





35

8 NCNP
4
380
88
ECHS1
350 60
tubular aggregate myopathy
ORAIL 2 DAG1
LMOD3 MEGF10 ANO5
a -dystroglycanopathy tubular aggregate
myopathy
HAP1
HEK293
ORAI1 SOCE Tubular aggregate
necklace cytoplasmic body
2014
827 2014 15140
7 2 9 1 3




1978

B.
4
(65 )
(42 ) (45
NCNP (36 )
35 1onPGM
8
NCNP
200
800
7368
Haloplex®
MiSeq
DNA
2
1 9 Leigh
2 1 5



83
192

HiSeq1000

400

a-dystroglycanopathy 20

a-dystroglycan
HAP1 POMGNT2-KO
Netherlands Cancer Institute Dr.
Brumme lkamp
POMGNT2
CcDNA
HAP1
a-dystroglycan
11H6 HAP1
a-dystroglycan

myc—POMGNT2 ¢cDNA  Hele
myc

Tubular aggregate myopathy

ORAIL (Gly98Ser, Leul38Phe)
SOCE
ORAIL
HEK293
Ca2+ Ca2+
Ca2+
Ca2+

SR Ca2+

Mn2+ quenching

IBIC; Integrative
Brain Imaging Center Web

IBISS; Integrative Brain Imaging
Support System IBIC

IBISS

2005 1

Hereditary myopathy with early res-
piratory failure: HMERF 14 17

NCNP



1onPGM 380
88

83
192 HiSeq1000
1
ECHS1 2 X
1
HCHS1
2 X
X
tRNA
mtDNA
475
350
60

1.tubular aggregate myopathy

ORAIL 2. a
-dystroglycanopathy
2 DAG1
3. LMOD3
4.
TK2
5.
X
6.
LMNA
7. MEGF10
8. ANO5

GATKv.3.1

GATKv.3.1
NCNP

a-dystroglycanopathy3 POMGNT2
C.494T>C(p.M165T) c.785C>T
(p-P253L) a )
c.785C>T (p-P253L) @ )
HAP1
a-dystroglycan 11H6
POMGNT2-KO
1 1H6
POMGNT2-KO POMGNT2cDNA
11H6
p. M165T p-P253L POMGNT2 cDNA
11H6 Hela
p. M165T p.P253L
POMGNT2 POMGNT2
HEK293 p-M165T
p.P253L POMGNT2 POMGNT2
10%
Tubular aggregate myopathy
Ca2+ ORAIL
Ca2+
ORAI1
Ca2+ Ca2+
Ca2+
ORAIL

SOCE Tubular aggregate



IBISS

47
12
HMERF D.
cytoplasmic body
necklace
cytoplasmic body 82%
99%
2014 827
500
1000
8
2014 15140
7 ECHS1
2 9 1
3 2
8
Cipto
Mangunkusumo
3
Siriraj Bhumibol Adulyadej

1onPGM

1onPGM

Egyptair
150

70



HAP1

[]-dystroglycanopathy

HAP1
[1-dystroglycan
ORAIL
ORAIL STIML
SOCE
Tubular aggregate myopathy
SOCE
Ca2+
Ca2+
Tubular aggregate
myopathy ORAIL

in vitro

HMERF



a -dystroglycanopathy
HAP1
HMERF necklace
cytoplasmic body

G.

Endo Y, Noguchi S, Hara Y, Hayashi YK,
Motomura K, Miyatake S, Murakami N,
Tanaka S, Yamashita S, Kizu R, Bamba M,
Goto YI, Matsumoto N, Nonaka I, Nishino
I: Dominant mutations in ORAI1 cause
tubular aggregate myopathy with hy-
pocalcemia via constitutive activation
of store-operated Ca* channels. Hum Mol
Genet. 2015 Feb 1; 24(3): 637-48.

Dong M, Noguchi S, Endo Y, Hayashi YK,
Yoshida S, Nonaka I, Nishino I: DAGl
mutations associated with asymptomatic
hyperCKemia and hypoglycosylation of
a -dystroglycan. Neurology. 2015 Jan 20;
84(3): 273-9.

Yuen M, Sandaradura SA, Dowling JJ,
Kostyukova AS, Moroz N, Quinlan KG,
Lehtokari VL, Ravenscroft G, Todd EJ,
Ceyhan-Birsoy 0, Gokhin DS, Maluenda J,
Lek M, Nolent F, Pappas CT, Novak SM,
D"Amico A, Malfatti E, Thomas BP, Gabriel
SB, Gupta N, Daly MJ, Ilkovski B,
Houweling PJ, Davidson AE, Swanson LC,
Brownstein CA, Gupta VA, Medne L, Shannon

P, Martin N, Bick DP, Flisberg A,
Holmberg E, Van den Bergh P, Lapunzina P,
Waddell LB, Sloboda DD, Bertini E,
Chitayat D, Telfer WR, Laquerriére A,
Gregorio CC, Ottenhei jm CA, Bénnemann CG,
Pelin K, Beggs AH, Hayashi YK, Romero NB,
Laing NG, Nishino I, Wallgren-Pettersson
C, Melki J, Fowler VM, MacArthur DG,
North KN, Clarke NF: Leiomodin-3 dys-
function results in thin filament
disorganization and nemaline myopathy.
J Clin Invest. 2014 Nov; 124(11):
4693-708.

Miyatake S, Koshimizu E, Hayashi YK, Miya
K, Shiina M, Nakashima M, Tsurusaki Y,
Miyake N, Saitsu H, Ogata K, Nishino I,
Matsumoto N: Deep sequencing detects
very-low-grade somatic mosaicism in the
unaffected mother of siblings with
nemaline myopathy. Neuromuscul Disord.
2014 Jul; 24(7): 642-7.

Kawase K, Nishino I, Sugimoto M, Togawa
T, Sugiura T, Kouwaki M, Kibe T, Koyama
N, Yokochi K: Nemaline myopathy with
KLHL40 mutation presenting as con-
genital totally locked-in state. Brain
Dev. [Epub Feb 2015] ahead of print

Puppo F, Dionnet E, Gaillard MC,
Gaildrat P, Castro C, Vovan C, Karine
B, Bernard R, Attarian S, Goto K,
Nishino 1, Hayashi YK, Magdinier F,
Krahn M, Helmbacher F, Bartoli M, Levy
N: Identification of variants in the
4935 gene FAT1 in patients with a
Facioscapulohumeral dystrophy
(FSHD)-like phenotype. Hum Mutat.
[Epub Jan 2015] ahead of print

Montassir H, Maegaki Y, Murayama K,
Yamazaki T, Kohda M, Ohtake A, lwasa H,



Yatsuka Y, Okazaki Y, Sugiura C, Nagata
I, Toyoshima M, Saito Y, Itoh M, Nishino
1, Ohno K: Myocerebrohepatopathy
spectrum disorder due to POLG mutations:
A clinicopathological report. Brain Dev.
[Epub Nov 2014] ahead of print

Uruha A, Hayashi VYK, Oya Y, Mo-
ri-Yoshimura M, Kanai M, Murata M,
Kawamura M, Ogata K, Matsumura T, Suzuki
S, Takahashi Y, Kondo T, Kawarabayashi T,
Ishii Y, Kokubun N, Yokoi S, Yasuda R,
Kira JI, Mitsuhashi S, Noguchi S, Nonaka
I, Nishino 1: Necklace -cytoplasmic
bodies in hereditary myopathy with early
respiratory failure. J Neurol Neurosurg
Psychiatry. [Epub Sep 2014] ahead of
print

Sanmaneechai 0, Likasitwattanakul S,
Sangruchi T, Nishino 1: Ophthalmoplegia
in congenital neuromuscular disease with
uniform type 1 fiber. Brain Dev. [Epub
Aug 2014] ahead of print

Yonekawa T, Nishino I: Ullrich con-
genital muscular dystrophy: clinico-
pathological features, natural history
and pathomechanism(s). J Neurol Neu-
rosurg Psychiatry. 86(3): 280-287, Mar
2015

Wang CH, Liang WC, Minami N, Nishino
1, Jong YJ: Limb-girdle Muscular
Dystrophy Type 2A with Mutation in
CAPN3: The First Report in Taiwan.
Pediatr Neonatol. 56(1): 62-65, Feb,
2015

Tanboon J, Hayashi YK, Nishino 1,
Sangruchi T: Kyphoscoliosis and easy
fatigability in a 14-year-old boy.
Neuropathology. 35(1): 91-93, Feb 2015

Kawase K, Nishino I, Sugimoto M, Kouwaki
M, Koyama N, Yokochi K: Hypoxic ischemic

encephalopathy in a case of intranuclear
rod myopathy without any prenatal
sentinel event. Brain Dev. 37(2):
265-269, Feb, 2015

Falcone S, Roman W, Hnia K, Gache V,
Didier N, Laine J, Aurade F, Marty 1,
Nishino I, Charlet-Berguerand N, Romero
NB, Marazzi G, Sassoon D, Laporte J,
Gomes ER: N-WASP is required for Am-
phiphysin-2/BIN1-dependent nuclear
positioning and triad organization in
skeletal muscle and is involved in the
pathophysiology of centronuclear myo-
pathy. EMBO Mol Med. 6(11): 1455-1475,
Nov, 2014

Saitsu H, Tohyama J, Walsh T, Kato M,
Kobayashi Y, Lee M, Tsurusaki Y, Miyake
N, Goto YI, Nishino I, Ohtake A, King MC,
Matsumoto N: A girl with West syndrome
and autistic features harboring a de novo
TBLIXR1 mutation. J Hum Genet. 59(10):
581-583, Oct, 2014

Fujii T, Hayashi S, Kawamura N, Higuchi
MA, Tsugawa J, Ohyagi Y, Hayashi YK,
Nishino I, Kira JI: A case of adult-onset
reducing body myopathy presenting a
novel clinical feature, asymmetrical
involvement of the sternocleidomastoid
and trapezius muscles. J Neurol Sci.
343(1-2): 206-210, Aug, 2014

Cho A, Hayashi YK, Monma K, Oya Y, Noguchi
S, Nonaka I, Nishino I: Mutation profile
of the GNE gene in Japanese patients with
distal myopathy with rimmed vacuoles
(GNE myopathy). J Neurol Neurosurg
Psychiatry. 85(8): 912-915, Aug, 2014

Mukai M, Sugaya K, Ozawa T, Goto Y,
Yanagishita A, Matsubara S,

Bokuda K, Miyakoshi A, Nakao 1. Isolated
mitochondrial stroke-like episodes in an
elderly patient with MT-ND3 gene mu-



tation. Neurol Cli Neurosci (in press)

Sakai C, Yamaguchi S, Sasaki M, Miyamoto
Y, Matsushima Y, Goto Y.

ECHS1 mutations cause combined res-
piratory chain deficiency resulting in
Leigh syndrome. Hum Mut 36: 232-239, 2015

Ohnuki Y, Takahashi K, lijima E,
Takahashi W, Suzuki S, Ozaki Y, Kitao R,
Mihara M, Ishihara T, Nakamura M, Sawano
Y, Goto Y, lzumi S, Kulski J-K, Shiina T,
Takizawa S. Multiple deletions in mi-
tochondrial DNA in a

patient with progressive external
ophthaloplegia, leukoencephalopathy and
hypogonadism. Inter Med 53: 1365-1369,
2014

Miyatake S, Koshimizu E, Hayashi YK, Miya
K, Shiina M, Nakashima M, Tsurusaki Y,
Miyake N, Saitsu H, Ogata K, Nishino I,
Matsumoto N: Deep sequencing detects
very-low-grade somatic mosaicism in the
unaffected mother of siblings with
nemaline myopathy. Neuromuscul Disord.
24(7): 642-647, Jul, 2014

Endo Y, Noguchi S, Hara Y, Hayashi YK,
Motomura K, Murakami N, Tanaka S,
Yamashita S, Kizu R, Bamba M, Goto VY,
Miyatake S, Matsumoto N, Nonaka 1,
Nishino 1: Dominant mutations in ORAIl
cause tubular aggregate myopathy with
hypocalcemia via constitutive activa-
tion of store-operated Ca? channels.
19th International Congress of the World

Muscle  Society, Berlin,  Germany
(Langenbeck-Virchow-Haus), 10.8, 2014
(10.7-10.11)

Wen-Chen Liang, Wenhua Zhu, Satomi
Mitsuhashi, Ichizo Nishino, Yuh-Jyh Jong,
An 8-year-old girl with congenital
cataracts and motor development delay,

14* AOMC ANNUAL SCIENTIFIC MEETING 2015,
, 3.4.2015

Wenhua Zhu, Jantima Tanboo, Takashi Ito
Satomi Mitsuhashi, Ichizo Nishino, A
35-year-old man with distal muscle
weakness, contractures, and persistent
hyperCKemia, 14™ AOMC ANNUAL SCIENTIFIC
MEETING 2015, , 3.4.2015

Wen-Chen Liang, Wenhua Zhu, Satomi
Mitsuhashi, Satoru Noguchi, lIchizo
Nishino, A case report of TRAPPC11
disease: a wider clinical spectrum with
multiple systemic involvement. The 4%
Oriental Congress of Neurology, ,
3.28.2015

Sakai C, Matsushima Y, Sasaki M, Miyamoto
Y, Goto Y: Targeted exome sequencing
identified a novel genetic disorder in
mitochondrial fatty acid B -oxidation.
Euromit 2014, Tampere, Finland, 6.16,
2014

Matsushima Y, Hatakeyama H, Takeshita E,
Kitamura T, Kobayashi K, Yoshinaga H,
Goto Y. Leigh-like syndrome associated
with calcification of the bilateral
basal ganglia caused by compound het-
erozygous mutations in mitochondrial
poly(A) polymerase. Euromit 2014,
Tampere, Finland, 6.16, 2014

Goto Y: Mitochondrial Disease Asian &
Oceanian Epilepsy Congress 2014.
Singapore, 8.7, 2014

H



10



1onPGM

25%

800

Haloplex®

7368

1onPGM

100

(42

11

(65

(36

(45

lonPGM



97

200
800
7368
Haloplex®

MiSeq
30
MEtDNA
1000

DNA
35S 13
PAGE
MiSeq (illumina

NCNP

C.
1onPGM 380
88

o -dystroglycanopathy
POMTZ, POMGNTZ2, 1SPD
2 TRAPPC11

12

MATR3

HMERF

83

HiSeq1000

ECHS1

70

ECHS1

2 X

HCHS1

TtRNA

MEDNA

1onPGM

192

TTN



1onPGM

DNA
800

Uruha A, Hayashi YK, Oya Y, Mo-
ri-Yoshimura M, Kanai M, Murata M,
Kawamura M, Ogata K, Matsumura T, Suzuki
S, Takahashi Y, Kondo T, Kawarabayashi T,
Ishii Y, Kokubun N, Yokoi S, Yasuda R,
Kira JI, Mitsuhashi S, Noguchi S, Nonaka
I, Nishino I: Necklace cytoplasmic
bodies in hereditary myopathy with early
respiratory failure. J Neurol Neurosurg
Psychiatry. [Epub ahead of print]

Kida H, Sano K, Yorita A, Miura S, Ayabe
M, Hayashi Y, Nishino I, Taniwaki T.
First Japanese case of muscular dys-
trophy caused by a mutation in the
anoctamin 5 gene.

Neurol and Clin Neurosci. [Epub ahead of
print]

Mukai M, Sugaya K, Ozawa T, Goto Y,
Yanagishita A, Matsubara S,

13

Bokuda K, Miyakoshi A, Nakao 1. Isolated
mitochondrial stroke-like episodes in an
elderly patient with MT-ND3 gene mu-
tation. Neurol Clin Neurosci. [Epub
ahead of print]

Sakai C, Yamaguchi S, Sasaki M, Miyamoto
Y, Matsushima Y, Goto Y.

ECHS1 mutations cause combined res-
piratory chain deficiency resulting in
Leigh syndrome. Hum Mut 36: 232-239, 2015

Ohnuki Y, Takahashi K, lijima E,
Takahashi W, Suzuki S, Ozaki Y, Kitao R,
Mihara M, Ishihara T, Nakamura M, Sawano
Y, Goto Y, lzumi S, Kulski J-K, ShiinaT,
Takizawa S. Multiple deletions in mi-
tochondrial DNA in a patient with
progressive external ophthaloplegia,
leukoencephalopathy and

hypogonadism. Inter Med 53: 1365-1369,
2014

, 3.7.2015

Wen-Chen Liang, Wenhua Zhu, Satomi

Mitsuhashi, Ichizo Nishino, Yuh-Jyh Jong,

An 8-year-old girl with congenital

cataracts and motor development delay,

14 AOMC ANNUAL SCIENTIFIC MEETING 2015,
, 3.4.2015

Wenhua Zhu, Jantima Tanboo, Takashi Ito
Satomi Mitsuhashi, Ichizo Nishino, A
35-year-old man with distal muscle
weakness, contractures, and persistent
hyperCKemia, 14% AOMC ANNUAL SCIENTIFIC
MEETING 2015, , 3.4.2015

Wen-Chen Liang, Wenhua Zhu, Satomi
Mitsuhashi, Satoru Noguchi, Ichizo
Nishino, A case report of TRAPPC11
disease: a wider clinical spectrum with



multiple systemic involvement. The 4%
Oriental Congress of Neurology, ,
3.28.2015

Sakai C, Matsushima Y, Sasaki M, Miyamoto
Y, Goto Y: Targeted exome sequencing
identified a novel genetic disorder in
mitochondrial fatty acid (3 -oxidation.
Euromit 2014, Tampere, Finland, 6.16,
2014

Matsushima Y, Hatakeyama H, Takeshita E,
Kitamura T, Kobayashi K, Yoshinaga H,
Goto Y. Leigh-like syndrome associated
with calcification of the bilateral
basal ganglia caused by compound het-
erozygous mutations in mitochondrial
poly(A) polymerase. Euromit 2014,
Tampere, Finland, 6.16, 2014

Goto Y: Mitochondrial Disease Asian &
Oceanian Epilepsy Congress 2014.
Singapore, 8.7, 2014

H

14



E SR - AR RIS v & — e SERT

Tubular aggregate myopathy ORI1
2 DAG1
LMOD3
GATKv.3.1
HiSeq1000
100
400
NCNP
83
192

15




475
350
60
1._tubular aggregate myopathy
ORAI1 2. d
-dystroglycanopathy
2 DAG1
3. LMOD3
4,
TK2
5.
X
6.
LMNA
7. MEGF10
8. ANO5
Tubular aggregate myopathy
HEK293 Fura-2
ORAI1
ORAI1 ORAIL
constitute active
26
GATKv.3.1
NCNP

16

1onPGM

Endo Y, Noguchi S, Hara Y, Hayashi YK,
Motomura K, Miyatake S, Murakami N,
Tanaka S, Yamashita S, Kizu R, Bamba M,
Goto YI, Matsumoto N, Nonaka I, Nishino
I: Dominant mutations in ORAI1 cause
tubular aggregate myopathy with hy-
pocalcemia via constitutive activation
of store-operated Ca* channels. Hum Mol
Genet. 2015 Feb 1; 24(3): 637-48.

Dong M, Noguchi S, Endo Y, Hayashi YK,
Yoshida S, Nonaka I, Nishino I: DAG1
mutations associated with asymptomatic
hyperCKemia and hypoglycosylation of
a -dystroglycan. Neurology. 2015 Jan 20;
84(3): 273-9.

Yuen M, Sandaradura SA, Dowling JJ,



Kostyukova AS, Moroz N, Quinlan KG,
Lehtokari VL, Ravenscroft G, Todd EJ,
Ceyhan-Birsoy 0, Gokhin DS, Maluenda J,
Lek M, Nolent F, Pappas CT, Novak SM,
D"Amico A, Malfatti E, Thomas BP, Gabriel
SB, Gupta N, Daly MJ, Ilkovski B,
Houweling PJ, Davidson AE, Swanson LC,
Brownstein CA, Gupta VA, Medne L, Shannon
P, Martin N, Bick DP, Flisberg A,
Holmberg E, Van den Bergh P, Lapunzina P,
Waddell LB, Sloboda DD, Bertini E,
Chitayat D, Telfer WR, Laquerriére A,
Gregorio CC, Ottenheijm CA, Bénnemann CG,
Pelin K, Beggs AH, Hayashi YK, Romero NB,
Laing NG, Nishino I, Wallgren-Pettersson
C, Melki J, Fowler VM, MacArthur DG,
North KN, Clarke NF: Leiomodin-3 dys-
function results in thin filament
disorganization and nemaline myopathy.
J Clin Invest. 2014 Nov; 124(11):
4693-708.

Miyatake S, Koshimizu E, Hayashi YK, Miya
K, Shiina M, Nakashima M, Tsurusaki Y,
Miyake N, Saitsu H, Ogata K, Nishino 1,
Matsumoto N: Deep sequencing detects
very-low-grade somatic mosaicism in the
unaffected mother of siblings with
nemaline myopathy. Neuromuscul Disord.
2014 Jul; 24(7): 642-7.

Endo Y, Noguchi S, Hara Y, Hayashi YK,
Motomura K, Murakami N, Tanaka S,
Yamashita S, Kizu R, Bamba M, Goto YV,
Miyatake S, Matsumoto N, Nonaka 1,
Nishino I: Dominant mutations in ORAI1l
cause tubular aggregate myopathy with
hypocalcemia via constitutive activa-
tion of store-operated Ca* channels.
19th International Congress of the World
Muscle Society, Berlin, Germany
(Langenbeck-Virchow-Haus), 10.8, 2014
(10.7-10.11)

17

H



ESLFER - FRREE AT TE & o & — AR SEET

[]-dystroglycanopathy

tubular aggregate myopathy

[]-dystroglycanopathy POMGNTZ
POMGNTZ HAP1
POMGNT2 cDNA
POMGNT2
Tubular aggregate myopathy ORAI1
(Gly98Ser, Leul38Phe)
ORAIL
HEK293 Ca2+
Caz+ Ca2+
ORAIL Caz2+
ORAIL
ORAIL SOCE Tubular ag-
gregate
A. B.
o-dystroglycanopathy 20
Hiseq1000
a-dystroglycan
a-dystroglycanopathy tubular ag- HAP1
gregate myopathy POMGNT2-KO Netherlands

Cancer Institute Dr. Brummelkamp

18

POMGNT2 cDNA




cDNA PCR
PCR
site-directed mutagenesis
cDNA
Site-directed
mutagenesis
cDNA pLV SIN-IRES-ZsGreen

HAP1 a-dystroglycan

IHH6

4 ““

ZsGreen
ITH6

myc—-POMGNT2 cDNA Hele
(ZEA - FEBLSHE, myc

myc-POMGNTZ2 cDNA
HEK 293 |2 8N - FEBL S W 7c, s
1% TritonX-100
Mannose -a -4-MU
UDP-GIcNACc
GIcNAc-Man -a -4-MU  HPLC
Amide-80
GIcNAc-Man -a -4-MU
B -

Tubular aggregate myopathy 18
6 ORAI1

SR

Ca2+ SR
Caz2+
store-operated
Caz+ entry; SOCE
Caz2+
Caz+
Caz+ ORAI1
ORAI1

(Gly9sSer, Leul38Phe) SOCE

ORAI1
HEK293
Ca2+ Ca2+
Caz2+
Caz+
SR
Caz+
Mn2+ quenching
DNA
DNA
(
: 26-01)
C.
a-dystroglycanopathy3 POMGNT2
C.494T>C(p.M165T) c.785C>T
(p.P253L) 1)
c.785C>T (p.P253L) 2 )



HAPL
a-dystroglycan
[IH6
POMGNT2-KO [IH6
POMGNT2-KO
POMGNT2cDNA
IIH6
p. M165T
cDNA
Hela
p.P253L
POMGNT?2

p.P253L POMGNT?2
lIH6
p. M165T

POMGNT2

HEK 293
p.P253L
POMGNT2

p.M165T
POMGNT2
10%

ORAIL HEK 293
Caz+
Caz+
2mM
20mM Caz+

Caz+

Caz+
ORAIl
Caz2+ ORAI1
Caz+
Caz+

Caz+

ORAI1

SOCE Tubular aggregate

D.

o-dystroglycanopathy
18

o-dystroglycanopathy

Jae
HAP1

POMGNT2
cDNA

POMGNT2

POMGNT2
o-dystroglycanopathy
WWS

a-dystroglycan

DAG1

20

a-dystroglycanopathy



a-dystroglycanopathy HAPL
a-dystroglycanopathy
HAPL
a-dystroglycan
ORAI1
ORAI1
STIM1
SOCE Tubular ag-
gregate myopathy
SOCE
Caz2+
Caz+
Tubular
aggregate myopathy ORAI1
in vitro
E.
a-dystroglycanopathy tubular ag-
gregate myopathy
F.
G.

Dong M, Noguchi S, Endo Y, Hayashi YK,
Yoshida S, Nonaka I, Nishino 1. DAGI

21

mutations associated with asymptomatic
hyperCKemia and hypoglycosylation of
[I-dystroglycan. Neurology, 84, 273-279.
2015.

Uruha A, Hayashi YK, Oya Y, Mo-
ri-Yoshimura M, Kanai M, Murata M,
Kawamura M, Ogata K, Matsumura T, Suzuki
S, Takahashi Y, Kondo T, Kawarabayashi T,
Ishii Y, Kokubun N, Yokoi S, Yasuda R,
Kira JI, Mitsuhashi S, Noguchi S, Nonaka
I, Nishino I. Necklace cytoplasmic
bodies in hereditary myopathy with early
respiratory failure. J Neurol Neurosurg
Psychiatry jnnp-2014-309009. 2014

Endo Y, Noguchi S, Hara Y, Hayashi YK,
Motomura K, Miyatake S, Murakami N,
Tanaka S, Yamashita S, Kizu R, Bamba M,
Goto Y, Matsumoto N, Nonaka I, Nishino .
Dominant mutations in ORAII cause
tubular aggregate myopathy with hy-
pocalcemia via constitutive activation
of store-operated Ca* channels. Hum Mol
Genet 24, 637-648, 2014.

Endo Y, Noguchi S, Hara Y, Hayashi YK,
Motomura K, Murakami N, Tanaka S,
Yamashita S, Kizu R, Bamba M, Goto Y,
Miyatake S, Matsumoto N, Nonaka I,
Nishino I: Dominant mutations in ORAIl
cause tubular aggregate myopathy with
hypocalcemia via constitutive activa-
tion of store-operated Ca* channels.
19th International Congress of the World

Muscle Society, Berlin, Germany
(Langenbeck-Virchow-Haus), 10.8, 2014
(10.7-10.11)

H



22



47

Hereditary myopathy with early respiratory failure: HMERF 14 17

12

necklace cytoplasmic body

IBIC; Integrative Brain
Imaging Center Web
IBISS; Integrative
Brain Imaging Support System

23



IBIC 1.
()
[2]

IBISS C.
2005 1 IBISS

47
12
Hereditary
myopathy with early respiratory failure:
HMERF 14 17

HMERF
cytoplasmic body

necklace cytoplasmic
body 82% 99%

19 8 16 3

24



HMERF

HMERF
body

necklace cytoplasmic

G.

1.

Uruha A, Hayashi YK, Oya Y, Mori-Yoshimura M,
Kanai M, Murata M, Kawamura M, Ogata K,
Matsumura T, Suzuki S, Takahashi Y, Kondo T,
Kawarabayashi T, Ishii Y, Kokubun N, Yokoi S,
Yasuda R, Kira JI, Mitsuhashi S, Noguchi S,
Nonaka I, Nishino I. Necklace cytoplasmic
bodies in hereditary myopathy with early
respiratory failure. J Neurol Neurosurg
Psychiatry. [Epub ahead of print]

Kubota K, Saito Y, Ohba C, Saitsu H, Fukuyama
T, Ishiyama A, Saito T, Komaki H, Nakagawa E,
Sugai K, Sasaki M, Matsumoto N. Brain magnetic
resonance 1imaging Ffindings and auditory
brainstem response in a child with spastic
paraplegia 2 due to a PLP1 splice site
mutation. Brain Dev. 37(1):158-162, 2015

Okubo M, Fujita A, Saito Y, Komaki H, Ishiyama

25

A, Takeshita E, Kojima E, Koichihara R, Saito
T, Nakagawa E, Sugai K, Yamazaki H, Kusaka K,
Tanaka H, Miyake N, Matsumoto N, Sasaki M. A
family of distal arthrogryposis type 5 due to
a novel PIEZO2 mutation. Am J Med Genet A.
[Epub ahead of print]

44
11/19-11/21.2014

11 55

6/5-6/7.2014

Mana Higashihara, Masahiro Sonoo, Akihiko
Ishiyama, Yu Nagashima, Haruo Uesugi, Madoka
Yoshimura Mori, Miho Murata, Shigeo Murayama,
Hirofumi Komaki: Quantitative analysis of
surface EMG for pediatric neuromuscular
disorders. American association of
neuromuscular & electrodiagnostic medicine

61st Annual Meeting, Savannah, October
29-November 1, 2014

Mariko Okubo, Akihiko Ishiyama, Hirofumi
Komaki, Eri Takeshita, Takashi Saito,

Yoshiaki Saito, Eiji Nakagawa, Kenji. Sugai,
Yukiko K. Hayashi, Ichizo Nishino, Masayuki
Sasaki: Selectivity patterns on lower limb
skeletal muscle imaging in patients with
nemaline myopathy. 19th international
congress of the world muscle society, Berlin,
Germany, October7- October 11, 2014

Shinpei Baba a, Satoko Takanoha, Aihiko
Ishiyama, Hirofumi Komaki, Eri Takeshita,
Hirofumi Imaizumi, Yuji Abe, Mariko Kobayashi,
Yusuke Kumazawa, Masayuki Sasaki:



Association between resting energy
expenditure and body weight change in
patients with Duchenne muscular dystrophy.
19th international congress of the world
muscle society, Berlin, Germany, October7-
October 11, 2014

26

=



1978

NCNP

1978

NCNP

35

35

NCNP

NCNP

27




XXXX-116 20-9-7
3
C.
2014 827 . . .
Siriraj Bhumibol Adulyadej

500
1000

Egyptair
150 2

2014 15140

V4
wrs Muscle pathology diagnosis
As of December 31, 2014
————— 2014 D.
—_ - ———— Frozen 8
- f 827
mr” — 777”777777;77 e -
“’“i'”’"”"*»——w,,,,, B ”:7””' o] 1B
-l—“lllII HHL -Myoblast
el f ‘Ir/ 90
Sl i }T'.;';{n?';' = L?]Zi;’;;;:—& l 7
l\
YN
s Sample number in muscle repository

As of December 31, 2014

 __ Frozen

TT 15140

I Myoblast
1575

Cipto

Mangunkusumo
28



29



Treatment of GNE myopathy

(14th AOMC ANNUAL

Nishino | 3.3, 2015
SCIENTIFIC MEETING 2015)
Egypt(1st Egyptian International
Metabolic Myopathies Nishino | Neuromuscular Conference 1.22, 2015
(ENMC))
Soul(Brain Conference 2014
GNE MYOPATHY - WILL IT
Nishino | Joint Conference of the 11.6, 2014
BE TREATABLE?
KSBNS )
Introduction to clinical )
o Berlin, Germany(GNE myopathy
features of GNE myopathy Nishino | _ 10.12, 2014
Consortium Workshop)
Sialyllactose trial on GNE . Berlin, Germany(GNE myopathy
Noguchi S _ 10.12, 2014
myopathy mouse model Consortium Workshop)
Therapeutic interventions in . )
_ Niece,France(13th Interntional
GNE-myopathy and possible o
) o Nishino | Congress on Neuromuscular 7.7,2014
targets in myofibrillar ]
) Diseases)
myopathies
Nice France(13th Interntional
Therapy of DMRV/hIBM (GNE) o
) Nishino | Congress on Neuromuscular 77,2014
myopathies )
Diseases)
Dominant mutations in ORAI1
cause tubular aggregate _
. o Berlin, Germany(19th
myopathy with hypocalcemia via _
Endo Y International Congress of the 10.8, 2014

constitutive activation of

store-operated Ca2+ channels

World Muscle Society)




An  8-year-old girl  with

(14th AOMC ANNUAL

congenital cataracts and motor | Wen-Chen Liang 3.4.2015
SCIENTIFIC MEETING 2015)
development delay
A 35-year-old man with distal
muscle weakness, contractures, (14th AOMC ANNUAL
_ _ Wenhua Zhu 3.4.2015
and persistent hyperCKemia SCIENTIFIC MEETING 2015)
A case report of TRAPPC11
disease: a wider clinical ) (The 4th Oriental Congress
. . ] Wen-Chen Liang 3.28.2015
spectrum with multiple systemic of Neurology)
involvement
3 3.7.2015
) Sakai C,
Targeted exome sequencing .
) » | Matsushima Y, ) )
identified a novel genetic Tampere, Finlamd Euromit
Sasaki M, 6.16, 2014
disorder in mitochondrial fatty | 2014
) o Miyamoto Y, Goto
acid [3-oxidation.(poster) y
S _ Matsushima Y,
Leigh-like syndrome associated
Hatakeyama H,
with calcification of the bilateral .
_ Takeshita E, ) )
basal ganglia caused by ) Tampere, Finlamd Euromit
Kitamura T, 6.16, 2014
compound heterozygous . 2014
Kobayashi K,
mutations in mitochondrial ]
Yoshinaga H, Goto
poly(A) polymerase (poster) y
Singapore
Mitochondrial Disease . ) .
Goto Y Asian & Oceanian Epilepsy 8.7, 2014
Congress 2014.
ECHS1 ’
Leigh ’ 14 12.5 2014




MELAS
AQP4

14

12.5 2014

44

11/19-11/21.2014

Quantitative analysis of surface

EMG for pediatric

neuromuscular disorders

(poster)

Mana Higashihara,
Masahiro Sonoo,
Akihiko Ishiyama,
Yu Nagashima,
Haruo Uesugi,
Madoka Yoshimura
Mori, Miho Murata,
Shigeo Murayama,

Hirofumi Komaki

Savannah, USA(American
association of neuromuscular &
electrodiagnostic medicine 61st

Annual Meeting)

October
29-November 1,
2014

Selectivity patterns on lower
limb skeletal muscle imaging in
nemaline

patients with

myopathy (poster)

Mariko Okubo,
Akihiko Ishiyama,
Hirofumi Komaki,
Eri Takeshita,
Takashi Saito,
Yoshiaki Saito, Eiji
Nakagawa, Kenji.
Sugai, Yukiko K.
Hayashi, Ichizo
Nishino, Masayuki

Sasaki

Berlin, Germany(19th
international congress of the

world muscle society)

October7-
October 11, 2014




Association between resting
energy expenditure and body
weight change in patients with
Duchenne muscular dystrophy

(poster)

Shinpei Baba a,
Satoko Takanoha,
Aihiko Ishiyama,
Hirofumi Komaki,
Eri Takeshita,
Hirofumi Imaizumi,
Yuji Abe, Mariko
Kobayashi, Yusuke

Kumazawa,

Masayuki Sasaki

Berlin, Germany(19th
international congress of the

world muscle society)

October7-
October 11, 2014




Necklace cytoplasmic bodies in
hereditary myopathy with early

respiratory failure

Uruha A, Hayashi
YK, Oya Y,
Mori-Yoshimura M,
Kanai M, Murata M,

Kawamura M,
Ogata K,
Matsumura T,
Suzuki S,
Takahashi Y,
Kondo T,

Kawarabayashi T,
Ishii Y, Kokubun N,
Yokoi S, Yasuda R,
Kira JI, Mitsuhashi
S,  Noguchi S,

Nonaka I, Nishino |

J Neurol Neurosurg Psychiatry

Epub Sep 2014

Ullrich  congenital muscular
dystrophy:  clinicopathological | Yonekawa T, )
) o J Neurol Neurosurg Psychiatry | Mar, 2015
features, natural history and | Nishino |
pathomechanism(s)
o Tanboon J,
Kyphoscoliosis and easy .
S Hayashi YK, | Neuropathology Feb, 2015
fatigability in a 14-year-old boy |
Nishino |
Endo Y, Noguchi S,
Hara Y, Hayashi
YK, Motomura K,
Dominant mutations in ORAIL |
Miyatake S,
cause tubular aggregate ]
_ | Murakami N,
myopathy with hypocalcemia via Hum Mol Genet Feb, 2015
Tanaka S,

constitutive activation of

store-operated Ca2+ channels

Yamashita S, Kizu
R, Bamba M, Goto
Yl, Matsumoto N,

Nonaka |, Nishino |




DAG1 mutations associated

with asymptomatic
hyperCKemia and
hypoglycosylation of (o

-dystroglycan

Dong M, Noguchi S,
Endo Y, Hayashi
YK, Yoshida S,

Nonaka [, Nishino |

Neurology

Jan, 2015

Mutation profile of the GNE
gene in Japanese patients with
distal myopathy with rimmed
vacuoles (GNE myopathy)

Cho A, Hayashi YK,
Monma K, Oya Y,
Noguchi S, Nonaka

I, Nishino |

J Neurol Neurosurg Psychiatry

Aug, 2014

Deep  sequencing  detects

very-low-grade somatic
mosaicism in the unaffected
mother of siblings with nemaline

myopathy

Miyatake S,
Koshimizu E,
Hayashi YK, Miya
K, Shiina M,
Nakashima M,
Tsurusaki Y,
Miyake N, Saitsu H,
Ogata K, Nishino |,

Matsumoto N

Neuromuscul Disord

Jul, 2014

excel




9 Additional materialis
published online only. To view
please visit the journal online
(http:/dx.doi.org/10.1136/
jnnp-2014-309009).

For numbered affliations see
end of article.

Correspondence to

Dr Ichizo Nishino, Department
of Neuromuscular Research,
National Institute of
Neuroscience, NCNP, 4-1-

1 Ogawa-Higashi, Kodaira,
Tokyo 187-8502, Japan;
nishino@ncnp.go.jp

Received 15 July 2014
Revised 2 September 2014
Accepted 7 September 2014

To cite: Uruha A,

Hayashi YK, Oya Y, et al. J
Neurol Neurosurg Psychiatry
Published Online First:
[please include Day Month
Year] doi:10.1136/jnnp-
2014-309009

RESEARCH PAPER

Downloaded from jnnp.bmj.com on September 25, 2014 - Published by group.bmj.com

Neuromuscular

Necklace cytoplasmic bodies in hereditary myopathy
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ABSTRACT

Background In hereditary myopathy with early
respiratory failure (HMERF), cytoplasmic bodies (CBs) are
often localised in subsarcolemmal regions, with
necklace-like alignment (necklace CBs), in muscle fbres
although their sensitivity and specifcity are unknown.
Objective To elucidate the diagnostic value of the
necklace CBs in the pathological diagnosis of HMERF
among myofbrillar myopathies (MFMs).

Methods We sequenced the exon 343 of TTN gene
(based on ENST00000589042), which encodes the
fbronectin-3 (FN3) 119 domain of the A-band and is a
mutational hot spot for HMERF, in genomic DNA from
187 patients from 175 unrelated families who were
pathologically diagnosed as MFM. We assessed the
sensitivity and specifcity of the necklace CBs for HMERF
by re-evaluating the muscle pathology of our patients
with MFM.

Results TTN mutations were identifed in 17 patients
from 14 families, whose phenotypes were consistent
with HMERF. Among them, 14 patients had necklace
CBs. In contrast, none of other patients with MFM had
necklace CBs except for one patient with reducing body
myopathy. The sensitivity and specifcity were 82% and
99%, respectively. Positive predictive value was 93% in
the MFM cohort.

Conclusions The necklace CB is a useful diagnostic
marker for HMERF. When muscle pathology shows
necklace CBs, sequencing the FN3 119 domain of
A-band in TTN should be considered.

INTRODUCTION

Hereditary myopathy with early respiratory failure
(HMERF; OMIM 603689) is an adult-onset pro-
gressive myopathy characterised by early presenta-
tion of respiratory insufficiency usually during
ambulant stage.'™® Pathologically, HMERF shares
features of myofibrillar myopathy (MFM) besides
the key finding of cytoplasmic bodies (CBs).2 ® Its
causative gene TTN, which encodes a gigantic
protein, titin,2 3 is known to be causative also for
tibial muscular dystrophy, limb girdle muscular dys-
trophy type 2J, early-onset myopathy with fatal car-
diomyopathy and dilated or hypertrophic
cardiomyopathy.*~'" Interestingly, all patients with
HMEREF so far identified carry a mutation in exon

343 (based on ENST00000589042) encoding the
fibronectin-3 (FN3) 119 domain in the A-band
region of titin.2 3 =17

CBs are abnormal protein aggregates visualised
usually as red-colored objects on modified Gomori
trichrome stain and can be observed in a wide range
of myopathic conditions. Nevertheless, they are often
conspicuous in MFM and considered as one of the
representative pathological findings in MFM.'™ In
muscle specimens of HMERF, CBs are often located
in the subsarcolemmal region,'?> " ™ 19 with a
necklace-like alignment, which here we call ‘necklace
CBs'. However, the utility of necklace CBs in the
pathological diagnosis of HMERF is unknown. We
therefore tested the sensitivity and specificity of neck-
lace CBs in the diagnosis of HMERF.

METHODS

Patients

National Center of Neurology and Psychiatry
(NCNP) functions as a referral centre for muscle
pathology and muscle biopsy samples are sent from
all over Japan. From 1991 to 2013, 187 patients
from unrelated 175 Japanese families have been
pathologically diagnosed as MFM at NCNP In this
cohort, mutations were found in known MFM-
related genes: DES: 8 families (4.6%), VCP: 8
families (4.6%), FLNC: 6 families (3.4%), DNAJBG:
6 families (3.4%), ZASP: 5 families (2.9%), FHL1: 5
families (2.9%), MYOT: 4 families (2.3%) and BAG3:
1 family (0.6%). No mutation was identified in
CRYAB. Clinical information at the time of muscle
biopsy was available in all patients.

Genetic analysis

Genomic DNA was isolated from peripheral lympho-
cytes or frozen muscle as previously described.?
Exon 343 of TTN was directly sequenced using ABI
PRISM 3130 automated sequencer (PE Applied
Biosystems). Sequence variants were assessed using
publically available databases including 1000
Genomes Project database (http:www.
1000genomes.org/), NHLBI Exome Sequencing
Project 5400 database (http:/evs.gs.washington.edu/
EVS/), dbSNP135  (http:/www.ncbi.nlm.nih.gov/
SNP/) and Human Genetic Variation Browser (http:/
www.genome.med.kyoto-u.ac.jp/SnpDBY/); and
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Table 1 Clinical features of the patients with TTN variants
Age Age at gait Foot Respiratory Avrtificial

Patient (years)/ Mutation Initial manifestations  disturbance/ drop disturbance ventilation Cardiac involve- Dysphagia Other

Number  sex Relationship  (protein level) Family history (years) (years) ambulant (years) (years) (years) ment (years) features

A1 49/M Father p.C31712R Tripping (46) 46/yes Yes (NA)  Yes (48) Yes (49) RHF No No

A-2 26/M Son Tripping (20) 22lyes Yes (22)  Yes* No No No No

B-1 45/M Older brother  p.C31712R Father: Foot drop; Foot drop (31) 31lyes Yes (31)  Yes (44) Yes (45) No No No

B-2 37IM Younger sudden death (42) Foot drop (27) 27lyes Yes (27)  Yes (34) Yes (37) No No No

brother Oldest brother: gait
disturbance (32); sudden
death (40)

C 34/F p.C31712R Fatiguability (26) 29lyes Yes (31)  Yes (26) Yes (31) - No Difficulty in
opening
mouth

D 38/M p.C31712R Difficulty in lifting 20/no (32) Yes (20s) Yes (29) Yes (29) STC Yes (28)

thigh (20) Artificial
nutrition (35)
E 40/M p.C31712R Mother: sudden death Fatiguability; 31lyes Yes (NA)  Yes (31) Yes (37) RHF, PH -
(38) respiratory failure (31)
Older sister: proximal
muscle weakness;
respiratory failure (35)

P 52/M p.C31712R Foot drop (47) 47lyes Yes (47)  Yes (50) Yes (52) - Yes (47)

G-1 58/M Father p.C31712R Grandfather of G-2: died ~ Tripping (57) 57lyes Yes (58)  Yes* - - -

G-2 29/M Son ?g)espifamfy failure Tripping (20) 20/yes Yes (20s) Yes (29) Yes (29) RHF =

H 68/F p.C31712R Son: distal myopathy; Difficulty in standing 56/yes No Yes (68) Yes (68) RHF, Af - Head drop;

sudden death on right toe (56) forward bent
posture

| 43IM p.C31712R Fatiguability; weight 42lyes No Yes (39) Yes (42) - Yes (42) Myalgia

loss (39) muscle cramp

J 42/F p.C31712Y Difficulty lifting thighs ~ 38/Yes No Yes* - - -

(36)
K 38/M p.G31791D Gait disturbance (28)  28/Yes Yes (30)  Yes* Yes (38) - Yes (36) Head drop
L 44/F p.G31791R Fatiguability; loss of 41lyes No Yes (40) Yes (44) STC -
appetite (40)
M 40/M p.G31791V Mother and younger Gait disturbance (24) 24]yes Yes (27)  Yes* - 2° AVB (type 1) -
sister: lower leg muscle
weakness
N 46/M p.R31783_V31785del Foot drop; difficulty in ~ 41/yes Yes (41)  Yes* - - - Myalgia

opening a bottle (41)

*Asymptomatic but found by laboratory tests.
2° AVB (type 1), Mobitz type 1 second degree atrioventricular block; Af, atrial fibrillation; F, female; M, male; NA, not available; PH, pulmonary hypertension; RHF, right-sided heart failure; STC, sinus tachycardia.
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softwares to predict functional effects of mutations such as
PolyPhen-2 (http:/genetics.bwh.harvard.edu/pph2/) and Mutation
Taster (http:/www.mutationtaster.org/). The description of muta-
tons of TTN conforms to Ensemble sequence
ENST00000589042.

In this study a diagnosis of HMERF was made based on the
presence of a mutation in exon 343 of TTN, although the possi-
bility that mutations in other parts of the gene cause HMERF
cannot be totally excluded.

Re-evaluation of muscle pathology

Muscle pathology was re-evaluated focusing on necklace CBs on
modified Gomori trichrome. In the present study, we tentatively
defined the presence of necklace CBs as at least two muscle
fibres containing CBs exclusively localised in the subsarcolem-
mal area, covering more than 50% of circumference of each
muscle fibre in three non-serial sections (each section was at
least 250 ym apart and included at least 300 muscle fibres). CBs
were evaluated in all MFM cases, and subsequently the sensitiv-
ity and specificity of necklace CBs for the diagnosis of HMERF
were calculated. The positive predictive value (PPV) and 95%
Cls were calculated with GraphPad Prism V5.0 (Graph Pad
Software, California, USA).

Electron microscopic observation

Biopsied muscle specimens were fixed in 2.5% glutaraldehyde
and post-fixed with 2% osmium tetroxide. Semithin sections
stained with toluidine blue were examined by light microscopy.
Ultrastructural analysis was carried out on longitudinal and
transverse ultrathin sections of muscles after staining with
uranyl acetate and lead citrate, using Tecnai spirit transmission
electron microscope (FEI, Hillsboro, Oregon, USA).

Table 2 Laboratory findings at the time of muscle biopsy

Re-evaluation of clinical data

The clinical information in our cohort together with previous
reports? 3 "% showed that respiratory insufficiency before
being wheelchair users and selective involvement of semitendi-
nosus muscles on muscle imaging were frequently observed,
raising a possibility that these findings might be clues for the
diagnosis of HMERF. We therefore reviewed clinical data of our
patients with MFM in order to calculate sensitivities, specifici-
ties and PPVs of them at the time of muscle biopsy.

Ethics

All of the clinical information and materials used in this study
were obtained for diagnostic purpose and permitted for scien-
tific use with written informed consent. All experiments in this
study were approved by the Ethical Committee of National
Center of Neurology and Psychiatry.

RESULTS

Mutation analysis

Six different heterozygous mutations in exon 343 of TTN were
identified in 17 patients from 14 families (table 1). Among them,
two mutations, g.284701T>C (c.95134T>C; p.C31712R) and
g.284939G>A  (c.95372G>A; p.G31791D) were previously
reported.? ® " 2% The former mutation was reported to be the
most common in other populations.!” '2 This was also the case in
our cohort and the mutation was shared by nine families, while all
others were found in single families. The latter mutation was pre-
viously reported in a European-American family."* Among four
novel mutations that we identified, three were missense:
0.284702G>A  (c.95135G>A;  p.C31712Y), g.284938G>C
(c.95371G>C; p.G31791R) and g.284939G>T (c.95372G>T,
p.G31791V); and one was non-frameshift  deletion:
g.284913_284921delGAGGGCAGT  (c.95346_95354del;  p.
R31783_V31785del). None of the variants was listed in the

Selective involvement of muscles on

imaging test Muscle pathology
Anterior
CKIU/L Respiratory function Semitendinosus compartment Necklaces
Patient (normal value) (%VC, sitting position) muscle of lower legs CB of CBs RV
A-1 (49 years) Normal (value: Abnormal (value: NA.) NA NA + + +
NA)
A-2 (26 years) 65 (20-190) 77% (68%, lying) & 1 1 &
B-1 (39 years) 425 (51-197) 84% — 67% (45 years) + + + -
B-2 (32 years) 659 (-200) 82% — 63% (37 years) + + + +
C (31 years) 488 (45-170) 32% NA (+, 34 years) NA (+, 34 years) + + -
D (31 years) 375 (51-197) VC: 0.97 L + == + + =
E (40 years) 234 (62-287) ABG: PaCO2 86 mm Hg, + + + + =
PaO2 56 mm Hg (RA)
F (50 years) 61 (NA) 41% + + + = =
G-1 (58 years) 146 (50-170) 59% + + + = =
G-2 (29 years) 142 (50-170) 31% iz + + + +
H (68 years) 140 (50-170) ABG: PaCO2 60 mm Hg + + + + =
| (43 years) 179 (62-287) 40% 1 + 1 = =
J (42 years) 364 (45-163) 64% 1 + 1 1 +
K (34 years) 645 (51-197) 67% (55%, lying) + + + + +
L (44 years) 139 (43-165) 36% iz Sl iz iz =
M (40 years) 190 (62-287) 61% = + + + +
N (46 years) 799 (62-287) 67% + + + + +

In the column of Patient, the same alphabet indicates that they belong to the same family.

*Diffuse muscle involvement.

ABG, arterial blood gas; CB, cytoplasmic body; NA, not available; RV, immed vacuole; VC, vital capacity.

Uruha A, et al. J Neurol Neurosurg Psychiatry 2014;0:1-7. doi:10.1136/jnnp-2014-309009
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Figure 1 Necklace cytoplasmic bodies. Cytoplasmic bodies are
located in line in subsarcolemmal region, often covering the total
circumference of a muscle ibre. Modiied Gomori trichrome stain.
Bar: 50 pym.

genomic variation databases. The mutated amino acids were
highly conserved among species (UCSC Genome Browser).
PolyPhen-2 predicted p.C31712Y, p.G31791R and p.G31791V
mutations as probably damaging with scores 0.996, 1.000 and
1.000, respectively. Likewise, Mutation Taster predicted the p.
C31712Y, p.G31791R, p.G31791V and p.V31782_A31784del
mutations to be disease-causing with a probability of 1.000, 1.000,
1.000 and 0.998, respectively. No segregation analysis was possible
in any family.

Clinical information of 17 participants with TTN mutations
are summarised in tables 1 and 2 and online supplementary
table. All patients show clinical signs consistent with HMERF
previously reported.”® """ The median age of onset was

Table 3  Cross tabulation of necklace cytoplasmic bodies and
hereditary myopathy with early respiratory failure

Patients with myofibrillar

myopathies
Necklace CBs HMERF Non-HMERF Row total
+ 14 1 15
% within column 82.4% 0.6%
% within row 93.3% 6.7%
- 3 169 172
% within column 17.6% 99.4%
% within row 1.7% 98.3%
Column total 17 170 187

CB, cytoplasmic body; HMERF, hereditary myopathy with early respiratory failure.

31 years (range 20-57 years). Four patients developed dyspha-
gia, and one of them required tube feeding.

Sensitivity and speciicity of the necklace of CBs

Among 17 genetically-confirmed patients with HMERF, neck-
lace CBs were found in 14 patients, comprising 0.1-0.8% of the
muscle fibres (figure 1). In contrast, none of the 170 patients
who had MFM other than HMERF had necklace CBs except
for only one patient who had reducing body myopathy, which
had been confirmed by the presence of reducing bodies in
muscle fibres on menadione-linked a-glycerophosphate
dehydrogenase (MAG) stain without substrate and a mutation in
the second LIM domain of FHL1 (g.60438G>A; c.377G>A;
p.C126Y, based on ENST00000543669; online supplementary
figure S1). Based on these results, the sensitivity and specificity
of the necklace CBs in HMERF were calculated as 82% (14/ 17,
95% CI 57% to 96%) and 99% (169/170, 95% Cl 97% to
100%), respectively (table 3). Since the prevalence of HMERF
in the MFM cohort was 9.1% (17/ 187), the PPV was calculated
as 93% (95% Cl 68% to 100%) based on Bayes’ theorem.

Figure 2  Electron microscope images. (A and B) Sarcomeric disarrangement limited to one sarcomere is observed. (C) Multiple electron-dense
inclusions are present in association with Z lines. (D) A ibre containing necklace cytoplasmic bodies (CBs) shows marked myoibrillar disorganisation

(asterisk), especially around the CBs. (E) CBs showing a necklace alignment with lower electron density as compared to that of Z line.

. a remnant

of Z line. (F) Thin ilamentous structure around the CBs. Lattice-like structure is not seen in the CBs. Bar: 0.5 ym (A, B and F), 1 ym (E), 2 ym (C),

and 5 um (D).

4 Uruha A, et al. J Neurol Neurosurg Psychiatry 2014;0:1-7. doi:10.1136/jnnp-2014-309009
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Muscle specimens of the three patients with HMERF had CBs,
which are usually located in the subsarcolemmal regions, but
did not show the definite necklace-like alignment pattern
(online supplementary figure S2). Those three patients shared
the same mutation, g.284701T>C ( p.C31712R), albeit other
nine patients harbouring the same mutation had definite neck-
lace CBs.

Fibres with rimmed vacuoles were occasionally seen, but the
sensitivity, specificity and PPV for HMERF were lower than
those of the necklace CBs: 47% (8/ 17, 95% Cl 23% to 72%),
61% (104/ 170, 95% CIl 53% to 69%) and 11% (95% CIl 20%
to 48%), respectively.

Ultrastructural features

EM samples were available from four patients with HMERF.
Sarcomeric disarrangement limited to one sarcomere was
observed in all patients (figure 2A, B). In some areas, multiple
electron-dense inclusions associated with Z line were sur-
rounded by disorganised myofibrils (figure 2C). Fibres with
necklace CBs were included only in one sample. These fibres
showed marked myofibrillar disorganisation (figure 2D, aster-
isk), especially in the vicinity of the CBs (figure 2D, E). The
CBs had a lower electron density as compared with that of the
Z line and contained dense and mildly filamentous components,
without lattice-like structure (figure 2E, F). Small number of
CBs were partly surrounded by thin filaments (figure 2F).

Sensitivity and speciicity of respiratory dysfunction and
muscle imaging data

Using the data at the time of muscle biopsy about the respiratory
function of 102 participants in the MFM cohort, the sensitivity,
specificity and PPV of the respiratory insufficiency before being
wheelchair users (below 80% of vital capacity or over
45 mm Hg of PaCO,) were calculated as 88% (14/16, 95% CI
62% to 99%), 94% (81/86, 95% CI 87% to 98%) and 74%
(95% CI 49% to 91%), respectively (table 2 and 4). In five non-
HMERF participants presenting respiratory insufficiency during
the ambulant stage, one had a mutation in VCR but no
causative genes were identified in four participants as far as we
have screened.

As for the muscle imaging at the time of muscle biopsy, the
sensitivity of selective muscle involvement of semitendinosus
muscles as shown in figure 3 was 93% (14/ 15; table 4). The
specificity could not be calculated due to the limited number of
images available in non-HMERF participants.

Figure 3 Muscle image. Representative image showing preferential
involvement of semitendinosus muscles. CT images of skeletal muscles
in proximal legs of the patient K. : semitendinosus muscles.

DISCUSSION

We have demonstrated that necklace CBs had high specificity for
a diagnosis of HMERF (99%), with sensitivity 82% and PPV
93% in our MFM cohort. In this study, all 15 patients with
necklace CBs had HMERF except for only one who had redu-
cing body myopathy due to a mutation in FHL1, without muta-
tion in exon 343 of TTN. Although we judged this case as
having necklace CBs retrospectively, CBs in this case are smaller
in size and scattered in the subsarcolemmal region in muscle
fibres, giving an appearance different from typical necklace CBs
in HMERF (online supplementary figure S1), suggesting that
the specificity of necklace CBs could be substantially 100%. In
addition, muscle pathology of this patient showed typical redu-
cing bodies in scattered fibres on MAG stain without substrate,
and thus differential diagnosis between reducing body myopathy
and HMERF was not a problem in practise.

Interestingly, even in three patients with HMERF without
typical necklace CBs, CBs are aligned in the subsarcolemmal
regions in muscle fibres, albeit they do not encompass more
than half of the myofibre circumference (online supplementary
figure S2), suggesting that this unique subsarcolemmal alignment
pattern is likely to be related to the dysfunction of titin due to
exon 343 mutations although the detailed mechanism is still
unknown.

On electron microscopy (EM), CBs in the patients differ
slightly from typical CBs seen in other various diseases. While
typical CBs consists of a core with electron density similar to Z
line,? the CBs in HMERF show lower density. Furthermore,
thin filaments, which compose a halo of typical CBs, are rarely
seen around the CBs. Interestingly, the sarcomeric disarrange-
ment appears to progress in order of figure 2A, C, suggesting a
possibility that this sarcomeric disarrangement may ultimately
produce the CBs.

Several groups reported that CBs in HMREF are reactive to
antibodies to myofibrillar proteins including myotilin, aB-
crystallin, actin ( phalloidin), filamin C, dystrophin, and y-
sarcoglycan, but not for titin on immunohistochemical ana-
lysis.!! 12 4 19 Although similar findings were obtained in our
observation (data not shown), the pathophysiological signifi-
cance of CBs in HMEREF has still not been elucidated.

We found four novel variants in exon 343 of TTN including
three heterozygous missense mutations [g.284702G>A ( p.
C31712Y), g.284938G>C (p.G31791R) and g.284939G>T
( p.G31791V)], and a heterozygous deletion variant
[0.284913_284921del ( p.R31783_V31785del)]. These variants
were not described in any of the publically available databases.
Mutated amino acids are highly conserved among species. Also

Table 4  Sensitivity, specificity, and positive predictive value of
laboratory findings for HMERF
Respiratory

disturbance in the
ambulant stage

Necklace CBs
on muscle
pathology

Selective affected
semitendinosus muscles
on muscle imaging

Sensitivity ~ 88% (14/16) 93% (14/15) 82% (14/17)
Specificity  94% (81/86) NA 99% (169/170)
PPV 74% NA 93%

At the time of muscle biopsy.

Respiratory disturbance: <80% of %VC or >45 mm Hg of PaCO.. PPVs were
calculated by the HMERF prevalence of 9.1% in the MFM cohort.

CB, cytoplasmic body; HMERF, hereditary myopathy with early respiratory failure;
MFM, myofibrillar myopathy; NA, not available, PPV, positive predictive value;
VC, vital capacity.
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Table 5 Mutations in the FN3 119 domain of A-band in TTN in HMERF

DNA change Amino acid change Origin Family Reference
0.284693C>G p.P31709R (p.P30068R) French 9
.284701T>C p.C31712R (p.C30071R) Swedish, British, Finnish, ltalian, Spanish, Argentinian A, B, C, D, E, F, G, H,1 2 % ' 12 1
(European ancestry), East Indian, Japanese
g.284702G>A p.C31712Y (p.C30071Y) Japanese J *
0.284752T>C p.W31729R (p.W30088R) British 12
0.284754G>C p.W31729C (p.W30088C) German 12
q.284753G>T p.W31729L (p.W30088L) Japanese 3
9.284762C>T p.P31732L (p.P30091 L) Italian, French, British, Portuguese, Swedish i 5 15 1% 7
0.284913_284921del  p.R31783_V31785del(p.R30142_V30144del) Japanese N C
0.284925C>G p.N31786K (p.N30145 K) British g
g.284939G>A p.G31791D (p.G30150D) American (European ancestry), Japanese K 1
g.284938G>C p.G31791R (p.G30150R) Japanese L *
g.284939G>T p.G31791V (p.G30150V) Japanese M *

*Possible novel mutation. Titin reference: ENST00000589042 and ENST00000591111, a former transcript, inside the brackets.

HMEREF, hereditary myopathy with early respiratory failure.

the variants were predicted to be pathogenic by the plural pre-
diction software programs. Furthermore, in single-base substitu-
tions, other types of substitutions of the same amino acids ( p.
C31712R and p.G31791D) have already been reported in other
families with HMERF (table 5).2° "' 2 ™ Thus, although seg-
regation analysis was not possible, the variants are highly likely
to be pathogenic.

Previous reports suggested that HMERF might not be
extremely rare in Caucasian populations." '? In UK, in patients
with  HMERF with p.C31712R ( p.C30071R, based on
ENST00000591111), mutation in exon 343 of TTN was identi-
fied in 5.5% of the MFM cohort."" Patients have also been
identified in Asian populations including Japanese and Indian,
suggesting that patients with HMERF are likely to be distributed
worldwide."® " 22 Here, we confirmed the presence of patients
with HMEREF in Japan. Furthermore, among all the 175 MFM
families in our Japanese cohort, 14 families (8%) had HMERF
with mutations in the exon 343 of TTN, which renders TTN
the most frequent causative gene for MFM in our cohort
although there still remains a possibility that there may be an
undisclosed major causative gene as causative mutations have
not been identified in more than 60% of the MFM families.

Clinical features of participants with  HMERF described in
this study coincide with those in previous reports for most
parts: affected individuals usually present with predominant
distal leg muscle weakness followed by chronic respiratory
failure.™ """ Interestingly, dysphagia was seen in 4 of the 17,
which was rarely described in the literature." Dysphagia seems
to be mostly mild, but was severe in one patient, who required
tube feeding.

Skeletal muscle imaging has been reported to show preferen-
tial involvement of semitendinosus, obturator, sartorius, gracilis,
iliopsoas muscles and anterior compartment of lower legs, sug-
gesting such imaging findings are useful for the diagnosis of
HMERF.2 "' 219 particularly, selective involvement of semiten-
dinosus muscles is commonly observed. Our study showed a
sensitivity of 93%, which is compatible with 95-100% reported
by previous studies.® "2 Unfortunately, skeletal muscle imaging
was not available in many of our patients with MFM other than
HMERF, and thus it was impossible to calculate the specificity
and PPV of the selective involvement of semitendinosus muscles.
However, it may not be so specific since such finding was
observed also in other MFMs caused by mutations in DES,
CRYAB and MYOT.?® 2

In conclusion, the necklace CB is a useful pathological marker
in the diagnosis of HMERF. When muscle pathology shows
necklace CBs, sequencing the FN3 119 domain of the A-band
in TTN should be considered.
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REVIEW

Ullrich congenital muscular dystrophy:
clinicopathological features, natural history

and pathomechanism(s)

Takahiro Yonekawa,? Ichizo Nishino™®

ABSTRACT

Collagen VI is widely distributed throughout extracellular
matrices (ECMs) in various tissues. In skeletal muscle,
collagen VI is particularly concentrated in and adjacent
to basement membranes of myofibers. Ullrich congenital
muscular dystrophy (UCMD) is caused by mutations in
either COL6A1, COL6A2 or COL6A3 gene, thereby
leading to collagen VI deficiency in the ECM. It is known
to occur through either recessive or dominant genetic
mechanism, the latter most typically by de novo
mutations. UCMD is well defined by the
clinicopathological hallmarks including distal hyperlaxity,
proximal joint contractures, protruding calcanei, scoliosis
and respiratory insufficiency. Recent reports have
depicted the robust natural history of UCMD; that is, loss
of ambulation by early teenage years, rapid decline in
respiratory function by 10 years of age and early-onset,
rapidly progressive scoliosis. Muscle pathology is
characterised by prominent interstitial fibrosis
disproportionate to the relative paucity of necrotic and
regenerating fibres. To date, treatment for patients is
supportive for symptoms such as joint contractures,
respiratory failure and scoliosis. There have been clinical
trials based on the theory of mitochondrion-mediated
myofiber apoptosis or impaired autophagy. Furthermore,
the fact that collagen VI producing cells in skeletal
muscle are interstitial mesenchymal cells can support
proof of concept for stem cell-based therapy.

INTRODUCTION
Collagen VI is an important component of the ECM
of skeletal muscle and is involved in maintaining
tissue integrity by providing a sructural link
between different ECM molecules and in promoting
adhesion,* 2 proliferation,® migration* and survival®
of various cell types. Collagen VI-related myop-
ahies are the hereditary myopathies caused by
mutationsin either COL6A1, COL6A2 or COL6A3
gene, each encoding a subunit of collagen VI.
Peatients have the clinicopathological features of a
muscle disorder as well as of a connective tissue dis-
order, athough the link between this defect of ECM
and phenotype remainsto be fully elucidated.
Recent advance in molecular biology has evolved
the aetiological definition of collagen VI-related
myopathies; these myopathies are known to encom-
pass a clinical continuum with Ullrich congenital
muscular dystrophy (UCMD) and Bethlem myop-
ahy (BM) a each end of the spectrum, originally
described separately.®® Intermediate phenotypes,
named as mild UCMD or severe BM, have been

known but less well defined as there is currently no
clear-cut boundary between two major phenotypes.
In addition, it should be noted that genotype-
phenotype correlation is very difficult to establish;
for example, both extremes of the clinical spectrum
are seen in patients with p.Gly284Arg mutation in
the COL6A1 gene, the most commonly observed
mutation, while half had an intermediate pheno-
type.® In this context, several researchers have pro-
posed the clinical dratification of patients with
collagen V1-related myopathies (figure 1A).1%*2

The hallmarks of UCMD include marked digtal
joint hyperlaxity associated with proximal joint con-
tractures, a rigid spine and normal intelligence.
Furthermore, children presenting UCMD pheno-
type have been referred to as having ‘early severe' or
‘moderately progressive’ course of early-onset colla-
gen Vl-related myopathies according to maximal
motor ability and disease progression.’®*? Thus,
UCMD s relatively well defined as compared with
BM or intermediate phenotypes.

CLINICAL PICTURE

In 1930, Otto Ullrich described two boys with an
unusual congenital myopathy characterised by
muscle weakness and wasting, marked digta joint
looseness and contracture of the proxima joints
since birth or early infancy and termed this new
condition  “Kongenitale,  atonisch-skelerotische
Muskeldystrophie, ein weiterer Typus der heredo-
degenerativen Erkrankungen des neuromuskulidren
Systems”.® 7 Subsequent publications confirmed a
likely autosomal-recessive inheritance and a recog-
nisable pattern of disease.'” The diagnostic clinical
and molecular criteria for UCMD have been pro-
posed by the European Neuromuscular Centre.'

Epidemiology

UCMD is the second most common congenital mus-
cular dystrophy (CMD) after CMD with laminin a2
deficiency (also known merosin-deficient CMD; or
MDCIA) in Europe,” after Fukuyama CMD in
Japan'® and after  a-dystroglycanopathies  in
Australia.'” The prevalence of UCMD is reported to
be 1.3 per million in Northern England.'®

Perinatal features and development

Prenatal movements might be reduced in fetuses
with UCMD.'® Some patients have congenital hip
dislocation, torticollis and transient kyphotic
deformity."” 2° Multiple joint contractures may be
evident at birth, affecting the elbows, knees, spine
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Predictive parameters of severe or moderate course

Proximal joint contractures at birth
No acquisition of walking before 2 years

Early scoliosis

VC <70% in the first 7 years

Present |

Independent ambulation

Present Absent

Never achieved
ambulation

Initially able to wallk
Progressive course during
childhood or early adulthood

Moderate progressive Early severe

Figure 1

Less affected

Absent

Mild

Phenotypic stratification of early-onset collagen Vl-related myopathies; modification from Quijano-Roy et al'® and Brifias et al'' (A).

Typical distal hyperlaxity and protruding calcanei in a patient with Ullrich congenital muscular dystrophy (UCMD) (B,C). Diagnostic muscle MRI
findings of the thigh (D): fatty regeneration along the fascia in the centre of the rectus femoris (arrow) and in the periphery of the vastus lateralis
with relative sparing of its central part (arrowheads). Early-onset and rapidly progressive scoliosis in UCMD (E-H). E, 3.7; F, 6.1; G, 6.9; H, 7.9 years
of age at assessment. (Images courtesy of Drs Ikuya Nonaka and Akihiko Ishiyama).

(kyphoscoliosis) and ankles. Arthrogryposis multiplex are seen
in 20.0% of patients."” Some transient feeding difficulties or
poor sucking might occur in the neonatal period." 2°

The most common presentations are delayed motor milestone
and proximal muscle weakness. Patients with UCMD usually
become able to sit independently with or without delay.'® The
majority of patients with typical UCMD achieve the ability to
walk by 2 years of age. The age at independent ambulation is
reported to be 1.7+0.8 and 1.7+0.5 years in English and
Japanese natural history studies, respectively.'” 2° This group is
referred to as having ‘moderate progressive’ disease in the
phenotypic stratification of early-onset collagen VI-related
myopathy (figure 1A)."° ' In the remaining patients, ambula-
tion is never achieved. Those with the most severe presentation,
accounting for 19.4-25.7% of UCMD patients,'" '° are referred
to as having ‘early-severe’ disease (figure 1A). However,
even these severely affected children can usually learn to roll,
crawl and maintain a sitting position. Patients who never walk
due to severe contractures that prevent an upright posture may
walk on their knees for a certain period of time. Achievement of
speaking phrases is not delayed, ranging from 12 to 25 months
of age."

Clinical manifestations

Patients show generalised muscle weakness predominantly in
trunk and proximal limbs. Neck flexors are weak. Facial weakness
is reported respectively in 24.1% and 30.8% of patients in two
different studies.'” ?° The most striking feature is hyperlaxity of
the distal joints (figure 1B), although it can be absent in severely
affected individuals. Spinal rigidity, scoliosis and various prox-
imal joint contractures develop with progression of the disease.
Typically, initially flexible distal joints, such as fingers, wrists and
ankles, eventually become contractured with time. Interestingly,
calcanei are often protruded posteriorly (figure 1C). Distal joint
hyperlaxity, proximal joint contractures, scoliosis and protruding
calcaneous are observed in >50% patients in a Japanese
cohort.'”” Many patients have a characteristic facial appearance
with round-shaped face with slight drooping of the lower lid and
prominent ears.'” Intelligence is normal. Other features include
follicular hyperkeratosis over the extensor surfaces of upper and
lower limbs, a softer consistency of the skin in the palms and
soles and the tendency to keloid formation.'> Respiratory insuffi-
ciency is not common at birth, although it becomes a critical
complication of the disease as the condition progresses. Cardiac
involvement is not documented to date.*' **
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Serum creatine kinase (CK) activity in patients with UCMD is
usually within normal range or only mildly elevated,'®' which
is unusual in other (congenital) muscular dystrophies.
Electromyography shows action potentials of low amplitude and
short duration.* Muscle MRI shows a characteristic pattern on
transverse T1-weighted images—diffuse involvement of the
thigh muscles with relative sparing of the medial muscles (sar-
torius, gracilis and adductor longus).”* Rectus femoris is vari-
ably involved with a typical central area of high signal, called
‘central shadow’.® In vastus lateralis, the peripheral part is
mainly involved and signal intensity is markedly increased while
the central part is relatively spared (figure 1D).?

Muscle pathology and collagen VI immunohistochemistry
Variable degrees of histological changes can be observed in
muscle biopsies from patients with UCMD. The spectrum
includes fibre size variation affecting both fast and slow fibres,
type 1 fibre predominance, increased endomysial connective
tissue or adipose tissue, increased number of internal nuclei and
mild necrotic and regenerating process along with indirect evi-
dence of regenerating fibres such as the presence of fibres con-
taining fetal myosin.?' ** One report described that, early in the
disease, UCMD presents as a non-dystrophic myopathy with
predominant fibre atrophy, showing a bimodal size distribution
of type 1 fibres or a diagnostic pattern of congenital fibre-type
disproportion.” Unlike other muscular dystrophies, interstitial
fibrosis seems disproportionately prominent considering the
relative paucity of necrotic and regenerating fibres in UCMD.

Collagen VI is widely distributed throughout ECMs in
various tissues. In skeletal muscle, collagen VI is found in the
epimysial, perimysial and endomysial interstitium, but it is con-
centrated in particular in and adjacent to basement membranes
of myofibers, blood vessels and intramuscular nerves. Muscle
biopsies from UCMD patients can show anything from mild
reduction of endomysial or basal lamina collagen VI staining to
complete deficiency (CD) of collagen VI in the ECM. We previ-
ously showed that, in the majority of patients with UCMD, col-
lagen VI is present in the interstitium but is absent from the
sarcolemma by using double immunostaining for collagen IV
and VI (figure 2), and named it ‘sarcolemma specific collagen VI
deficiency (SSCD)’.* Electron microscopic findings support a
lack of connection between collagen VI microfibrils in the inter-
stittum and the basal lamina, leading to SSCD.* Space is
observed between muscle fibres and connective tissue that are
normally closely attached. Basal lamina appear intact even in
degenerating muscle fibres with disorganised myofibrils. These
findings suggest a loose connection between the basal lamina
and other ECM collagens in UCMD.?” Collagen VI is deficient
also in capillaries in muscle.> The absence or alteration of col-
lagen VI can be demonstrated by immunocytochemistry of cul-
tured skin fibroblasts, although this analysis is available only in
limited laboratories. In skin, collagen VI expression is decreased
in the papillary dermis and skin hair follicles, but not in vessels,
peripheral nerves, smooth muscle and sweat glands."> One
report described that collagen VI levels were greatly decreased
in peripheral blood macrophages from three patients with
UCMD.*

Natural history of disease

Muscle weakness is slowly progressive. Most affected children
become able to walk independently but eventually lose ambula-
tion often by early teenage years. Loss of ambulation is reported
to occur at 10.7+4.8, 10.14#4.4 and 8.8+2.9 years of age in
English, French and Japanese group of patients with UCMD,

respectively.'' ' 2 However, this can be widely variable: some
patients never walk while others can still walk even beyond late
teens. After loss of ambulation, progression of muscle weakness
becomes less prominent. In contrast, the contractures can still be
progressive, particularly in the ankles, knees, hips and elbows,
aggravating physical disability. These clinical features may well
be in line with strikingly progressive interstitial fibrosis on
muscle pathology.

Respiratory insufficiency usually occurs after the loss of
ambulation. It is noteworthy, however, some patients have
impending respiratory dysfunction while they are still ambulant.
Progressive decline in the predicted forced vital capacity (FVC)
or vital capacity (VC) is observed from the preschool age to the
carly teens.'” 2° Of note, restrictive respiratory dysfunction
develops rapidly in the first decade of life; indeed, %predicted
FVC declines by 6.6+1.9%/year from 6 to 10 years of age com-
pared to by 0.4+3.0%/year from 11 to 15 years of age.’’
Similarly, VC declines exponentially with a sharp decrease by
10 years of age.'” This may well be associated with proximal
joint and vertebral contractures together with weakness of the
diaphragm. The introduction of non-invasive ventilation (NIV)
is usually sufficient to treat this situation effectively for many
years. The percentage of patients with NIV increases with age;
half require NIV by age 11-12 years.'? ' Natural history study
from UK reported that age at initiation of NIV was 14.3
+4.7 years, with a mean FVC of 20%.%° The other two studies
have recently reported similar findings: an estimated predicted
VC of 36% at the time of initiation of NIV at 11.2+3.6 years in
a Japanese cohort'” and an average FVC of 34% just before
NIV initiation at 11.3+4.0 years in a large international
cohort,'? demonstrating a remarkable consistency of the pul-
monary function declining in patients with UCMD among dif-
ferent cohorts, regardless of different approaches to data
acquisition.

Scoliosis, which may require surgical correction, is a common
complication."> ?° Substantial scoliosis appears as early as pre-
school years and its onset precedes loss of ambulation.' *
Development of scoliosis in Duchenne muscular dystrophy
(DMD) is strongly related to the loss of walking ability—scoli-
osis is not typically evident in ambulatory patients and develops
after they become wheelchair dependent. In contrast, in
UCMD, scoliosis develops even when patients are still ambulant
and is progressive from early stage. In our cohort, a maximum
progression rate of Cobb angle was 16.2+10.0°/year."”
Importantly, scoliosis progresses rapidly within years, once it
starts (figure 1E—H). The early-onset and rapidly progressive
scoliosis in UCMD may well accelerate physical disability, such
as difficulty sitting, standing and walking, and cause pain. More
importantly, scoliosis can aggravate respiratory function by redu-
cing the rib cage compliance in combination with other prox-
imal joint contractures.

Differential diagnosis

Differential diagnosis includes wide range of neuromuscular dis-
orders in infants and children, such as other forms of muscular
dystrophy, congenital myopathies, spinal muscular atrophy
(SMA), especially type 2 and 3, and other diseases of connective
tissue such as Ehlers—Danlos syndrome (EDS). However, com-
bination of normal or minimally elevated CK levels, lack of
cardiac manifestation and specific pattern of thigh muscle
involvement is often suggestive of UCMD. Brain MRI is usually
normal unlike other CMD forms such as MDCIA, Walker—
Warburg syndrome, muscle-eye-brain disease and Fukuyama
CMD, which may show structural abnormalities or white matter
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Figure 2 Double immunostaining for collagen IV and VI. (A-C) Patient with non-diagnostic muscle pathology; (D-F) UCMD patient with CD;
(G-1) UCMD patient with SSCD. (A,D,G) Immunostaining for collagen IV. Collagen IV is present in the sarcolemma. (B,E,H) Immunostaining for
collagen VI. Collagen VI is absent in a patient with CD, while it is present in the interstitium but markedly reduced in a patient with SSCD. (C,F,])
Merged images. Both collagen IV and VI are present in the sarcolemma in a patient with non-diagnostic pathology, as indicated by yellow; in
contrast, collagen VI is absent in the sarcolemma in a patient with SSCD, as indicated by only red. UCMD, Ullrich congenital muscular dystrophy;
CD, complete collagen VI deficiency; SSCD, sarcolemma-specific collagen VI deficiency, bar 20 pm.

changes. RYR1-related core myopathy, including central core
disease (CCD) and multiminicore disease, may also show similar
clinical features as they can multiple joint contractures and
spinal deformity. Progressive respiratory muscle involvement,
often disproportionate to the skeletal muscle weakness, is also
seen in multiminicore disease. However, significant respiratory
insufficiency is unusual in CCD. Interestingly, a recent report
demonstrated that muscle pathology in a patient with a hetero-
zygous COLBA3 gene mutation included cores, rods and lobu-
lated fibres.”” SMA is characterised by fasciculation and
diagnosed by identifying mutations in the SMN gene. EDS may
mimic UCMD in terms of joint laxity. Furthermore, various
types of EDS are commonly associated with mild to moderate
muscle weakness. Muscle pathology can demonstrate mild myo-
pathic features but necrotic fibres and fibrosis are absent and
collagen VI staining is normal.*

Of particular importance is rigid spine with muscular dys-
trophy type 1 (RSMD1) in forms of CMD, which results from

mutations in the SEPN1 gene, because it can show a significant
clinical overlap in the late stage of the disease. RSMDI1 patients
typically show combination of mild or moderate proximal
muscle weakness, Achilles tendon tightness, spinal rigidity and
scoliosis, and require ventilator assistance in the first decade of
life,"® similarly to UCMD.

Management

Treatment for patients with UCMD is supportive for symptoms
such as respiratory insufficiency and scoliosis, and is dependent on
age of the individual and severity of symptoms. Respiratory failure
is a common complication of UCMD and careful follow-up with
regular assessments of respiratory function, including spirometry
and nocturnal oximetry studies, is important to detect asymptom-
atic decline in patients. In a recent review based on expert consen-
sus on the standard care for CMD, cough assistance using
mechanical insufflation-exsufflation is generally accepted as the
method to improve cough efficiency® Other methods such as
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breath stacking with Ambu bag maintain thoracic compliance and
reduce the risk of chronic atelectasis.’? Respiratory support with
nocturnal NIV usually becomes necessary in the first or second
decade of life for patients'> ' and might be effective in reducing
symptoms and promoting quality of life. There are times when
chronic ventilation can require an invasive application via
tracheostomy.

For scoliosis, conservative management including standing
frame, positioning and bracing is widely used, although contro-
versial whether those approaches are preventive.”” However,
scoliosis may require active management including spinal
surgery to prevent progression, although there have been no
formal studies on the efficacy of scoliosis surgery. The choice of
the instrumentation such as growing rods depends on the age of
the individual, his/her ability to grow and the severity of scoli-
osis.”? Suggested contraindications to spinal surgery includes
family decision, very poor or deteriorating cardiac status and/or
respiratory status, very young age, potential loss of function
after spinal fixation and severe scoliosis.”> Severe respiratory
insufficiency may not be a contraindication in certain high spe-
cialised centres. In fact, one study on surgical correction of
spinal deformity from Japan reported that scoliosis surgery was
successfully performed in three patients with UCMD at 11, 13
and 17 years of age, respectively®'; spinal surgery, however, did
not prevent deterioration of respiratory function in these
patients, suggesting that at such older ages pulmonary and chest
wall compliance might be too severely compromised for patients
to benefit from scoliosis surgery, and earlier surgical interven-
tion may be more beneficial. Indeed, a single case report
described that slower decline of predicted VC in a patient after
scoliosis surgery performed at 5 years of age compared with
another patient who had undergone surgical correction of scoli-
osis at 9 years of age."” Further studies are necessary to con-
clude the efficacy of early scoliosis surgery.

Equipment recommended for assistance in standing, ambula-
tion and/or other forms includes walking frames, standing
frames, swivel walker, knee-ankle-foot orthoses, ankle-foot orth-
oses, scooters and wheelchairs.”?> The joint contractures of
patients with UCMD in particular seem to be progressive and
regular stretching is recommended to maintain a certain level of
mobility of the joints. In addition, feeding and swallowing diffi-
culties can be encountered in UCMD.” Issues of feeding and
nutrition are multifactorial and closely related to other areas of
care; for example, nocturnal hypoventilation can affect appetite
and growth and respiratory insufficiency can result in easy fatigue
and difficulty in swallowing.?> Consultation with a nutrition spe-
cialist is often helpful to boost energy intake. Some children may
need a temporary or permanent gastric feeding tube support to
maintain an adequate nutritional and fluid intake.?® *' Survival
has not been fully documented under the current standards of
medical care, but failure to introduce adequate respiratory
support might lead to the death of teenagers with UCMD.'! %!
With the availability of effective respiratory interventions,
patients commonly survive into adulthood to date, and other
potential aspects of the disease could surface.

MOLECULAR DIAGNOSIS, PATHOGENESIS

AND THERAPEUTIC AVENUES

Collagen VI is a ubiquitously expressed ECM protein composed
of three a-chains, al, a2 and a3. The three chains are encoded
by the genes COL6A1 and COL6A2 on chromosome 21q22.3
and COLBA3 on chromosome 2q37."° The basic monomer,
made up of two globular domains connected by a triple helical
structure, is composed of one of each of the these a-chain

subunits (1:1:1 ratio). Prior to secretion into the extracellular
space, the two basic monomers assemble into dimers (two anti-
parallel, overlapping monomers) and such dimers associate in a
staggered parallel orientation to form tetramers (four mono-
mers) in the cytoplasm.'® * Outside the cell, these tetramers,
the secreted form of collagen VI, associate in an end-to-end
fashion to form collagen VI microfibrillar structures, which
interacts with collagen IV and other ECM components including
proteoglycans decorin and biglycan, collagen I, hyaluronan,
heparin and integrin."> *

Collagen VI gene mutations in UCMD

UCMD used to be regarded as an autosomal-recessive disorder.
However, soon after the initial discovery of recessive mutations
in the COLBA2 gene,** * a total of four patients with sporadic
UCMD were found to carry de novo autosomal-dominant muta-
tions in either COL6A1, COL6A2 or COL6A3.***" UCMD is
now known to be caused by either recessive or dominant
genetic mechanism, the latter most typically occur as de novo
mutations.*® This is most likely because these dominant muta-
tions are associated with too severe phenotype to allow patients
to produce their offspring. In contrast, in BM, the phenotype is
typically mild enough for patients to produce children, resulting
in autosomal-dominant inheritance condition.® '*

The most common types of mutations are point mutations,
exon skipping and mutations leading to premature termination
codons (PTCs).*> Among point mutations, missense changes
affecting glycine residues in the Gly-Xaa-Yaa motifs of the N-
terminal triple helical domains are the most common and are
often dominant de novo.*? ** Splice mutations resulting in in-
frame exon skipping are generally dominant de novo muta-
tions.*> ** These dominant mutations can result in secretion of
some mutant-containing tetramers into the extracellular space;
in the multistep collagen VI intracellular assembly process, only
1/16 of the tetramers produced by patients with dominant
mutations could be composed entirely of normal a-chains, thus
exerting a dominant negative effect.’’ This leads to loss of
normal localisation of collagen VI in the basement membrane
and eventually results in a severe phenotype. Nonsense muta-
tions and small deletions or insertions inducing PTCs with con-
sequent nonsense-mediated mRNA decay (NMD), an mRNA
quality control mechanism that degrades aberrant mRNAs con-
taining PTCs, and loss of the mutated chain are mostly inherited
as recessive mutations.’? ** Patients with these mutations are
unable to assemble or secrete functional collagen VI protein, as
all three a-chains are required to form a collagen VI monomer.
Thus, such functional null alleles, which underlie typical
UCMD, mostly lead to CD mode of collagen VI in skeletal
muscles.'®?333* On the other hand, complete deletions of
one copy of these genes also act in a recessive fashion. In
support of this notion, carriers of the deletion are in fact clinic-
ally asymptomatic, indicating that complete haploinsufficiency
of any of the three collagen VI genes does not cause the disease.
Interestingly, two reports demonstrated that autosomal-recessive
inheritance can also underlie BM, in which patients carried a
truncating or null COL6A2 mutation associated with missense
changes in the partnering allele lying within the C2 domain of
the a2 chain.*® * Furthermore, myosclerosis syndrome was
reported to be responsible for a homozygous nonsense COL6A2
mutation.”’ Unlike nonsense mutations associated with UCMD,
the mutated mRNA escaped NMD and was translated into a
truncated 02 chain, but secreted collagen VI was reduced and
structurally abnormal and thus did not correctly localise in the
basement membrane of myofibers. These facts suggest that the
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severity of collagen VI gene mutations and the resulting func-
tional abnormality of collagen VI in the ECM dictate a pheno-
typic spectrum of collagen VI-related myopathies, meaning that
a fundamentally different genetic and biochemical mechanism
among these myopathies can no longer be assumed.

We previously showed that there are two modes of collagen
VI deficiency, CD and SSCD,?® which respectively result from
recessive and de novo dominant mutations in the collagen VI
genes.'® There is no straightforward correlation between
protein levels and phenotypes; CD, however, is most likely to
be associated with the more severe phenotype than SSCD.'' "
Unlike patients with CD, a great heterogeneity in the maximal
motor capacity was observed in patients with SSCD, ranging
from no acquisition of walking ability to retaining ambulation
throughout childhood.

Properties of collagen VI and its pathological roles

Collagen VI is widely distributed throughout ECMs in various
tissues, including muscle, skin, tendon, cartilage, intervertebral
discs, lung, blood vessels and adipose tissue.* Given the clinical
features seen in patients with collagen VI-related myopathies,
the tissues in which collagen VI has the most important roles
include muscle and tendon. In muscle, the cell source producing
collagen VI is the interstitial mesenchymal cell.*' ** In tendons,
abundant collagen VI is present in immediate pericellular ECM
of the resident tendon fibroblasts.*

Collagen VI contributes to the properties of the local ECM
microenvironment by forming a discrete network of beaded
microfilaments, which interact with a large number of matrix
molecules and cell surface receptors. One possible molecule medi-
ating its interaction would be collagen type I'V, the most important
collagenous component of basement membranes.'* On the other
hand, collagen VI might be indirectly linked to muscle cell surface
receptors via biglycan and the dystrophin-associated protein
complex, as collagen VI binds to biglycan,'* which interacts with
the sarcoglycan and dystroglycan complex.*® The functions of col-
lagen VI pertaining to various cell types also include the promo-
tion of adhesion,' 2 proliferation,3 migration4 and survival.® # %
Attachment of cells to the ECM is important for preventing apop-
tosis,*® which could be particularly relevant for muscle disorders
that directly involve interactions between matrix and muscle, as is
the case for high early implanted cell death, partially due to
‘anoikis’, in cell transplantation treatment of DMD.*” Studies with
cultured fibroblasts from patients with UCMD have shown that
mutant cells or mutated collagen VI exhibit decreased adherence
to their surroundings, emphasising that loss of cell ECM interac-
tions is the key mechanism of collagen VI-related myopathies.” **
Collagen VI also has crucial roles in the regulation and differenti-
ation of adipocytes.*

Studies on muscle fibres from Col6a1™ mice, engineered by
genetic ablation of the Col6a1 gene,” and human myoblast cultures
has suggested that collagen VI may be involved in preventing myofi-
ber apoptosis, which seems to be mediated by regulating the
mitochondrion-mediated cell death cascade® °'; a key event appears
to be inappropriate opening of the mitochondrial permeability tran-
sition pore. These findings therefore link a defect of the ECM to
mitochondrial dysfunction followed by apoptosis that is preventable
by inactivation of cyclophilin D by using cyclosporine A, its deriva-
tive Debio025 or genetic inactivation of cyclophilin D.*'™?
However, there are contradictory reports in which researchers did
not find evidence of myofiber apoptosis in biopsied muscles from
UCMD patients or Col6a3 mutant mice muscles,™® ** suggesting
that muscle cell death by apoptosis is not a universal phenomenon
in all patients and collagen VI-deficient mice.

In addition, a study of the autophagic process in muscles of
Col6a1™ mice revealed that autophagy was not induced effi-
ciently, which determines the presence of dysfunctional orga-
nelles in muscle fibres.”® A similar alteration of autophagy was
also detected in muscle biopsies derived from nine patients with
UCMD or BM.>® This defective autophagy provides the link
between the previously described mitochondrial dysfunction
and myofiber degeneration. These data thus provide a basis for
novel therapeutic targets to reactivate of the autophagic flux by
either nutritional approaches® or by pharmacological and
genetic tools in collagen VI deficient skeletal muscle.

Therapeutic advances

The events responsible for myofiber atrophy and loss might be
different in UCMD than in other forms of muscular dystrophy
with prominent membrane fragility such as DMD. To date, no
single hypothesis can fully explain variation in fibre size,
ongoing interstitial fibrogenesis and adipogenesis even in mild
necrotic and regenerating process in UCMD or provide all
targets for therapies, although important clues have been
discovered.

Pathological hypotheses leading to myofiber degeneration in
collagen VlI-deficient skeletal muscle have been proposed and
therapeutic targets have been suggested. There have been pilot
studies on patients with UCMD based upon the theory of mito-
chondrial dysfunction or impaired autophagy’'™>® °" A recent
report has shown that collagen VI is a key component of satel-
lite cell niche and lack of collagen VI causes impaired muscle
regeneration and reduced satellite cell self-renewal capability
after injury in Col6a1™" mice.”® Additionally, when normal col-
lagen VI is supplied in vivo by grafting wild-type interstitial mes-
enchymal cells, the biochemical properties of collagen VI-
deficient muscles are ameliorated and satellite cell defects
also rescued.”® These results can open new venues for a better
understanding of the pathomechanism underlying collagen VI-
related myopathies. Furthermore, multipotent mesenchymal
stem cell (MSC) is the most common type of adult stem cells
and is isolated from several sources such as bone marrow and
adipose tissue. Another report has recently shown that trans-
planted human adipose-derived stem cells, with phenotypic and
functional features of mesenchymal progenitors, secrete collagen
VI protein in Col6a1™ mice.”® Thus, MSC-based therapy can
be an attractive option as transplanted cells are able to self-
renew and to differentiate into collagen VI-producing cells in
skeletal muscle.*' *

Advances in molecular genetics provide gene-based therapies;
that is, antisense oligonucleotide or small interfering RNA
(siRNA) inhibition of mutant transcripts exerting dominant
negative effects®® and upregulation of mutant transcripts by
specific inhibition of NMD.* As 60—80% of UCMD cases are
attributed to dominant negative mutations,'' '® the allele-
specific antisense approach can be applied to the majority of
patients. Recent reports have shown that siRNA-mediated
knockdown of SMG-1 and Upfl, essential components for
NMD, or SMG-8, a subunit of SMG-1 kinase, gives rise to the
upregulation of mutant triple-helical collagen VI, thus amelior-
ating mutant phenotypes from UCMD fibroblasts with a homo-
zygous frameshift mutation causing a PTC in the COLBA2

gene.® ©

CONCLUSION

UCMD is caused by mutations in either COL6A1, COL6A2 or
COLBAS3 gene, thereby leading to collagen VI deficiency in the
ECM. We here presented the clinicopathological features, robust
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natural history and the current supportive care for symptoms.
Of special interest is progressive interstitial fibrosis even in very
mild necrotic and regenerating process in muscle. Patients with
UCMD have unique manifestations attributable to both muscle
and connective tissue disorders. Collagen VI contributes to the
properties of the local ECM microenvironment by forming a
discrete network of beaded microfilaments, which interact with
a large number of matrix molecules and cell surface receptors.
Advanced researches have provide important clues to explain
how collagen VI deficiency in the ECM can cause the develop-
ment of muscle weakness in Col6a1™" mice or patients with
UCMD, although the link between the ECM defect and pheno-
type remains to be fully elucidated. Further studies are necessary
to elucidate exactly how collagen VI deficiency in the ECM
makes muscle cells vulnerable to apoptosis or interstitial fibro-
genesis and adipogenesis strikingly progressive.
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CLINICAL COURSE

The patient was a 14-year-old Thai boy who presented at an
orthopedic clinic with kyphoscoliosis first detected 1 year
prior to medical attention. He was the first child of non-
consanguineous parents; the pregnancy and delivery were
uneventful. He had normal developmental milestones. The
patient noticed easy fatigability after exercise which wors-
ened during the past year. His younger brother was 10
years old and healthy. There was no history of
neuromuscular disease in his family. His father passed
away due to an unrelated incident. General examination
revealed a body weight of 30 kg and a height of 149 cm,
bilateral ptosis, high-arched palate, kyphoscoliosis, and
asymmetrical chest wall. Proximal muscle weakness of
grade 4 by Medical Research Council Scale in all extrem-
ities and areflexia were noted. The muscle tone was normal.
Serum CK was 49 IU/L. Echocardiogram showed mild pul-
monary and tricuspid regurgitation. Pulmonary function
tests showed restrictive lung disease; the forced vital capac-
ity was 1.56 L (51% of predicted). Sleep study revealed
apnea-hypopnea index 13.6 per hour associated with
severe oxygen desaturation (minimum SpO, 39.0%).

PATHOLOGICAL FINDINGS

Muscle biopsy from the right quadriceps showed varying
fiber sizes with type 1 hypotrophy and type 2 hypertrophy.
The type 1 fibers were predominant (91%). Cap structures
were seen in 32% of all fibers (Fig. 1). Ultrastructurally, the
cap structures were composed of disorganized thin
myofibrils and thickened Z-lines (Fig. 2). Nemaline rods
were not present. Genetic analysis using genomic DNA
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Noi, Bangkok 10700, Thailand. Email: jtanboon@gmail.com
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identified a heterozygous c.415_417delGAG (p.Glul39del)
in exon 4 of TPM2. The genetic tests were not performed in
other family members.

DIAGNOSI S
TPM2-related cap myopathy.

DISCUSSION

Cap myopathy is a rare congenital myopathy characterized
by presence of muscle fibers with cap structures on muscle
biopsy and prominent respiratory muscle involvement. Itis
associated with dominant mutations in TPM2, TPM3 and
ACTA1L genes, in descending order.'?

Histologically, in cases with genetic results, cap struc-
tures range from 4% to 100% in muscle fibers.' Fidzianska
reported two neonatal-onset cases with childhood death
containing caps in 70-75% of fibers and two other
childhood-onset cases with slowly progressive course con-
taining caps in 20—-30% of fibers, suggesting association of
disease severity and the frequency of cap structure.’ The
number of caps seems to increase as the patients have
aged.*’

Onset of cap myopathy ranges from the neonatal period
to childhood. Respiratory insufficiency is usually the major
problem in patient management. The other common clini-
cal manifestations include neonatal hypotonia, high-arched
palate, myopathic facies and scoliosis. Muscle weakness is
predominant in proximal muscles, which is non-specific.
Serum CK is usually normal or slightly elevated. A case
with distinctive abnormal cardiac function® and several
cases with mild non-specific cardiac abnormalities have
been reported.! Interestingly, one of the reported cases
shows continuous gradual clinical improvement.’

Since all three causative genes in cap myopathy are also
associated with nemaline myopathy (NM), it is not surpris-
ing to have concurrent caps and rods in the same patients>’
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Fig. 1 Cap structures at the periphery of the small fibers in HE stain (A). Caps are highlighted by modified Gomori trichrome stain (B)
and nicotinamide adenine dehydrogenase tetrazolium reductase stain (C). The small fibers are type 1 demonstrated by ATPase stain
(pH 4.4) and the cap areas are negatively stained (D). The caps are positive for desmin (E) and alpha-actinin (F). Bar = 50 pym, inset

bar =10 ym.

or have a family member with NM*# although cap myopa-
thy is much less common. Muscle biopsy findings of some
cap myopathy patients were consistent with congenital
fiber type disproportion (CFTD) at a younger age.>® This
may represent either a disease spectrum or insufficient
tissue sampling since CFTD is also associated with TPM2
and TPM3 mutations.? Most cap myopathy patients are
sporadic yet a few probable autosomal dominant familial
cap myopathy cases have been reported.'’ It is likely that
most cases are affected by de novo dominant mutations

causing too severe phenotypes to have offspring. Overlap-
ping phenotypes between cap and nemaline myopathies
include facial muscle weakness, high-arched palate and res-
piratory complications. The severity of both myopathies
can range from mild to fatal.

The most common recurrent mutation in cap myopathy
is p.Glu139del in exon 4 of TPM2 gene and this mutation
seems to be mostly related to cap myopathy, although six
patients with different phenotypes have been reported.>*"
Most patients with p.Glu139del, including our case, devel-

© 2014 Japanese Society of Neuropathology
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Fig. 2 Electron microscopy study of the cap structures shows
disorganized thin myofibrils and thickened Z-lines. Bar = 1 pm.

oped symptoms during childhood, except for one case that
presented in the neonatal period.® Our patient and two of
the reported cases noticed developed scoliosis in a short
period of time.®” This feature has not been documented in
cap myopathy patients with other mutations. It is possible
yet inconclusive that p.Glul39del might affect axial
muscles in later stage but progress at a faster rate com-
pared to the other mutations.

In conclusion, we report a case of cap myopathy in a
14-year-old Thai boy. It is the first case reported from
Asia and shares a common mutation, p.Glul139del, which
was previously identified in patients with European

ancestry.>%"?
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The store-operated Ca?' release-activated Ca®' (CRAC) channel is activated by diminished luminal Ca?' levels
in the endoplasmic reticulum and sarcoplasmic reticulum (SR), and constitutes one of the major Ca?' entry path-
ways in various tissues. Tubular aggregates (TAs) are abnormal structures in the skeletal muscle, and although
their mechanism of formation has not been clarified, altered Ca?' homeostasis related to a disordered SR is sug-
gested to be one of the main contributing factors. TA myopathy is a hereditary muscle disorder that is pathologic-
ally characterized by the presence of TAs. Recently, dominant mutations in the STIM1 gene, encoding a Ca®'
sensor that controls CRAC channels, have been identified to cause tubular aggregate myopathy (TAM). Here,
we identified heterozygous missense mutations in the ORAI1 gene, encoding the CRAC channel itself, in
three families affected by dominantly inherited TAM with hypocalcemia. Skeletal myotubes from an affected
individual and HEK293 cells expressing mutated ORAI1 proteins displayed spontaneous extracellular Ca?'
entry into cells without diminishment of luminal Ca®' or the association with STIM1. Our results indicate that
STIM1-independent activation of CRAC channels induced by dominant mutations in ORAI1 cause altered
Ca?' homeostasis, resulting in TAM with hypocalcemia.
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INTRODUCTION

Calcium (Ca®™) signals are crucial for controlling a broad range
of cellular functions, including secretion, excitation, contrac-
tion, motility, metabolism, transcription, growth, cell division
and apoptosis (1). In the striated muscle, the sarcoplasmic reticu-
lum(SR)isaprimaryCa”*-storageorganelle,andCa* "released
from the SR directly activates the contraction of myofibrils via
excitation — contraction coupling regulation (2). Depletion of
Ca”* in the SR activates a store-operated Ca** entry (SOCE)
pathway that is used to replenish intracellular calcium stores
(3,4). In non-excitable cells and the skeletal muscle, SOCE is
coordinated by stromal-interacting molecule 1 (STIM1), an
endoplasmic reticulum (ER)/SR Ca’* sensor, and ORAII, a
plasma membranous calcium release-activated Ca** (CRAC)
channel, following Ca** ion release from intracellular stores
(5 - 8). Specifically, when the ER/SR Ca** store is depleted,
oligomerization and translocation of STIM1 to adjacent ER/
SR-plasma membrane junctions are induced (9). Within these
junctions, oligomeric STIMI1 interacts with and activates
ORAI1 (10-12).

Recessive mutations in ORAI1 are known to cause severe
combined immunodeficiency (SCID, MIM 612782), which is
characterized by a severe defect in T-cell activation accompan-
ied by muscle hypotonia (13,14). In this disease, mutated ORAI1
leadsto its deficiency in the plasma membrane resulting in loss of
function of SOCE. Homozygous nonsense mutations in STIM1
also cause primary immunodeficiency (15) (MIM612783).
Recently, dominant missense mutations in STIM 1 were revealed
to cause tubular aggregate myopathy (TAM) (16). TAM is arare
form of myopathy that can show either autosomal-dominant or
-recessive inheritance (17), and is pathologically characterized
by the presence of tubular aggregates (TAs). A gain of function
of mutated STIM1 due to disruption of its Ca®*-sensing domain
was suggested as the main pathomechanism underlying STIM1-
related TAM. More recently, Stormorken syndrome, which is
characterized by thrombocytopenia, muscle fatigue, asplenia
and congenital miosis, was also reported to be caused by a gain-
of-function STIM1 mutation (18,19). Stormorken syndrome dis-
plays histological evidence of myopathy with TAs (18). However,
the mechanism underlying muscle weakness and TA formation
from abnormal Ca”* influx has not been well established.

TAs are abnormal structures in muscle fibers that are morpho-
logically characterized based on light and electron microscopic
observations (20,21). TAs appear as accumulations of densely
packed tubules, which are suggested to arise from the SR as
they contain numerous SR proteins (21,22). Conceivably, the
formation of TAs is triggered by some functional consequences
due to disruptions in the SR-T-tubule junction, such as altered
Ca”* homeostasis (20). Alternatively, TAs are thought to be
derived from reshaping of the SR caused by aggregation of mis-
folded membranous proteins (23). TAs are also observed in
certain types of muscle diseases, including periodic paralysis,
congenital myasthenic syndromes, alcohol- and drug-induced
myopathy and TAM (21,22). However, the precise mechanism
of TA formation remains to be clarified.

In this study, we performed whole exome sequencing in
three families suffering from genetically undiagnosed TAM
and found pathogenic mutations in the ORAII. In addition,
we demonstrated STIM1-independent activation of CRAC

channels in myotubes derived from an affected individual, sug-
gesting that this abnormal activation is the basic mechanism of
this disease.

RESULTS

Clinical characterization of individuals with TAM

The clinical features of the included families are listed in Table 1
and Supplementary Material, Table S1. The common character-
istic symptoms among the families were diffuse muscle weak-
ness, marked and bilateral ankle joint contractures, rigid spine
and hypocalcemia. Disease onset ranged from childhood to ado-
lescence. Muscle weakness progressed slowly, and although all
of the affected individuals were ambulant, half of them required
the use of high-heeled shoes to walk correctly. All affected
members in Family A and Family B showed mildly decreased
serum Ca’* levels and relatively low intact parathyroid
hormone (PTH) levels, which were still within the normal
range. In computed tomography imaging of II-3a, I1I-2a and
11-3b, paraspinal, gastrocnemius and soleus muscles were mark-
edly replaced by fat, which might explain ankle joint contrac-
tures and rigid spine. Trapezius, latissimus dorsi, gluteus
medius, hamstrings and adductor muscles in the thigh showed
severe atrophy and fat infiltration (Fig. 1). Affected members
in Family A also showed central nervous system involvement
as follows: individual II-3a showed calcification in the cerebel-
lum, basal ganglia and cerebral corticomedullary junction; indi-
vidual I1I-2a showed mild intellectual disability (IQ: 63, based
on the Weschler Intelligence Scale for Children III). None of
the included individuals showed characteristic signs of Stormor-
ken syndrome, such as congenital miosis, bleeding diathesis and
thrombocytopenia (Supplementary Material, Table S1).

Pathological findings

TAs were found in muscle fibers of four affected individuals
(II-3a in Fig. 2; I-2b and II-1c in Supplementary Material,
Fig. S1; II-1b, pictures not shown). The TAs appeared as
bright red inclusions in muscle fibers following modified
Gomori trichrome (mGt) staining (Fig. 2A) and showed high en-
zymatic activity following NADH-tetrazolium reductase
(NADH-TR) staining (Fig. 2B), but were negative for succinate
dehydrogenase (SDH) expression (Fig. 2C), reflecting charac-
teristics of the SR but not the mitochondria. Under electron
microscopy, the TAs appeared as aggregates composed of
numerous straight tubules aligned in parallel in a longitudinal
dimension and were arranged in a honeycomb-like structure in
the transverse dimension (Fig. 2D). At higher magnification,
each tubule showed double-walled membranes (Fig. 2E and
F). All these findings were compatible with previously reported
features of TAs (20). In addition to TAs, all biopsy samples
demonstrated chronic dystrophic changes based on the presence
of regenerating fibers, increased internal nuclei, fiber size vari-
ation in both type 1 and type 2 fibers and endomysial fibrosis.
Type 1 fiber predominance was also observed (Table 2).

The ORAII gene is mutated in TAM-affected individuals

In order to identify the genetic cause of dominantly inherited
TAM, we performed whole exome sequencing on two affected
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Table 1. Clinical characterization of TAM families
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Family A Family B Family C
11-3 I11-2 1-2 1I-1 11-3 1I-1

Sex Female Male Female Female Male Male
Mutation c.292G.A c.292G.A c.292G.A c.292G.A c.292G.A c412C.T
Predicted protein impact  p.Gly98Ser p.Gly98Ser p.Gly98Ser p.Gly98Ser p.Gly98Ser p-Leul38Phe
Muscle disorders

Onset Childhood Childhood NI Childhood Childhood Adolescence

Patterns of weakness Lower limbs proximal,  Diffuse Diffuse Diffuse Diffuse Diffuse

upper limbs proximal

Disease course Slowly progressive Slowly progressive  Slowly progressive Slowly progressive Slowly progressive Slowly progressive

Serum CK (IU/L) 65 (45-170) 1300 (61-255) 300 (-200) 960 (—-200) 684 (—200) 213 (37-142)

(normal range)
Joint contractures

Onset Childhood Childhood NI Childhood Childhood Adolescence

Ankle Bilateral, severe Bilateral, severe Bilateral, severe Bilateral, severe Bilateral, severe NI

Surgical treatment NP NP 13 years old 10 years old 11 years old NP

Rigid spine + + + + + +
Hypocalcemia

Onset Childhood Childhood NI Childhood Neonatal NI

Serum calcium (mg/dl) 7.7 (8.8—10.2) 8.5(8.8-10.2) 8.1(9.0-10.2) 7.7 (9.0-10.2) 7.8(9.0-10.2) NI

(normal range)

Serum intact PTH 9 (10-65) NI (NI) 26 (10-65) 22 (10-65) 19 (10-65) NI

(pg/ml) (normal range)

Treatment + + NI NI

Other symptoms Diabetes, calcification  Intellectual disability — - - -

in the brain

NI, no information; NP, not performed; CK, creatinine kinase.

(II-3a and III-2a) and two non-affected members (I-2a and
[11-2a) of Family A and in all five members of Family B (I-1b,
[-2b, II-1b, II-2b and 1I-3b) (Fig. 3A and Supplementary Mater-
ial, Table S2). In total, 41 variants from Family A and 34 variants
from Family B were extracted based on the assumption of
autosomal-dominant inheritance and with reference to the
dbSNP135, the 1000 Genomes Project database, the National
Heart, Lung, and Blood Institute (NHLBI) Exome Variant
Server and Human Genetic Variation Database (HGVD) for
Japanese genetic variants (Supplementary Material, Table S3).
Among all extracted variants, we identified only one common
variant, a heterozygous ¢.292G.A mutation in ORAII
(RefSeq accession number NM_032790.3) in both families
(Table 1 and Fig. 3A and Supplementary Material, Tables
S4 and S5). This mutation was confirmed by Sanger sequencing
in all affected members and was absent in the unaffected
members (Supplementary Material, Fig. S2). We also found an
additional heterozygous missense mutation, ¢.412C.T in
ORAIL, in the third TAM family by Sanger sequencing
(Fig. 3A and Supplementary Material, Fig. S2). The mutation
was not listed in dbSNP137, 1000 Genomes or HGVD. Both
mutations were predicted to result in amino acid changes in the
ORAII protein: p.Gly98Ser in the transmembrane (TM) 1
domain and p.Leul38Phe in the TM2 domain (Fig. 3B). The
amino acid residues Gly at 98 and Leu at 138 show high evolu-
tionary conservation (Fig. 3C). The impact of these variations
was also predicted to be damaging based on in silico analysis
with SIFT and PolyPhen-2 (data not shown). The crystal struc-
ture of Drosophila Orail determined by Hou et al. (24) and
reported in the Molecular Modeling Database (MMDB ID:
105660) (Fig. 3D) shows that Gly98 is localized to face to the

pore of the CRAC channel (white) and Leul38 is in the interface
between TM1 and 2 (yellow).

Localization and expression of ORAI1 in the skeletal muscles
from TAM

To analyze the localization of ORAII in the skeletal muscles of
TAM, we investigated skeletal muscle cryosections from an in-
dividual with TAM (II-3a, II-1c) using immunohistochemistry
(Fig. 4). SERCAL, an SR protein, was strongly labeled in the
aggregates, as previously reported (20,21). ORAII and STIM1
co-localized with SERCAI1 in the aggregates. Moreover, dihy-
dropyridine receptor (DHPR), which is present in T-tubules,
was also involved in the aggregates and co-localized with
ORALIL, as expected (21) (Fig. 4).

On western blotting, the expression levels of ORAIL, STIMI,
SERCAT1 and SERCA?2 in the skeletal muscles from an affected
individual (II-1c) were similar to that of the skeletal muscles
from unaffected individuals (Supplementary Material, Fig. S3).

21
TAM cells showed constitutive extracellular Ca  influx via
the CRAC channel without depletion of SR Ca*' stores

To explore whether the identified mutations are pathogenic, we
monitored Ca®* entry into myotubes prepared from muscle cells
of an affected individual with the ¢.292G.A (p.Gly98Ser) mu-
tation. Intracellular Ca®* concentration ([Ca**];) was monitored
using Fura-2 as a Ca® “indicator and was recorded by using fluor-
escence ratiometry with excitation at 340 and 380 nm. The

experiments revealed a significantly higher [Ca®*]; level in
TAM myotubes than in control cells [normal human skeletal
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Figure 1. Computed tomographic imaging of TAM. Paraspinal (PS), hamstrings
(H), adductor muscles in the thigh (Ad), soleus (S) and gastrocnemius (Gc)
muscles of affected individual II-3a were markedly replaced by fat.

muscle cells (SKMCs)] when the extracellular Ca>* concentra-
tion was 2 mM, which was assumed to match that of the in vivo
environment, and 20 mm (Fig. SA and B). Upon application of
a CRAC channel inhibitor, 50 mm 2-aminoethoxydiphenyl

borate [2-APB (25)] or 10 mm 3,5-bistrifluoromethyl pyrazole
derivative (BTP2) (26), the [Ca**]; levels in TAM myotubes
were not elevated (Fig. 5A). Another inhibitor, 1-[2-(4-
methoxyphenyl)-2-[3-(4-methoxyphenyl) ethyl-1H-imidazole
hydrochloride (SKF-96365), was also effective although the re-
sponse was slower. These results indicated that the higher Ca**
influx in TAM myotubes occurred via CRAC channels. In add-
ition, an Mn”>* quenching assay of intracellular Fura-2 fluores-
cence was performed (Fig. 5C). Mn*" is known to enter cells
via CRAC channels and shows very high affinity to Fura-2.
The extracellular Mn>* influx causes quenching of intracellular
Fura-2 fluorescence. TAM myotubes showed an Mn** quench-
ing that was distinct from that of normal myotubes, implicating
the activation of CRAC channels. We also examined thapsigar-
gin (TG) treatment to TAM myotubes to induce Ca** depletion
in the SR. TG induced extracellular Ca®" influx in normal myo-
tubes in a dose-dependent manner in extracellular 2 mm Ca®*
medium. On the other hand, similar extracellular Ca’* influx
levels were observed in TAM myotubes with and without TG
treatment (Fig. 5D). Thus, TAM cells showed constitutive
Ca”* influx to the cytosol via the CRAC channel without deple-
tion of the SR Ca”” store. It should be noted that slightly higher
[Ca®"]; elevation was observed with higher concentrations of

TG treatment (Fig. 5D), indicating that the store-operated
Ca’" influx-inducing system may still function in TAM
myotubes.

Gly98Ser and Leul38Phe mutations in ORAI1 caused
spontaneous activation of the CRAC channel

We also tested the impact of the ¢.292G.A (Gly98Ser) and
c.412C.T (Leul38Phe) mutations in ORAII on induction of
spontaneous Ca’* influx. [Ca®"]; was measured at 24—36 h
after transfection to HEK293 cells of mutated and wild-type
ORAIl cDNAs. The transfected green fluorescent protein
(GFP)-tagged ORAII and Myc-tagged ORAI1 localized on the
plasma membranes, and the mutated ORAI1 also localized to
the cell surface membrane (Fig. 6A). Western blotting of
expressed ORAII protein showed multiple bands at 25—
50 kDa, indicating the presence of different glycosylated
forms, similar to previous reports (27,28) (Fig. 6B). Although
glycosylated forms of Gly98Ser-mutated ORAI1 were slightly
decreased, there were no differences in band patterns observed
among Gly98Ser-mutated, Leul38Phe-mutated and wild-type
(WT) ORAII after PNGase F treatment.

The Gly98Ser and Leul38Phe ORAIl mutants caused a
dramatic elevation of [Ca®™]; following application of 2 mm
Ca’" in the medium when compared with the WT protein
(2 mm Ca’* in Fig. 6C). Cells transfected with the Gly98Ser or
Leul38Phe mutants exhibited high levels of [Ca’*]; even
under conditions of extracellular Ca’* depletion (0 mm Ca**
region in Fig. 6C). In addition, the Mn** quenching assay
revealed that the cells transfected with Gly98Ser or Leul38
Phe mutants showed distinct Mn>* quenching rates from those
transfected with the WT protein (Fig. 6D). It should be noted
that the spontaneous Ca** and Mn’" influx observed in the
mutated ORAI1-expressing gglls did not require co-expression
of STIM1 or TG-induced Ca  sfore depletion in the ER. More-
over, the elevated resting [Ca ]; induced by both ORAI1
mutants was reduced by application of 2-APB (Supplementary
Material, Fig. S4), which indicated the specific activation of
CRAC channels. These results clearly demonstrate that both
the ¢.292G.A (Gly98Ser) and c.412C.T (Leul38Phe) muta-
tions in ORAI1 cause constitutive CRAC channel activation in
a STIM1-independent manner.

DISCUSSION

Based on the inheritance mode in the affected families and the
functional analyses of mutated ORAI1 proteins, we concluded
that the constitutive activation of CRAC channels by dominant
mutations in ORAIl caused TAM in the three families. In
support of this notion, dominant mutations in STIM1 have
been reported to cause TAM by constitutive activation of
SOCE (16). In that report, the mutated STIM1 spontaneously
clustered and translocated to the plasma membrane independent-
ly of Ca”* stores in the SR, and consequently led to activation of
the CRAC channel, resulting in higher cytosolic Ca** levels.
More recently, Nesin et al. (18) reported that activating muta-
tions in STIM1 and ORAII caused overlapping syndromes of
TAM and congenital miosis. Interestingly, the authors suggested
that a dominant mutation in ORAII caused prolonged activation
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Figure 2. Histology and electron microscopy of a muscle biopsy sample from affected individual II-3a. Histological analysis of transverse sections revealed aggrega-
tions withmGt (A) and NADH-TR (B) butnot SDH (C) staining. Ultrastructural analysis demonstrated prominent tubular aggregation with double-walled membranes
in transversal (D and E) and longitudinal (F) sections. Nc, nucleus; Mf, myofibrils. Arrows, tubular aggregates (TAs). Scale bars, 50 mm (C); 1 mm (D); 100 nm (E);

50 nm (F).

of CRAC channels that required association with STIM1. On the
other hand, in the present study, we showed that the two muta-
tions in ORAII directly caused constitutive opening of the
channel, resulting in higher cytosolic Ca** influx independent
of either Ca®* stores in the SR or STIMI activation.

ORALI1 is a tetra-spanning TM protein in the plasma mem-
brane (Fig. 3C) (8), and acts as a pore subunit of the CRAC
channel (29). The CRAC channel consists of a hexamer of
ORAI1 proteins, and the TM helices (TM1 — 4) of each
monomer are arranged in three concentric rings. Six TM1
helices make up an inner ring of helices and line the ion pore,
while the TM2 and TM3 helices constitute a middle ring that sur-
rounds the TM1 helices (24) (Fig. 3D). The mutation ¢.292G.A
(Gly98Ser) was identified in the TM1 domain directly beside the
pore (white residues in Fig. 3D). The other mutation, p.412C.T
(Leul38Phe), was identified in the TM2 domain directly facing
TMI (yellow residues in Fig. 3D).

Many studies have elucidated the roles of amino acid residues
in TM1 in channel activity as well as in the ion selectivity of
SOCE channels (8,29 —33). In particular, Arg91 is mutated in
SCID (13) and is thought to act as both a barrier as well as a pro-
vider of electrostatic stabilization to the elongated pore that is
controlled via interaction with STIM1, and Glul106 determines
ion selectivity (8) (Fig. 3C). Similarly, the importance of
Gly98 for channel activity has also been suggested based on in
vitro experiments (31). Interestingly, Gly98 has been predicted
to be located exactly two a-helical turns from both the Arg91
and Glul06 sites (Fig. 3C). Ala replacement at Gly98 results
in failure of channel activity, whereas Asp or Pro replacement
at this position results in a negative charge or hydrophilic prop-
erties, which in turn cause constitutive channel opening as well
as reduced ion selectivity in a STIMI-independent manner
(31,33). Our experiments revealed that a Ser replacement of
Gly at position 98 may also confer the protein with a hydrophilic
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Table 2. Histological characterization of TAM families

Family A Family B Family C
11-3 I-2 1I-1 11-3 1I-1
Age at muscle biopsy 42 years NI 10 years 5 years 42 years
Tubular aggregates Type I and II fibers + Type I and II fibers 2 Typeland]Ilfibers
Fiber size variation + NI + + +
Regenerating fibers + NI + 2 +
Increased internal nuclei (% of fibers) Single NI Single Single Single, multiple
14% 15% 5% 20%
Type I fiber predominance (% of fibers) 70% NI 71% 93% 73%

NI, no information.

property that is sufficient to cause constitutive channel activa-
tion, similar to the effect of Pro replacement.

In contrastto TM1, the roles of specific amino acid residues in
TM2 have not been well investigated. In our experiment, the mu-
tation c.412C.T (p.Leul38Phe) in TM2 also caused constitu-
tive SOCE channel activation. Interestingly, basal [Ca*];
levels in Leul38Phe-expressing HEK293 cells were lower
than those were in Gly98Ser-expressing cells. Further studies
are necessary to fully understand the impact of these mutations
on CRAC channels.

Of particular note, the mechanism underlying the muscle
weakness caused by a constitutively activated CRAC channel
might be associated with altered Ca’" homeostasis in a
manner different from that derived from its loss of function. Indi-
viduals affected with SCID owing to recessive loss-of-function
mutations in ORAI1 or STIM1 were reported to show muscle
hypotonia (13 — 15) and decreased Ca’" influx. Transgenic
mice with muscle-specific expression of dominant-negative
Orail have also been reported and exhibited reduced body
weight, muscle mass and fiber cross-sectional area, and
increased susceptibility to fatigue, which might have been due
to SR Ca”" depletion (34). On the other hand, ORAI1-related
TAM is caused by elevation of [Ca’*]; levels in the skeletal
muscle cells, similar to STIM1-related TAM. Therefore, pre-
venting excessive extracellular Ca®* influx is a potential thera-
peutic strategy for TAM.

The mechanism of TA formation in the skeletal muscle has
remained elusive thus far. However, our results support the hy-
pothesis that TA formation is related to disordered Ca** homeo-
stasis. Recent efforts on the identification of causative genes in
TA-presenting muscle diseases also provide a clue into this
mechanism. Recessive mutations in GFPT1 and DPAGTI,
which are both involved in protein N-glycosylation, have been
shown to be causative factors of myasthenic syndrome with
TAs (35,36). Furthermore, the functional importance of N-
glycosyl modification of STIM1 was recently reported (27). A
mutation at the N-glycosylation site in STIMI1 results in a
strong gain of function by increasing the number of active
Orail channels, indicating the significance of N-glycosylation
for the function of STIM. Thus, activation of CRAC channels
may result in the formation of TAs in skeletal muscles, although
further analyses of CRAC channel activation in skeletal muscles
of GFPT1- and DPAGT1-mutated individuals are required to
confirm this hypothesis.

The finding of ¢.292G.A (p.Gly98Ser) ORAIl mutation in
two unrelated families would not be due to a founder effect.

This mutation in Family A probably occurred de novo in 1I-3a
because individual I-1a did not show any symptoms of myopathy
in his lifetime and individual I-2a does not have the mutation.
Regarding to the mutation in Family B, we could not judge
whether it is de novo or not, because of limited information.

The clinical and histological features of ORAI1-mutated TAM
are similar to those of TAM caused by STIM 1 mutations, regard-
ing onset of the disease, progression of weakness, involvement
of contractures, presence of TAs in both type I and type II
fibers, fiber size variation and type 1 fiber predominance.
However, the patterns of affected muscles are slightly different:
individuals with ORAI1-mutated TAM exhibit diffuse weakness
in all limbs, and the characteristic patterns in the selectivity of
atrophy, whereas those with STIM1-mutated TAM show prox-
imal muscle weakness only in the lower limbs (16). Severe
ankle contractures and a rigid spine were common characteris-
tics observed in the families included in the present study, al-
though STIMI1-mutated TAM was not likely. Furthermore,
eye-movement defects, which were reported in STIM1-mutated
TAM individuals studied by Bohm et al. (16), congenital miosis,
bleeding diathesis and thrombocytopenia are not detected in
individuals with ORAIl-mutated TAM. This discrepancy
could be explained by differences in the expression patterns of
STIM1, ORAIIl and their homologues (ORAI2, ORAI3 and
STIM2).

Although ORAII transcripts are expressed in multiple tissues,
including the skeletal muscle, in humans and mice (28,37), it is
not clear why other organs were saved. Orail expression is low in
the brain (28); therefore, the intellectual disability observed in
individual I1I-2a in the present study might be unrelated to the
ORAI1 mutation. The calcification in the brain of individual
II-3a could be attributed to long-term hypocalcemia.

Another characteristic clinical feature of ORAIl-mutated
TAM is hypocalcemia. Serum Ca’* levels are controlled
mainly through the action of PTH and 1,25(OH)2D3 (38).
These hormones increase the serum Ca’* level through their
actions on the bone, kidney and intestine; impaired activity of
either hormone leads to hypocalcemia. In this study, the five indi-
viduals analyzed showed mildly decreased serum Ca’* levels
and rather low PTH levels, which were nonetheless within the
normal range. PTH is secreted by parathyroid cells and the secre-
tion volume is controlled by the extracellular Ca®* intensity. In
ORAII-mutated TAM individuals, PTH levels are improperly
low in spite of the presence of hypocalcemia. This condition is
classified as PTH-insufficient hypoparathyroidism on the basis
of the criteria for the differential diagnosis of hypocalcemia
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Figure 3. Genetic analysis of autosomal-dominant TAM and modeling the effects of mutations in ORAIL. (A) Pedigrees indicated dominant inheritance of TAM, and
sequence analysis confirmed the segregation of the heterozygous mutations with the disease. * Individuals who were analyzed by exome sequencing. ORAI1 genotypes
are shown below the individuals in the pedigrees. (B) Schematic depiction of a single ORAI1 subunit. Upper side, extracellular; lower side, cytosolic. Gly98Ser and
Leul38Phe are highlighted in white and yellow, respectively. Arg91 and Glu106, critical amino acids for channel function, are shown in orange. (C) Amino acid

sequence conservation of ORAIL. The affected amino acids (red) have been highly conserved during evolution. (D) Crystal structure of the Drosophila melanogaster

SOCE channel. The crystal structure was obtained from the Molecular Modeling Database (MMDB ID: 105660). This structure shows that the channel is formed froma
hexamer of ORAI subunits. Each subunit is represented in a different color. The ion pore is located at the center of the channel (red circle), and the transmembrane
helices are arranged in three concentric rings. Six TM1 helices (1) make up an inner ring of helices and line the ion pore. The TM2 (2) and TM3 (3) helices constitute a

middle ring that surrounds the transmembrane portion of the TM1 helices and separates them from TM4 helices (4), which are arranged in an outerring. The position of
Gly98 in TM1 is highlighted in white, and that of Leul38 in TM2 is highlighted in yellow.

(39). Although the precise pathomechanisms are not known,
ORAIl-mutated TAM might cause decreased PTH secretion.

In summary, we identified heterozygous missense mutations in
ORAI1 that cause TAM with hypocalcemia via constitutive acti-
vation of CRAC channels. Our results, together with those of pre-
vious reports (16,19), will contribute to establishing a new disease
entity whose pathomechanism is associated with intracellular
Ca’™ elevation to induce muscle weakness and TA formation in
the skeletal muscles. The detailed pathomechanism linking

intracellular Ca®* elevation to muscle weakness and TA forma-
tion in the skeletal muscles should be clarified.

MATERIALS AND METHODS
Materials

Three unrelated Japanese families affected by TAM were
selected based on pathological examinations. All clinical
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Cont

materials used in this study were obtained with written informed
consent for research use. All experiments performed in this study
were approved by the Ethical Committee of the National Center
of Neurology and Psychiatry (NCNP).

Histological analyses

Muscle samples were taken from the biceps brachii. Muscles
were frozen in liquid nitrogen-cooled isopentane and stored at
2808C. Serial frozen sections (10 mm thick) were histochemi-
cally stained with mGt, NADH-TR or SDH. Immunohistochem-
istry was performed using 8§ mm thick serial frozen sections
according to the standard protocols (40). The primary antibodies
used were as follows: anti-Orail (08264, 1:200 dilution; Sigma-
Aldrich), anti-STIM1 (H-180, 1:50; Santa Cruz Biotechnology),
anti-SERCA1 (VE121G9, 1:200; Abcam), anti-RYR1 (XA7B6,
1:200; Developmental Studies Hybridoma Bank) and anti-
DHPR (IIID5SEL, 1:100; Developmental Studies Hybridoma
Bank). Anti-caveolin antibody (N-18, 1:100; Santa Cruz
Biotechnology) was also used for labeling the sarcolemma
(plasma membrane of the muscle fiber). After incubation with
primary antibodies, the sections were incubated with appropriate
Alexa Fluor 488-, 568- and 647-conjugated secondary anti-
bodies (1:600; Invitrogen). The sections were observed under
an LSM710 confocal laser microscope (Carl Zeiss).

ORAI1 SERCA1
SERCA1

STIM1

Figure 4. Immunohistochemical analysis of the skeletal muscle from an individual affected with TAM (II-1¢). Immunofluorescence showed that SERCA1, ORAII,
STIM1 and DHPR localized in TAs. Scale bar, 50 mm. Cont, skeletal muscle from an unaffected person.

SERCA1

Electron microscopy

Muscle specimens were fixed in 2.5% glutaraldehyde and post-
fixed with 2% osmium tetroxide. Ultrathin sections of muscles
stained with uranyl acetate and lead citrate were observed
under a transmission electron microscope (FEI; Hillsboro, OR,
USA).

Exome sequencing

Genomic DNA was isolated from muscle specimens or periph-
eral blood lymphocytes using standard techniques. Exome
sequencing was carried out in subjects I-2a, 1I-3a, III-1a and
II-2a from Family A, and in subjects I-1b, I-2b, II-1b, 1I-2b
and II-3b from Family B. Exons of genomic DNA samples
were captured and sequenced using Agilent in-solution enrich-
ment methodology and the Illumina HiSeql1000 sequencer.
Briefly, 3 mg of each genomic DNA sample was fragmented to
150-200 bp by sonication. Paired-end fragment libraries were
prepared by using a kit from Agilent Technologies. Purified li-
braries (750 ng) were hybridized to the SureSelect oligonucleo-
tide probe capture library for 24 h (Sure Select Human All Exon
kit V4, 50 Mb; Agilent). The captured DNA sample was then
sequenced on an Illumina HiSeq1000 as paired-end 100-base
reads. Image analysis and base calling were performed using
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Figure 5. Cytosolic Ca>* measurement and Mn>* quenching assay of myotubes from an individual affected with TAM. (A) Cytosolic Ca>* was measured with Fura-2
in myotubes from affected individual 1I-3b (red: Gly98Ser myotube, n ¥4 29 cells) and normal human skeletal muscle (black: normal SKMC, n V4 26 cells), using
single-cell Ca®* imaging. First, cells were placed in an extracellular solution containing 0 mm Ca>* (0Ca). After 3 min, the extracellular solution was changed to
2 mm Ca®* (2Ca), and then to 20 mm Ca** (20Ca) at 8 min. Myotubes from affected individual were experimentally treated with 50 mm 2-APB (green:
Gly98Ser +2APB, n Y4 17 cells), with 10 mm BTP-2 (blue: Gly98Ser +BTP2, n %4 17 cells) or with 20 mM SKF96365 (cyan: Gly98Ser +SKF96365, n V4 15).
(B) Resting [Ca®*); in myotubes from TAM. 0Ca, N: normal SKMC98, n % 26; 0Ca, 98: Gly98Ser myotube, n ¥4 25; 2Ca, N: normal SKMC98, n % 27; 2Ca, 98:
Gly98Ser myotube, n % 28. (C) Fluorescence quenching due to the Mn®* influx was observed in Fura-2-loaded Gly98Ser myotubes (red, n % 32 cells) and
normal SKMC myotubes (black, n % 21 cells), using single-cell Ca®* imaging. Mn>* (0.1 mm) was added to nominally Ca®*free HBS. Gly98Ser myotubes were
treated with 50 mm 2-APB (green: Gly98Ser + 2APB, n V4 17 cells), with 10 mm BTP-2 (blue: Gly98Ser + BTP2, n Y4 17 cells) or with 20 mM SKF96365 (cyan:
Gly98Ser +SKF96365, n % 39 cells). (D) Store-operated Ca®* entry in myotubes. Ca* stores in the SR were depleted by treatment with 2 mm TG or 5 mm TG.
Red, Gly98Ser myotubes with 5 mm TG, n V4 20 cells; green, Gly98Ser myotubes with 2 mm TG, n %4 25 cells; black, normal SKMC myotubes with 5 mm TG,

n Y 27 cells; blue, normal SKMC myotubes with 2 mm TG, n %4 25 cells.

the Illumina Real-Time Analysis Pipeline version 1.13, with
default parameters.

Bioinformatics analysis

Reads were aligned to hg19 with Burrows-Wheeler Aligner (41).
Duplicate reads were removed using Picard for downstream ana-
lysis. Local realignments around indels and regions for low base
quality scores were performed with the Genome Analysis
Toolkit (42) (GATK) for recalibration. Single-nucleotide var-
iants and small indels were identified using GATK UnifiedGen-
otyper (version 1.6) and filtered according to the Broad
Institute’s best-practice guidelines. Genetic variation was anno-
tated with the NCNP in-house pipeline (amelief), consisting of
gene annotation [using ANNOVAR (43)] and detection of
known polymorphisms using dbSNP135, the 1000 Genomes,
NHLBI Exome Variant Server (ESP5400) and HGVD for Japa-
nese genetic variants. Candidates of mutations identified in
exome sequencing were validated by Sanger sequencing on an
ABIPrism 3130 DNA Analyzer (Applied Biosystems). Segrega-
tion analysis of within-family variants was carried out using the

primer sets designed to amplify exons corresponding to the se-
quence under accession NM _032790. PCR conditions and
primer sequences for ORAIl mutation analysis are available
upon request.

Western blotting of the skeletal muscles

Frozen skeletal muscles were sliced and suspended in the buffer
containing 10 mm Tris — HCI, 0.6 mm KC1 and 1 mm EDTA.
After a centrifugation at 1200g for 10 min, the supernant was
centrifuged at 20 000g for 90 min. The resulting pellet was
solubilized in laemmli’s sample buffer. An equal amount of pro-
teins (10 mg) were electrophoresed on 4 —20% polyacrylamide
gradient gel (Bio-Rad). The primary antibodies used were as
follows: anti-Orail (08264, 1:1000 dilution; Sigma-Aldrich),
anti-STIM1 (H-180, 1:500; Santa Cruz Biotechnology), anti-
SERCALI (VE121G9, 1:1000; Abcam) and anti-caveolin-3 anti-
body (Clone 26, 1:1000; BD Transduction Laboratories). The
blots were coupled with the peroxidase-conjugated secondary
antibodies, and developed using the ECL detection kit (Millipore
Corporation).
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Figure 6. Characterization of ORAI1 mutants. (A) Localization of transfected ORAII constructs. HEK 293 cells were transfected with EGFP-tagged ORAI1 (WT,
Gly98Ser, Leul38Phe) or Myc-tagged ORAI1 (WT, Gly98Ser, Leul38Phe). Upper panels, phase contrast (white and black) and GFP fluorescence (green). Lower
panels, fluorescent micrographs for Myc-ORALI1. (B) Western blot of Myc-tagged ORAII proteins expressed in HEK cells (left panel). PGNaseF treatment (right
panel). Vec, vector; 98, ORAI1 with Gly98Ser; 138, ORAII with Leul38Phe. (C) Cytosolic Ca’* was measured in HEK293 cells expressing WT ORAI1 (black,
n % 35 cells) and ORAI1 mutants, Gly98Ser (red, n %4 28 cells) or Leul38Phe (blue, n % 37 cells) and vector (gray, n % 32 cells). Extracellular solution was first
changed to 0 mm Ca* (0Ca) then to 2 mm Ca>* (2Ca). (D) Mn”* quenching assay. After application of 0.1 mm Mn”* solution, fluorescence quenching of Fura-2
was observed in HEK293 cells expressing WT ORAII (black, n % 34 cells) and ORAIl mutants, G98S (red, n % 42 cells) or L138F (blue, n % 43 cells), and

vector (gray, n %4 46 cells).

Construction of ORAI1 mutants

The construction of WT and mutant human ORAI1 cDNA in the
expression vectors pPCMV-Myc and pEGFP-N1 (Clontech) was
described previously (44). A Myc tag was fused to the N-terminus
of ORAII, and a EGFP tag was fused to the C-terminus of ORAI1
without its termination codon. All ORAI1 mutants were generated
with the Quick Change Site-Directed Mutagenesis Kit (Strata-
gene). Information on primer sequences and conditions for
cloning and PCR is available upon request.

Transfection of ORAII constructs to HEK293 cells

HEK293 cells obtained from the RIKEN Bioresource Center
were maintained in Dulbecco’s modified Eagle medium
(D-MEM; Wako) supplemented with 10% fetal bovine serum
(FBS; Life Technologies), 2 mm glutamine, 30 units/ml penicil-
lin and 30 mg/ml streptomycin. ORAI1 constructs were trans-
fected using X-tremeGENE9 (Roche Applied Science). For
observation of ORAIl mutants in cells, EGFP-tagged ORAII
constructs were also introduces. For western blots, Myc-tagged
ORAII constructs were introduced. For [Ca®"]; measurement,
Myc-tagged ORAII constructs were co-transfected with the
pDsRed-Monomer-C1 vector (Clontech).

Localization of ORAI1 protein in HEK293 cells

Confocal and phase contrast images were taken at 2 days post-
transfection on an LSM-710 microscope (Carl Zeiss).

Expression of ORAI1 protein in HEK293 cells

HEK293 cells were harvested at 2 days post-transfection. The
cells were lysed with Tris-buffered saline containing 1%
Triton X-100 and protease inhibitors (cOmplete EDTA-free;
Roche). The extracts were boiled in the presence of sodium
dodecyl sulfate sample buffer and subjected to western blot ana-
lysis. An equal amount of the supernatant fractions (75 mg pro-
teins) was subjected to SDS—PAGE (SuperSep Ace, 5—20%
gradient gel, Wako). The protein-transferred membrane was
incubated with anti-Myc antibody (9E10, 1:2000; Wako). After
incubating with anti-mouse IgG (H-+L) secondary antibody
conjugated with horseradish peroxidase (GE Healthcare), the
expression of ORAII-Myc was detected using Immunostar Zeta
(Wako). To confirm glycosylated patterns of ORAII, lysate
samples (75 mg each) were incubated with PNGase F (Roche;
3 U/sample), for 6 h at 378C and subjected to SDS—PAGE.

Cell culture for [Ca?']; measurement and Mn?!
quenching assay

Skeletal muscle cells of a TAM-affected individual (II-3b) and
normal human SKMCs (Clonetics) were seeded onto colla-
gen-coated glass cover slips and cultured in D-MEM/Ham’s
F-12 medium (1:1) supplemented with 20% FBS (Invitrogen),
100 units/ml penicillin and 100 mg/ml streptomycin. After
the cells reached confluence, the culture media were switched
to differentiation media [D-MEM/Ham’s F-12 Medium (1:1)
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supplemented with 5% horse serum (Invitrogen), 100 units/ml
penicillin and 100 mg/ml streptomycin]. Six days following in-
duction of differentiation, myotubes were used for [Ca®"];
imaging or a Mn>* quenching assay.

Transfected HEK293 cells were lifted using trypsin and
seeded onto poly-L-lysine-coated glass cover slips at 8 h post-
transfection. Note that trypsinized cells were cultured in
low-Ca®* D-MEM (Life Technologies), which was supplemen-
ted with 10% FBS, 2 mm glutamine, 30 units/ml penicillin,
30 mg/ml streptomycin, 0.2 mm CaCl, and 10 mm La**, to
prevent Ca>* overload-induced cell death (31). [Ca®*]; imaging
was performed at 24—36 h after transfection.

Measurement of changes in [Ca*'];

HEK?293 cells on cover slips were loaded with Fura-2 by incuba-
tion in low-Ca’* D-MEM containing 5 mm Fura-2/AM (Dojindo
Laboratories) at 378C for 40 min, and washed with imaging so-
lution (2Ca). The cover slips were then placed in a perfusion
chamber mounted on the stage of a microscope (Axio-observer
Z1; Carl Zeiss). Transfected cells were identified by detection
of fluorescence from pDsRed-Monomer. Fura-2 fluorescence
images of the cells were recorded and analyzed with Physiology
software (Carl Zeiss). The 340/380 nm ratios of images were re-
corded at 10 s intervals. The compositions of [Ca”*]; imaging
solutions are listed in Supplementary Material, Table S6.
Fura-2/AM was loaded into skeletal myotubes on cover slips
in the same manner used for HEK293 cells but in nominally
Ca’*-free HEPES-buffered saline (HBS) (Supplementary Ma-
terial, Table S6). The cover slips were then placed in a perfusion
chamber mounted on the stage of the microscope (IX70;
Olympus). Fura-2 fluorescence images of the myotubes were
recorded and analyzed with MetaMorph Imaging Software (Mo-
lecular Devices). The images were recorded at 20 s intervals.
Compositions of [Ca**]; imaging solutions are listed in Supple-
mentary Material, Table S6. For measurement of the resting
[Ca®"];, Fura-2/AM was loaded to myotubes at 0Ca and 2Ca, re-
spectively, and [Ca’"]; imaging was performed. The resting
[Ca*]; was calculated as previously reported (45).

Mn?*' quenching assay

Extracellular Mn>* entry was measured through monitoring the
decline in the fluorescence intensity of Fura-2 at an isosbestic
excitation wavelength of 360 nm and recording the emitted
fluorescence at 510 nm (46) by using the same system as used
for the [Ca®"]; measurement. The compositions of nominally
Ca**-free HBS and 0.1 mm MnCl, solutions are listed in Sup-
plementary Material, Table S6.

Statistical analysis

Graphics were prepared and statistical analyses were performed
with GraphPad Prism (GraphPad Software). Data are presented
asmean + SEM. All data were analyzed using unpaired t-tests in
comparisons between two samples and ANOVA in comparisons
among three samples.

WEB RESOURCES

Online Mendelian Inheritance in Man (OMIM), http://www.om
im.org/.

Human Molecular Genetics, 2015, Vol. 24, No. 3 647

dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/.

1000 Genomes Project, http://www.1000genomes.org/.
NHLBI Exome Sequencing Project (ESP) Exome Variant
Server, http://eversusgs.washington.edw/EVS/.

HGVD, http://www.genome.med.kyoto-u.ac.jp/SnpDB/.
MutationTaster, http://www.mutationtaster.org/.

SIFT, http://sift.jcvi.org.

PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/.

MMDB, http://www.ncbi.nlm.nih.gov/Structure/MMDB/mm
db.shtml.

BWA, http://bio-bwa.sourceforge.net/.

Picard, http://picard.sourceforge.net/.

GATK, http://www.broadinstitute.org/gatk/.

ANNOVAR, http://www.openbioinformatics.org/annovar/.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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DAG1 mutations associated with
asymptomatic hyperCKemia and

hypoglycosylation of a-dystroglycan

ABSTRACT

Objectives: To identify gene mutations in patients with dystroglycanopathy and prove pathogenic-
ity of those mutations using an in vitro cell assay.

Methods: We performed whole-exome sequencing on 20 patients, who were previously diagnosed
with dystroglycanopathy by immunohistochemistry and/or Western blot analysis. We also evalu-
ated pathogenicity of identified mutations for phenotypic recovery in a DAG1-knockout haploid
human cell line transfected with mutated DAG1 complementary DNA.

Results: Using exome sequencing, we identified compound heterozygous missense mutations in
DAG1 in a patient with asymptomatic hyperCKemia and pathologically mild muscular dystrophy.
Both mutations were in the N-terminal region of a-dystroglycan and affected its glycosylation.
Mutated DAG1 complementary DNAs failed to rescue the phenotype in DAG1-knockout cells,
suggesting that these are pathogenic mutations.

Conclusion: Novel mutations in DAG1 are associated with asymptomatic hyperCKemia with
hypoglycosylation of a-dystroglycan. The combination of exome sequencing and a phenotype-
rescue experiment on a gene-knockout haploid cell line represents a powerful tool for evaluation
of these pathogenic mutations. Neurology® 2015;84:273-279

GLOSSARY

cDNA 5 complementary DNA; DAG1 5 dystroglycan 1 (dystrophin-associated glycoprotein 1); KO 5 knockout; WES 5
whole-exome sequencing.

Dystroglycan is a centrad component of the dystrophin—glycoprotein complex, which links the
cytoskeleton and extracellular matrix through sarcolemma*? Dystroglycan has important roles in
the development and maintenance of skeletal muscle, the CNS;? and other organs*® It is encoded by
the DAG1 gene. The synthesized polypeptide is posttrandaiondly cleaved into 2 subunits, namely,
a- and b-dystroglycan; then the former is highly glycosylated.”® a-Dystroglycan is composed of 3
diginct domains. the N-termina region, the mucin-like domain, and the C-termind domain, a
which the mucin-like domain is highly glycosylated by O-linked mannosyl-oligosaccharides and
binds to ligands such as laminin and agrin by its sugar chains®*® Reports show tha the N-termind
region is required for functiona glycosylation of the mucin-like domain by LARGE, an intracellular
enzyme-substrate recognition motif necessary for initiation of specific glycosylation®*

Defects in glycosylation of a-dystroglycan lead to a subgroup of muscular dystrophies and brain
and eye maformations, termed dystroglycanopathies.”? There is a broad spectrum of severity in
these diseases, ranging from Walker-Warburg syndrome, muscle-eye-brain disease, and Fukuyama
congenital muscular dystrophy to the milder form of limb-girdle muscular dystrophy, such as
LGMD2I.2* Recent advances in DNA sequencing techniques facilitated identification of new
causative genes in dystroglycanopathies™™; to date, 18 causative genes have been identified.
Among them, DAG1 mutations cause primary dystroglycanopathy in limb-girdie muscular dys-
trophy™ and muscle-eye-brain disease.®
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Herein, we report the case of a patient in
whom dystroglycanopathy was caused by
novel compound heterozygous missense muta-
tions in DAG1 identified by whole-exome
sequencing (WES) and we prove the pathoge-
nicity of the mutations.

METHODS Standard protocol approvals, registrations,
and patient consents. The ethics committee of the National
Center of Neurology and Psychiatry approved this study. All pa-
tients gave written informed consent before study participation.

Subjects. To identify the cause of a-dystroglycanopathy, we
selected a cohort of 20 unrelated individuals who were diagnosed
with a-dystroglycanopathy by negative reactivity with an anti-
body for glycoepitope of a-dystroglycan (VIA4-1; Millipore,
Billerica, MA) on a muscle biopsy and/or decreased VIA4-1
immunoreactivity and laminin binding ability as shown by
Western blotting® We immunostained muscle with antibodies for
b-dysroglycan (43DAGL; Leica, Wetzlar, Germany), dystrophin
(NCL-DYSI, Leica), merosin (4H8-2; Alexis, Lausen, Switzerland),
and b-sarcoglycan (5B1, Leica), and conducted Western blotting
using the core antibody for a-dystroglycan peptide, GT20ADG.
We confirmed that dl sudy patients did not have 3-kb
retrotransposal insertion at FKTN.

Whole-exome sequencing. WES was performed as reported
previously.” Briefly, after genomic DNA isolation from muscle
specimens or periphera blood lymphocytes using standard tech-
niques, we performed exon capture according to the manufac-
turer’s instructions (SureSelect Human All Exon kit V4, 50 Mb;
Agilent, Santa Clara, CA), followed by paired-end 100-base
massively pardlel sequencing on an Illumina HiSeq1000
(Ifuming, Inc., San Diego, CA). Then, we mapped and aigned
to the human genome chromosomal sequence using the Burrows-
Wheeler Aligner. We removed duplicate reads using Picard for
downstream analysis and conducted loca realignments around
indels and regions for low base quality scores using the
Genome Analysis Toolkit for recalibration. We identified
single-nucleotide variants and small indels using the Genome
Analysis Toolkit Unified Genotyper (version 1.6) and filtered
according to the Broad Institute's best-practice guidelines. We
used ANNOVAR to annotate genetic variations. Data filtering
included the following conditions: (1) mutation effect—splicing,
start lost, exon deletion, frame shift, stop gained or lost,
nonsynonymous codon change, codon insertion or deletion; (2)
variation frequency less than 0.01 in HapMap and in 1000
Genomes Project database; and (3) inheritance mode—
homozygous mutations, hemizygous mutation, or more than 2
mutations in the same genes. We used Sanger sequencing to
confirm mutations.

Validation for the pathogenicity of identified mutations.
To examine the pathogenicity of identified mutations, we ana-
lyzed functiona recovery of dystroglycans in DAG1-knockout
(KO) haploid human cell line (HAPL) cells using transfection
of lentivirus vectors, pLVSIN-IRES-ZsGreen (Clontech,
Mountain View, CA), harboring wild-type or mutated human
DAG1 complementary DNA (cDNA). Jae et al.* established
the DAG1-KO HAPL cell as reported previously. For the
glycosylation in a-dystroglycan assay, we cultured HAPL cells
on laminin-coated glass-bottom dishes. Five days after lentivirus
infection, we incubated live cells with 11H6-C4 antibody against
glycoepitope of a-dystroglycan (Millipore) in medium and then
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visualized the cells with Alexa Fluor 568-labeled anti-mouse
immunoglobulin M secondary antibody. We observed the
cultured cells using a fluorescent microscope (BZ-9000;
Keyence, Itasca, IL) with Z-axis scanning throughout whole
cells to acquire green fluorescent protein and a-dystroglycan
images together (7 images with 1-mm intervals) for full-focus
images. After staining with 43DAG1 antibody and GM130
antibody (Cell Signaling Technology, Beverly, MA), we
observed localization of b-dystroglycan in  formain-fixed
HAP1 cells.

Biotinylation of cell-surface proteins on HAPL cells. We
labeled living HAPL cells with the membrane-impermesble biotin
reagent, Sulfo-NHS-LC-Biotin, according to manufacturer's
ingructions (Thermo  Scientific, Watham, MA) and then
subjected streptavidin-purified proteins to Western blotting using
standard techniques. We detected b-dystroglycans with 43DAG1
antibody.

RESULTS Identification of DAG1 mutation by WES.
After analysis of acohort of 20 unrelated patients with
a-dystroglycanopathy, we identified one patient who
harbored mutations in DAG1 genes. WES anaysis
summary is presented in table e-1 on the Neurology®
Web site at Neurology.org. We identified 7 genes with
homozygous mutations, 18 genes with compound
heterozygous mutations, and 8 genes with hemizygous
mutations in this patient (data not shown). Among
them, we identified compound heterozygous
mutations, ¢220G.A  (rs189360006) and c¢.331G.A
(rs117209107) in DAG1, which are predicted
to lead to missense mutations, p.Val74lle and
p.Aspl11Asn, respectively. We did not find any
other genes involved in the glycosylation pathway
in the patient. We confirmed the 2 mutations in
DAG1 by Sanger sequencing (figure 1A) and the
compound heterozygosity by transcript analysis
(data not shown). Residues at both mutated sites are
located in the N-terminal region of a-dystroglycan
and are highly conserved during evolution (figure 1,
B and C). In silico analyses of mutation function
demonstrated that p.Val74lle and p.Aspll1Asn,
respectively, were predicted as damaging and tolerated
by SIFT and probably damaging and benign in
PolyPhen-2, and both mutations were predicted as
disease-causing in MutationTaster. Other than DAG1
mutations, the compound heterozygous missense
alterations were found in TTN and AHNAK genes
among muscle-related genes.

Clinical phenotype and histologic features of muscle
biopsy. This is a 7-year-old boy coming from a
nonconsanguineous marriage who has compound
heterozygous mutations in DAG1. He was born
normally (length at birth, 51.5 cm; birth weight,
3,672 g) and demonstrated normal development
milestones. At the age of 4 years and 7 months, he
was 98 cm tall, weighed 17 kg, and had a head
circumference of 50.8 cm. When he was 4 years



( Figure 1 Compound heterozygous mutations in the DAG1 gene in the described patient 1
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dystroglycan.

and 5 months, he became dehydrated in the wake of
acute tonsillitis, and was diagnosed with hyperCKemia
by chance. After recovery from dehydration,
hyperCKemia continued (range, 1,855-6,512 IU/L;
normal range, 45-287 IU/L). Physical examination
showed no symptomatic muscle weakness but we
observed calf pseudohypertrophy. CT
imaging showed low intensity in the rectus femoris,
semimembranosus, and gastrocnemius muscles. Brain
CT images showed no morphologic abnormality.

Muscle

Muscle histologic analysis showed muscular dystro-
phy-like appearance including a few regenerating
fibers, internal nuclei, and mild endomysial fibrosis.
Immunohistochemical analysis was positive for dystro-
phin, merosin, sarcoglycans, and b-dystroglycan, but
negative for glycoepitope of a-dystroglycan (figure 2).
Results of Western blotting and the laminin overlay
assay of muscle proteins corroborated the reduction
in glycosylation of a-dystroglycan (figure 2); in con-
trast, we detected strong  immunoreactivity to
GT20ADG at lower molecular mass. b-Dystroglycan
was normal.

Pathogenesis is proven by rescue of DAG1-KO HAPI
cells by the wild-type and mutant DAG1 gene. To prove
the pathogenicity of the 2 missense mutations har-
bored by this patient, we transfected lentivirus vectors

with wild-type or mutated DAGI  cDNAs
(p.Val74lle and p.AsplllAsn) into DAG1-KO
HAP1 cells, which showed defects in reactivity for
the anti-a-dystroglycan antibody, ITH6 (figure 3A).
DAG1-KO HAPI cells were rescued by introduction
of wild-type cDNA showing recovery of strong ITH6
immunoreactivity similar to that of wild-type HAPI
cells (figure 3A). On the contrary, cDNAs with
p.Val74lle and p.Aspll1Asn mutations failed to
rescue (figure 3A).

We also analyzed mutated b-dystroglycan trans-
port to the cell surface in HAP1 cells. DAG1-KO cells
were negative for b-dystroglycan staining (figure 3B).
Introduction of wild-type and mutated DAGI
c¢DNAs into DAG1-KO cells resulted in recovery of
b-dystroglycan staining at the cell surface (in red) but
not in the Golgi apparatus (GM130, blue), suggest-
ing that processing and transport of dystroglycan was
not affected by the mutations. Cell-surface biotin-
labeling experiments in DAG1-KO cells transfected
with wild-type and mutated DAGl1 cDNAs also
showed recovery of b-dystroglycan in the biotinylated
protein fraction (figure 3C). These results demon-
strate that these 2 mutations are pathogenic and
impair glycosylation of a-dystroglycan, but not dys-
troglycan expression.
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( Figure 2 Hypoglycosylation of a-dystroglycan in the described patient 1
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(A, top) Histology and immunostaining of skeletal muscle from the patient. Muscle histology showed muscular dystrophy—
like appearance including a few regenerating fibers, internal nuclei, and mild endomysial fibrosis. (A, bottom) Muscle stained
positive for antibodies to dystrophin (Dys-rod), merosin, b-sarcoglycan (b-SG), and b-dystroglycan (b-DG), but negative for
glycoepitope antibody to a-dystroglycan (a-DG VIA4-1). (B) Western blotting with VIA4-1 antibody and the laminin overlay
assay of muscle proteins showing reduced glycosylation of a-dystroglycan; in contrast, strong immunoreactivity to
GT20ADG for core peptide was detected at lower molecular mass (*). After Western blotting with VIA4-1 antibody, the same
membrane was used for GT20ADG. The bands labeled with # were the VIA4-1 antibody-reactive bands. b-Dystroglycan

staining was normal.

DISCUSSION Herein, we report on a patient with
dystroglycanopathy, who has compound heterozy-
gous mutations in DAG1. This patient had asymp-
tomatic hyperCKemia with mild muscular dystrophy
and deficiency in laminin-binding glycosylation
in a-dystroglycan. Although the patient could be
presymptomatic for muscle weakness or intellectual
disability, the clinical phenotype is much milder
compared with a previous report of a patient who
had limb-girdle-type muscular dystrophy accompanied
by mild cognitive impairment.'” Our finding
expands the clinical and pathologic spectrum of
dystroglycanopathy associated with DAG1 mutation
from a muscle-eye-brain disease—like phenotype
and mild limb-girdle muscular dystrophy'** to
asymptomatic hyperCKemia. Myopathic asymptomatic
hyperCKemia has been reported in secondary
dystroglycanopathies, with mutations in FKRP
and FKTN genes.”2® By WES, we also identified 2
missense alterations in each of the TTN and AHNAK
genes, which have been known to be expressed in
skeletal muscles. Both alterations in TTN were
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predicted as probably damaging in PolyPhen-2 or
disease-causing in MutationTaster in silico functional
analyses. These alterations in TTN were not localized
in the exons in which the mutations have
been identified in other muscle diseases, such as
hereditary myopathy with early respiratory failure,
cardiomyopathy, or tibial muscular dystrophy.
AHNAK missense alterations were predicted as
probably damaging and benign in PolyPhen-2 or
polymorphism in  MutationTaster. Functional
experiments for the mutated proteins would be
required for final conclusion of their pathogenicities.

Although one could argue whether the ¢.220G.A
and ¢.331G.A variants previously annotated in the
dbSNP131, 1000 Genomes, and HapMap databases
can be the candidate pathogenic mutations, we still
presume they are pathogenic because we did not find
any other strong candidate gene for dystroglycanop-
athy in this patient. Because it is known that the 3-kb
retrotransposal insertion in FKTN with a frequency of
1/88 allele is associated with a high prevalence of
Fukuyama congenital muscular dystrophy in Japan,”



( Figure 3 Mutant DAG1 observed in patients does not rescue hypoglycosylation of a-dystroglycan in DAG1-KO cells 1
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(A) lIH6-4C2 staining of wild-type HAP1 cells (in red), DAG1-knockout cells (HAP1-DAG1-KO), and DAG1-KO cells transfected with wild-type (1WT-DAG1),
Val74lle-mutated (1V741 DAG1), and Asp111Asn-mutated DAG1 (1D111N DAG1). Transfected cells are positive for ZsGreen expression (in green).
(B, C) Recovery of b-dystroglycan on cell surface in DAG1-KO cells by transfection with wild-type (1WT-DAG1), p.Val74lle-mutated (1V74]1 DAG1),
and p.Asp111Asn-mutated DAG1 (1D111N DAG1). HAP1, wild-type haploid cells; HAP1-DAG1-KO, DAG1-KO HAP1 cells. (B) Immunostaining
of b-dystroglycan (red) and Golgi protein, GM130 (blue). (C) Western blot analysis of cell-surface biotin-labeled fraction. Scale bar denotes 20 mm.
b-DG 5 b-dystroglycan.

it is logical to suspect a mutation with a variation
frequency of more than 0.01. Because the
¢.331G.A mutation has a variation frequency of
0.005 in all populations in 1000 Genomes and a
higher frequency (0.028) in the Japanese population
in the Human Genetic Variation Database, there is a
possibility that a higher incidence of potential dystro-
glycanopathy caused by p.Aspl11Asn substitution
exists in the Japanese population. However, in other
populations, the frequency has not been known.

As reported, hypoglycosylation levels of a-dystrogly-
can do not consistently correlate with clinical severity.

Our patient should be classified as having a primary dys-
troglycanopathy with mutations in DAG1; he had typical
hypoglycosylation of a-dystroglycan in terms of low
molecular mass of the protein, positive reactivity to anti-
core peptide antibody, and decreased binding to lam- inin,
but he showed a milder phenotype. The level of
hypoglycosylation of a-dystroglycan is not necessarily
predictive of phenotypic severity in dystroglycanopathy.
Our results suggest that the missense mutation of
p.Val74lle or p.Aspl11Asn in the N-terminal region
of a-dystroglycan does not influence expression
of the dystroglycan, but it does cause a defect in
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posttranslational modification. Similarly, Hara et al."
reported a missense mutation (p.Thel92Met) in
the N-terminal region, which is also associated with
hypoglycosylation of a-dystroglycan but with nor-
mal b-dystroglycan localization. LARGE catalyzes
the extension of specific disaccharide struc-
tures [23GlcAal24Xylb12] on a phosphorylated O-
mannosyl glycan in the mucin-like domain, which is
required for laminin binding, within the Golgi
apparatus.” The N-terminal region in a-dystroglycan
serves as a recognition site for LARGE?; of note, Hara
et al. demonstrated that the p.Thel92Met mutation
in DAG1 impairs interaction between a-dystroglycan
and LARGE. This N-terminal region is predicted to
have L-shaped modular architecture and comprises 2
autonomous domains; domain 1 contains residues
28—-168 in murine a-dystroglycan and belongs to
the I-set domain of the immunoglobulin superfam-
ily, and domain 2 contains residues 180—303 with a
ribosomal RNA-binding protein  fold.*® Both
mutated residues, Val74 and Asplll, are present
in domain 1 and are neighbors of Gly75 and
GInl13 (corresponding to Gly73 and Hislllin
murine dystroglycan); each of these is predicted
to be aligned on the interaction between domain
1 and 2, and the trimer interface of domain 1, respec-
tively, in the crystal structure of the N-terminal region of
murine a-dystroglycan. Both mutations may affect
higher-order structural formation of the N-terminal
region of a-dystroglycan. Another possibility is that
the mutations may impair direct interaction of the N-
terminal globular region of a-dystroglycan with
extracellular matrix molecules, as suggested by Hall
et al*' Remarkable secondary structure and hydropho-
bic character changes of the mutated fragment are
reported to lead to weaker interaction of this domain
with laminin.*

Previously, Willer et al."” have demonstrated the
rescuing experiments using patients’ fibroblasts in
dystroglycanopathy for evaluation of the pathoge-
nicity of gene mutations. In this study, we used
gene-modified HAP1 cells because the patient’s cells
were not available. The phenotypic rescue experi-
ments described here, using DAG1-KO HAPI cells
with lentivirus-mediated expression of mutated
cDNA, enabled rapid and easy evaluation of the
pathogenicity of the mutations. This is a simple
method based on the recovery of the function of a-
dystroglycan. Theoretically, this method can be
applied to evaluate any of the mutations in all
known causative genes as well as mutations in novel
candidate genes for dystroglycanopathies without
requiring enzymatic activity measurement, as long
as the specific gene-KO HAPI cells are available.
This method would be applicable by any researcher
for confirming the data from WES for each causative
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mutation in any disease, if the phenotypes of cells
were characterized.
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Mutation profile of the GNE gene in Japanese
patients with distal myopathy with rimmed vacuoles

(GNE myopathy)
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ABSTRACT

Background GNE myopathy (also called distal myopathy
with rimmed vacuoles or hereditary inclusion body
myopathy) is an autosomal recessive myopathy
characterised by skeletal muscle atrophy and weakness that
preferentially involve the distal muscles. It is caused by
mutations in the gene encoding a key enzyme in sialic acid
biosynthesis, UDP-N-acetylglucosamine 2-epimerase/N-
acetylmannosamine kinase (GNE).

Methods We analysed the GNE gene in 212 Japanese
GNE myopathy patients. A retrospective medical record
review was carried out to explore genotype—phenotype
correlation.

Results  Sixty-three different mutations including 25 novel
mutations were identified: 50 missense mutations, 2
nonsense mutations, 1 insertion, 4 deletions, 5 intronic
mutations and 1 single exon deletion. The most frequent
mutation in the Japanese population is ¢.1714G>C (p.
Val572Leu), which accounts for 48.3% of total alleles.
Homozygosity for this mutation results in more severe
phenotypes with earlier onset and faster progression of the
disease. In contrast, the second most common mutation,
c.527A>T (p.Asp176Val), seems to be a mild mutation as
the onset of the disease is much later in the compound
heterozygotes with this mutation and ¢.1714G>C than the
patients homozygous for ¢.1714G>C. Although the allele
frequency is 22.4%, there are only three homozygotes for
¢.527A>T, raising a possibility that a significant number of
¢.527A>T homozygotes may not develop an apparent
disease.

Conclusions Here, we report the mutation profile of the
GNE gene in 212 Japanese GNE myopathy patients, which
is the largest single-ethnic cohort for this ultra-orphan
disease. We confirmed the clinical difference between
mutation groups. However, we should note that the
statistical summary cannot predict clinical course of every
patient.

INTRODUCTION

GNE myopathy, which is also known as distal myop-
athy with rimmed vacuoles® quadriceps sparing
myopathy? or hereditary inclusion body myopathy
(h1BM),2 is an autosomal recessive myopathy char-
acterised by skeletal muscle atrophy and weakness
that preferentially involve the distal muscles such as
the tibialis anterior. It is a progressive disease,
whereby the symptoms of muscle weakness start to
afect the patient from the second or third decade of
life, and most of the patients become wheelchair-
bound between twenties and sixties* The

characterigtic histopathological features in muscle
biopsy include muscle fibre atrophy with the pres-
ence of rimmed vacuoles and intracellular congophi-
lic deposits* > GNE myopathy is caused by
mutations in the gene encoding a key enzyme in
sialicacid biosynthesis, UDP-N-acetylglucosamine2-
epimerase/N-acetylmannosamine kinase (GNE).5®
Genetically confirmed GNE myopathy was initially
recognised in Iranian Jews and Japanese,” ° but later
appeared to be widely distributed throughout the
world. More than 100 mutations in the GNE gene
have been described up to date.

During the last decade, there has been extensive
experimental work to elucidate the pathogenesis
and to develop therapeutic drategies of GNE
myopathy.® 1°-*2 Better knowledge on the basis of
those research achievements have currently enabled
us to enter the era of clinical trial for human
patients. At this moment, the identification of new
GNE myopathy patients with precise genetic diag-
nosis and the expansion of global spectrum of
GNE mutations are timely and important. Here,
we report the molecular profile of Japanese GNE
myopathy patients with a brief discussion of geno-
type—phenotype correlations.

METHODS

Patients

Two hundred and twelve patients from 201 unre-
lated Japanese families were included in this study.
There were 117 female and 95 male patients. All
cases were genetically confirmed as GNE myopathy.
A retrospective medical record review was carried
out to explore genotype—phenotype correlation.
Informed consent was obtained for the collection
of clinical data and extraction of DNA to perform
mutation analysis.

Genetic analysis

DNA was extracted from peripheral blood leukocytes
or skeletal muscle tissue. We used the previoudy
described sequencing method to describe mutations
a cDNA level.” All exons and splice regions of the
GNE gene were sequenced. NM_005476.5 was used
as a reference sequence. We screened 100 adlees
from normal Japanese individuals to determine the
significance of novel variations.

Pathological analysis
To evaluate histopathological phenotype according
to genotype, we analysed muscle biopsies from two
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most common genotype groups in Japanese population. Each of
the three age-matched and biopsy site-matched samples from
€.1714G>C homozygous group and c.1714G>C/c.527A>T
compound heterozygous group was compared. Muscle samples
were taken from biceps brachii and frozen with isopentane
cooled in liquid nitrogen. Seria frozen sections of 10 um were
sained using a set of histochemica methods including
haematoxylin-eosin and modified Gomori trichrome.

Statistical analysis

Statistics were calculated using GraphPad Prism 5 software
(GraphPad Software, La Jolla, California, USA). Between-group
comparison for clinical data was performed using one-way ana-
lysis of variance with Dunnett's post-tes. All values are
expressed as means+SD. We performed two-sided tests with a
p<0.05 level of significance.

RESULTS

Mutation profile

We identified homozygous or compound heterozygous GNE
mutations in all 212 patients (see online supplement 1). In total,
63 different mutations were found including 50 missense muta-
tions, 2 nonsense mutations, 1 insertion, 4 deletions, 5 intronic
mutations and 1 single exon deletion (figure 1). Twenty-five
novel mutations were identified including 17 missense muta-
tions, 4 small deletions, 3 intronic mutations and 1 single exon
deletion (figure 1, see online supplement).

Twenty-one mutations were found to be shared between
two or more unrelated families. The three mutations occurring
most frequently in the Japanese population were ¢.1714G>C
(p-Val572Leu), c¢.527A>T (p.Aspl76Val) and ¢.38G>C
( p.Cysl13Ser); these comprised 48.3%, 22.4% and 3.5%,
respectively, of the total number of alleles examined (table 1).

Genotype—phenotype correlations

The mean age of genetic analysis was 41.6+14.1 years (n=212),
and the mean age of symptom onset based on the data available
was 28.4+10.2 years (n=195). The earliest onset age was 10
and the latest was 61 years old in our cohort. Thirty-six among
154 patients (23.4%) were full-time wheelchair users at the
point of genetic diagnosis with the average age at loss of ambu-
lation being 36.8+11.3 years (n=36). The youngest wheelchair-
bound age was 19, and the oldest ambulant age was 78. To
investigate genotype—phenotype correlations in the major GNE
mutations of Japanese population, we compared the age at
symptom onset and loss of ambulation between the patients
groups carrying either of the two most frequent mutations,
¢.1714G>C and c.527A>T (table 2). As with a previous
report,'* homozygous ¢.1714G>C mutations resulted in earlier

Ex3 del G136R

1270N
12707
R277C

R277G
G295R*

1298T
R321C

|

Table 1 Allele frequency for GNE mutations in 212 Japanese GNE
myopathy patients

Allele frequency

Mutation type

Missense 402 (94.8%)
Nonsense 3 (0.7%)
Insertion 1(0.2%)
Small deletion 4(0.9%)
Single exon deletion 2 (0.5%)
Intron 12 (2.8%)

Three most common mutations

c.1765G>C (p.Val572Leu) 205 (48.3%)

¢.578A>T (p.Asp176Val) 95 (22.4%)
¢.38G>C (p.Cys13Ser) 15 (3.5%)
Total alleles 424

symptom onset (23.9+7.1 years, p<0.01) and the majority of
full-time wheelchair users were in this group. On the other
hand, ¢.1714G>C/c.527A>T compound heterozygous patients
first developed symptoms at a later age (37.6+12.6 years,
p<0.01), and there were no wheelchair-bound patients at the
time of genetic analysis in this group. Only three homozygous
¢.527A>T mutation patients were identified, and their average
onset age (32.3+5.7 years) was also higher among total patients
(28.4+10.2 years). All three patients were ambulant until the
last follow-up visits (29, 40 and 44 years).

Among 212 cases, 80 patients underwent muscle biopsies.
Overall pathological findings in our series were compatible with
GNE myopathy. The -characteristic rimmed vacuoles were
observed in the majority (76/80, 95.0%) of the cases. Through
the analysis of muscle biopsies from age-matched and biopsy
site-matched samples, we found that the histopathological phe-
notypes were in line with these genotype—phenotype correla-
tions (figure 2). Homozygous c¢.1714G>C mutations have led
to much more advanced pathological changes with severe myofi-
bre atrophy and increased numbers of rimmed vacuoles.
Marked adipose tissue replacement was appreciated in a case
with reflecting very advanced stage of muscle degeneration.

DISCUSSION

As shown in figure 1, mutations were located throughout the
whole open reading frame of the GNE gene. The majority
(94.8%, 402/424 alleles) of the mutations in our series were
missense mutations (table 1), and there were no homozygous
null mutations. These results are in accordance with previous

reports’ ° signifying that total loss of GNE function might be

G559R

c.1505-4G>A G568S A630fs
1472T* V572L* A630T*
A524V V572del A631V
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Figure 1

Mutation spectrum of GNE in the Japanese population. The mutations are located throughout the whole open reading frame. Twenty-five

novel mutations are underlined, and 21 shared mutations are indicated with asterisks.

Cho A, et al. J Neurol Neurosurg Psychiatry 2014;85:912-915. doi:10.1136/jnnp-2013-305587

913



Downloaded from jnnp.bmj.com on August 26, 2014 - Published by group.bmj.com

Neuromuscular

Table 2 Comparison of clinical course between two most frequent GNE mutations in Japanese population

Mutations Age at exam (years) Age at onset (years) Age at WB (years) Ambulant
¢.1714G>Clc.1714G>C 38.6+13.4 (n=71) 23.9+7.1 (n=65)** 35.4+10.6 (n=28) n=22
¢.1714G>Clother 32.3+13.2 (n=25) 21.916.8 (n=22)* 37.0£8.6 (n=4) n=16
¢.1714G>Clc.527TA>T 48.9114.1 (n=38) 37.6£12.6 (n=35)** (n=0) n=29
¢.527A>T/c.527A>T 37.7+7.7 (n=3) 32.3+5.7 (n=3) (n=0) n=3
¢.527A>T/other 41.3+11.1 (n=51) 30.68.0 (n=46) (n=2) n=33
other/other 49.8+14.7 (n=24) 28.819.5 (n=24) (n=2) n=16
Total 41.6£14.1 (n=212) 28.4+10.2 (n=195) 36.8+11.3 (n=36) n=118

Dunnett's multiple comparison test (control: total patients) *p<0.05, **p<0.01.
Other: a mutation other than ¢.1714G>C and ¢.527A>T; WB, wheelchair-bound.

lethal in human beings. The embryonic lethality of null muta-
tion in GNE had also been proved in the mouse model.'* Only
three of total 212 patients carried a nonsense mutation; clinical
data were available for two of them. Interestingly, one patient
with compound heterozygous ¢.22C>T ( p.Arg8X)/c.1714G>C
( p-Val572Leu) mutations developed his first symptoms at the
age of 15, while the other patient with ¢.1258C>T ( p.
Argd20X)/c.527A>T ( p.Aspl176Val) mutations developed her
symptoms much later, at the age of 45. The similar difference
was also observed in the phenotypes of patients with frame-shift
mutations. A patient carrying c¢.383insT ( p.I128fs) and
c.1714G>C ( p.Val572Leu) mutations developed his first
symptom at the age of 13, whereas another two patients
with c.1541-4del4 (p.Val514£s)/c.527A>T (p.Aspl76Val) and

c.581delA (p.N194fs)/c.527A>T (p.Asp176Val) mutations had
later symptom onset, at the age of 30 and 32 years, respectively.
This clinical variation can be explained as it reflects alternative
missense mutations, because the two patients with very early
onset shared the same missense mutation c¢.1714G>C, while
the patients with the milder phenotype shared c.527A>T.

Among five intronic mutations identified in our series, ¢.617
—4A>G and c.769 + 4A>G were previously reported as
pathological mutations.” !> Three novel variants were located at
splice junction of exon 6 (c.983—1delG), exon 8 (c.1411
+5G>A) and exon 9 (c.1505—4G>A), raising the high possibil-
ity of relevant exons skipping. These variants were not detected
in 200 alleles from normal Japanese individuals and also in the
single nucleotide polymorphism (SNP) database.

Figure 2 Comparison of muscle pathology between patients with homozygous ¢.1714G>C (p.Val572Leu) and with compound heterozygous
¢.1714G>C (p.Val572Leu)/c.527A>T (p.Asp176Val) mutations. Homozygous ¢.1714G>C (p.Val572Leu) mutations have led to much more advanced
histopathological changes compared with compound heterozygous ¢.1714G>C (p.Val572Leu)/c.527A>T (p.Asp176Val) mutations.
Haematoxylin-eosin (left) and modified Gomori trichrome (right) stains of muscle sections from age (c.1714G>C/c.1714G>C: 28, 31 and 39 years,
¢.1714G>C/c.527A>T: 27, 33 and 42 years) and biopsy site (biceps brachii muscles) matched samples. Bar=100um; triangles: rimmed vacuoles;

arrows: atrophic fibres; asterisks: adipose tissue.
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As there are ethnic differences in GNE mutation frequen-
cies,” '"° establishing the mutation spectrum and defining pre-
dominant mutations in a certain population may be helpful for
the diagnosis. Three most common mutations in the Japanese
population and their allele frequencies (table 1) were in agree-
ment with previous data.” '* The allele frequencies of top two
mutations (c.1714G>C and c¢.527A>T) comprise more than
two-third of the total number of alleles suggesting that founder
effects are involved in the relatively higher incidence of GNE
myopathy in Japan.

Although most of patients showed characteristic pathological
features, the existence of exceptional cases with atypical biopsy
findings implies that GNE myopathy cannot be totally excluded
from the absence of rimmed vacuoles in muscle biopsies. On
the other hand, we found 94 patients who were pathologically
or clinically suspected but not had mutations in GNE. Several
cases of VCP myopathy mutations in (VCP), myofibrillar myop-
athy mutations in (DES) and reducing body myopathy (FHL1)
were later identified in this group, suggesting these diseases
should be included as differential diagnosis of GNE
myopathy.*

In terms of genotype—phenotype correlations, we confirmed
that homozygosity for ¢.1714G>C ( p.Val572Leu) mutation
resulted in more severe phenotypes in clinical and histopatho-
logical aspects. In contrast, the second most common mutation,
c.527A>T (p.Aspl76Val), seems to be a mild mutation as the
onset of the disease is much later in the compound heterozy-
gotes with this mutation and c.1714G>C. Several evidences
further strengthened the link between the more severe pheno-
type and c.1714G>C, and between the milder phenotype and
¢.527A>T. Compound heterozygosity for ¢.1714G>C and non-
c.527A>T mutations resulted in earlier symptom onset
(22.9+6.8 years, p<0.05) compared with the average onset age
of the total group, whereas ¢.527A>T, both presented as homo-
zygous and as compound heterozygous mutations, lead to
slower disease progression (table 2). In addition, only three
patients carrying this second most common mutation ¢.527A>T
in homozygous mode were identified, which is much fewer than
the number expected from high allele frequency (22.4%),
raising a possibility that considerable number of c¢.527A>T
homozygotes may not even develop a disease. In fact, we ever
identified an asymptomatic ¢.527A>T homozygote at age
60 years.” Now he is at age 71 years and still healthy. Overall,
these results indicate that different mutations lead to different
spectra of severity. However, this is a result of a statistical
summary that cannot predict clinical course of each individual
patient.

Here, we presented the molecular bases of 212 Japanese
GNE myopathy patients with 25 novel GNE mutations. Based
on the current status of knowledge, sialic acid supplementation
may lead to considerable changes in the natural course of GNE
myopathy within near future. The ongoing identification of
GNE mutations and further studies regarding the clinicopatho-
logical features of each mutation will provide better understand-
ing of GNE myopathy and lead to accelerated development of
treatment for this disease.
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Abstract

When an expected mutation in a particular disease-causing gene is not identified in a suspected carrier, it is usually assumed to be due
to germline mosaicism. We report here very-low-grade somatic mosaicism in ACTA1 in an unaffected mother of two siblings affected
with a neonatal form of nemaline myopathy. The mosaicism was detected by deep resequencing using a next-generation sequencer.
We identified a novel heterozygous mutation in ACTA1, ¢.448A>G (p.Thris0Ala), in the affected siblings. Three-dimensional
structural modeling suggested that this mutation may affect polymerization and/or actin’s interactions with other proteins. In this
family, we expected autosomal dominant inheritance with either parent demonstrating germline or somatic mosaicism. Sanger
sequencing identified no mutation. However, further deep resequencing of this mutation on a next-generation sequencer identified
very-low-grade somatic mosaicism in the mother: 0.4%, 1.1%, and 8.3% in the saliva, blood leukocytes, and nails, respectively. Our
study demonstrates the possibility of very-low-grade somatic mosaicism in suspected carriers, rather than germline mosaicism.

2014 Elsevier B.V. All rights reserved.

Keywords: Nemaline myopathy; ACTA1; Deep resequencing; Next-generation sequencer; Low-grade somatic mosaicism

1. Introduction of nemaline bodies within the myofibers [1,2]. ACTA1 is
one of the nine known genes associated with nemaline

Nemaline myopathy is a common form of congenital  myopathy [3].
myopathy characterized clinically by general hypotonia Sometimes in the clinic, an expected mutation is not
and muscle weakness, and pathologically by the presence  identified in a suspected carrier. This is usually assumed
to be because of germline mosaicism, in which
mosaicism occurs in the carrier's germline only. Here
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2. Case report
2.1. The proband

The proband was a boy who was 6 years old at the time
of the study. He was the first child of healthy
nonconsanguineous Japanese parents. He had an affected
sister (Fig. 1a). He was born by cesarean section at
40 weeks of gestation after an uneventful pregnancy. He
was admitted to a neonatal intensive care  unit
immediately after birth because of asphyxia with loss of
spontaneous respiration and general hypotonia. His birth
weight was 2640 g, height 48 cm, and occipitofrontal
head circumference 33 cm. His Apgar scores were 1 and 4
at 1 and 5 min, respectively. He quickly recovered with
ventilatory support. Laboratory tests showed normal
findings except mildly elevated creatine kinase (653 IU/
L). When he was discharged at age 2 months, general
hypotonia remained with absent deep tendon reflexes.
Antigravity movements were not observed.
Arthrogryposis and mild cardiomegaly were noted.
Ultrasound cardiography revealed mild dilatation and
dyskinesia of the left ventricle. At 7 months, he was given
a tracheostomy, and home ventilation therapy was
introduced  because  of  aspiration  pneumonia
(Supplementary Fig. 1a). Tube-feeding was also started
because of poor swallowing. At ¢ months, a muscle
biopsy was performed. On a modified Gomori trichrome
stain, nearly all the muscle fibers contained nemaline
rods. Intranuclear rods were also scattered (Fig. 1b). On
staining for ATPases, type 1 fiber atrophy and
predominance were seen. Immunolabeling of a muscle
biopsy from the patient with a-actinin showed intensely
stained rod bodies (Fig. 1c). Co-staining with a-actinin,
lamin A (as a marker of the nuclear envelope), and
DAPI clearly revealed intranuclear rods (Fig. 1c). His
condition was diagnosed as nemaline myopathy. He
could sit unassisted at age 2 years, move on his hip at age
3, and walk with assistance at age 5. He showed normal
intellectual ability. At 5 years, his cardiac function was re-
evaluated by ultrasound cardiography. Mild left ventricular
dilatation and dyskinesia remained.

2.2. The affected sister

The proband’s only sibling, a sister 3 years younger, was
also affected (Fig. 1a). She was born by cesarean section at
38 weeks of gestation after an uneventful pregnancy. She
was similarly admitted to a neonatal intensive care unit
immediately after birth because of hypoventilation and
hypotonia. Her birth weight was 2620 g, height 48.5 cm,
and occipitofrontal head circumference 36.5 cm. Her
Apgar scores were 4 and 6 at 1 and 5 min, respectively.
Serum creatine kinase was 190 IU/L, which was within
the normal range. She recovered with ventilatory support,
but needed continuous oxygen therapy. She had difficulty
thriving and tube-feeding was introduced. Her cardiac

function was normal without cardiomegaly. General
hypotonia remained. After she was discharged at age
2 months, frequent aspiration pneumonia occurred. She
started to use nocturnal noninvasive positive pressure
ventilation at the age of 22 months. At age 2 years, she
was given a tracheostomy and was controlled under
nocturnal ventilation after respiratory syncytial virus
infection following respiratory failure (Supplementary
Fig. 1a). Because of her clinical presentation, she was
also suggested to have congenital (nemaline) myopathy.
At present, she shows antigravity movement of the
extremities although she has not acquired head control
and cannot roll over.

2.3. Genetic and three-dimensional structural analysis

Firstwe checked for ACTA1(NM_oo1100.3) mutationin
the proband’s DNA, considering the presence of
intranuclear rods. We identified a novel heterozygous
missense mutation, c.448A>G (p.ThrisoAla), by Sanger
sequencing. Because autosomal recessive inheritance was
possible from the family tree, we performed whole-exome
sequencing of the proband, affected sister, and their
parents toidentify a further genetic cause. Genomic DNA
obtained from blood leukocytes was captured using a
SureSelect*™ Human All Exon 50 Mb Kit (Agilent
Technologies, Santa Clara, CA) and sequenced on a
HiSeq2000 (Illumina, San Diego, CA) with 101-bp
paired-end reads, as previously described [4]. The mean
depth of coverage was 123X to 143X. We selected rare
protein-altering and splice-site variants after filtering
against dbSNP135 and 408 in-house control exomes.
Among the rare variant calls, we first screened for genes
known to cause nemaline myopathies, namely ACTA1
(MIM 102610) [3], TPM3 (MIM 191030) [5], NEB (MIM
161650) [6], TPM2 (MIM 190990) [7], TNNT1
(MIM 191041) [8], CFL2 (MIM 601443) [9], KBTBD13
(MIM 613727) [10], KLHL40 (MIM 615340) [1], and
KLHL41 (MIM 607701) [12]. We identified only the novel
heterozygous missense mutation c.448A>G (p.ThrisoAla)
in ACTA1 in both the affected brother and sister, which
we confirmed by Sanger sequencing. Copy number analysis
by eXome Hidden Markov Model (XHMM) [13] using
next-generation sequencing (NGS) data revealed that there
were no copy number changes within the ACTA1 locus
(Supplementary Fig. 1b). This mutation was not identified
in either of the parents, after testing DNA obtained from
their saliva, hair, nails, and blood by Sanger sequencing
(Fig. 2a). This mutation, which alters the evolutionarily
well-conserved Thriso to Ala (Fig. 2b), was not present in
the NHLBI Exome Sequencing Project (ESP6500). Two of
three web-based prediction programs suggested that this
mutation is pathogenic (PolyPhen-2: benign; SIFT:
deleterious; MutationTaster: disease-causing). We also
searched for any rare variants that were compatible with
an autosomal recessive inheritance model, such as a
homozygous mutation or compound heterozygous
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(@) (b)

a-actinin

lamin A

Fig. 1. (a) Family pedigree. (b) Light microscopic images of the muscle of the proband at age 9 months. With a modified Gomori trichrome stain, nearly
all the muscle fibers can be seen to contain nemaline rods. Intranuclear rods (arrows, and upper-left window) are also scattered in some nuclei.
Bar = 20 Im. (c) Immunohistochemical analysis of a muscle biopsy using anti-a-actinin (EA-53; Sigma, St. Louis, MO) (green) and anti-lamin A (red)
antibodies [19]. Nuclei were stained with DAPI (blue). Nemaline rods were strongly stained by anti-a-actinin. An intranuclear rod was also seen (arrows,
and higher-magnification inset boxes). Scale bar =10 Im.

mutation, but no candidate mutations were identified (data structures. Thriso is located near the polymerization/

not shown). interaction  interfaces  between  actin mMOoNomers
To explore the effect of the ACTA1 p.ThrizoAla  (Fig. 2c) and between actin and its interacting proteins (Fig.

mutation, we mapped the mutation onto reported crystal 2d, Supplementary Fig. 1c). Thus, p.ThrisoAla may
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Bos taurus
Gallus gallus
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Fig. 2. (a) Sanger sequencingofthe c.448 A>Gmutation using DNA fromtheaffected siblingsand the parents obtained fromblood (left), and DNA from
the father (middle) and mother (right) obtained from saliva, hair, and nails. The heterozygous mutation was identified in the affected siblings but not inany
of the parental samples. No clear peak for the G allele was observed in the mother’s nail DNA sample (arrow). (b) Schematic representation of ACTA1.
The light gray bars represent untranslated regions and the black bars represent coding exons. Exon 1 is a non-coding exon. The c.448A>G mutation
changes the well-conserved amino acid Thriso (red) into Ala. (¢, d) Structural implications of the p.ThrisoAla mutation in ACTAu. Structures of bare
F-actin filaments determined by electron microscopy (Protein Data Bank (PDB) code 4A7N) (c) and G-actins in complex with vitamin D-binding protein
(PDB code 1KXP) or gelsolin G1 (PDB code 1EQY) (d) are shown. The actin molecules are color-coded to discriminate each monomer in the F-actin
filaments or are colored green in the G-actin complexes. Thri5o and ATP molecules are shown as red and pink space-filling spheres, respectively.

affect polymerization and/or the interactions of actin with
other proteins.

We expected autosomal dominant inheritance from
either parent. To test this, we performed deep
resequencing for this mutation using an Illumina MiSeq
platform. We used DNAs from the blood of the affected
siblings, and from the saliva, nails, hair, and blood of

their parents. The total read depth at c.448A in ACTA1
was 131495X to 425933X. Very-low-grade somatic
mosaicism was confirmed in the mother: 0.4%, 1.1%, and
8.3% in saliva, blood, and nails, respectively (all beyond
0.1% of the background level) (Table 1).

We used allele-specific PCR to confirm the presence of
the mutation in the mother. The primer sequences and
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Table1

Deep resequencing of ¢.448A>G in ACTA1 in various samples from each individual.

Individual Tissue Total depth (x)  Disease status

II-1 (Proband) Blood 380016 Affected 192510
I1-2 (Sister) Blood 425933 Affected 215496
I-1 (Father) Blood 261948 Unaffected 260897
I-2 (Mother) Blood 364850 Unaffected 360030
I-1 (Father) Saliva 245895 Unaffected 245130
I-1 (Father) Hair 190636 Unaffected 189929
I-1 (Father) Nail 325282 Unaffected 324198
I-2 (Mother) Saliva 239339 Unaffected 237872
I-2 (Mother) Hair 324289 Unaffected 323120
I-2 (Mother) Nail 131495 Unaffected 120210

Wild-type allele (x)

Mutant allele (x) % of wild-type allele % of mutant allele

186808 50.7 49.2
209612 50.6 49.2
355 99.6 0.1
4103 98.7 1.1
299 99.7 0.1
253 99.6 0.1
381 99.7 0.1
999 994 0.4
400 99.6 0.1
10956 91.4 83

PCR conditions are available upon request. Both the wild-
type and mutant alleles were amplified in the proband
and the affected sister at a similar level. Both alleles could
also be amplified in the mother, but the wild-type allele
was amplified at a much greater level than the mutant
allele. The wild-type allele only was amplified in the
father (Supplementary Fig. 2a). Sanger sequencing of these
amplicons confirmed the mutation in the proband, sister,
and mother (Supplementary Fig. 2b).

There are various conventional methods to detect
somatic mosaicism: Sanger sequencing to detect a small
variant peak compared with the wild-type peak, high-
resolution melting (HRM) analysis to detect an aberrant
melting pattern, allele-specific PCR to amplify only the
mutant allele, and pyrosequencing and SNaPshot analysis
for quantitative variant detection [14]. We explored whether
our very-low-grade somatic mosaicism could be detected by
HRM, because this has been suggested to be one of the
more sensitive methods [15]. We performed HRM analysis
as previously described [16] using DNAs from normal
controls, the affected siblings, the father (all DNA derived
from blood), and the mother (DNA derived from the nails,
which showed the highest rate of mosaicism (8.3%). The
melting curves of both affected siblings were aberrant
and were called mutant, but those of the father and
mother were called normal (Supplementary Fig. 2c). In
other words, this technique could not detect the 8.3%
mosaicism.

3. Discussion

Here, we report very-low-grade somatic mosaicism in the
unaffected mother of siblings with nemaline myopathy,
identified by deep resequencing using NGS. Our study is
significant in two ways. First, we demonstrate the
possibility of very-low-grade somatic mosaicism in a
suspected carrier, rather than germline mosaicism; this is
likely to be a very rare event. Second, we present another
example of the clinical application of NGS.

The novel heterozygous mutation  c.448A>G
(p.Thris0Ala) in ACTAu is likely to be responsible for
the nemaline myopathy in this pedigree based on four
lines of evidence: the mutation is not registered in the
ESP6500 database, the substituted amino acid is well

conserved, two previously reported mutations also
involve residue 150 (Thri50Asn, ThrisoSer) [17,18], and
three-dimensional structural modeling suggests an impact
on polymerization and/or the interactions of actin with
other proteins. Interestingly, the mutation exists within a
region where most of the mutations identified in patients
with intranuclear rod myopathy, a variant of nemaline
myopathy associated with ACTAs, are located [18].

The majority of reported ACTA1 mutations are de novo
heterozygous mutations in sporadic cases. This is likely to
be due to the severity of nemaline myopathy with ACTA1
mutation. However, autosomal dominant inheritance has
been observed in a few situations: a pedigree with a
relatively mild phenotype or incomplete penetrance, or
parental somatic/germline mosaicism [2,18]. To date, there
have been three reported cases of somatic mosaicism of
ACTA1 in one parent of a severely affected patient [18].

In our study, allele-specific PCR, despite being non-
quantitative, was sufficiently sensitive to detect
mosaicism in blood leukocytes from the mother (mosaic
rate 11%). Thus, this method is worth trying to confirm
a suspected low-grade mosaicism. In contrast, as we were
unable to detect 83% mosaicism using HRM, NGS
should be the first choice for detecting very-low-grade
somatic mosaicism that other methods might miss. A
recent paper has described using NGS to detect somatic
BRAF mutations down to 2% allele frequency,
demonstrating the increased sensitivity of this method
compared with HRM (limit 6.6% allele frequency),
pyrosequencing (limit 5% allele frequency), and Sanger
sequencing (limit 6.6% allele frequency) [15].

In our family, the mother does not seem to have any
neurological problems in her daily activities, although she
has not been clinically examined and no muscle imaging
studies or biopsies have been undertaken.

The proband had mild left ventricular dilatation with
dyskinesia without a hypertrophic phenotype. In the
literature, cardiomegaly appears to be a rare complication.
Patients with ACTA1 mutation usually have
hypertrophic cardiomegaly [18,19].

In conclusion, we used NGS to confirm very-low-grade
somatic mosaicism in the mother. Using conventional
methods, the mother might have been judged to have
germline mosaicism. Clinically, our data on the rate of
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somatic mosaicism could be used to estimate the recurrence
risk, although prenatal diagnosis would be required to
provide certainty.
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