSHD gene region on chromosome 4q35 showing the relative locations of primers and the probes used in this study. The
primer set has been designed in the non-repeated region, and is expected to produce a 5.2 kb PCR amplified product when template genomic DNA contains one
D4Z4 repeat. Cen, centromeric side of the gene; ter, telomeric side of gene; E, EcoRL: B, Binl; X, Kpnl; S, Sall.

Presently, the accuracy of the molecular diagnosis for
FHSD using southern blot is up to 98% [10], however, several
factors make this method cumbersome, and more than a

week-length of time is required to obtain the results. In the
~ conventional southern blotting method, it is difficult to
resolve fragment size over 50Lkb, and pulsed-field gel
electrophoresis (PFGE) is sometimes taken together to
increase resolution. Somatic and germline mosaicism is
frequently observed in which more than three different sized
EcoRI1 fragments on chromosome 4q are identified [11,12].
Furthermore, homologous 3.3-kb repeat-like sequences are
also identified on many other chromosomes such as
chromosomes Y and 3p [13,14]. In addition, chromosome
10q26 also contains 3.3-kb Kpnl digestable tandem repeats
with 98% nucleotide identity to D4Z4 on chromosome 4
[15,16]. Consequently, there is a high incidence of inter-
chromosomal exchange between 4q35 and 10g26, which is
observed in about 20% of normal individuals [17,18]. In
southern blot analysis, the probe pI3E-11 used is not specific
only to recognize EcoRI fragment from chromosome 4q but
can also identify EcoRIfragment on chromosomes 10q26 and
Y. This would require double restriction enzyme digestion
using EcoRI and Binl to be performed to distinguish 4g35-
derived D4Z4 (BInl-resistant) from 10q26-derived repeated
units (Blnl-sensitive) [19]. From these complexities, there is
an urgent need to develop a more simplified and reliable
method for the diagnosis of FSHD.

Here, we introduce a new method to count the numbers
of D4Z4 repeats on chromosome 4q35 by using long PCR
amplification, which is quite useful for the rapid and
accurate genetic diagnosis of FSHD.

2. Materials and methods

All clinical materials used in this study were acquired
with informed consent. One hundred and five patients with a
4q-linked small EcoRI fragment from 10 to 35 kb (Table 3),

and seven healthy individuals were examined. Genomic
DNA was carefully and gently extracted from blood
lymphocytes using a standard method. Southern blot
analysis using the probe pl3E-11 was performed as
previously described [12].

For a long PCR amplification, a 50 pl reaction mixture
was used. This mixture contains 400-600 ng of genomic
DNA, 25 pl of 2X GC Buffer I (TAKARA BIO INC. Japan),
7.5 pl dATP/dTTP/ACTP mixtre (10 mM each), 2.5 ul
dGTP/7-deaza-dGTP mix (2:3), 1 pl (10 pM/pl) of each
primers, and 0.5 pl (5 U/pl) LA Taq HS (TAKARA BIO).
The primers were designed based on the human genomic
sequences from GenBank (Accession Numbers D38025 and
U74497). The primer sequences are F: 3'-GGCCAGAGTTT-
GAATATACTGTGGTCATCTCTGCTCCAG-5/, R: 3'-
CAGGGGATATTGTGACATATCTCTGCACTCATC.
Amplification was performed using GeneAmp PCR System
9700 (PerkinElmer Japan Co., Lid, Japan) with the following
conditions; 1 min at 94 °C for the injtial denaturation,
followed by 10 cycles of 10 s at 98 °C and 20 min at 64 °C,
and an additional 23 cycles of 10 s at 98 °C, 20 min with
autoextension of 20 s per cycle at 64 °C, and 10 min at 72 °C
for final elongation. The PCR products were separated by
electrophoresis using 0.4% SeaKem HGT agarose gel (FMC
BioProducts, ME) in 1X TAE with 0.5 pg/ml ethidium
bromide at 3 h. High Molecular Weight DNA Marker (8.3—
48.5 kb) (Invitrogen Japan K K., Japan) and 1 kb plus ladder
(Invitrogen) were used. The number of the 3.3 kb Kpnl
repeated units in the FSHD gene region was calculated by the
sequence data from GenBank (Accession Numbers D38024,
D38025, and U74497).

In order to ascertain the specificity of the amplified
products, we transferred the gels to Hybond N* (Amersham
Biosciences, Japan) and overnight hybridization at 65 °C
was performed with the **P-labeled probes of pI13E-11 and
pMAI3 (1.3 kb Stul fragment within a D4Z4 unit). The
membrane was washed in a stringency of 2X SSC/0.1%
SDS for 20min at 65°C for two times, followed by
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Table |
Comparison of long PCR and southern blot (SB) analyses
PCR SB
Template DNA (ng) 0.4 40
Enzyme digestion No EcoRl, Binl

Gel size, concentration 11X 14 cm, 0.4%

Required time (h)

20X20cm, 0.3%

PCR 11 0
Electrophoresis 3 68
Transfer 0 18
Hybridization 0 18
Detection EB RI
Total time required <1 day 7-10 days
Accuracy (%) 90.1* 98 [10)

EB, ethidium bromide; R, radio isotope.
* Estimated from the distribution of EcoRI fragment size in our series as
described in Table 2.

autoradiography for 2h using BAS2500 image analyzer
(Fiji Photo Film, Japan).

3. Results

Table 1 shows the comparison of our newly developed
long PCR method and the conventional southern blot
analysis. This long PCR method is quite simple, requiring
only a small amount of genomic DNA (1/100 of the quantity
for southern blotting) and results are rapidly acquired
-overnight.

The long PCR method amplified five different sized
products of 5.2, 8.5, 11.8, 15.1 and 18.4kb which

(@
M1234567891W0M

Repeat
N, Siz (d)
5 (184)
4 (151)
3 (Ls)

7 85)

162

corresponded to the calculated size from the sequence data
of the FSHD region containing one to five D474 repeats,
respectively (Fig. 2a, Table 3). These PCR products were not
digested by BInl, and were exclusively hybridized by the two
probes of p13E-11 and pMA13 (data not shown). The same
PCR method was performed on 10 individuals with a small
EcoRI fragment (from 10 to 25 kb) on chromosome 10q26
but no amplified product was identified (data not shown).

Table 2 shows the distribution of the size of small EcoRI
fragment on chromosome 4q of 263 FSHD families in our
series. Table 3 shows the size of the PCR products, the
calculated size of the EcoRI fragment, the range of the
fragment size detected by southern blot analysis, and
number of the patients. A 5.2 kb PCR product that contains
one D4Z4 repeat was observed in eight patients with a
EcoRI fragment from 10 to 11kb. Sequence analysis
confirmed that this 5.2 kb fragment contains one D474
repeat on chromosome 4q35. An 8.5 kb band corresponding
to the size with two D4Z4 repeated units was detected in 23
patients with 13-17 kb EcoRI fragment. An 11.8 kb product
(three D4Z4 repeats) was seen in 26 patients with 16-19 kb
fragment, a 15.1 kb fragment (four D474 repeats) was seen
in 24 patients with 18-22 kb fragment, and a 18.4 kb
product (five D4Z4 repeats) was observed in six patients
with 23-25kb EcoRI fragment. The PCR products were
amplified from all 87 DNA samples of the patients with an
EcoRI fragment of 25kb or less. However, DNA from
normal individuals and FSHD patients with larger (226 kb)
EcoRI fragments were not successfully amplified/detected
by this long PCR method.

Fig. 2. Long PCR amplification and conventional southern biot analysis using genomic DNA from FHSD patients. (a) A 5.2 kb PCR product was detected on
two patients with an EcoRI fragment of 10-kb (lane 1, or 11-kb (lane 2) as interpreted from our previous southern blot study. An 8.5-kb band was detected from
two patients with a 13-kb (lane 3) cra 14-kb (lane 4) fragment, an 11.8-kb product from two patients with a 16-kb (lane 6) or a 17-kb (lane 7) fragment, a 15.1-
kb product from a 20 or a 22 kb fragment, and an 18.4 kb fragment was identified from patients with a 24 and a 25 kb EcoRI fragment. These PCR products
correspond to the size containing one to five D474 repeated units. (b) Southern blot analysis using the same 10 samples in (a). The samples with the same size
of the PCR products showed no difference of the EcoRI fragment size, although variable fragment size was previously interpreted,
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Distribution of EcoR] fragment size on chromosome 4q of 263 families in our series
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EcoRI fragments of <26 kb (dot line) can be amplified by long PCR analysis.

Estimated fragment size from the previous southern blot
was not identical among the patients with same numbers of
D4ZA repeats. To determine the inter-individual variability
of the fragment size, conventional southern blot analysis
was repeated simultaneously. Notably, after the repeated
southern blot technique, the EcoRI fragment size was
similar when the D4Z4 number was the same and this result
was consistent with the calculated size (Fig. 2b).

4. Discussions

In this study, we have successfully developed a new
method for rapid and specific diagnosis of FSHD by
counting the number of D4Z4 repeats via a long PCR
amplification technique. This long PCR method can
specifically amplify the repeated region from chromosome

Table 3

Comparison of the results of long PCR and southern blot (SB) analysis

Number PCR Calculated Range of Number of

of D474 product size of EcoRl EcoRI patients

repeats size (kb)  fragment (kb) fragment by  examined by
SB (kb) PCR

I 5.2 10.2 10-11 8

2 8.5 3.5 13~17 23

3 11.8 16.8 16-19 26

4 15.1 20.1 18-22 24

5 18.4 23.4 23-25 6

6 21.7 26.7

7 25 30 26-35 18

8 28.3 333 (No

9 31.6 36.6 amplification)

4q up to 18.4 kb in size and countable from one to five D474
repeated units,

D474 repeat has highly GC-rich sequence up to 73%
[20]. Difficulties in PCR amplification often arise when GC
content of the template DNA exceeds 50%. This difficulty in
PCR amplification was overcame in our study by using
thermo-stable long accurate Taq, 7-deaza-dGTP, and a
higher denaturing temperature (98 °C) followed by a
relatively higher annealing/extension temperature (64 °C)
for 20 min with autoextension of 20 s per cycle. Therefore
73% of GC-containing repeated region of more than 18 kb
in size was amplified with ease. The specificity of each PCR
amplified product was ascertained by several ways. First,
both probes (p13E-11 and pMA-13) that were used in the
hybridization of the PCR products exclusively recognize
fragments containing D4Z4 repeats. Second, the restriction
enzyme Blnl did not digest the amplified fragments and
confirmed that the product is apparently different from the
repeats derived from chromosome 10q26, wherein 98%
homologous Kpnl repeated units and franking sequences are
known. Third, this long PCR method did not amplify Kpnl
repeats from 10926 even though the only difference is one
different nucleotide from each of the primer region on 4435,
We also designed 10q-specific primer set and confirmed that
only the 10g-derived repeats could be amplified by using
this primer set.

The diagnosis of FSHD is sometimes difficult. Clinical
symptoms and severity are quite variable between the
patients even within the same family. Up to date, genetic
diagnosis of FSHD is solely depended on the southern blot
analysis since no responsible gene is yet identified within
the candidate region. However, such procedure requires a
large amount of DNA and would necessitate at least a week-
time period to produce results. The requirement for such
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amount of time for analysis dwells on the complexity of the
experimental protocols in detecting the various fragments,
the sizes ranging from 10 to 300kb, as well as the
determination of the existence of homologous regions on
the other chromosomes. Determination of the size of EcoRI
fragment is important since it is usually correlated to the
clinical severity. However, identification of the precise
fragment size is often difficult in the conventional southern
blotting, since only very low concentrated gels of 0.3% is
used to detect large sized fragment, and even minor changes
in the experimental conditions would produce different
results. In fact, in our very own series, DNA samples
containing the same number of D4Z4 repeats showed the
same EcoRI fragment size on one membrane although the
estimated size in our previous analysis detected by different
membranes were variable. Therefore, the number of D474
units estimated from the EcoRI fragment size using
Southern blotting could be misinterpreted from its actual
number. From the result of the long PCR analysis, we
concluded that the number of D4Z4 is countable from the
size of PCR products, and the deletion of the FSHD region is
certainly caused by the deleted integral number of D4Z4.

The number of D4Z4 is specifically countable up to
five, which corresponds to the estimated £coR]I fragment of
10~25 kb in size. When no amplified product was obtained,
southern blot analysis is required. In our series, 9.9% of the
4g-linked small EcoRI fragments have 26-35 kb as shown
in Table 2, but the percentage may be greater in other
‘countries. In the cases having deletion of pI3E-11, no
product can be obtained in this PCR analysis, since the
forward primer is designed within this region. However,
considering the complexity of the southern blot technique,
this long PCR analysis is useful for the initial screening of
the FSHD patients, and also the genetic test for the other
family members with a known D4Z4 repeat numbers from 1
to 5 in an index patient. Obtaining accurate results rapidly is
always beneficial for the patient, especially during prenatal
test. From the economical point of view, PCR analysis is
also beneficial since it costs 1/30-40 for the southern blot
analysis.

Both primer sequences we used in this study are 4q-
specific;"and can amplify fragments even those with zero
D4ZA repeat, if any, producing an estimated 1.9-kb product.
We also designed a primer set that can specifically amplify
the repeated region on chromosome 10g. Theoretically, by
using several combinations of these primers, we should be
able to distinguish rare cases with short hybrid repeats on 4q
or non-FSHD Binl-resistant fragments on 10q. We
concluded that the long PCR method could be used as an
accurate genetic screening technique for FSHD.

Acknowledgements

We would like to thank Dr Mina Nolasco Astejada
(NCNP) for critically reviewing the manuscript. This work

was supported by Health and Labor Science Research
Grants, Research on Psychiatric and Neurological Diseases
and Mental Health, and The Research Grant (17A-10) for
Nervous and Mental Disorders from the Ministry of Health,
Labour and Welfare, Research on Health Sciences focusing
on Drug Innovation from The Japan Health Sciences
Foundation, Japan. -

References

(1) Lunt PW, Harper PS. Genetic counselling in facioscapulohumeral
muscular dystrophy. J Med Genet 1991:28:655-64.

(2] Tawil R, McDermott MP, Mendell JR, Kissel J, Griggs RC.
Facioscapulohumeral muscular dystrophy (FSHD): design of natural
history study and results of baseline testing, FSH-DY group.
Neurology 1994;44:442-6.

[3] Lunt PW, Jardine PE, Koch M, et al. Phenotypic—genotypic
correlation will assist genetic counseling in 4g35-facioscapulohum-
eral muscular dystrophy. Muscle Nerve 1995:2:5103-S9.

[4] Padberg GW, Frants RR, Brouwer OF, Wijmenga C, Bakker E,
Sandkuijl LA. Facioscapulohumeral muscular dystrophy in the Dutch
population. Muscle Nerve 1995;2:581-S4.

(5] Upadhyaya M, Lunt P, Sarfarazi M, Broadhead W, Farnham I,
Harper PS. The mapping of chromosome 4q markers in relation to
facioscapulohumeral muscular dystrophy (FSHD). Am J Hum Genet
1992;51:404-10.

(6] Wijmenga C, Hewitt JE, Sandkuijl LA, et al. Chromosome 4q DNA
rearrangements associated with facioscapulohumeral muscular dys-
trophy. Nat Genet 1992;2:26-30.

[7] Hewitt JE, Lyle R, Clark LN, et al. Analysis of the tandem repeat
locus D4Z4 associated with facioscapulohumeral muscular dystrophy.
Hum Mol Genet 1994,3:1287-95.

[8] Funakoshi M, Goto K, Arahata K. Epilepsy and mental retardation in a
subset of early onset 4g35-facioscapulohumeral muscular dystrophy.
Neurology 1998;50:1791-4,

[91 Miura K, Kumagai T, Matsumoto A, et al. Two cases of chromosome
4q35-linked early onset facioscapulohumeral muscular dystrophy
with mental retardation and epilepsy. Neuropediatries  1998:29:
239-41.

{10] Upadhyaya M, Cooper DN. Molecular diagnosis of facioscapulo-
humeral muscular dystrophy. Expert Rev Mol Diagn 2002;2:
160-71.

[11] Lemmers RJ, van der Wielen MJ, Bakker E, Padberg GW, Frants RR,
van der Maarel SM. Somatic mosaicism in FSHD often goes
undetected. Ann Neurol 2004;55:845-50.

[12] Goto K, Nishino I, Hayashi YK. Very low penetrance in 85 Japanese
families with facioscapulohumeral muscular dystrophy 1A, J Med
Genet 2004;41:e12.

[13] Clark LN, Koehler U, Ward DC, Wienberg J, Hewit IE.
Analysis of the organisation and localisation of the FSHD-
associated tandem array in primates: implications for the origin
and evolution of the 3.3 kb repeat family. Chromosoma 1996,
105:180-9.

{14] Ballarati L, Piccini 1, Carbone L, et al. Human genome dispersal and

evolution of 4g35 duplications and interspersed LSau repeats. Gene

2002;296:21-7.

Deidda G, Cacurri S, Grisanti P, Vigneti E, Piazzo N, Felicetti L.

Physical mapping evidence for a duplicated region on chromosome

10gter showing high homology with the facioscapulohumeral

muscular dystrophy locus on chromosome 4qter. Eur J Hum Genet
1995;3:155-67.

—
—
()

Pt}



K. Goto et al. / Neuromuscular Disorders 16 (2006) 256-261 261

{16] van Geel M, Dickson MC, Beck AF, et al. Genomic analysis of human (FSHD) aetiology and diagnosis. Hum Mol Genet 1998:7:
chromosome 10q and 4q telomeres suggests a common origin. 1207-14.
Genomics 2002;79:210-7. [19] Deidda G, Cacurri S, Piazzo N, Felicetti L. Direct detection of 4q35
{17] Matsumwa T, Goto K, Yamanaka G, et al. Chromosome 4q;10q rearrangements implicated in facioscapulohumeral muscular dystro-
translocations; comparison with different ethnic populations and phy (FSHD). ] Med Genet 1996;33:361-5.
FSHD patients. BMC Neurol 2002;2:7. [20] Lee JH, Goto K, Matsuda C, Arahata K. Characterization of a
[18] Lemmers RJ, van der Maarel SM, van Deutekom JC, et al. tandemly repeated 3.3-kb Kpnl unit in the facioscapulohumeral
Inter- and intrachromosomal sub-telomeric rearrangements on muscular dystrophy (FSHD) gene region on chromosome 4q35.

4q35: implications for facioscapulohumeral muscular dystrophy Muscle Nerve 1995;2:56-S13.



Lhiman Molecular Genetics, 2000, 1o/ 13, No. & 12791289
doi: 101093 hing/ddl04 5
Advance dccess published on Maorch 10, 2006

Aberrant neuromuscular junctions and
delayed terminal muscle fiber maturation
in a-dystroglycanopathies

Mariko Taniguchi, Hiroki Kurahashi®, Satoru Noguchi?, Takayasu Fukudome®,

Takeshi Okinaga®, Toshifumi Tsukahara®, Youichi Tajima’, Keiichi Ozono?, Ichizo Nishino®,
lkuya Nonaka® and Tatsushi Toda’*

'Division of Clinical Genetics, Department of Medical Genetics and ®Department of Pediatrics, Osaka University
Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan, ®Division of Molecular Genetics,
Institute for Comprehensive Medical Science, Fujita Health ‘University, Toyoake, Aichi 470-1192, Japan,

‘National Institute of Neuroscience, National Center of Neurology and Psychiatry, Kodaira, Tokyo 187-8502, Japan,
®Division of Clinical Research, Nagasaki Medical Center of Neurology, Kawatanamachi, Nagasaki 859-3615, Japan,
®Center for Nano Materials and Technology, Japan Advanced Institute of Science and Technology, Tatsunokuchi,

Ishikawa 923-1292, Japan and "Department of Clinical Genetics, The Tokyo Metropolitan Institute of Medical Science,
Bunkyo-ku, Tokyo 113-8613, Japan ”

Received Oclober 15, 2005; Revised and Accepted February 28, 2006

. Recent studies have revealed an association between post-translational modification of o-dystroglycan
(«-DG) and certain congenital muscular dystrophies known as secondary a-dystroglycanopathies
(a-DGpathies). Fukuyama-type congenital muscular dystrophy (FCMD) is classified as a secondary a-DGpathy
because the responsible gene, fukutin, is a putative glycosyltransferase for o-DG. To investigate the
pathophysiology of secondary o-DGpathies, we profiled gene expression in skeletal muscle from FCMD
patients. cDNA microarray analysis and quantitative real-time polymerase chain reaction showed that
expression of developmentally regulated genes, including myosin heavy chain (MYH) and myogenic
transcription factors (MRF4, myogenin and MyoD), in FCMD muscle fibers is inconsistent with dystrophy
and active muscle regeneration, instead more of implicating maturational arrest. FCMD skeletal muscle
contained mainly immature type 2C fibers positive for immature-type MYH, These characteristics are distinet
from Duchenne muscular dystrophy, suggesting that another mechanism in addition to dystrophy accounts
for the FCMD skeletal muscle lesion. Immunohistochemical analysis revealed morphologically aberrant
neuromuscular junctions (NMJs) lacking MRF4 co-localization, Hypoglycosylated «-DG indicated a lack
ol aggregalion, and acetylcholine receptor (AChR) clustering was compromised in FCMD and the
myodystrophy mouse, another model of secondary «-DGpathy. Electron microscopy showed

severe necrotic degeneration or wasting of skeletal muscle fibers is the main cause of congenital

muscular dystrophies, maturational delay of muscle fibers also underlies the etiology of secondary
«-DGpathies.
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INTRODUCTION

Fukuyama-type congenital muscular dystrophy (FCMD; MIM
253800) is an autosomal recessive muscular dystrophy and the
sccond most common childhood muscular dystrophy in Japan,
following Duchenne muscular dystrophy (DMD) (). Clinical
manifostations of FCMD include severe congenifal muscular
dystrophy from carly infancy, cobblestone lissencephaly and
cye malformation. We previously isolated the responsible
gene for FOMD, termed fidkurin (2.3). Recently, it has been
postulated that  fikiiin  modulates  the glycosylation of
a-dystroglycan («-DG), a major component of the dystrophin-
glycoprotein complex (4,5). FOMD s classified” as one of
the congenital muscular dystrophies, such as laminin-
al-deficient congenital muscular dystrophy (MDCIA) (6).
Recently, FCMD has also been classificd as a secondary
w-DGpathy, as mutations in genes encoding glycosyltrans-
ferases result in hypoglycosylated a-DG (7). a-Dystroglycan
binds to extracellular matrix proteins such as laminin, agrin
and perlecan, which are important in maintaining muscle
cell integrity (8). Hypoylycosylated a-DG provokes the post-
translational disruption of dystroglycan-ligand interactions
in the skeletal muscle of paticnts, leading to the severe pheno-
types of congenital muscular dystrophics (7). Other glycosyl-
transferases  include POMGHT] (protein - O-mannose f-1,
2-N-acetylglucosaminyltransferase 1 POMTIL and POMT2
(protein - O-mannosyltransferases | and 23, fukutin-related
protein (FKRP) and LARGE; mutations i these genes
induce human muscle-eye--brain discase, Walker-Warburg
syndrome and congenital muscular dystrophy type 1C/1D,
and mousc myodystrophy., respectively (9-14),

Primary characteristics of the so-called ‘muscular dystro-
phy” such as DMD include neerotic change and active regen-
cration of muscle fibers. From infancy, DMD patients usually
show dystrophic change in skeletal muscle, accompanicd by
clevation of serum ereatine kinase (CK) levels. However,
DMD patients usually maintain their gait unti} early adoles-
cenee. In contrast, FOCMD patients show severe phenotypic
characteristics from very carly infancy, and few patients can
acquire gait regardless of serum (K Jevels (1. Skeletal
muscle fbers in FOMD are extremely small, irregular in cell
size and architecturally disorganized, and extensive fibrosis
prevails from the early infantile stage. However, only a
small numbei of muscle fibers show severe neerotic change
or active myofibril regeneration, and satellite cells are aigo
fewer than those of DMD (1.15,76). These phenotypic differ-
ences promote the hypothesis that another mechanisim may
alsoaccount  for  the pathophysiology  of secondary
«-DGpathies.

Although expression profiling of skeletal muscle from
patients with DMD. MDCTA and w-sarcoglycanopathy have
been described (17-19). no similar analysis has been reported
for TOMD and other sccondary w-DGpathies. To mvestigate
the molecutar mechanism of  FOMD and other secondary
« DGpathies, we profiled gene expression in FCMLD skeletal
musele using cDNA microarray and subsequent quantitative
real the polymerase chain reaction (PCR). Here we demon-
strate that aberrant nearomuscylar Junctions (NMJs) and
matutaticnal delay of muscle fibers are significant to the
mechanism onderlying sceondary «-DGpathies,

RESULTS

Aberrant muscle regeneration is suggested by gene
expression profiling of FCMD skeletal muscle

Gene expression profiling of FCMD skeletal muscle was per-
formed using a custom ¢cDNA microarray. Clustering analysis
showed similar overall expression profiles of muscle from four
FCMD patients. aged 20 days to | year, 6 months (Fig. 1A).
This similarity is independent of age and histoJogy of the
muscle specimen in our samples,

We analyzed individual genes showing distinet expression
patterns in FCMD skeletal musele compared with normal chil-
dren or DMD patients. Most genes encoding muscle com-
ponents  were down-regulated in FCMD, Among these,
myosin light chain 1,3 and 4 (myll, 3 and 4) were up-regulated
in DMD skeletal muscle, in contrast with FCMD (Fig. 1B).
Expression of the developmentally regulated myosin heavy
chains (MYHs), MYH I, MYH2 and MYHT7 (slow, adult-type),
wus down-regulated in FOMD but not in DMD, whereas
expression of MYHS (fast-type) showed no significant change
in FCMD compared with DMD or normal controls. Slow-type
MYHs (MYHI, MYH?2 and MYH7) are present in marture
muscle fibers and crucial for sarcomere assembly to maintain

muscle integrity, whereas fast-type or developmental MYHs

(MYH3, MYH4 and MYHS) are scen in early immature myo-

blasts or in regenerating fibers. These observations suggest that
expression of mature muscle components is suppressed in
FCMD skeletal muscle at all ages examined.

With regard to muscle fiber differentiation, myogenic factors
including MyoD, myfS and myogenin (myf4) showed insuffi-
cient signal for the analysis. It is noteworthy, however, that
MRE4 (myf6) was down-regulated in FCMD. Expression of
the alpha-type cholinergic  receptor (CHRNA), which is
known to be regulated by MyoD and MRF4 (20.21), was
much higher in FCMD patients than in normal controls.

We next performed real-time quantitative PCR to further
investigate  skeletal musele differentiation, We compared
MRNA expression in FCMD muscle with normal or DMD
skeletal muscle, as DMD is a good example for active regen-
eration, in which expression of muscle component  and-
myogenic  factor mRNA expression is expected 1o be
up-regulated. Although CHARA was up-regulated in DMD,
as predicted. its expression was even higher in FCMD
(Fig. 2A and B). Among these cholinergic receptor subtypes,
gamma-type cholinergic receptor (CTINRG), which is a com-
ponent of fetal isoforms, was up-regulated, whercas epsilon.
type cholinergic receptor (CHNRE), which only composes
adult  isoforms (22), was down-regulated in FOMD
(Fig. 2B). MYH slow-type (MY117) was down-regulated in
FCMD, consistent with  the microarray analvsis, whercas
expression of fast-type MY H (MY was not altered in
FCMD. Interestingly. although Afyolf) and myogenin were
up-regulated in both DMD and FOMD, MRF4 was down-

regulated i FOCMD  muscle but up-regulated in DMD
(Tig. 2A and B). ARFy4 expression is known o he

up-regulated in the late phase of muscle regeneration or differ-
entiation, followed by sequential expression of AMyaD, niyys
and myogenin, mdicating significant roles in terminal differen-
tation (20.21). These resulis suggest that FCMD skeletal
muscle undergoes an unbalanced differentiation process,
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Final maturation step is retarded in FCMD skeletal muscle

To investigate how differentiation is impaired, we examined
histological specimens of FOMD  skeletal muscle, Marked
interstitial tissues with numerous small, round-shaped imma-
fure fibers and some neerotic fibers increased with age were
seen i FOMD skeletal muscle specimens. Interstitial tissue
IS promivent from carly infancy and progresses with age
(Fig. 3AEC), and skeletal muscle from an FCMD fetus also
shows rich interstitial tissues (Fig. 3E). Although necrotic
change in musele fibers is not so marked as in DMD fibers,
DMD muscle shows less marked fibrosis and more mature
fibers. despite more active necrotic and regenerating processes
(Fig. 3D). Overall. FCMD muscle s reminiscent of fetal
muscle: skeletal muscle from a normal fetus appears rich in

fibrons tissues and small, vound-shaped immature myotubes
(Fig. 31).

Muscle fiber type is casily identified by A'lPase staining,
Normally, type 2C fbers are mainly seen in fotal muscle
fibers or in regenerating Abers. However. in Al Pasce-stained
cryospecimens, FOMD muscle showed 2 significantly higher
percentage of undifferentiated type 2C muscle fiber contents
relative to DMD or control samples (P < 0.0035) (Fie. 36
and H. Table 1)

u
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ofite of major muscle
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(A) Each Jine corresponds to the
similar expression profiles. Red denotes up-regulated
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Using immunohistochemical analysis, we examined MYH
subtypes to confirm the differentiation impairment in FCMD
and in myodystrophy mouse (myd), which is another model
of secondary «-DGpathies. In' normal muscle from age-
matched controls, no staining of developmental or neonatal
MYH (Fig. 31 and 1) was seen. In contrast, FCMD and i/
muscle fibers stained positively for developmental and neo-
natal MYHs (Fig. 3M and N). These positive fibers corres.
ponded with those staining positive for fast-type MYHs in a
serial section (Fig. 3M 0, arrows). Similar staining patterns
were observed in skeletal musele from an FCMD fetus, Tt iy
unlikely that all fibers showing developmental MY H
expression are derived from regencrating fibers, as few
active regencrating or necrotic fbers arc scen in the hemato-
xylin and cosin (HE) specimen at any ages (Fig. 3A- Q).
Similar staining patterns were observed in skeletal muscles
from an FCMD fetus and adult nmyd (data not shown). ' ig
unlikely that all  fibers showing developmental MYH
expression are derived  from regencrating fibers, as few
active regenerating or necrotic fibers are seen in the HE gpeci-
men (Fig, 3A-().

These results induce the possibility that maturation might be
slowed or arresied in FOMD and myd skeletal muscles, and
possibly this is common in secondary a-DGpathics 1t also
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implics that secondary -DGpathics have more complex ctiol-
ogy than the so-called ‘muscular dystrophy’, and that may be
partly cxplained by a maturational defeet,

NALJ abnormalities induce maturational delay in
secondary «-DGpathies

Mictomray analysis showed a reduction in MRI4 expression
m FOMD, Ulsing immunochemistry, we further investigated
MRTA expression in FCMD and in nd. Tmmunoreactivity
against MRT1 was reduced dramatically in TCMD muscle
fibcrs g 4A)  In normal skeletal muscles, anti- MRS
antibody yiclded strong signals. which co-localized with the
nucleus and NMIs (Fig. 4A, upper columns). MRF4 in
FOMD  muscles showed  weuk signals which were not
merged with NMI (Tig, 4A. lower columns). Similar results
were obtained i and (data not shown), Regarding the fact
that MRF4 is required at the tlime and place of NMJ develop-
ment duning skeletal muscle differentiation (23). these resuls
prompt the hypothesis that the differentiation

process of
muscle fibers arredts al this point

in secondary «-DGpathics,

ulated in FOMD but not DMD. (13) Quantitative real-time PCR analysis of mRNA expression. B
Y5% conlidence inmerval of duplicate experiments in two patients for each disease and nommal control. White
FOMDY Paipression levels are platted as values normalized 10 gupedh. " P < 0005 (Student's j-test),

R products
eneration, are up-regulated in DM and FOMDY: however A7yt
ach bar represents the mean value and
bar, normal children: black bar, DMD. gray bar,

We next examined the morphology of NMIs in both FCMD
and myd by staining acetylcholine receptor (AchR) in NMJs
with anti-a-bungarotoxin (Fg. 4B). Almost all the NMJs of
FOMD and myd showed sparse. weak staining (Fig. 4B,
lower columns). in contrast with the dense pattern in normal
skeletal musele (Fig. 4B, upper columns). In normal skeletal
muscles, the borders of positive signals were characteristically
fared because of multiple layers of synaptic folds, whereas
borders in FCMD and myd appear smooth and simple, and
Synaptic folds---particularly secondary folds—were seldom
obscrved. “This signal pattern reflects deteriovaied or
deteriorated  cluster of AChR  on NMs
«-DGpathies.

Clectron nucioscopic examination of  these secondary
a-DGpathies revealed aberrant NMJ lesions with abnormal
neural endings. NMJs with fewer synaptic folds and second-
ary clefts were seen in all NMJs of FCMD and myd
(Fig. SA-F). In addition, the muscle fibers showed charactor-
istics of immaturity, consistent with opr hypothesis that (he
myotubes  are maturationally arrested (Fig. 3G and H).
These  fibers are  distine

non-
in - secondary

from  the active regenerating
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Figure 3. 1E and ATPase stains of biopsied FCMD skelelal muscle, used for microarray analysis. 1
immature muscle fibers, which is scen from carly infancy (A, 20 days; B, 7 months; C,

shows less marked fibrosis and less frequent immature fibe

s boyear, 1L FOMDL 1 vear, M

Tabie 1. Muscle contents and type 20 Bbers in biopsied specimen of FOMD,
MDD and narmal ehildren

Discase Age Muscle (%) Type 2C (%) Fibrosis (%)
FOMD (FT) 20 days 2 26 27
FOMD (F2)y 7 months 53 26 41
FOMD (F3)  l-year 4 manths 60) 25 42
FOMD (F4)  1-vear 6 months 52 19 43
DMIY o3 9 years 6l 9 30
Normal? I vea <5 <5

=298

Average, oo 10

myotubes seen in DMD muscle fibers, in that
particles appear quite poor.

We performed functional analysis of the morphologically
aberrant NMJs in - secondary a-DGpathy by measuring
miniature endplate potential (MEPP) and endplate potential
(LPPY of myd mice (Table 2). The amplitudes of MEPP
were markedly lower in nyd mice than in normal littermates
(P =20.003). In contrast, quantal content of EPP was increased
in ayvd (P = 0.0035). The reduction of MEPP amplitude could
be compensated by the increased quantal content, and the
safety margin of neuromuscular transmission is considered

ribosome

fast

8cale bar; 100um

Hach specimen shows marked Abrosis with numerous small
I-year 6 months), and progresses with age. DMD muscle (D, 5 years)

rs despite more active necrotic and regenerating processes. Nate that the patbological findings of
FOMD skeletal muscles are similar 1o those of feta) skeletal muscles (E, FCMD fetus, 19 weeks: F, normal fews, 21 wee
immature type 2C fibers stained darkly lor ATPase under both alkaline (pH 10.4Y(G) and acid
shows positive staining of developmental and neonatal MYH and decreased staining of slow-type MY, which are distiner 1
P in sequential eryoscctions). Scale bars = 100 wm.

ks). Also note many undifferentiated
{pH 4.6) (H] pre-incubations. Immunostaining for MYH subtypes
rom normal muscles (narmal child

to be maintained in myd mice. The number of endplates
recorded in myd mice was much fewer than in normal Htter
mates. However, the amount of -Tubocurarine that can
inhibit the muscle contraction induced by the TPP was distine-
tively low for myd muscle relative to that of normal littermate
(Table 2). These findings implicate, combined with the mor-
phological observation, that most of the endplates in myd are
not adequately innervated, but a small number of NMJs
functionally compensate the low MEPP amplitude to maintuin
the safety margin of neuromuscular transmission.

Hypoglycosylation of a-DG as the efiology of
non-clustering AChR in NMJs

We performed immunostaining (0 examine core @-DG in
muscle fibers. In normal skeletal muscles, «-DG localized to
the NMI and sarcoplasmic membrane (Tig. 0A). Tn contrast,
FOMD and myd showed substantial «-DG on (he sarcoplasimic
membrane, but only weak signals were observed in thin NMls,
indicating a failure of «-DG aggregation (Fig. 6A, normal
NMlg, arrows; FCMD and and, arrowheads). We also exam-
med staining of glycosylated o-DG (ITH6), As expected. we
saw no signal on NMJs or on the sarcoplasmic membrane in
FOMD and myd (data not shown), implying that glycosylation
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Figure 4. homunohistochemisiry of MRF4 in sccondary «w-DGpathy and
aberrant NMs i secondary - DGpathy. (A) Fluorescence image of MRF4
fgreen), a-bungarotoxin staining of AChR on NM.J (red) and DAPI-stained
muclei blue) in normal and FOMD skeletal muscles, v normal muscle,
NAs stin swrongly. meraing with MRF4 staining and DAP] (arrows, upper
columns) Iy FOMD, the siaining pattern of MRF4 in the nucleus of muscle
fihers is markedly decreased and no merging stain with NMJ'is seen (arrow-
head) (B) Compared with normal AChR on NMJs (red) stained by o-BTX
fupper columns). seattered, fold-less siaining pattern is present in both
FOMIY and anvd tlower colunins) Scale bars — § e,

is cructal for w-DG aggregation and also for the subsequent
clustering of AChR in NMJs, «-DG is expressed on both the
muscle peripheral membrance and the peripheral nerve terminal
at NMIs (24) Thus. we examined whether a pre-synaptic or
post-synaptic lesion contributes to aberrant NMJ formation.
Staiming for synaptophysin at the pre-synaptic region or for fas-
ciculin at the synaptic gap showed abnormal patterns similar to
that of a-bungarotoxin (Fig, 6B). These observations indicate
that NMJ abnormalities in secondary a-DGpathies may arise
not only at the post-=synaptic muscle peripheral membranc,
but also by pre-synaptic hypoglycosylated a-DG.

Utrophin and dystrophin are expressed abundantly i pre-

and post-synaptic regions of mature NMJs and suggested to

R

s

Figure 8, Electron microscopic examinations of NMJs and skelew] musele
from secondary «-DGpathies. Aherrant NMJs and myatubes with maturational
arrest are seen in secondary a-DGpathies. Compared with normal (4. human;
B, wr mouse), NMJs in FOMD (C and D) and mvd {8 and Fy show simpler
secondary clefts and wider synaplic clefts with accasional multilayered
basal lamina (1 and F. white arrows). Moreover, maturalionally arrested myo-
lubes are seen in secondary a-DGpatby. Three cells (1 3) share a commaon
basement membrane (G). and al higher magnification. these myotubes
contain poorly organized myofibrils (black arrows) (H). In contrast with
carly regenerating fibers in novmal regenerating myotubes, rihosome panicles
are not abundant in FOMD, indicating matrational arrest of myotubes in
secondary w-DGpathy. Abbreviation: PC. primary clefi: NT nerve werminal:
BM. basal lamina Scale bars 1 0 TR}

play an important role for synaptic maturation and the
mamtenance of NMJs (23). To analyze aberrations of the
distribution  of utrophin = and dystrophin. we  pertormed
immunostaining  for utrophin and dystrophin in NMJs.
Examination under confocal microscopy allowed a precise
view of both proteing on the sarcoplasmic membrane. In
NMIs from a normal sample, utrophin strongly stains excly-
sively at fine primary and secondary synaptic folds, tangled
with dystrophin staining just beneath the musele peripheral
membrane (Fig. 6C. lefl column: Fig. 6D, upper columns).
In contrast, NMls  from secondary  «-DGpathies  show
thinner. fold-less and wenk signals for both utrophin and dys-
trophin (Fig. 6C, right colunm; Fig. 6D. middle and Tower





