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Abstract Non-dystrophic myotonias are characterized by
clinical overlap making it challenging to establish
genotype-phenotype correlations. We report clinical and
electrophysiological findings in a girl and her father
concomitantly harbouring single heterozygous mutations
in SCN4A and CLCNI genes. Functional characterization of
N1297S hNavl.4 mutant was performed by patch clamp. The
patients displayed a mild phenotype, mostly resembling a sodium
channel myotonia. The CLCNI ¢.501C>G (p.F167L) mutation
has been already described in recessive pedigrees, whereas the
SCN4A ¢.3890A>G (p.N1297S) variation is novel. Patch clamp
experiments showed impairment of fast and slow inactivation of
the mutated Nav1.4 sodium channel. The present findings
suggest that analysis of both SCN4A and CLCNI genes
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should be considered in myotonic patients with atypical
clinical and neurophysiological features.
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Introduction

Non-dystrophic myotonias (NDM) are rare neuromuscular
diseases clinically characterized by muscle stiffness. These
include dominant and recessive myotonia congenita (MC,;
Thomsen disease MIM160800 and Becker disease
MIM255700), caused by mutations in the CLCNI gene
encoding the skeletal muscle chloride channel type 1 (CIC-
1), as well as paramyotonia congenita (PC; MIM168300) and
sodium channel myotonia (SCM; MIM608390), which are
both caused by mutations in the SCN4A gene encoding the
voltage-gated sodium channel (Nav1.4) alpha subunit [1]. MC
is more common than PC and SCM, as confirmed by a recent
prevalence study of skeletal muscle channelopathies in the
UK [2]. Although some clinical clues and pattern of inheri-
tance point out specific entities, considerable clinical overlap
has been reported in NDM, making it difficult to decide on
which gene has to be sequenced first [3]. Electromyography
(EMG) response to the short and prolonged exercise tests (ET)
may help to address the genetic screening and better
characterize the phenotype [4-6].

We describe here the clinical and electrophysiological
findings observed in a girl and her father affected by
myotonia and concomitantly harbouring single heterozygous
mutations in SCN4A and CLCNI genes. In addition, we
performed patch clamp analysis of the mutant hNavl.4
sodium channel to investigate the effects of the new
SCN4A mutation.
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Materials and methods
Genetics

Written informed consent for genetic analysis was obtained
from the proband, her parents and her brother, as required by
the Ethical Committee of the Foundation Neurological
Institute Carlo Besta, in accordance with the Helsinki
Declaration.

Genomic DNA was extracted from peripheral blood
according to standard protocols [7]. The screening for
CLCNI gene mutations was performed as previously described
[8, 9]. The genomic structure and intron boundary sequences of
SCN4A gene were derived from the Gene Table of
Neuromuscular Disorders (http://www.musclegenetable.fr/)
and then the GENATLAS database (http://genatlas.medecine.
univ-paris5.fr/). Primer sequences specific for the 24 exons
were identified using the Primer Express software package
(Thermo Fisher Scientific, Monza, Italy) and synthesized by
Primm (Milan, Italy). Primer sequences and specific
annealing temperature are available on request. The PCR
products were purified by EuroSAP (EuroClone, Pero, Italy)
and sequenced by bidirectional sequencing using the BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific), on a 3130x/Genetic Analyzer (Thermo Fisher
Scientific). The obtained sequences were analyzed with
SeqScape v.3.0 software (Thermo Fisher Scientific) and
compared with reference wild-type sequence (GenBank acces-
sion numbers: NM_000083.2 and NM_000334.4, for CLCN1
and SCN4A, respectively).

Mutagenesis and expression of recombinant sodium
channels

The SCN4A p.N1297S mutation was introduced in the pRc/
CMV-hNav1.4 vector encoding the human skeletal muscle
voltage-gated sodium channel, using the QuikChange
Lightning Site-Directed Mutagenesis kit (Agilent
Technologies, Santa Clara, CA), and confirmed by complete
sequencing. The wild-type (WT) or N1297S channels were
co-expressed with the sodium channel 31 subunit and the
CDS8 receptor gene reporter (pCDS-IRES-hf31 plasmid), in
HEK?293 cells, using the calcium-phosphate co-precipitation
method, as previously described [10]. Patch clamp was
performed on cells spotted by microbeads coated with
anti-CD8 antibody (Dynal-Invitrogen, Milan, Italy).

Whole-cell recording and data analysis

Whole-cell sodium currents (/y,) were recorded using
Axopatch 1D patch-clamp amplifier (Axon Instruments,
Union City, CA) at room temperature (20-22 °C), as
previously described [11]. The pipette solution was made of
the following (in mM): 120 CsF, 10 CsCl, 10 NaCl, 5 EGTA
and 5 Cs-HEPES (pH 7.2). The bath solution was as follows
(in mM): 150 NaCl, 4 KClI, 2 CaCl,, 1 MgCl,, 5 Na-HEPES
and 5 glucose (pH 7.4). Resistance of patch pipettes ranged
from 1 to 3 M(2. Only data obtained in cells displaying series
resistance errors < 5 mV were considered for analysis.
Voltage clamp protocols are described in Figs. 2 and 3.
Because of the well-known spontaneous shift of sodium
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Fig. 1 Short and long exercise EMG tests. a Repeated short exercise test
in patients 1 (a) and 2 (b). Recording of the abductor digiti minimi
compound muscle action potential (CMAP) amplitude during three suc-
cessive short exercises performed at room temperature (black line) and
after 7 min of cold exposure (grey line). The first point (100%) corre-
sponds to pre-exercise recording and the subsequent points are related to
post-exercise recording during the 50-s resting period and are expressed
as percentage of the first value. There was no significant (i.e. < 80 or
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> 120%) change in CMAP amplitude both at room temperature and after
cooling. Long exercise test recording of the abductor digiti minimi com-
pound muscle action potential (CMAP) in patients 1 (¢) and 2 (d) per-
formed during 1, 2 and 3 min of exercise (1, 2, 3 days) and 30 min after
exercise. No significant (i.e. < 80 or > 120%) CMAP variation in ampli-
tude (black line) or area (grey line) was observed. The first point (TO,
100%) corresponds to pre-exercise recording and the subsequent points
are expressed as percentage of the first value
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channel voltage dependence during whole-cell experiments,
the various protocols were applied respecting a constant time
sequence in all the cells.

Data analysis was performed using pPCLAMP 10.3 (Axon
Instruments) and SigmaPlot 8.02 (Systat Software GmbH,
Erkrath, Germany). Data and fit parameters are reported as
mean + SEM from n cells. Statistical comparison between
WT and N1297S was performed by unpaired Student’s 7 test,
with p < 0.05 considered as significant.

Results
Case report

A woman, now 26 years old, with no apparent family
history of neuromuscular disorders, presented at the age
of 18 with fatigue and painful stiffness in the upper and
lower limbs, mainly in hand and thigh muscles. In addi-
tion, she complained of occasional episodes of transient
lower limb muscle weakness when standing up after
prolonged rest. The symptoms markedly worsened with
cold and improved with exercise. At the first neurological
examination, performed at 20 years of age, the only clinical
sign was percussion-activated myotonia in the hands. Lower
limb T1-weighted muscle MRI (1.5 T) was normal. Muscle
biopsy showed mild non-specific myopathic signs. Molecular
analysis for CNBP and DMPK genes was negative, excluding
myotonic dystrophies. Assuming a mild form of dominant
myotonia congenita, CLCNI gene was sequenced, reveal-
ing the presence of an already described ¢.501C>G
(p-F167L) mutation in exon 4, usually reported in recessive
pedigrees [8, 12, 13]. Last clinical assessment at the age of
24 years showed handgrip myotonia with warm-up phe-
nomenon. Muscle trophism and power were normal, with
the exception of a minimal thigh flexion weakness. On
EMG, myotonic discharges were observed in all the exam-
ined muscles, including tongue, paraspinalis muscles and
orbicularis oculi. Despite the reported cold sensitivity, the
short ET, performed as previously described [4—6], failed
to detect any significant changes in compound muscle ac-
tion potential (CMAP) amplitude/area, both at room temper-
ature and after cooling (Fig. 1a). Also the long ET did not
reveal any relevant CMAP modification (Fig. 1c).

Taken together, clinical and neurophysiological findings
showed features somewhat atypical for a dominant MC,
including the presence of painful stiffness and transient
weakness and the lack of CMAP decrement after exercise,
especially with cooling. It should be noted however that
the short and long ET are sometimes reported as unreliable
in discriminating between SCM and dominant MC [5, 14].
In order to further investigate the case, we screened the
SCN4A gene and detected in heterozygous form a mutation,

¢.3890A>G (p.N1297S) in exon 21, not previously reported
or included in the databases (1000 Genomes Project www.
1000genomes.org; Exome Variant Server www.evs.gs.
washington.edu). Genetic screening was thus extended to the
other family members, and the same CLCNI and SCN4A
mutations were found in the 53-year-old father, who had never
required neurological attention, even if he complained of mild
and painful muscle stiffness in the hands since young age.
Father’s neurological examination showed percussion
myotonia in the hands and calves and diffuse myotonic
discharges on EMG; the ET displayed the same pattern of
the affected daughter (Fig. 1b, d). The proband and the
father have no eye closure myotonia.

The proband asymptomatic brother and mother did not
carry any pathogenic variants.

Functional characterization of N1297S hNav1.4 mutant

Wild-type and N1297S sodium currents recorded in
tsA201 cells showed no obvious differences (Fig. 2a—c).
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Fig. 2 Families of sodium currents generated by wild-type and N1297S
hNav1.4 channels in transfected HEK293 cells. a The voltage clamp
protocol consisted in 25-ms test pulses ranging from — 70 to + 40 mV,
applied in 10-mV increments from the holding potential of — 150 mV. b
Representative family of N1297S hNav1.4 currents. ¢ Representative
family of wild-type hNav1.4 currents. d The current-voltage relationships
of N1297S and WT were superimposed
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The current-voltage relationships of WT and N1297S were
well superimposed (Fig. 2d), the voltage dependence of
activation being similar (not shown). There was no signif-
icant difference in exponential time constants for entry in
or recovery from fast inactivation between WT and
N1297S (not shown).

The voltage dependences of fast and slow inactivation were
studied using conventional two-pulse voltage protocols
(Fig. 3). To measure slow inactivation, a 20-ms interval was
introduced before the test pulse to allow recovery from fast
inactivation. The normalized peak sodium current amplitude

Fig. 3 Fast and slow inactivation

of wild-type and N1297S a
channels. a To plot fast
inactivation voltage dependence,
sodium currents measured during
a test pulse at — 20 mV were
reported as a function of the
conditioning pulse ranging from
— 150 to — 20 mV, applied in 10-
mV increments. The
relationships, fitted to a
Boltzmann function (equation
given in the text), were positively
shifted by 7 mV for N1297S
compared to WT. b Slow
inactivation was induced by 30-s
conditioning pulses. Fast inacti-
vation was removed by an b

intermediate 20-ms pulse at

— 160 mV, before assessing 30
channel availability at — 20 mV +20 mV /}
(inset). A fraction of channels do / E
not enter slow inactivation. The
relationships of WT and N1297S
channels fitted to a Boltzmann
equation (given in the text) show
that less N12978S channels enter
the slow inactivated state than the
WT. ¢ To measure the kinetics of
entry in the slow inactivated state,
the cells were depolarized to

0 mV for a time lasting 0.01 to
30 s (conditioning pulse), and
channel availability was assessed
by a test pulse to 0 mV. Again, c
fast inactivation was removed by

an intermediate 20-ms pulse at

.20 mV,—100 ms

150 mV]
160 mV

120 mVF—7/—/——
160 mV

20 ms

— 160 mV. The relationships fitted 0.01-30 s
to a monoexponential decay omv

equation show no change in

kinetics but a greater proportion

of non-inactivated N1297S

channels at positive voltages. The
fit parameter values and statistical
analysis are provided for in
Table 1
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of N1297S and WT is shown in Fig. 3b. Although the
half-maximum inactivation voltage was not significantly
altered, the residual current at more positive voltage
(Ir1) was significantly greater for N1297S compared to
WT (Table 1). A similar difference in residual current between
WT and N1297S was observed using a protocol aimed at
measuring the kinetics for slow inactivation development
(Fig. 3c). The relationship was fit to an exponential decay
equation, I/I. = Ir> + (1 — Iro)exp(—t/tau), where I is the
current amplitude during the test pulse, /. is the current
amplitude during the conditioning pulse, fau is the exponential
time constant, and Iy, is the residual current (Table 1). The time
constant to entry in the slow inactivated state was similar for
N1297S and WT channels, but fewer N1297S channels entered
the slow inactivation state at positive voltages.

Discussion

NDM are characterized by clinical overlap making it difficult
to establish proper genotype-phenotype correlations. Indeed,
SCM and dominant MC may share some clinical features,
especially warm-up phenomenon, handgrip myotonia and
cold sensitivity [13, 14]. However, cold trigger seems to be
more common in SCM, whereas warm-up phenomenon is
more frequently associated with dominant MC; handgrip
myotonia seems to be equally common in SCM and dominant
MC [13]. Some clinical differences exist, including eye
closure myotonia and painful stiffness, which are highly
suggestive of SCM [14]. Transient weakness is uncommon
in dominant MC and more frequently associated with the
recessive MC; it has never been reported in SCM [15].
Finally, absence of CMAP modification during ET and
cooling is more common in SCM [5, 6]. We report here
two affected relatives, each carrying concomitantly two
heterozygous mutations, one in the CLCN/ gene and the
other in the SCN4A gene, and displaying clinical features
overlapping chloride and sodium channel myotonia.

Although eye closure myotonia was not observed in our
patients, overall clinical phenotype was more suggestive of
SCM. Furthermore, the transient weakness reported by the
proband was only occasional and we never detected any
relevant CMAP decrement upon short ET, which normally
represents the neurophysiological correlate of transient
weakness, especially in recessive MC.

The F167L mutation in the CLCNI gene has been
previously reported usually in association with other
CLCNI mutations in patients with recessive MC, and
its pathological role has been long debated, although it
has never been detected in healthy individuals [9, 12,
16-20]. Previous patch clamp examination of p.F167L
hCIC-1 mutants in transfected HEK293 cells showed little or
no difference with wild-type channels [12, 15, 21]. Thus,
the clinical phenotype is usually mainly attributed to the
dysfunction of the compound mutation.

The SCN4A p.N1297S mutation found in the two affected
relatives has never been reported before. In position 1297, the
substitution of asparagine (N) with lysine (K) has been
previously detected in a severe neonatal non-dystrophic
myotonic case, characterized by frequent cold-induced
episodes of myotonia and muscle weakness, involving
also respiratory muscles with prolonged apnea [22]; in
addition, that patient had facial dysmorphisms, muscle
hypertrophy and psychomotor retardation and died at
the age of 20 months due to respiratory infection.
Thus, substitution of N1297 by two different amino acids
appears to lead to different symptoms and severity.
Serine and lysine residues share similarities in bulk but
opposite charges, which may determine different effects
on channel behaviour. The physicochemical properties of
serine are more similar to those of asparagine than those
of lysine, that may explain, at least in part, why N1297S
carriers are less severely affected than N1297K carrier.
The functional consequence of N1297K on sodium channel
behaviour has not been reported. Here we report the functional
analysis of N1297S. The mutation induced a 7-mV positive

Table 1  Fit values of voltage-dependent and kinetics parameters for WT and N1297S hNav1.4 channel, shown in Fig. 2

Fast inactivation Slow inactivation

Voltage dependence Voltage dependence Kinetics

Vi (mV) K¢ (mV) Vs (mV) K (mV) Iri Tau (sec) Iro
WT =714+12 1n=39) 53402 =512+1.6(n=18) 8.6+0.5 0.28 +0.01 0.84 £0.07 (n=12) 0.26 +0.03
N1297S —644+1.1 (n=48) 52402 —482+24 (n=16) 8.1+04 0.34+0.01 0.90+0.01 (n=11) 0.43 +£0.04
p value < 0.0001 0.73 0.31 0.40 <0.003 0.74 <0.002

Values are mean + SEM from # cells. The p value was calculated using unpaired Student’s ¢ test

V/half-maximum fast inactivation voltage, K fast inactivation slope factor, V, half-maximum slow inactivation voltage, K| slow inactivation slope factor,
I, residual current, Tau exponential time constant for entry in slow inactivation, /p; residual current
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shift in the voltage dependence of fast inactivation, without
significantly altering the kinetics of entry in or recovery from
fast inactivation. Such a shift is expected to increase the
availability of mutant channels, thereby contributing to
muscle over-excitability [23, 24]. Alteration of fast inactivation
is in agreement with the location of N1297 in the intracellular
DIII-DIV linker of the channel protein, which is thought to act
as the inactivation gate occluding the mouth of the pore quickly
after opening [25]. Other mutations of neighbouring amino
acids have been associated with severe myotonia, including
G1306E [11, 26]. Importantly, as for N1297, different substitu-
tions of G1306 can lead to symptoms of various severity [23].
In addition, we also observed an alteration of N1297S slow
inactivation resulting in an increased proportion of
non-inactivated channels after long depolarization. Impaired
slow inactivation of sodium channel mutants is thought to be
commonly associated with paralytic attacks, which were not
reported by our patients [27, 28].

Although clinical and neurophysiological findings found in
our patients are not entirely typical of a SCN4A-linked disease,
most of them suggests a SCM, thus supporting the pathogenic
role of the SCN4A mutation. Nevertheless, previous studies
have proposed that SCN4A and CLCNI mutations may act
synergistically to increase the propensity for myotonic
discharges, thereby influencing clinical and neurophysiological
phenotype [29]. Coexistence of heterozygous SCN4A and
CLCNI mutations in five patients from three myotonic families
investigated for both genes due to some atypical features
has been recently described [30]. Furthermore, a patient
with periodic paralyses and myotonia displayed a combina-
tion of SCN4A and CLCNI simple heterozygous mutations,
although clinical phenotype was largely due to the mutation in
the Navl.4 channel [31]. In myotonic dystrophy type 1 or 2,
the concomitance of heterozygous CLCNI or SCN4A muta-
tions produces a more severe myotonia, thus suggesting that
different genes involved in myotonic disorders may modify
the phenotype and thus contribute to clinical variability
[32-35]. In addition, other factors such as hormones have
been described to influence SMC patient phenotype [36]. As
already reported, the CLCN{ p.F167L may reduce the severity
of symptoms in recessive MC patients carrying other specific
CLCNI mutations [15]. It should be noted here that the
patients, especially the father, display a mild phenotype
despite the presence of the SCN4A mutation that significantly
impairs fast and slow inactivation. There is a possibility that one
mutant may mitigate the effects of the other on sarcolemma
excitability. Further experiments are warranted to verify whether
and how the mutations in the two genes may influence each
other.

Taken together, the present findings suggest that anal-
ysis of both SCN4A and CLCNI genes should be consid-
ered in myotonic patients with atypical clinical and neurophys-
iological features.
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