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inclusion increases in skeletal muscle tissue during normal postnatal development of mice [17].
However, we found that a-dystrobrevin Avr3, which should be the fetal isoform in mouse, is expressed
exclusively in adult human muscle, and the relative amount of a-dystrobrevin +vr3 is higher in human
fetal, than in adult, cardiac muscle [17]. These results suggest a different, or possibly an opposite,
mode of regulation of vr3 alternative splicing between human and mouse. Since this portion, as
described below, corresponds to one of syntrophin binding sites, these results might imply a functional
difference of a-dystrobrevin between mice and human. Recently, Bohm ef al. extensively analyzed the
differences in a-dystrobrevin splicing between human and mouse [18]. They also showed the opposite
mode of vr3 splicing regulation between human and mouse (exon 12 and 13 by their numbering
method). In addition, they found another novel exon just upstream of the vr3. The exon is alternatively
spliced in human but not in mice, and suggested to contain another syntrophin binding motif, although
the transcripts containing this exon are less expressed in skeletal muscle.

Figure 1. Alternative splicing of human o-dystrobrevin. Exons represented as thick boxes
are translated segments and thin boxes indicate untranslated segments. The exon
numbering is based on [10], which is different from that proposed by [18]. Introns and
downstream flanking regions are represented by horizontal lines. Gray boxes represent the
alternatively spliced exons: variable regions 1 (vrl), 2 (vr2), and 3 (vr3). The different
isoforms of protein are represented below. The identifiable domains are boxed: EF, EF
hand region; ZZ, zinc-binding domain; CC, coiled-coil domain; Y, unique tyrosine kinase
substrate domain. Suggested syntrophin binding sites (SBS) and dystrophin binding site
(DBS) are indicated. This figure is a modified version of an illustration in [17].
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3. Structure of Dystrobrevin Protein and Localization in Striated Muscle

a-Dystrobrevin is comprised of four major domains, two EF-hand motifs that potentially bind
calcium, a ZZ-domain, an a-helical coiled-coil domain containing a dystrophin binding site, and a
tyrosine kinase substrate domain (Figure 1) [7]. o-Dystrobrevin 1, a-dystrobrevin 2 and
a-dystrobrevin 3 bind to the sarcoglycan complex via the N-terminal region [8]. a-Dystrobrevin 1 and
a-dystrobrevin 2 bind dystrophin through the highly conserved coiled-coil domain [2,7]. a-Dystrobrevin 1
and a-dystrobrevin 2 have syntrophin binding sites at the upstream of the coiled-coil domain [19].

a-Dystrobrevin 1, which has a unique C-terminal tyrosine kinase substrate domain [1,4], is
localized in the sarcolemma and is abundant at the neuromuscular junction (NMJ), especially in the
crest of the junctional folds [11,14,15,20]. a-Dystrobrevin 2 is localized around the entire
circumference of the sarcolemmal membrane including the NMJ, and concentrated in the troughs of
the folds [11]. a-Dystrobrevin 2 co-localizes with only dystrophin at the NMJ, while a-dystrobrevin 1
co-localizes with both dystrophin as well as utrophin which shares structural and functional similarities
with dystrophin [11]. a-Dystrobrevin 3, which lacks both syntrophin and dystrophin binding sites, is
capable of binding to the sarcoglycan complex via the N-terminal region [8]. a-Dystrobrevin 3 has
been suggested to be localized in the cytoplasm [21].

4. The Role of Dystrobrevin for Structural Integrity of Muscle—Interaction with Cytoskeletal
Binding Partners

a-Dystrobrevin is a component of DGC, which is indispensable for the structural integrity of
muscle. As mentioned above, it directly associates with dystrophin at its coiled-coil domain and with
sarcoglycan complex in its N-terminal half. As is the case with dystrophin, a-dystrobrevin may
also function as a structural scaffold linking the DGC to the intracellular cytoskeleton. By using
the yeast two-hybrid and co-immunoprecipitation analysis, several groups identified additional
a-dystrobrevin-binding proteins: syncoilin, f-synemin, and dysbindin [22-24] (Figure 2). Syncoilin
and PB-synemin are both intermediate filament (IF) proteins. The IFs play a structural role by forming
an important part of the cell cytoskeleton and providing mechanical stability to the cells [25]. In
muscle cells, the IFs encircle the Z-lines of each integral myofibril, thereby connecting all adjacent
myofibrils and linking the Z-lines of the peripheral layer of cellular myofibrils to the sarcolemma [26].

Syncoilin is highly expressed in striated muscle, and co-localizes with o-dystrobrevin at the NMJ
and sarcolemma. Syncoilin interacts with a-dystrobrevin via vr3 and its flanking region [22]. Syncoilin
also binds to desmin, a muscle-specific intermediate filament protein, and has been thought to organize
desmin filaments to the Z-line [27]. The o-dystrobrevin/syncoilin interaction provides a further
physical linkage between the DGC and the cytoskeleton, in addition to the well-characterized linkage
between dystrophin and actin. Interestingly, syncoilin-null mice show a reduced force-generating
capacity, suggesting that the link with syncoilin may be important for force transduction during
contraction, although the DGC is still intact without syncoilin [28]. In addition, the increased syncoilin
immunolabeling was reported in the sarcolemma of immature regenerating fibers in patients with
Duchene muscular dystrophy [29] and mouse models of muscle disease [22]. This suggests that
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syncoilin and its binding partner, a-dystrobrevin +vr3, may be required for muscle regeneration in
response to injury.

Figure 2. Schematic illustration of the dystrophin-glycoprotein complex network in
muscle. a-Dystrobrevin (0-DB) forms a core part of the DGC with dystrophin, syntrophin,
o-dystroglycan (a-DG), B-dystroglycan (B-DG), sarcoglycan complex (SGC), and
sarcospan (SPN). Proteins involved in structural integrity and signaling are highlighted in
purple and red, respectively.

Extracellular
Matrix

Sarcolemma

B-Synemin is a large, heteropolymeric IF protein that forms IFs with other major IF proteins, such
as desmin [23]. B-Synemin interacts and co-localizes with a-dystrobrevin at the NMJ and
myotendinous junction (MTJ) [23,30]. The a-dystrobrevin/B-synemin interaction provides another
connection between the IF networks and the DGC. Furthermore, B-synemin interacts with plectin, a
linker protein of IFs to Z-discs [31]. Interestingly, plectin is also suggested to interact directly with
o-dystrobrevin. Taken together, these interactions between a-dystrobrevin and IF proteins would
stabilize the sarcolemma and protect it against contraction-imposed stress by tethering IFs to the DGC
at the sarcolemma (Figure 2).

Dysbindin is a ubiquitously expressed coiled-coil-containing protein, although the expression in
muscle is relatively low [24]. In skeletal muscle, dysbindin is located at the sarcolemma. Dysbindin
binds to a-dystrobrevin through coiled-coil domains and interact with myospryn [24,32]. Lastly,
myospryn is a muscle-specific protein, localized to the sarcolemmal region of skeletal muscle.
Myospryn is suggested to function as a docking platform for additional structural proteins and
signaling molecules, such as a-actinin 2 and protein kinase A, respectively [33,34].

5. The Role of Dystrobrevin in Signaling—Interaction with Syntrophin

o-Dystrobrevin 1 and a-dystrobrevin 2 bind directly with syntrophin, which is a modular adaptor
protein thought to be involved in signaling [35-38] (Figure 2). Skeletal muscle contains several
isoforms—a-, B1-, B2-, and y2-syntrophin—encoded by different genes [38-42]. a-Syntrophin is the

—181—



Int. J. Mol. Sci. 2011, 12 1665

major isoform in skeletal and cardiac muscles [36,38,41], being expressed in the sarcolemma and
NMIJ [14,20]. B1-Syntrophin also localizes at the sarcolemma and NMJ, whereas B2- and
y2-syntrophin are largely confined to the NMJ. With regard to the syntrophin binding site on Torpedo
87K protein, a homologue of human a-dystrobrevin 1, Dwyer ef al. mapped the a-syntrophin binding
site to a region analogous to exons 12—-13 of human o-dystrobrevin [37], and Ahn et al. reported a
B1-syntrophin binding site in a region corresponding to exons 13-14 of human a-dystrobrevin [36].
From yeast two-hybrid study, Newey et al. identified another binding site situated within the vr3
region in mouse, and suggested that a-dystrobrevin contains two independent syntrophin binding sites
in tandem [43]. Recently, we directly confirmed that a-syntrophin interacts with a-dystrobrevin via the
vr3 domain in human muscle and revealed dramatic decrease in binding between a-syntrophin and
a-dystrobrevin mutant in vr3 [17]. o-Syntrophin knockout mice exhibit marked hypertrophy during
muscle regeneration and deranged NMJ accompanied by impaired ability to exercise, suggesting a role
of a-syntrophin in the regulation of muscle volume and formation of highly organized NMJ [44,45].

Syntrophin has the potential to co-ordinate the assembly of several important proteins such as
neuronal nitric oxide synthase (nNOS) [46], stress-activated protein kinase-3 [47], Grb2 [48], and
calmodulin [49,50] to the DGC. nNOS generates NO from L-arginine in many different cells. nNOS at
the sarcolemma regulates local blood flow in contracting skeletal muscle in part by antagonizing
sympathetic vasoconstriction [51]. The expression of nNOS is decreased in many muscular
dystrophies, resulting in decreased vasodilation [52]. Consistent with nNOS being associated with
a-syntrophin in muscle, a-syntrophin knockout mice lack sarcolemmal nNOS [53]. It is also reported
that normalized production of NO protects dystrophin-deficient mdx muscle from degeneration [54].
Recently, transient receptor potential channels (TRPCs) were also found to associate with
a-syntrophin [55]. These channels anchored to the DGC are suggested to form a signaling complex
that modulates cation entry and regulates calcium homeostasis in skeletal muscles [56]. Calcium
homeostasis and calcium-dependent signaling pathways play an important role in regulating muscle
contractility, metabolism, and gene expression [57]. Thus, these signaling pathways via a-
dystrobrevin/syntrophin may have a significant impact on muscle function.

Very recently, a-catulin, a catenin/vinculin-related molecule, was identified as a binding partner of
a-dystrobrevin 1 [58]. a-Catulin, which co-localizes with o-dystrobrevin at nerve bundles and blood
vessels, is thought to regulate a;p-adrenergic receptor signal transduction. It was shown that a-catulin
interact with o-dystrobrevin 1 at its C-terminal domain. Since a-catulin is ubiquitously expressed,
including in skeletal muscle [59], the interaction between a-dystrobrevin and a-catulin may be
involved in some forms of receptor-mediated signaling in skeletal muscle.

6. Dystrobrevin in Muscle Disease

Despite the evidence that abnormalities of the DGC components cause various muscular
dystrophies, so far no mutation in a-dystrobrevin has been reported in muscular dystrophy patients.
However, a missense mutation was found in a four-generation Japanese family with left ventricular
non-compaction (LVNC) [60], a cardiomyopathy, often associated with neuromuscular disorders [61].
LVNC is characterized by a pattern of prominent trabecular meshwork and deep inter-trabecular
recesses, and is thought to be caused by arrest of normal endomyocardial morphogenesis [62].
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Histological analysis showed that the level of a-dystrobrevin is greatly reduced at the sarcolemma
of patients with DMD and SD-LGMD, suggesting that dystrophin and sarcoglycan are required for
anchorage of o-dystrobrevin at the sarcolemma [21]. On the other hand, Jones ef al. analyzed the
expression of a-dystrobrevin by immunohistochemistry in biopsies from 162 patients with myopathies
of unknown etiology with normal staining for dystrophin and other dystrophin-associated proteins [14].
Among the patients, deficiency of a-dystrobrevin was found in 16 patients, while no mutation was
identified in the coding region of the a-dystrobrevin gene. Although there was a significant variety in
severity and age of onset, all patients presented with congenital-onset hypotonia and weakness,
indicating a new disease entity caused by a-dystrobrevin deficiency.

In addition, mice lacking a-dystrobrevin exhibit skeletal and cardiac myopathies, defects of NMJ
maturation, and abnormal myotendinous junctions [9,63,64]. At NMIJs in a-dystrobrevin knockout
mice, the distribution of acetylcholine receptor (AChR) becomes granular in appearance with ragged
edges. Myotube cultures from a-dystrobrevin knockout mice forms normal AChR clusters; however,
these clusters quickly disappear into micro-aggregates, suggesting that a-dystrobrevin is not required
for initial formation of the postsynaptic apparatus at the NMJ, but indispensable for its maturation and
stabilization. Despite the presence of a structurally intact DGC in the sarcolemma, these mice show a
striking displacement of nNOS from the sarcolemma and impaired NO-mediated signaling [9].
Moreover, the biochemical association between dystrophin and B-dystroglycan is impaired in
a-dystrobrevin knockout mice, suggesting a role for a-dystrobrevin in stabilizing the DGC [65].

Furthermore, we revealed mis-regulated alternative splicing of o-dystrobrevin in muscle from
myotonic dystrophy type 1 (DM1) patients [17]. DM1 is proposed as a “spliceopathy”, i.e., a
trans-effect on the alternative splicing of many RNAs, leading to inappropriate expression of
aberrantly spliced products, such as Cl channel, ryanodine receptor and dystrophin [66—69].
a-Dystrobrevin mRNA including vr3 is increased in both skeletal and cardiac muscle of DM patients.
Interestingly, the splicing abnormality is correlated with the muscular disability of DM1. The
aberrantly spliced a-dystrobrevin isoform has an increased binding capacity for a-syntrophin, thereby
recruiting excess o-syntrophin to the sarcolemma in DM1 muscle.

7. Concluding Remarks

A number of proteins that comprise the link between striated muscle Z-disc and peripheral
structures, such as the costamere, have been discovered. Recent studies suggest that this protein
network acts as a structural and signaling center for striated muscle to ensure coordinated contractile
activity. The importance of the network to normal muscle function has emerged from investigations
into the causes of muscular dystrophies and cardiomyopathies. One of the key players in the network is
a-dystrobrevin that mediates signaling and structural function of the DGC. Although functional
differences among the various splicing variants and detailed roles of their counterparts still remain
unknown, future studies will shed much more light on the importance of a-dystrobrevin in striated
muscle and implications for muscular dystrophy.
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Introduction

Genetic defects in voltage-gated sodium channel (Nav) genes
are responsible for several hereditary diseases [George, 2005].
Physiological studies of the mutant channels have revealed two types
of functional defects, characterized by loss or reduction of
conductivity (loss of function) or by altered gating (gain of function).
Mutations in the skeletal-muscle sodium-channel gene SCN4A
(MIM# 603967) are usually associated with myotonia and/or periodic
paralysis and in a rare case with fatigable weakness (congenital
myasthenia), and this type of disorder is inherited in an autosomal-
dominant fashion [Cannon, 2006; Tsujino et al., 2003]. All of the
identified mutations in SCN4A are located in the coding regions
(exons), and the mutant Navl.4 channels show gain-of-function
defects, such as disruption of fast inactivation and/or enhancement
of activation [Cannon, 2006]. To our knowledge, no mutations in
SCN4A have been reported in noncoding regions (introns). Although
disease-associated mutations located in noncoding regions have been
identified in other voltage-gated jon channel genes, they generally
show loss-of-function defects [Colding-Jorgensen, 2005; Dutzler
et al., 2002; Ruan et al, 2009; Zimmer and Surber, 2008].

Pre-mRNA splicing relies on conserved, yet highly diverse
sequence elements at both ends of introns, termed splice sites
[Brow, 2002]. The vast majority of introns are bounded by GT-AG
dinucleotides, and are usually recognized and spliced by the major
or U2-type spliceosome, which comprises the U1, U2, U4, U5, and
U6 small nuclear ribonucleoprotein particles (snRNPs) [Sheth
et al,, 2006]. In contrast, AT-AC introns are rare (0.34%) and
usually spliced by the minor or U12-type spliceosome, comprising
Ull, Ul12, Udatac, U5, and Ubatac snRNPs [Burge et al,, 1998;
Patel and Steitz, 2003; Sheth et al., 2006]). AT-AC introns occur
frequently in voltage-gated ion channel genes, such as intron 2 and
intron 21 in SCN4A [Wu and Krainer, 1996, 1997, 1999].
However, whereas intron 2 is spliced by the minor spliceosome,
intron 21 is spliced by the major or U2-type spliceosome. Thus,
intron 2 is classified as AT-AC type I, and intron 21 as AT-AC
type II [Wu and Krainer, 1996, 1997]. Analogously, a small subset of
GT-AG introns spliced by the minor spliceosome, further
demonstrating that the terminal intronic dinucleotides do not
hold enough information to determine their mechanism of
recognition [Burge et al, 1998; Dietrich et al, 1997; Wu and
Krainer, 1997]. A recent genomic study estimated only 15 AT-AC
type II introns in the human genome (out of ~2 x 10° introns),
confirming that these introns are extremely rare [Sheth et al., 2006].
Furthermore, 10 out of the 15 AT-AC type II introns are found in
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members of the Nav channel gene family, and clearly have a
common evolutionary origin [Wu and Krainer, 1997, 1999].

We found a patient with prominent myotonia caused by a deletion/
insertion located in intron 21 of one of the SCN4A alleles. This is
the first disease-associated mutation in the very rare class of AT-AC
type II introns. The patient’s skeletal muscle expressed aberrantly
spliced SCN4A mRNA isoforms by activation of cryptic splice sites,
and we observed the same aberrant splicing patterns when we tested
mutant SCN4A minigenes. We further showed that the aberrantly
spliced isoform encodes a channel with a 35-amino-acid insertion in
the cytoplasmic loop, and this mutant channel exhibited a marked
disruption of fast inactivation. In addition, we showed, using in silico
simulation, that the defect of the channel is consistent with the
patient’s myotonic symptoms. This is the first case of a gain-of-
function intronic mutation in a voltage-gated ion-channel gene.

Materials and Methods

Patient

The patient was a 35-year-old Japanese male with hypertrophic
musculature (Fig. 1A). His family was not consanguineous and
had no history of neuromuscular diseases. Due to myotonia, he
had difficulties in opening his eyes and presented narrow
palpebral fissures, which were exacerbated by repetitive contrac-
tions (eyelid paramyotonia). His distal extremities were atrophic
and he had grade 2 muscle strength in the arms and grade 4 in the
legs. Scoliosis was present and articular contractures were noted in
shoulders, elbows, and wrists. Percussion myotonia in abductor
pollicis brevis and rectus abdominus muscles and grip myotonia
were present (Supp. Movies S1 and S2). Myotonia was exacerbated

by cold exposure but not by intake of fruits. He also had difficulty
in breathing, which probably was caused by myotonia of
respiratory muscles. Administration of mexiletine alleviated his
myotonic symptoms, including the difficulty in breathing. More
detailed medical history is given in the Supporting Information.

Clinical Electrophysiological Examination

Clinical electrophysiological examinations were performed using
Neuropack MEB 2216 (Nihon Kohden, Tokyo, Japan). In brief,
needle electromyography was performed with biceps brachii,
extensor digitrum communis, and tibialis anterior muscles using a
concentric recording needle with a sampling frequency of
10Hz-10kHz. The compound muscle action potentials (CMAPs)
of abductor digiti minimi were evoked by supramaximal stimulation
of the ulnar nerve for 0.2 msec. The repeated short exercise test was
performed as previously reported [Fournier et al., 2004, 2006].

Pathological Examination

After obtaining informed consent, a muscle specimen was
extracted from the gluteus maximus muscle during surgery for a
femur neck fracture. The specimens were snap frozen in
isopentane cooled with dry ice, and stored at —80°C. Sections
were stained with a battery of histochemical methods, including
hematoxylin-eosin (H&E), ATPase (pH 10.2, pH 4.6, and pH 4.2)
and acetylcholinesterase (AChE).

DNA Sequencing

We obtained informed consent from patients and family
members enrolled in the study, using protocols approved by the
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Clinical features of the patient. A: Images showing the hypertrophic upper body musculature of the patient. B: Needle

electromyography recording of tibialis anterior muscle showed myotonic discharge. C: Compound muscle action potential (CMAP) recorded
from abductor digiti minimi muscle showed postexercise myotonic potentials (PEMPs) (arrow). D: Traces of CMAP during the repeated short
exercise test. PEMPs were observed in the first trial recording after 10-sec exercises, but disappeared with repeated exercises. E: A gradual
decrease of the amplitude of CMAPs was observed with repeated short exercise.
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Institutional Ethics Review Board at Osaka University. Genomic
DNA was extracted from blood leukocytes from the patient
and both parents. The regions encompassing all SCN4A
(NM_000334.4) and CLCN1 (NM_000083.2) exons were ampli-
fied by PCR (primer sequences and their location from the end of
each exon are shown in Supp. Table S1), and the purified
fragments were sequenced using an automated DNA sequencer
(Big Dye Terminator v 3.1 and ABI310; PE Applied Biosystems,
Foster City, CA). The PCR products including exon 21 and intron
21 were subcloned into the pCR2.1 TOPO vector (Invitrogen,
Carlsbad, CA) and the nucleotide sequences of both alleles were
determined. Nucleotide numbering reflects cDNA numbering
with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequence, according to journal guidelines
(www.hgvs.org/mutnomen). The translation initiation codon is
codon 1.

mRNA Analysis

In addition to biopsied muscle from the patient, muscle
specimens from myotonic dystrophy type 1 patients (1 = 3) were
used as disease controls. Total RNA was extracted from each
sample using ISOGEN (Nippon Gene, Tokyo, Japan). First-strand
cDNAs were synthesized from 1.8 pg of total RNA using random
hexamers, and the ¢cDNAs were amplified by 35 cycles of PCR
(primer sequences in Supporting Information). The sizes of the
PCR products were analyzed by agarose-gel electrophoresis
stained with ethidium bromide, and the fluorescent intensity of
each band was quantified using Fluorolmager (GE Healthcare,
Fairfield, CT). The RT-PCR products were cloned into
the pCR2.1 TOPO vector, and the plasmids were transformed
into competent Escherichia coli (ECOS™ Competent E. Coli
XL1-Blue, Nipongene, Tokyo, Japan). A total of 42 colonies were
purified and sequenced.

Minigene Construction and Transient Transfection

The genomic fragment encompassing SCN4A exon 20 to
exon 22 was amplified using the patient’s genomic DNA
(primer sequences in Supporting Information). Purified wild-
type and mutant PCR fragments were cloned into the mamma-
lian expression vector pcDNA3.1+ (Invitrogen). Clones were
sequenced to exclude the presence of additional mutations.

Ul and U6 expression plasmids are described elsewhere [Roca
and Krainer, 2009]. Mutations at the 5 end of Ul or at the
conserved U6 ACAGAG box were introduced by site-directed
mutagenesis. All constructs were verified by sequencing.

HelLa cells were cultured in DMEM (Invitrogen) containing
10% (v/v) fetal bovine serum (FBS) and antibiotics (100 Uml™!
penicillin and 100 pgml™" streptomycin). We mixed 80ng of
the SCN4A minigenes with 400 or 800ng of the Ul and U6
plasmids, and with 80ng of the pEGFP-N1 plasmid (Clontech,
Palo Alto, CA). HeLa cells were transfected with the plasmid mixes
using FuGENE 6 (Roche Diagnostics, Indianapolis, IN) as
previously reported [Roca and Krainer, 2009]. RNA was harvested
48 hr after transfection using TRIzol (Invitrogen). Residual DNA
was eliminated with RQ1-DNase (Promega, Masdison, WI), and
the RNA was recovered by phenol extraction and ethanol
precipitation. A total of 1ug of RNA was used for reverse
transcription with Superscript II RT (Invitrogen) and oligo-dT as
a primer.

The minigene ¢cDNAs were amplified by PCR using primers
located in the transcribed portion of the pcDNA3.1+ plasmid

[Roca and Krainer, 2009]. The 5" end of one of the PCR primers
was radiolabeled using T4 polynucleotide kinase (New England
Biolabs, Beverly, MA) and vy-’P-ATP, and the primer
was purified using MicroSpin G-25 columns (GE Healthcare).
A total of 23 cycles of PCR were performed to ensure that
amplification remained in the exponential phase. The PCR
products were separated by 6% native PAGE, and the gels were
exposed on BioMAX XAR film (Kodak, Rochester, NY). The
identity of each band was determined by cloning of separate
nonradioactive RT-PCR products into the Original TA Cloning kit
(Invitrogen) followed by sequencing on an ABI3730 automated
sequencer.

Construction of Expression Vector for the Aberrantly
Spliced Isoform

Polymerase chain reaction (PCR) of the patient’s cDNA was
performed using primers shown in the Supporting Information.
An Sse83871 (TaKaRa, Japan)-digested fragment of the PCR
product was cloned into a mammalian expression construct for
the human skeletal muscle sodium channel, pRc/CMV-hSkM1
[Takahashi and Cannon, 1999].

Na-Current Recording Using Cultured Cells

Cultures of human embryonic kidney (HEK) 293T cells and
their transient transfection were performed as described [Green
et al,, 1998; Takahashi and Cannon, 1999]. In brief, plasmid
cDNAs that encoded wild-type (0.8 pg/35-mm dish) or mutant
human Na channel a-subunits (1.6 pug/35-mm dish), the human
Na channel B-subunit (fourfold molar excess over o-subunit
DNA), and a CD8 marker (0.1 pg/35-mm dish) were used to
cotransfect HEK-293T cells by the calcium phosphate method.
Transfection-positive cells are identified by attachment of CD8
antibody-coated beads (Dynal, Oslo Norway).

For measuring the current density, the same amount of
o-subunit plasmids (1.6 pug/35-mm dish) were used for both
wild-type and mutant channels. For the kinetic analyses, the
amount of wild-type plasmid for transfection was reduced to one
half of that of the mutant channel, because of the higher
expression level of the wild-type channel.

At 2-3 days after transfection, we measured sodium currents
using conventional whole-cell recording techniques with an
Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA).
Any cells with peak currents of <0.5 or >15nA on step
depolarization from —120 to —10mV were discarded. The pipette
(internal) solution consisted of: 105mM CsE, 35mM NaCl,
10 mM EGTA, and 10 mM Cs-HEPES (pH 7.4). The bath solution
consisted of: 140mM NaCl, 4mM KCl, 2mM CaCl,, 1 mM
MgCl,, 5mM glucose, and 10mM Na-HEPES (pH 7.4).

The current density (pA/pF) was calculated using the capacitance
of each cell and the peak current elicited by a depolarization
pulse of —10mV from a holding potential of —120 mV. The voltage
dependence of steady-state fast inactivation was measured as
the peak current elicited after a 300-msec conditioning pulse
from a holding potential of —120mV. The voltage dependence
of steady-state slow inactivation was measured as the peak
current elicited by the test pulse after a 60-sec conditioning
prepulse, followed by a 20-msec gap at —120 mV to allow recovery
from fast inactivation. The kinetics of the fast inactivation was
characterized by measuring the voltage dependence of the
time constant using three different protocols: (1) the current
decay in the depolarized range; (2) the entry protocol in the
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intermediate ranges; and (3) the recovery protocol in the
hyperpolarized range.

Data Analysis

Curve fitting was manually performed off-line using Origin
(Microcal LLC, Northampton, MA). Conductance was calculated
as Gev) = Ipeak (v)/(V — Erev), where the reversal potential, E.,
was measured experimentally for each cell. The voltage dependence
of activation was quantified by fitting the conductance measures to
a Boltzmann function as Gy = Gua/[1+exp(—(V=Vi,2)/k)].
Steady-state fast inactivation was fitted to a Boltzmann function
calculated as I/I . = 1/[1+exp ((V—=Vy,5)/k)], where V,;, was the
half-maximum voltage and k was the slope factor. Steady-state slow
inactivation was fitted to a Boltzmann function with the nonzero
pedestal (Sp). Symbols with error bars indicate the mean+
standard error of the mean (SEM). Statistical significance was
determined using an unpaired t-test with Origin.

Simulation

Computer simulations of skeletal muscle were performed using
the model previously reported by Cannon et al. {1993], with minor
modifications. The model included potassium and sodium
channels described with the Hodgkin-Huxley model and leak-
current on the two electrically connected compartments (cell
surface and the membrane of T-tubule system). We coded the
model with Excel Visual Basic Application (Microsoft, Redmond,
WA). Parameter values used for the wild type were identical with
those reported previously [Hayward et al., 1996]. Parameters for
fast inactivation of the mutant channel were estimated from the fit
of experimental data with a two-state model.

Results

Clinical Electrophysiology and Muscle Histopathology

The patient was evaluated with clinical electrophysiological-
methods. Myotonic discharges were present in all muscles examined
by needle electromyography (Fig. 1B). The repeated short exercise
test was performed to discriminate between myotonia caused by
either Na or Cl channel mutations. After short exercises, abnormal
sustained responses following the initial compound muscle action
potential (CMAP) were observed, which were previously reported
as postexercise myotonic potentials (PEMPs) (Fig. 1C) {Fournier
et al., 2004, 2006]. During the repeated short exercise test, PEMPs
disappeared (Fig. 1D) and the amplitude of CMAP decreased
gradually (Fig. 1E). The observed postexercise decrease of electrical
muscle response at room temperature was suggestive of myotonia
caused by a Na-channel mutation.

Pathological examination of the biopsied muscle showed a
myopathic change with marked variation in fiber size. Hyper-
trophic fibers with multiple internal nuclei were abundant. Type 1
fiber predominance and type 2B fiber deficiency were seen upon
myosin ATPase staining (Supp. Fig. S1A-D). Acetylcholinesterase
(AchE) activity was increased in the sarcolemma (Supp. Fig. S1E).

Analysis of Genomic DNA and mRNA Splicing Isoforms

Nucleotide sequence analysis of the patient’s DNA showed no
mutation in any exons of SCN4A and CLCNI. On electrophor-
egram, however, two overlapping traces were consistently
observed, starting from the sixth nucleotide downstream from
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the boundary between exon 21 and intron 21 of SCN4A (Supp.
Fig. S2A). To analyze the sequences of each strand, the PCR
products encompassing exon 21 and intron 21 were subcloned
into the pCR2.1 TOPO vector. Sequence analysis of each strand
revealed a heterozygous mutation in intron 21, which consists of a
five-nucleotide deletion and one-nucleotide insertion at the sixth
nucleotide downstream from the boundary between exon 21 and
intron 21 (NG_011699.1:¢.3912+6_3912+10delinsG) (Fig. 2A).
Neither his parents nor 220 normal alleles harbored this mutation
(Supp. Fig. S2A).

Because this mutation affects a portion of the 5’ splice site, we
hypothesized that it might influence the splicing of intron 21. To
examine the splicing patterns of the mutant transcript, RT-PCR
was performed using mRNA extracted from skeletal muscle.
In control muscles, only a fragment with the expected size
(325 nucleotides) was observed. In muscle from the patient,
however, two additional fragments were observed: one larger and
the other smaller than normal. By measuring the fluorescent
intensity of these bands, the proportion of each isoform was
estimated as follows: large isoform: 33%; normal isoform: 57%;
small isoform: 10% (Fig. 2B). To determine the nucleotide
sequence, RT-PCR products were subcloned into the pCR2.1
TOPO vector. Sequence analysis showed that the smaller
fragments consisted of two isoforms: one originated by splicing
between a cryptic 5 splice site in exon 21 and a cryptic 3 splice
site located at the initial portion of exon 22 (Deletion type: 2/42
colonies); the other one as a result of splicing from the 5 splice
site of exon 20 to the same cryptic 3" splice site of exon 22 (Skip
type: 8/42 colonies). Both small isoforms are predicted to be
translated out of frame, with their reading frames interrupted by
premature termination codons. The large isoform resulted from
splicing between a cryptic 5 splice site in intron 21 and the
same cryptic 3’ splice site as above (retention type: 4/42 colonies).
This isoform is in frame (Fig. 2C), and is predicted to encode a
channel with a one-amino acid deletion and 35-amino acid
insertion in the DIII-DIV linker of Navl.4, which could retain
some degree of functionality (Fig. 2D and Supp. Fig. S2B).
It should also be noted that the AT-AC type II intron 21 was
replaced with aberrant GT-AG introns in all the abnormal
isoforms (Supp. Fig. S3).

Minigene Analysis Confirms the Molecular Diagnosis
of the SCN4A Mutation

The deletion/insertion (TATCA >G) in intron 21 of one of the
SCN4A alleles was a candidate mutation to cause the splicing
defects associated with the patient’s myotonia. This mutation
affects position +6 (the sixth intronic nucleotide) of the 5 splice
site, which is one of the less conserved positions of GT-AG
U2-type 5 splice sites. In addition, the mutation also changes
positions +7 and +8, which are not conserved at all in this class
of 5 splice sites. Nevertheless, these nucleotide changes at
positions +6 to +8 reduce the base-pairing potential to the 5’
end of the Ul snRNA (Fig. 3A), which is an early essential
interaction for 5'-splice-site selection in U2-type introns
[Seraphin et al., 1988; Siliciano and Guthrie, 1988; Zhuang and
Weiner, 1986]. In addition, the mutation also disrupts base-
pairing to the conserved ACAGAG box in U6 snRNA (Fig. 3D),
which replaces Ul later in spliceosome assembly [Kandels-Lewis
and Seraphin, 1993; Lesser and Guthrie, 1993; Wassarman and
Steitz, 1992]. In any case, because this is the first disease-
associated 5'-splice-site mutation in an AT-AC type II intron,
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additional evidence was necessary to unambiguously determine
the pathogenicity of this mutation.

We transiently transfected HelLa cells with the wild-type and
mutant SCN4A minigenes, and analyzed the splicing patterns by
radioactive RT-PCR, as well as by cloning and sequencing to
confirm the identity of the PCR products. Both SCN4A minigenes
recapitulated the splicing patterns seen in either control or patient
cells, respectively (Fig. 3B and C). The wild-type SCN4A minigene
showed efficient splicing at the AT-AC type 11 boundaries, with
traces of exon 21 skipping and activation of the cryptic GT-AG
splice sites (Fig. 3C, lane 1). In contrast, the mutant minigene
showed no splicing at the AT-AC splice sites, but gave rise to the
same three aberrantly spliced isoforms seen in patient cells. These
results confirmed the molecular diagnosis of the SCN4A intron 21
TATCA>G mutation as the cause of the patient’s myotonia
(Fig. 3C, lane 2).

The SCN4A Mutation Disrupts Base-Pairing to U1 and U6
snRNAs

We used genetic suppression analyses to investigate the
molecular mechanisms underlying defective splicing due to the
mutation at the AT-AC type II 5 splice site in SCN4A. We
cotransfected cells with the SCN4A mutant minigene with
suppressor Ul and/or U6 snRNAs carrying compensatory
mutations that restore base-pairing to the mutant 5 splice site
[Cohen et al, 1994; Mount and Anderson, 2000; Roca and
Krainer, 2009; Seraphin et al., 1988; Siliciano and Guthrie, 1988;

Zhuang and Weiner, 1986]. None of the multiple suppressor Uls
carrying one or several compensatory mutations could rescue
correct splicing at the AT-AC boundaries (Fig. 3C, lanes 3-8). In
previous Ul-suppressor experiments for U2-type GT-AG 5’ splice
sites, restoring base-pairing to Ul snRNA alone was sufficient to
rescue correct splicing [Roca and Krainer, 2009; Seraphin et al.,
1988; Siliciano and Guthrie, 1988; Zhuang and Weiner, 1986],
suggesting that the mutation at the SCN4A AT-AC type II 5 splice
site critically affects other recognition steps. The U6 suppressors
alone could not rescue correct AT-AC splicing either (Fig. 3E,
lane 3, and data not shown), in contrast to what was previously
seen with mutant U2-type GT-AG 5’ splice sites [Carmel et al.,
2004; Roca and Krainer, 2009]. Interestingly, combining certain
suppressor Ul and U6 snRNAs rescued splicing via the AT-AC
splice sites, albeit weakly (Fig. 3E, lane 6). This weak restoration of
correct splicing could not be augmented by using different
combinations of Ul and U6 suppressors, or by introducing
additional compensatory mutations in U6 (Fig. 3E, lane 7, and
data not shown). In some cases, a cryptic GT-AG splice-site pair
was activated (Fig. 3C, lane 5, and Fig. 3E, lanes 6 and 7), for
unknown reasons. Taken together, these results suggest that the
SCN4A intron 21 TATCA >G mutation disrupts optimal base-
pairing to both Ul and U6 snRNAs.

Current Density and Gating of the Mutant Channel

We examined the functional consequences of this aberrant
splicing by recording whole-cell Na currents from HEK-293T cells
transiently transfected with the mutant Na channel ¢cDNA. The
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current density of the mutant channel was approximately half that
of the wild type (Fig. 4A).

Figure 4B shows normalized macroscopic Na currents of both
wild-type and mutant channels, which were elicited by a de-
polarization pulse of —10mV from a holding potential of —120 mV.
The mutant channel current decayed more slowly than that of wild
type, suggesting disruption of fast inactivation. The voltage
dependence of steady-state fast inactivation measured with 300-
msec conditioning pulse was shown in Figure 4A. The midpoint of
the steady-state fast-inactivation curve for the mutant channel was
shifted in the direction of depolarization by 19.1 mV compared to
that of the wild type. The estimated parameters of steady-state fast
inactivation were as follows: wild type: Vi, = =704+ 1.4 (n= 14),
k=5.04+02 (n=14); mutant: V,p=-5134+1.0 (n=35),
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k=7.0402 (n=135) (Table 1). On the other hand, the voltage
dependence of the mutant channel conductance was not different
from that of the wild type (Fig. 4C and Table 1).

The voltage dependence of steady-state slow inactivation
measured using a 60-sec conditioning prepulse was shown in
Figure 4D. The midpoint of the steady-state slow inactivation
curve for the mutant channel was shifted in the direction of
depolarization by 8.1 mV compared to that of the wild type. The
slope factor for the mutant channel was steeper than that of the
wild type. However, the maximum extent of slow inactivation (S;)
did not differ between the wild-type and mutant channels
(Table 1).

The kinetics of the fast inactivation was characterized by
measuring the voltage dependence of the time constant using
three different protocols. The time constants were analyzed by a
single-exponential fit (see Supp. Fig. $4 for the analysis by two-
exponential fit), in order to estimate the parameters of a two-state
model, which are suitable for a simulation based on the Hodgkin-
Huxley model. For the mutant channel, the voltage dependence
of time constants was shifted in the direction of depolari-
zation, and the time constants at the depolarized range were
significantly slower (Supp. Fig. S5). Subsequently, the forward
and backward rates of two-state model were estimated from the
voltage dependence of steady-state fast inactivation and the
time constants. For the mutant channel, the estimated value
for the forward rate (o) was approximately four times and
the backward rate (B) was one-fifth of those for wild type.
The detail of the analysis is described in the Supporting
Information.

Computer Simulation

Although the depolarized shift of steady-state fast-inactivation
curve was consistent with enhanced membrane excitability, a
computer simulation was performed to examine whether the
functional defects of the mutant channel can recapitulate the
symptoms, especially because the expression levels of the mutant
channel could not be measured. The simulation based on the
Hodgkin-Huxley model—which was previously reported by
Cannon et al. [1993]—was reconstructed with Visual Basic. All
the gating parameters for the wild-type channel were the same as
those previously reported by Hayward et al. [1996] (Supp. Table S2).
The parameters for fast inactivation of the mutant channel were
modified based on the result in Supp. Figure S5. The fraction of
the persistent current (f) for the mutant channel was estimated
by averaging the currents in the last 5msec of the 300-msec
depolarization. All the other parameters for the mutant channel
were identical to those for the wild type. The stimulating
current was applied as a square wave (100mA, 150 msec).
Because the expression of the mutant channel is likely lower than
that of the wild type, simulation studies were performed varying
the proportion of the mutant channel. When the expressed Na
channel was all wild type, repetitive firing of action potentials
was not seen (data not shown). When the expression of the
mutant channel was set at 50% of the total Na channel, repetitive
firing of action potentials was observed (Fig. 5A). When the
expression of the mutant channel was set at 35%, repetitive
firing of action potentials was still evoked (Fig. 5B). Moreover, in
the case of decreasing the expression of the mutant channel to
15%, repetitive firing of action potentials was still observed,
although the degree of firing was not as robust (Fig. 5C). Overall,
the results of this simulation suggest that the functional defect
of the channel is sufficient to cause myotonia, even when the
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Table 1. Parameter Estimates for Wild-Type and Mutant Channels
Activation Fast inactivation Slow inactivation
Vy2 (mV) k (mV/e-fold) Vi (mV) k (mV/e-fold) Vi (mV) k (mV/e-fold) So
WT —34.6+1.5 (14) 3.1+0.3% (14) —70.4%1.4% (14) 5.04+0.2% (14) —69.7+1.8™ (9) 9.64+0.7* (9) 0.21£0.02 (9)
Mutant ~33.840.7 (35) 4.440.2% (35) ~51.3+1.0* (35) 7.040.2% (35) —61.6+1.7% (7) 4.9403% (7) 0.1740.02 (7)

V12 is the midpoint value of the steady-state inactivation curve and the voltage dependence of the conductance curve. k is the slope factor. Sy is the nonzero pedestal. Values are
means + SEM. *P<0.01.

expression of the mutant channel is as low as 15% of the total
SCN4A channel.

Discussion

We have identified a causative mutation located in intron 21 of
SCN4A in a patient with myotonia. The patient’s myotonia was
confirmed by needle electromyography, and was exacerbated by
cold exposure and repetitive exercise (paramyotonia). Neurophy-
siological tests showed PEMPs and the characteristic decreasing of
CMAPs with repeated short exercises [Fournier et al., 2004, 2006].
The clinical features and the results of the neurophysiological tests
are consistent with myotonia due to a defect in Navl.4. Hereditary
skeletal-muscle diseases caused by mutations in SCN4A have been
classified into paramyotonia congenita (PMC; MIM# 168300),
potassium-aggravated myotonia (PAM; MIM# 608390), and

hyperkalemic periodic paralysis (HyperPP; MIM# 170500)
[Cannon, 2006]. Furthermore, the most severe form of PAM is
called myotonia permanens, for which the only causative mutation
reported to date is G1306E [Lehmann-Horn et al,, 1990]. As the
patient showed prominent generalized myotonia, associated with
difficulty in breathing, hypertrophic musculature, joint contrac-
tures, and scoliosis, we assumed that his clinical features were
indicative of myotonia permanens. Although he presented
myotonia exacerbated by cold exposure, and paramyotonia in
the eyelids, two symptoms characteristic of PMC rather than
PAM, several cases of PAM exacerbated by cold exposure have
been reported. As mentioned above, classification of sodium-
channel myotonic disorders is sometimes difficult, because of their
clinical overlap. Recently, the Consortium of Clinical Investigators
of Neurological Channelopathies has proposed that sodium-
channel myotonic disorders might be simply classified into two
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Figure 5. Computer simulation. The upper inset indicates the
stimulating current (100 mA, 150 msec). The simulation was performed
by varying the proportion of the mutant channel, because the
expression of the mutant channel in the patient's muscle is unknown
(A: 50%; B: 35%; C: 15%). Repetitive firing of action potentials was
observed even when expression of the mutant channel was set at 15%.

broad groups, based on the presence or absence of episodic
weakness: PMC or sodium-channel myotonia, respectively
[Matthews et al., 2010]. According to this proposal, our case
might be classified into sodium-channel myotonia, because of the
lack of clear episodic weakness. Another clinical feature of interest
is muscle atrophy in distal upper extremities. However, this would
not exclude nondystrophic myotonia. In fact, dystrophic features
have been reported in myotonia caused by Na-channel and
Cl-channel mutations [Kubota et al., 2009; Nagamitsu et al., 2000;
Plassart et al., 1996; Schoser et al., 2007].

From a clinicogenetic point of view, this mutation is
unprecedented in two ways. First, this is the first disease-
associated intronic mutation in a voltage-gated ion channel gene
showing a gain-of-function defect. Many different mutations in
voltage-gated ion channel genes have been identified as causes for
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inherited disorders, but these mutations mostly map to the coding
exons [Cannon, 2006; George, 2005]. A few disease-associated
mutations in noncoding regions of voltage-gated ion channel
genes have been reported. For example, at least six mutations
associated with autosomal-recessive (Becker) myotonia congenita
have been identified in noncoding regions of the skeletal-muscle
chloride-channel gene, CLCNI [Colding-Jorgensen, 2005]. Simi-
larly, at least seven mutations causing Brugada syndrome have
been identified in the noncoding regions of the cardiac muscle
sodium-channel gene SCN5A [Ruan et al., 2009; Zimmer and
Surber, 2008]. Notably, mutant channels causing Becker-type
myotonia congenita and Brugada syndrome generally exhibit
loss-of-function defects. Moreover, a splice-site mutation in the
neuronal sodium channel SCNIA was identified in a patient with
partial epilepsy with febrile seizures, although the properties of the
mutant channel have not been assessed [Kumakura et al., 2009].
Here we described a heterozygous mutation in a non-coding
region of SCN4A that causes aberrant splicing. Our results
strongly suggest that one of the aberrantly spliced mRNA isoforms
is translated into a functional channel that displays a gain-of-
function defect. Therefore, our case constitutes a novel mechan-
ism of pathogenesis for inherited channelopathies.

Second, the deletion/insertion in intron 21 of SCN4A is the first
disease-associated mutation identified in a very rare class of
introns, known as AT-AC type II. An intronic mutation in the
other, more common type of AT-AC intron (AT-AC type I,
or Ul2-dependent) in the LKBI gene was found to cause
Peutz-Jeghers syndrome [Hastings et al, 2005]. No disease-
associated mutation in AT-AC type II introns had been described
until now, probably because of the very low number (only 15) of
such introns in the human genome [Sheth et al., 2006]. Because
10 out of 15 AT-AC type 1I introns are found in members of
Nav-channel gene family, other mutations in these introns may be
found to be associated with channelopathies in the future.

The splicing defects caused by the SCN4A intron 21 mutation
were confirmed by minigene analysis. The splicing patterns from
the wild-type and mutant SCN4A minigenes faithfully matched
those seen in control and patient cells, respectively. The disruption
of the AT 5 splice site resulted in aberrantly spliced mRNAs by
activation of cryptic GT-AG pairs. This observation is consistent
with the notion that AT 5’ splice sites are almost exclusively paired
with AC 3’ splice sites [Dietrich et al., 1997; Parker and Siliciano,
1993; Sheth et al., 2006; Wu and Krainer, 1997].

Our genetic suppression experiments provided a mechanistic
basis for the pathogenic effect of the deletion/insertion in intron 21.
These tests suggested that the mutant AT-AC type II 5’ splice site is
defective in efficient base-pairing to both Ul and U6 snRNAs,
which are key splicing factors that sequentially bind
U2-type 5 splice sites. This might constitute a fundamental
difference between AT-AC type II and GT-AG 5’ splice sites, in
that 5" splice-site mutations in GT-AG introns can usually be
rescued by suppressor Uls alone [Roca and Krainer, 2009;
Seraphin et al., 1988; Siliciano and Guthrie, 1988; Zhuang and
Weiner, 1986], whereas in this case we only observed weak rescue
when both Ul and U6 suppressors were expressed simultaneously.
Further U1/U6 suppressor analysis using other AT-AC type II
introns is needed to confirm the generality of the U6 dependence
of SCN4A AT-AC type Il introns.

Interestingly, the AT-AC type II mutation results in activation
of cryptic U2-type GT-AG splice-site pairs, similarly to what was
seen upon mutations in minor-spliceosome or Ul2-type introns
[Hastings et al., 2005; Incorvaia and Padgett, 1998; Kolossova
and Padgett, 1997]. These cryptic GT-AG pairs are present in the
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wild-type pre-mRNA, but remain silent unless one of the AT-AC
splice sites is mutated. Whereas GT-AG U2-type splice sites
exhibit a very high degree of variation, with thousands of different
sequences acting as functional splice sites in the human genome
[Roca and Krainer, 2009}, U12-type splicing elements (specifically
the 5’ splice site and the branch point sequence) are very highly
conserved, suggesting that these sequences are constrained to be
functional [Sheth et al., 2006]. Our observations suggest that
AT-AC type II introns are similarly constrained, and that one of
these constraints might be the need for efficient base-pairing to
U6 snRNA, possibly because of the G> A difference at the first
intronic position. It remains possible that there are specific
splicing elements and factors required for efficient splicing of
AT-AC type Il introns, but these are not identifiable by genomic
analyses because of the very low number of such introns. In short,
mutations that disrupt AT-AC type 1I splice sites, like those
affecting Ul2-type splice sites, result in activation of cryptic
U2-type GT-AG splice sites, because the sequence requirements
for these U2-type GT-AG splice sites are much more flexible.

The functional properties of the aberrantly spliced channel
provide further understanding about the molecular mechanism of
fast inactivation of the sodium channel. It has been established
that the DIII-DIV linker plays a key role in fast inactivation of
sodium channels. In particular, a cluster of hydrophobic amino
acids (IFM) in the DIII-DIV linker is believed to function as an
essential component of the fast inactivation particle, which
occludes the intracellular mouth of the activated channel by a
“ ball-and-chain” or “hinged-lid” mechanism [Armstrong and
Bezanilla, 1977; West et al., 1992]. In Navl.4, the DIII-DIV linker
comprises 92 amino acids, but there are only 15 residues between
the end of DIIIS6 and the IFM motif. To properly occlude the
intracellular mouth of the channel, 10-20 residues between the
end of DIIIS6 and the IFM motif are supposed to be optimal to
form the hinged-lids structures [West et al., 1992]. The mutant
sodium channel expressed in our patient’s muscle has an insertion
of 35 amino acids preceding the IFM motif, and showed
disruption of fast inactivation. Considering the number of
residues between the end of DIIIS6 and the IFM motif, the
35-amino acid insertion is probably too large and may give the
“lid” more freedom of movement. Indeed, it has been reported
that even a 12-amino-acid insertion into the 5 end of the
DIII-DIV linker (nine residues) and the beginning part of DIVS1
(three residues) causes disruption of fast inactivation [Patton and
Goldin, 1991]. Therefore, it is highly possible that the elongated
loop in our mutant channel does not properly function as the
hinged lid, resulting in the disruption of fast inactivation.

The abnormally spliced channel expressed in cell culture
showed disruption of fast inactivation, which is consistent with
the hyperexcitability of the patient’s skeletal muscle. In the case of
heterozygous mutations located in coding regions (missense
mutations), the proportion of the mutant channel might be
expected to be half of the total channel, assuming equal
expression. In the heterozygous patient described here, however,
the expression of the aberrantly spliced mutant channel is likely
less than half of the total channel. The proportion of mRNA
coding for the abnormal channel was roughly estimated from the
fluorometric measurement of the PCR fragments (Fig. 2B). The
abundance of the mRNA for the mutant channel isoform was
about 60% that of the normal isoform (Fig. 2B). The other mRNA
isoforms were out of frame and introduced premature termina-
tion codons, so they are likely to be partially degraded by
nonsense-mediated mRNA decay [Chang et al., 2007]. However, it
is not certain whether the mutant channel is translated, correctly

folded, and targeted to the plasma membrane as efficiently as the
wild type. Indeed, the current density of mutant channel was
about half that of wild type when expressed in HEK-293T cells,
although this might also reflect a difference in the open
probability between wild-type and mutant channels. Simply by
multiplying the two numbers above, the expression ratio between
the wild-type and mutant channels was estimated at 10:3.
Computer simulation varying the expression level of the mutant
showed that repetitive firing of action potentials (myotonia) is
observed even if the expression of the mutant channel is set at
15% (Fig. 5). Taken together, the most likely explanation for our
observations is that the functional defect of the mutant channel
caused by aberrant splicing is sufficient to cause the patient’s
myotonic symptoms.

In summary, we have identified a rare nondystrophic myotonia
caused by a mutation in the AT-AC type II intron in SCN4A. Our
experiments also contribute to a better understanding of the
splicing mechanisms for a very rare class of introns. Henceforth,
the inherited channelopathies caused by mutations in noncoding
regions should be investigated more vigorously.
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