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Figure 3 | Systemic gene transfer of Large into Myf5-fukutin ¢KO mice after onset. AAV9-MCK- Large was administered to 4-week-old My{5-fukutin
cKO mice via tail vein injection; after 2 months, the skeletal muscles were harvested and analysed for 2-DG glycosylation (a, b) and histology

(c). Although LARGE was expressed (a), the levels of «-DG glycosylation were unchanged in AAV-treated Myf5- fukutin-cKO mice (a, b). H&E staining
for the tibialis anterior muscle did not show improvement of the muscular dystrophic phenotype of MyfS-fukutin-cKO mice (). WT, litter control mice
(fukutin'** without cre-transgene); fukutin-cKO, untreated Myf5-fukutin-cKO mice; and fukutin cKO + Large, Myf5-fukutin-cKO mice with AAV9-
MCK-Large treatment. Bar = 50 pm. The full-length blots with o-DG (IIH6), 2-DG (core), LARGE, and -DG are presented in Supplementary Figure

S2e-h, respectively.

Sangyo Co. Ltd., Tokyo); 20% of the top and bottom values were excluded to obtain
the mean, Statistical analysis was performed to determine means and s.e.m.; P-values
<0.05 were considered significant (Mann-Whitney U test).

Antibodies. Antibodies for western blotting and immunofluorescence were as
follows: mouse monoclonal antibody 8D5 against B-DG (Novocastra); mouse
monoclonal antibody 11H6 against o-DG (Millipore); rat monoclonal antibody
against mouse F4/80 (BioLegend); rabbit polyclonal antibody against collagen 1 (AbD
Serotec); mouse monoclonal antibody against FLAG tag (Sigma); and rabbit
polyclonal antibody against ¢-Myc tag (Santa Cruz). Rabbit polyclonal antibody
against LARGE was raised using recombinant human LARGE protein expressed in E.
coli. Antisera were purified by Melon gel 1gG purification kit (Pierce). Rat monoclonal
antibody against the -DG core protein (3D7) was generated from a o-DG-Fc fusion
protein™,

wild-type ES  fukutin-null ES

fukutin. = + ~ + - + - +
+ o+ -

Large — -~
B-DG

-+ +

fukutin
(FLAG)

LARGE [ we=
(myc)

a-DG
(lIHB)

Figure 4 | a-DG glycosylation in fukutin-null ES cells after fukutin or
LARGE expression. Fukutin (FLAG-tagged) and/or LARGE (myc-tagged)
were expressed in wild-type or fukutin-null mouse ES cells and o-DG
glycosylation status was analysed by western blotting. Exogenous LARGE
expression produced highly glycosylated o-DG in wild-type but not
fukutin-null ES cells, indicated by ITH6 staining. Co-transfection of fukutin
and Large yielded LARGE-dependent glycosylation of o-DG in fukutin-
null ES cells. Arrow and asterisk indicate LARGE protein and non-specific
signals, respectively. The full-length blots with a-DG (IIH6), LARGE
(myc), fukutin (FLAG), and B-DG are presented in Supplementary Figure
S2i-1, respectively.

Protein preparation and western blotting. DG was enriched from solubilized
skeletal muscle as described”. Briefly, skeletal muscles (TA ~30 mg, calf ~100 mg)
were solubilised in Tris-buffered saline containing 1% Triton X-100 and protease
inhibitors (Nacalai). The solubilised fraction was incubated with wheat germ
agglutinin (WGA)-agarose beads (Vector Laboratories) at 4°C for 16 h; DG was
eluted with SDS-PAGE loading buffer. To detect LARGE protein expression, total
lysates were analysed by western blotting. Proteins were separated in 4-15% linear
gradient SDS gels, then transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore). Blots were probed with antibodies and developed with horseradish
peroxidase (HRP)-enhanced chemiluminescence reagent (Supersignal West Pico,
Pierce; or ECL Prime, GE Healthcare).

Histology and immunofluorescence analysis. For H&E staining, cryosections

(7 pm) were stained for 2 min in haematoxylin, 1 min in eosin, and dehydrated with
ethanol and xylene. IIH6-immunofluorescence analysis was performed after treating
the with cold ethanol/acetic acid (1:1) for 1 min, blocking with 5% goat serum in
MOM Mouse Ig Blocking Reagent (Vector Laboratories) at room temperature for

1 h, and incubation with primary antibodies diluted in MOM Diluent (Vector
Laboratories) overnight at 4°C. For F4/80- and collagen 1-immunofluorescence,
sections were blocked with 3% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) at room temperature for 1 h, and then with primary antibodies diluted in
1% BSA overnight at 4°C. The slides were washed with PBS and incubated with Alexa
Fluor 488-conjugated or Alexa Fluor 555-conjugated secondary antibodies
(Molecular Probes) at room temperature for 30 min. Permount (Fisher Scientific)
and TISSU MOUNT (Shiraimatsu Kikai) were used for H&E staining and
immunofluorescence, respectively. Sections were observed by fluorescence
microscopy (Leica DMR, Leica Microsystems).

ES cell culture. ES cells were cultured in DMEM with 20% heat-inactivated foetal
bovine serum, 100 uM 2-mercaptoethanol, 1 mM non-essential amino acids
(Gibco), 2 mM L-glutamine (Nacalai), and 10* U/mL leukaemia inhibitory factor
(Millipore). Targeted disruptions of the fukutin gene in ES cells have been described
previously®. Transfection was performed with Lipofectamine LTX reagents
(Invitrogen) according to manufacturer protocols. After 48 h transfection, cells were
lysed with Tris-buffered saline containing 1% Triton X-100 and protease inhibitors
(Nacalai). DG proteins were enriched with WGA-beads and analysed by western
blotting.
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Congenital myasthenic syndrome in Japan: Ethnically unique mutations in
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Abstract

Congenital myasthenic syndromes (CMS) are caused by mutations in genes expressed at the neuromuscular junction. Most CMS patients have
been reported in Western and Middle Eastern countries, and only four patients with COLQ mutations have been reported in Japan. We here report
six mutations in acetylcholine receptor (AChR) subunit genes in five Japanese patients. Five mutations are novel, and one mutation is shared with
a European American patient but with a different haplotype. Among the observed mutations, p.Thr284Pro (p.Thr264Pro according to the legacy
annotation) in the epsilon subunit causes a slow-channel CMS. Five other mutations in the delta and epsilon subunits are splice site, frameshift, null,
or missense mutations causing endplate AChR deficiency. We also found a heteroallelic p.Metd65Thr in the beta subunit in another patient.
p-Metd65Thr, however, was likely to be polymorphism, because single channel recordings showed mild shortening of channel openings without
affecting cell surface expression of AChR, and the minor allelic frequency of p.Met465Thr was 5.1% in the Japanese population. Lack of shared
mutant alleles between the Japanese and the other patients suggests that most mutations described here are ethnically unique or de novo in each family.
© 2014 Elsevier B.V. All rights reserved.

Keywords: Congenital myasthenic syndromes; Acctylcholine receptor; Slow channel syndrome; Fast channel syndrome; Endplate acetylcholine receptor
deficiency

1. Introduction subunit is substituted for the v subunit, generating 0,Bde-
AChR.

Congenital myasthenic syndromes (CMS) are heterogeneous
disorders caused by mutations in genes expressed at the NMJ
[5]. They are characterized by fatigable muscle weakness,
variable muscle atrophy, and sometimes dysmorphic features.
CMS mutations have been reported in 19 genes, with most
mutations in CHRNAI, CHRNBI, CHNRD, and CHNRE
encoding the AChR ¢, B, 8, and € subunits, respectively. These
mutations fall into three subsets: i) slow-channel CMS
(SCCMS), in which the open time of AChR is abnormally
prolonged; ii) fast-channel CMS (FCCMS), in which the open
time of AChR is abnormally brief; and iii) endplate AChR

. Loy e deficiency. SCCMS is caused by a gain-of-function mutation
Discase and Cancer, Nagoya University Graduate School of Medicine, 65 . . . . . .
Tsurumai, Showa-ku, Nagoya 466-8550, Japan. Tel.: +81 52 744 2446; fax: +81 and is dominantly inherited with Varlable.p enetrance [6]. In
52 744 2449 contrast, FCCMS and endplate AChR deficiency are caused by
E-mail address: ohnok/med.nagoya-v.ac.jp (K. Ohno). loss-of-function mutations on both alleles, and are recessively

Acetylcholine released from the nerve terminal binds to
muscle nicotinic acetylcholine receptor (AChR) at the motor
endplate. AChR is clustered at the neuromuscular junction
(NMJ) by binding to rapsyn with a stoichiometry of rapsyn to
AChR of 1:1 to 2:1 [1]. AChR clustering is mediated by neural
agrin that is released from the nerve terminal [2]. In early
embryonic development, AChR clustering is also mediated by
Wht ligands [3.4]. Embryonic AChR is composed of o, B, 8,
and 7y subunits with a stoichiometry of 0,pdy. After birth, the &

* Corresponding author. Division of Neurogenetics, Center for Neurological

hutp://dx.dolorg/10.1016/1.0md.2014.09.002
0960-8966/© 2014 Elsevier B.V. All rights reserved.
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inherited. Low-expressor mutations of the AChR € subunit are
partly compensated for by expression of the embryonic AChR vy
subunit, whereas the other AChR subunits have no substituting
subunits. Accordingly, null and frameshift mutations are
frequently detected in CHRNE, but not in the other subunit
genes.

More than 500 patients with CMS have been reported in
Western and Middle Eastern countries, whereas only four
Japanese CMS patients carrying five mutations in COLQ
encoding collagen Q that anchors acetylcholinesterase (AChE)
at the NMJ have been reported by us [7.8]. Among the more
than 450 CMS mutations in 19 disease genes registered in the
Human Gene Mutation Database (http://www.hgmd.org), two
likely have founder effects: p.Asn88Lys in RAPSN [9-11] and
c.1124_1127dupTGCC in DOK7 [12], whereas the others are
private mutations occurring in a single or a small number of
unrelated families. We here report five Japanese CMS patients
with six mutations in the AChR subunit genes. We show that all
the ten mutations in COLQ, CHRND, and CHRNE in Japanese
patients are ethnically unique, which indicates that most CMS
mutations arose de novo in recent human history or in each
family.

2. Materials and methods
2.1. Ethical approval

All the human studies were approved by the institutional
review boards of Nagoya University Graduate School of
Medicine, Mayo Clinic, Segawa Neurological Clinic for
Children, Nagoya City University, and Tokyo Women’s
Medical University. Appropriate written informed consent was
obtained from all the patients and family members.

2.2. Mutation analysis and splicing analysis

Genomic DNA was isolated from peripheral blood with
QIAamp Blood Kit (QIAGEN). We directly sequenced all
exons with their flanking noncoding regions of CHRNE,
CHRNAIl, CHRNBI, and CHRND in this order with CEQ 8000
(Beckman Coulter). To look for large-scale DNA
rearrangements in patient (Pt.) 4, we performed mate-pair
sequencing of the whole genome using SOLiD4 (Life
Technologies). The mate-pair library was made to span ~2 kb
genomic segments according to the manufacturer’s protocols. A
total of 14.9 Gb of reads were mapped to human genome
GRCh37/hg19 with the mapping efficiency of 89% using CLC
Genomics Workbench (CLC Bio). All the reads mapped to
CHRNE were visually scrutinized using Integrative Genome
Browser (Broad Institute). Total RNA was isolated from
biopsied muscle that was obtained for histopathological
diagnostic purposes using RNeasy mini kit (QIAGEN). cDNA
was synthesized with ReverTra Ace (Toyobo) and Oligo(dT)
Primer (Life Technologies).

2.3. Expression of AChR subunit genes in HEK293 cells

Human «a, B, d, and € subunit cDNAs were cloned into the
CMV-based vector pRBG4 for expression in HEK293 cells
[13]. The identified mutations were engineered into wild-type

ACHR subunit cDNAs in pRBG4 using the QuikChange site-
directed mutagenesis kit (Stratagene). Presence of each
mutation and absence of unwanted artifacts were confirmed by
sequencing the entire inserts. HEK293 cells were transfected
with pRBG4-a., -B, -0, -&, and pcDNA3.1-EGFP at a ratio of
2:1:1:1:1 using FuGENE 6 transfection reagent (Promega).
After 48 hrs, cells were incubated with o-bungarotoxin Alexa
Flour 647 (Life Technologies) (1:200) in PBS for 1 hr. Signals
were observed under an Olympus BX60 fluorescence
microscope. The cells were trypsinized, washed with PBS, and
resuspended in PBS. The total number of o-bungarotoxin-
binding sites on the cell surface and EGFP was determined by
the FACSCalibur system (BD Biosciences).

2.4. Single channel recordings

HEK293 cells were transfected with pRBG4-0,, -B, -0, and
-g, and pEGFP-N1 at a ratio of 2:1:1:1:1, using FuGENE 6.
Recordings were obtained at 24 hrs after transfection in the
cell-attached configuration at a membrane potential of -80 mV
at 22 °C and with bath and pipette solutions containing (in
mM): KCl, 142; NaCl, 5.4; CaCl2, 1.8; MgCl2, 1.7, HEPES,
10, pH 7.4. Single-channel currents were recorded using an
Axopatch 200B amplifier (Axon Instruments) at a bandwidth of
50 kHz, digitized at 5-us intervals using Digidata 1322A (Axon
Instruments) and recorded to a hard disk using the program
Clampex 8.2 (Axon Instruments). Recordings obtained with
ACh at 1 uM or less were analyzed at a uniform bandwidth of
10-11.7 kHz with dead time of 15.3-17.9 us imposed.
Recordings obtained with ACh at 10 UM or more were analyzed
with dead time at 25 us at 10 kHz with TAC software (Ver.
x4.0.9, Bruxton). Dwell-time histograms were plotted on a
logarithmic abscissa and fitted by the sum of exponentials by
maximum likelihood, as previously reported [14].

3. Results
3.1. Clinical features

All Pts. had an abnormal decremental response to repetitive
nerve stimulation, and no anti-AChR and anti-MuSK
antibodies. Clinical features and repetitive nerve stimulation
results are summarized in Table 1.

Pt. 1 (13 y.0., male) had eyelid ptosis since age six months
and a positive edrophonium test. Clinical features were
previously reported in a local journal [15]. Steroid pulse
therapy at ages four and five years and thymectomy at age six
years had no effect. Combined use of distigmine 3 mg/day and
pyridostigmine 180 mg/day enabled him to sit in a chair without
assistance at age 13 years. Biopsy of deltoid muscle at age
eleven years showed marked AChR deficiency by fluorescent
staining with o-bungarotoxin and simplified endplates by
electron microscopy.

Pt. 2 (26 y.0., female) had nasal obstruction since birth and
eyelid ptosis since age one month. She had a positive
edrophonium test and was thought to have myasthenia gravis.
Cholinesterase inhibitors were mildly effective. She has
ophthamoparesis, and is able to walk but is unable to run.
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Table 1

Clinical features of six patients.

Pt Sex Age Onset Consanguinity Repetitive N, stimulation” Drug"

1 M 13y 6m - Aceessory N, 60%:; Ulnar N., 53% Distigmine 3 myg + pyridostigmine 180 mg, effective;
3,4-DAP 40 mg. mildly effective

2 F 26y Tm + Ulnar N., 80% Pyridostigmine 150-180 mg, mildly effective

3 F 38y Iy Ulnar N, 81% Pyridostigmine 90-160 mg, moderately effective

4 F Oy 2y - Median N., 60%; Ulnar N., 68% Pyridostigmine 90 mg + 3,4-DAP 30 mg, mildly
effective; ephedrine 25 mg, effective

5 M 20y I'm + Ulnar N, 76% Pyridostigmine 135 mg. moderately effective

6 M ity Birth - Median N,, 35%: Ulnar N., 31% Prednisolone 35 mg dieh. alt., effective

* Repetitive N. stimulation, repetitive nerve stimulation at 2-3 Hz. Relative amplitudes of the 5th CMAP are indicated. ® Simultancous prescription is indicated

by *“+7,

Pt. 3 (38 y.0., female) had ptosis at age one ycar and was
diagnosed to have myasthenia gravis at age seven years. Since
then, she has been taking cholinesterase inhibitors and
prednisolone, which seemed to help but could not climb steps
after age 19 years.

Pt. 4 (6 y.0., female) walked alone at age 18 months, but
since age two years she had repeated episodes of generalized
muscle weakness that lasted about a week, cspecially when
having a common cold. She could walk alone but was positive
for a Gowers” sign. Cholinesterase inhibitors were moderately
effective. Neurological examination of the mother detected no
abnormality. The father was asymptomatic according to the
mother, but was not examined by us. Clinical features were
previously reported as patient 4 in a local journal {16].

Pt. 5 (26 y.0., male) had feeding difficulty at age one month
and had eyelid ptosis since age five months. He has weak facial
muscles and is unable to run. At age seven years, he had
generalized muscle weakness during an upper respiratory
infection. The edrophonium test was positive.

Pt. 6 (11 y.0., male) had repeated respiratory distress and
respiratory infection during infancy. He walked alone at age
one year, but was noticed to walk slowly at age five years with
frequent falling episodes. Rest for a short time improved his
walking, but there was no diurnal fluctuation of the symptoms.
Intravenous  administration of  edrophonium  chloride
ameliorated walking difficulty, but long-acting cholinesterase
inhibitors had no effect.

Table 2
Six mutations and one polymorphism identified in AChR subunit genes.

3.2. Mutation analysis

We directly sequenced AChR subunit genes in Pts. 1-6, and
identified six mutations in CHRND and CHRNE, as well as a
polymorphism in CHRNBI (Table 2). In this study, approved
nucleotide and amino acid positions are used instead of the
legacy annotation, in  which nucleotide and amino
acid positions start from the initiation sites of mature peptides.

Pt. 1 was compound heterozygous for ¢.1372-1G>A at the 37
end of intron 11 of CHRND and c.127C>T predicting
p.Arg4d4Trp at the extracellular domain of the & subunit
(Fig. 1A). cDNA extracted from biopsied muscle revealed that
a newly generated ‘ag’ dinucleotide that was one nucleotide
downstream of the native ‘ag’ was used as a splice acceptor site
(Fig. 1B), which predicted p.Glu458Argfs*20 in the long
cytoplasmic loop of the & subunit (Fig. TA). Pt. 2 was
homozygous for ¢.655_665del predicting p.Gly219Argfs*7 in
the extracellular domain of the € subunit (Fig. 1A). Pt. 3 was
heterozygous for p.Tyr262Ter in the M1 transmembrane
domain of the € subunit (Fig. 1A). Pt. 4 was heterozygous for
p.Thr284Pro in the M2 transmembrane domain of the £ subunit
(Fig. 1A). Pt. 5 was homozygous for p.Leu304Arg in the short
extracellular link between the M2 and M3 transmembrane
domains of the € subunit (Fig. 1A). Pt. 6 was heterozygous for
p-Metd65Thr close to the C-terminal end of the long
cytoplasmic loop connecting the M3 and M4 transmembrane
domains of AChR P subunit (Fig. 1A).

Pt. Gene Nucleotide change®

Amino-acid change”

Legacy annotation’ Phenotypic consequence

1 CHRND c.1372-1G>A 8p.Glu458Argfs*20 SE437fs AChR deficiency
CHRND ¢.127C>T Sp.Argd4Trp OR23W AChR deficiency
2 CHRNE ¢.655_665del ep.Gly219Argfs*7 eG199fs ACHR deficiency
3" CHRNE ¢.786C>G ep. Tyr262Ter €Y242X AChR deficiency
4 CHRNE ¢.850A>C ep. Thr284Pro €T264P SCCMS
5 CHRNE c.91IT>G ep.Leu304Arg el.284R AChHR deficiency
6 CHRNBI1 ¢.1394T>C ep.Met465Thr pM442T ~50% shortening of AChR openings

* Patient is homozygous for the mutation.
® A mutation on another allele remains unidentified.
¢ Nucleotide and amino acid positions start from the translational start sites.

¢ In legacy annotation, nucleotide and amino acid positions start from the initiation sites of mature peptides, which are 69 nt. (23 amino acids), 63 nt. (21 amino
acids), and 60 nt. (20 amino acids) downstream of the translational start sites of CHRNBI, CHRND, and CHRNE, respectively.
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NH, NH,  ep.Gly219Argis7 NH,
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COOH ep. Thr284Pro epiLeu304Arg COOH
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_ Intron 11 V Exon 12
Wild-type CHRND tcaccccactctetetgeccctacccacagGAGAAAGACAGCTGG
GluLysAspSerTrp

C.1372-1G>A tcaccccactectcectcectgecectacccacaaGAGARAGACAGCTGG. . . TGA
(5Glu458Argfs*20)

ArgLysThrAlaGly..Stop

C D

Pt. 1. 8p.Arg44Trp + European
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Fig. 1. Six mutations and a single polymorphism in AChR subunit genes identified in six CMS patients. (A) Positions of six mutations and a polymorphism. M1-M4,
the first to fourth transmembrane domains. The M2 domains form a channel pore of AChR. (B) RT-PCR of biopsied muscle of Pt. 1 reveals that ¢.1372-1G>A
(underlined) shifts a splice acceptor site (arrowheads) one nucleotide downstream, which predicts a shift in the reading frame (8p.Glu458Argfs*20). (C) Pedigree
analyses of the mutations. Patients are indicated by arrows. Full and half shaded symbols represent homozygous and heterozygous mutations, respectively. Gray half
shaded symbols represent that the individuals are predicted to carry a heterozygous mutation, the identity of which, however, has not been identified. Small symbols

indicate that DNA is not available. (D) Haplotype analysis of ep.Thr284Pro in Pt. 4 and the previously reported European American Pt {7]. Both patients carry
discordant nucleotides at rs12942540, which is 82 nt. downstream of the mutation.

Op.Arg44Trp (rs55868108) in Pt. 1 was previously reported human gene variation database (HGVD), which collates SNPs
in one of five healthy controls, but its ethnic origin was not in a large cohort of Japanese individuals (http://
documented {17]. 8p.Argd4Trp, however, is not observed in the www.genome.med.kyoto-u.ac,jp/SnpDB/) [18]. As indicated
1000 genome project (http://www.1000genomes.org/) or in the below, functional analysis disclosed that Jp.Arg44Trp
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Table 3
Open intervals and bursts of wild-type and mutant AChR cxpressed on HEK cells,

Open intervals Bursts

Wild-type Bp.Metd65Thr Wild-type Bp.Metd65Thr
T (ms) 0.037 £ 0.0033 0.0227 0.036 £ 0.0017 0.039 + 0.006°
(1) (0.17 +0.022) (0.18) (0.24£0.021) (0.18 £0.034)
Ty (ms) 0,31 £0.050 0.16 £ 0.017 0.47 £0.059 0.16 4+ 0.037'
(1) (0.27 £ 0.038) (0.23£0.031) (0.21 £0.027) (0.23+0.010)
T (ms) 1.35 £ 0.051 0.98 % 0,034 3314002 1.93 4+ 0.085
(az) (0.67 £ 0.042) (0.78 £ 0.028) (0.58 +0.038) (0.82 £0.034)

Twenty-one wild-type and seven mutant patches were analyzed. Time constants, T,, and fractional areas, a,, for each component are presented with mean & SEM,

ACh concentration was 50-100 nM.
* Not detected at 12, 6, 3, 5, 1, and 3 patches, respectively,

Final band widths were 11.7 and 10 kHz for wild-type and mutant AChRs, respectively.

significantly reduces cell surface expression of AChR and is
unlikely to be polymorphism.

p.Met465Thr (rs201776800) in Pt. 6 was observed in cight
alleles in eight Japancse individuals in the 1000 genome project
with a minor allelic frequency (MAF) of 0.004, as well as in
119 alleles in a cohort of 1170 Japanese individuals in HGVD
with a MAF of 0.051. Although p.Met465Thr was likely to be
a polymorphism according to the high MAFs in the Japanese,
we scrutinized functional consequences of p.Met465Thr in this
study.

3.3. ep.Glv219Argfs*7, ep. Tyr2627Ter, and
Op.Glud584rgfs*20 are predicted to compromise AChR
expression

Among the six mutations, ep.Gly219Argfs*7 in Pt. 2 and
ep. Tyr262Ter in Pt. 3 were predicted to produce truncated €
subunits. We previously reported that truncation mutations in
the gsubunit lead to expression of the embryonic 0afdy-AChR
at the patient’s endplates and the patients have endplate AChR
deficiency [19-21]. The & mutations in Pts. 2 and 3 were thus
predicted to cause AChR deficiency.

Sp.Glud58Argfs*20 in Pt. 1 was predicted to generate a
truncated & subunit that cannot be incorporated into mature
AChR. The phenotype of Pt. 1 is thus determined by
Sp.Argd4Trp on the other allele, which causes AChR deficiency
as indicated below.

3.4. ep.Thr284Pro is an established slow-channel mutation
without shared haplotype with a European American patient

ep. Thr284Pro in the M2 domain of the & subunit was
identical to the first characterized slow-channel mutation
reported in a patient of Swiss and Turkish descent [22]. We
asked if the mutation in Pt. 4 derived from the same founder
allele as the first reported patient. Therefore we sequenced exon
8 and its flanking intronic regions where nine SNPs were
located (Fig. 1C). This revealed that the mutant allele in the
Japanese patient had ‘C’, whereas the mutant allele in the
European American patient had ‘G’ at rs12942540 in intron §,
which was located 82 nt. downstream of ep.Thr284Pro.
Accordingly, €p.Thr284Pro in both patients is likely to have
occurred independently in two ethnic groups.

3.5, Op.Arg44Trp and gp.Leu304A4rg, but not Bp.Met465Thr,
decrease cell surfuce expression of AChR in transfected
HEK293 cells

We next analyzed the effects of AChR expression of the
remaining three mutations of 8p.Argd44Trp, ep.Leu304Arg and
Bp.Met465Thr. We introduced wild-type or mutant ¢, B, 6, and
€ subunit cDNAs along with EGFP ¢DNA into HEK293 cells
(Fig. 2A), and measured cell surface expression of AChR
detected by Alexa 647-labeled o-bungarotoxin using FACS.
Expression of Bp.Met465Thr-AChR was similar to that of wild-
type AChR, whereas dp.Arg44Trp and ep.Leu304Arg markedly
attenuated the cell surface expression of AChR (Figs. 2B and
). Accordingly, Op.Arg44Trp and ep.Leu304Arg cause
endplate AChR deficiency.

3.6. Bp.Metd65Thr mildly shortens channel opening events,
but not as much as the other established fast channel
mutations

As Pp.Met465Thr-AChR  was efficiently expressed on
HEK293 cells, we next recorded opening and closing of single
AChR channels at limiting low concentrations of ACh by the
patch clamp method (Fig. 3A). We found that the major burst
duration (T;) was decreased from 3.31 ms to 1.93 ms (58.3%) in
Bp-Metd65Thr-AChR (Table 3), while the conductance of
Bp.Met465Thr-AChR was normal. Distributions of opening
probabilities of the clusters generated by 10 uM or greater
concentrations of ACh made single peaks for both wild-type
and mutant AChRs. Thus, BMet465Thr mildly shortens the
channel openings but does not cause a mode switching in the
kinetics of the receptor activation, which is seen in other
FCCMS mutations [23,24].

3.7. A recessive mutation on the other allele in Pt. 3 remains
unidentified

Functional prediction and characterization of the six
mutations indicated that ep.Thr284Pro in Pt. 4 was a dominant
slow-channel mutation [22], whereas the other five mutations in
Pts. 1, 2, 3, and 5 were recessive loss-of-function mutations.
The mutations in Pts. 1, 2, and 5 were biallelic, whereas a
mutation was detected only on a single allele in Pt. 3 (Fig. 1C).
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Fig. 2. Quantification of cell surface expression of wild-type and mutant AChRs on HEK293 cells. (A) HEK293 cells are transfected with wild-type or mutant AChR
subunit cDNAs along with EGFP ¢DNA. Only transfected cells have EGFP signals and AChRs that are visualized with Alexa 647-labeled o-bungarotoxin (bgt).
ep.Leu304Arg-AChR has less signals for AChRs compared to wild-type and Pp.Met465Thr-AChRs. (B) Representative FACS profiles of EGFP and Alexa
647-labeled o-bgt. Both axes are shown in arbitrary units. The number of cells fractioned into the upper right quadrant is counted as AChR-positive cells. (C) Ratios
of AChR-positive cells (the upper right quadrant) divided by EGFP-positive cells (the lower right quadrant). 8p.Argd4Trp and ep.Leu304Arg markedly decrease
AChR expression, whereas Bp.Met465Thr and ep. Thr284Pro have no effect on AChR expression. e-deficient 038;-AChR are expressed at ~70% of wild-type, as
we reported previously [21]. Mut, a mutant AChR subunit. Mean and SE are indicated (n = 12).
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Fig. 3. Single channel currents of wild-type and mutant AChRs on HEK293 cells. (A) Left: Representative channel openings shown as upward deflections. Right:
Burst duration histograms fitted to the sum of exponentials. Arrows indicate mean durations of dominant burst components. (B) Distribution of open probabilities
from individual clusters obtained at the indicated ACh concentrations. Note that both wild-type and mutant AChRs make a single peak.

We scrutinized all exonic nucleotides in CHRNE in Pt. 3 by
bidirectional sequencing, but detected none. We therefore
hypothesized that a mutation on the other alleles was either a
promoter mutation, a splice-site mutation disrupting a deep
intronic  splicing cis-element, or a large-scale DNA
rearrangement. Sequencing of ~1 kb upstream of the translation
initiation sites, however, revealed no mutation. We further
analyzed genomic DNA by mate-pair sequencing of the whole
genome. A total of 57 reads were mapped to CHRNE. Visual

inspection of these reads, however, failed to detect any large-
scale DNA rearrangements or any mutations. A recessive
mutation on the other allele in CHRNE in Pt. 3 thus remains
unidentified. We also analyzed 18 other CMS-causing genes
using the mate-pair sequencing data in Pt. 3. As the mate-pair
sequencing was for detecting a large-scale DNA
rearrangement, the 18 genes were covered by only 10,116
reads. Although the coverage was not high enough for detecting
SNVs, no candidate mutations were detected in Pt. 3.
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Table 4
Fifteen previously reported FCCMS mutations and the currently analyzed Bp.Met462Thr polymorphism.
Mutation Burst duration (ms) Expression Domain Reference
Wild-type Mutant Ratio (%)
ap.Vall52Leu (V132L) 3.31 0.50 135 Extracellular domain of ¢, 1251
ap.Val208Met (0V188M) 3.31 0.68 0.205 90 Extracellular domain of o [26]
op.Phe276Leu (0tF256L) 3.62 0.30 0.083 102 M2 domain of a 127}
op.Val3051le (aV2851) 2.99 0.34 0.114 116 M3 domain of o 28]
8p.Leu63Pro (3L42P) 3.31 0.18 0.054 37 Extracellular domain of 8 f14]
8p.Glu80Lys (SE59K) 5.06 2.75 0.543 62 Extracellular domain of & [29]
8p.Pro271Gln (8P250Q) 3.31 1.54 0.465 60 M1 domain of & [30]
ep. Thr58Lys (€T38K) 5.86 0.06 0.010 78 Extracellular domain of € 131}
ep.Trp75Arg (EWSSR) 3.31 0.37 0.112 86 Extracellular domain of £ [32]
ep.Prol41Leu (eP121L) 2.99 0.45 102 Extracellular domain of (13
£p.Aspl95Asn (eD175N) 2.13 0.49 0.230 117" Extracellular domain of & [33]
ep.Asn202Tyr (eN182Y) 2.13 0.65 0.305 117" Extracellular domain of € {331
ep.Ser433_Glu438dup (g1254ins18) 2.80 1.01 47 Long cytoplasmic loop of € [23]
ep.Ala431Pro (eA411P) n.a.’ n.at 31 Long cytoplasmic loop of € [24]
ep.Asn456del (eN436del) 3.31 1.24 0.375 51 Long cytoplasmic loop of € [34]
Bp-Met462Thr (BM442T) 3.31 1.93 0.583 99 Long cytoplasmic loop of Current study

A major component of burst durations of wild-type and mutant AChRs expressed in HEK293 cells is indicated. Cell surface expression in HEK293 cells is
normalized to that of wild-type. Channel openings are elicited by 50-100 nM ACh. Mutations in parentheses are legacy annotations used in original reports.

* Detailed ion channel kinetics are analyzed using a hidden Markov model, but burst durations are not indicated.

® Cell surface expression of recombinant AChR is not indicated, and the expression ratio is calculated from o-bungarotoxin binding sites of control and patient

endplates.

4. Discussion

We identified six mutations in AChR subunit genes in five
Japanese patients with CMS. We initially assumed that
Bp.Met465Thr in Pt. 6 was a mild fast-channel mutation.
However, expansion of the SNP database later disclosed that
Bp.Met465Thr is a polymorphism that is frequently observed in
the Japanese population. Fifteen previously reported FCCMS
mutations shorten burst durations to 22.6 + 16.1% of wild-type
(mean and SD; range 1.0%-54.3%) (Table 4). A FCCMS
mutation, &p.Glu80Lys (8E59K), decreases burst durations to
54.3% of wild-type [29], which is similar to 58.3% observed in
the current Bp.Met465Thr polymorphism. However, in contrast
to Bp.Met465Thr, 5p.Glu80Lys reduces cell surface expression
of AChR to 62% of wild-type [29]. Similarly, dp.Pro271Gln
(6P250Q) mildly reduces burst durations to 46.5% of wild-type,
but again, unlike Bp.Met465Thr, this mutation reduces cell
surface expression of AChR to 60% of wild-type {30]. A plot of
normalized burst durations and normalized cell surface
expressions suggests that a mean burst duration of less than
~30% causes FCCMS even when it does not affect the cell
surface expression of AChR (Fig. 4). In contrast, a mean burst
duration of between ~30% and ~60% causes FCCMS when the
mutation reduces the cell surface expression of AChR to ~60%
or less (Fig. 4). However, as no individual is homozygous for
Bp.Met465Thr or carries a null mutation on the other allele,
pathogenicity of Bp.Met465Thr in the absence of a normal
CHRND on the other allele still remains unknown.

Op.Argd4Trp is close to the N-terminal end of the
extracellular region (Fig. 5). We previously reported that a
similar €p.Argd0Trp also causes AChR deficiency [35]. The
specific function of this region, however, is not well dissected.
gp.Leu304Arg is in the short extracellular link between the M2

and M3 transmembrane domains (Fig. 5). The functions of this
link are not well characterized. In this link, only op.Ser2891le
(aS2691) is reported in SCCMS [38]. Bp.Met465Thr is located
close to the C-terminal end of the long cytoplasmic loop that
links the M3 and M4 transmembrane domains (Fig. 3).
Interestingly, three FCCMS mutations in the long cytoplasmic
loop are clustered close to the C-terminal end of the € subunit
[23.24,34,36.37], and similarly destabilize the channel open
state. Two FCCMS  mutations in this region,
ep.Ser433_Glud38dup (e1254ins18) [23] and ep.Alad431Pro
(eA411P) [24], disrupt the fidelity of gating and result in
unstable channel kinetics. In addition, another FCCMS
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Fig. 4. Normalized burst durations and normalized cell surface expressions of
previously reported FCCMS mutations and the currently analyzed
Bp.Met462Thr polymorphism shown in Table 4. Arrows point to mutations and
a polymorphism that are addressed in the discussion.
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