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A Nonsense Mutation of the Sodium Channel Gene SCN24 in
a Patient with Intractable Epilepsy and Mental Decline
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Mutations, exclusively missense, of voltage-gated sodium channel « subunit type 1 (SCN1A) and type 2 (SCN2A) genes were reported in
patients with idiopathic epilepsy: generalized epilepsy with febrile seizures plus. Nonsense and frameshift mutations of SCN14, by
contrast, were identified in intractable epilepsy: severe myoclonic epilepsy in infancy (SMEI). Here we describe a first nonsense mutation
of SCN2A in a patient with intractable epilepsy and severe mental decline. The phenotype is similar to SMEI but distinct because of partial
epilepsy, delayed onset (1 year 7 months), and absence of temperature sensitivity. A mutational analysis revealed that the patient had a
heterozygous de novo nonsense mutation R102X of SCN2A. Patch-clamp analysis of Na, 1.2 wild-type channels and the R102X mutant
protein coexpressed in human embryonic kidney 293 cells showed that the truncated mutant protein shifted the voltage dependence of
inactivation of wild-type channels in the hyperpolarizing direction. Analysis of the subcellular localization of R102X truncated protein
suggested that its dominant negative effect could arise from direct or indirect cytoskeletal interactions of the mutant protein. Haploin-
sufficiency of Na, 1.2 protein is one plausible explanation for the pathology of this patient; however, our biophysical findings suggest that

the R102X truncated protein exerts a dominant negative effect leading to the patient’s intractable epilepsy.
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Introduction
Mutations of voltage-gated sodium channel (VGSC) genes are
known to be responsible for human epilepsy. Initially, a heterozy-
gous missense mutation of VGSC B1 accessory subunit gene
(SCN1B) on chromosome 19q13.1 was identified in patients with
generalized epilepsy with febrile seizures plus (GEFS+; Wallace
etal., 1998). Subsequently, a second locus was reported on 2q13-
q31 (Baulac et al., 1999; Moulard et al., 1999), and heterozygous
missense mutations of VGSC a-subunit type 1 gene (SCNI1A) on
2q24 were identified in families with GEFS+ (Escayg et al., 2000).
Subsequent reports of SCN1A mutations have further implicated
SCNIA dysfunction in GEFS+ (Escayg et al., 2001; Sugawara et
al., 2001a; Wallace et al., 2001b). Moreover, SCNIA mutations
were also described in patients with severe myoclonic epilepsy in
infancy (SMEI; Claes et al., 2001; Sugawara et al., 2002).

GEFS+ is a clinical subset of febrile seizures, and patients
show variable seizure types, including absence, myoclonic, tonic—
clonic, and partial seizures (Scheffer and Berkovic, 1997; Ito et al.,
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2002). Antiepileptic drugs mostly work, and seizures stop spon-
taneously in some cases. By contrast, SMEI is very severe epilepsy
(Dravet, 1978). In the first year of life, patients manifest frequent
and fever-sensitive refractory clonic, tonic—clonic seizures, ac-
companied later by additional seizures, including myoclonic, ab-
sence, or complex partial seizures. Severe deterioration of psy-
chomotor development is observed in most cases (Dravet et al.,
1982, 1992).

Intriguingly, GEFS+ mutations of SCNIA are exclusively
missense, whereas most (~70%) SMEI mutations are truncation
type such as nonsense and frameshift (Fujiwara et al., 2003). Bio-
physical analysis of GEFS+ mutations of SCN1B and SCNIA
showed that those mutations increase Na* currents (Wallace et
al., 1998; Lossin et al., 2002). Recently, we reported that the SMEI
mutations of SCN1A, not only nonsense but also missense mu-
tations, showed attenuated Na * currents (Sugawara et al., 2003).

For the VGSC type 2 gene (SCN2A) encoding the Na,l1.2
channel, we previously reported a first missense mutation in a
patient with febrile and afebrile seizures that is similar to GEFS+
(Sugawara et al., 2001b). Biophysical analysis revealed that the
Na, 1.2 mutant channel inactivated more slowly, suggesting an
increase of sodium ion influx. Recently, two missense mutations
of SCN2A were documented in patients with benign familial neo-
natal-infantile seizures, a type of epilepsy that is even milder than
GEFS+ (Heron etal., 2002). In contrast to a number of nonsense
and frameshift mutations of SCNIA reported in SMEIL no
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SCN2A truncation mutation has been described in patients with
any type of epilepsy.

In this study, we describe a first nonsense mutation of SCN2A
in a patient with intractable childhood epilepsy associated with
severe mental decline; the phenotype is similar yet distinct to
SMEIL. We also demonstrate that the truncated protein has a
dominant negative effect on the wild-type Na, 1.2 channel, and it
could be mediated by direct or indirect cytoskeletal interactions.
The dominant negative effect of the mutant protein appears to be
the major functional consequence of this genetic defect, which
may possibly explain the molecular pathology of this severe

epilepsy.

Materials and Methods

Patients

This study recruited 60 unrelated Japanese patients clinically diagnosed
with intractable childhood epilepsies, including SMEL The informed
consents were obtained from the parents or responsible adults when
necessary, and these were approved by the Ethical Committees of Shi-
zuoka Medical Institute of Neurological Disorders and the Institutional
Review Board of RIKEN Brain Science Institute.

The patient with the SCN2A nonsense mutation is 29-year-old female.
Her mother had several febrile convulsions until 6 years of age. Her father
is phenotypically normal and had no history of seizure. The paternity was
confirmed by using highly polymorphic markers distributed on chromo-
somes. This patient had no relevant personal history, and the psychomo-
tor development was unremarkable until the age of 2 years, when she
became hyperkinetic and autistic. Seizures appeared at age 1 year 7
months. She fell down abruptly forward several times a day. She began to
take phenobarbital, and the seizures soon disappeared. The medication
was discontinued at age 4 years 5 months. The EEG was reported to show
only slow waves initially, but after 3 years, spike activity appeared and
increased. At age 6 years, convulsive seizures began to occur mainly
during sleep and repeated 1-2 times weekly, often in clusters. The sei-
zures were preceded by versive movement of the head toward the left or
by clonic movement of the left upper extremity. The medication was
restarted. However, when the dose of medication was increased, she
began to show recurrent brief episodes with apathetic expression
(absence-like seizure) and brief atonia of the hands, resulting in falling
off things she had in her hand. At that time, the EEG showed frequent
bilateral sharp waves or spike waves with maximum amplitude over the
centroparietotemporal region (semicontinuous during sleep). When ad-
mitted to the hospital at age 10 years, atonia of the upper extremities was
frequently observed in concomitance with the spike wave discharges in
the EEG. The head nodded forward, and she dropped her hand. These
atonic movements disappeared when polypharmacy (five drugs includ-
ing carbamazepine) was simplified to valproate monotherapy. The EEG
then mostly improved: bilateral discharges disappeared and only sharp
waves in the centroparietotemporal region on the right side were ob-
served. However, the convulsive seizures that proved to be partial onset
by ictal EEG recording (see Fig. 2) were difficult to treat despite various
medication trials, and she still had weekly convulsions. Any factors of
seizure induction, including temperature sensitivity, were not noticed.
She had severe intellectual and psychomotor retardation but has no pa-
ralysis. Muscle tonus and deep tendon reflexes were also normal. Mag-
netic resonance imaging showed moderate diffuse brain atrophy. She is
now attending a sheltered workshop.

Mutational analysis

Methods for mutational analysis were described previously (Sugawara et
al., 2001b). Briefly, genomic DNA was extracted from heparin-treated
blood samples of affected and unaffected individuals, amplified by PCR, and
analyzed by direct sequencing. PCR primers were designed to amplify all 26
coding exons of SCN2A. The mutation was confirmed as a heterozygous one
as follows. The PCR product was subcloned into pCR 2.1 vecto-TOPO by
TOPO TA cloning (Invitrogen, Carlsbad, CA), and independent subclones
were sequenced by M13 forward (5'-TTGTAAAACGACGGCCAG) and re-
verse (5'-ACACAGGAAACAGCTATG) primers. The sequence data using

J. Neurosci., March 17, 2004 - 24(11):2690 2698 * 2691

in this study have been submitted to the GenBank databases under accession
numbers X65361, AB098335, NM_000816, and NM_001037.

EEG recordings

EEG was recorded with a 10-20 system during both awake and sleep
states. Video monitoring was conducted to record the ictal behavioral
changes, if any, simultaneously with EEG.

Plasmid construction and transfection

The SCN2A cDNA encoding the human brain Na ™ channel «;; subunit
(Na,1.2; GenBank accession number M94055; Ahmed et al., 1992) was
inserted into the NotI site of a pCI-neo plasmid vector (Promega, Mad-
ison, WI). The mutation of SCN2A corresponding to R102X was intro-
duced into the wild-type (WT) construct with the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) according to the
manufacturer’s instructions. Flag-tagged R102X constructs were made in
a pcDNA3 plasmid vector (Invitrogen) in which a Flag epitope was lo-
cated at the N terminus (R102X-FlagN) or C terminus (R102X-FlagC).
In the R102X-FlagC construct, an aspartic acid replaces the arginine 102
and is followed by a flag epitope sequence and a stop codon. Full insert
sequences for WT as well as mutants were confirmed by dideoxynucleotide
sequencing. Plasmid DNAs for transfection were isolated with a Plasmid
Maxi kit (Qiagen, Hilden, Germany). For the construction of CD8-IRS-hb2,
an 871 bp fragment of human CD8 was amplified by PCR with primers
CD8F1 (5'-ATATGCTAGCGGAGCGCGTCATGGCCTTAC-3") and
CD8RI1 (5'-CGGAATTCACCCCGCCCCCACTAAAATAA-3") using
EBO-pCD-Lue2 (59564; American Type Culture Collection, Manassas, VA)
as a template. Underlined sequences indicate the recognition sequences of
Nhel and EcoRl, respectively. The PCR product was digested with Nhel—
EcoRI and subcloned into the bicistronic plasmid pIRES (Clontech, Palo
Alto, CA) to obtain pCD8-IRES. Total RNA of the human heart was reverse-
transcribed with Superscritpt II (Invitrogen) using the random hexamers,
and the first-strand cDNA was amplified with primers 1F (5'-CCAC-
CCGACTAACATCTCAG-3") and 4R (5'-GGAGACGGGACACGGAG-
3"). A 734 bp product was subcloned into pCR2.1 (Invitrogen), and the
Spel-Notl fragment was subcloned into the pCD8-IRES using Xbal/Notl
sites. The DNA sequence the final construct pCD8-IRS-h32 was verified by
the dideoxy sequencing. For patch-clamp experiments, plasmids bearing
WT and R102X full-length a-subunit cDNA as well as an equimolar pEG-
FPN1 vector (Clontech) as a marker were transiently transfected into human
embryonic kidney 293 (HEK293) cells using Lipofect AMINE 2000 (Invitro-
gen) as recommended by the manufacturer. For the coexpression experi-
ments using WT and R102X (WT+R102X), the equimolar plasmids bearing
each of WT (20 ug) and R102X (20 ug) cDNA were simultaneously trans-
fected into HEK293 cells, and channel function was compared with HEK293
cells transfected with only equimolar (20 ug) WT plasmid. For patch-clamp
analysis of o and 3 subunits of the sodium channel, HEK293 cells stably
expressing the human Na * channel 81 subunit (HEK-hf31; Akai et al., 2000)
were transiently transfected with WT, R102X, and the 82 subunit. The 2
construct pIRES-CD8-hb2 was tagged with CDS8 to visually identify the cells
expressing the 82 subunit by using M-450 CD8 Dynabeads (Dynal, Oslo,
Norway).

Patch-clamp analysis

Preparations. HEK293 cells were plated on poly-L-lysine-coated glass
coverslips (Biocoat Cellware poly-L-lysine 12 mm coverslip; Becton
Dickinson Labware, Bedford, MA) and maintained in culture medium
(DMEM supplemented with 10% fetal bovine serum) in humidified 5%
CO, for 24—48 hr.

Electrical recording. Coverslips were anchored in the recording cham-
ber filled with the external solution using silicone grease. Transfected
HEK293 cells for the recordings were selected using the green fluores-
cence protein (GFP) fluorescence signal under an inverted microscope
(IX70; Olympus Optical, Tokyo, Japan). To minimize space-clamp prob-
lems, isolated cells with strong GFP fluorescence were selected, and GFP-
positive cells in syncytia were not considered. The external solution con-
tained (in mm): 135 NaCl, 2.0 CaCl,, 1.0 MgCl,, 5.0 glucose, and 10
HEPES. The solution was adjusted to pH 7.4 with NaOH, and the osmo-
larity was 281 mOsm. Pipette electrodes were made from borosilicate
glass capillary tubes (0.8—1.0 mm inner diameter; Hilgenberg GmbH,
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Marsfeld, Germany) using a multistep horizontal puller (P-97; Sutter
Instrument Co., Novato, CA). The composition of the pipette solution
was (in mm): 135 CsF, 10 NaCl, and 5 HEPES-acid. The pH was adjusted
to 7.0 with CsOH, and the osmolarity was 276 mOsm. Pipette resistance
was 1.0-3.5 M{) when filled with internal pipette solution. The outer
wall of the pipette, except the very tip, was coated with dental wax to
reduce stray capacitance (GC Corp., Tokyo, Japan). The reference elec-
trode was an Ag-AgCl pellet in a well that was connected to the bath using
a 150 mm NaCl-filled agar bridge. Currents were recorded using an Axo-
patch 1D amplifier (Axon Instruments, Burlingame, CA). Capacitative
currents and series resistances were electronically compensated. Current
and voltage signals were filtered using a low-pass Bessel filter with a cutoff
frequency at 10 kHz and stored on a hard disk in V450]JS2 (liyama,
Nagano, Japan); pclamp 6.0 software (Axon Instruments) was used
throughout. The values in all pulse protocols were programmed on the
computer, and all data were compensated for liquid junction potentials
(—1 mV on average) after recordings. Peak currents of =200 pA were
considered as the signals arising from transfected Na * channels to elim-
inate any potential contribution from the small (~50 pA), tetrodotoxin-
sensitive Na ¥ currents present in a fraction of untransfected HEK293
cells. All experiments were performed at room temperature (22°C).
In the present experiments, a maximum peak current did not exceed 1.7
nA, and voltage errors stemming from series resistance estimated were
<6 mV.

Data analysis for conductance—voltage relationship. Na ™ currents were
evoked by 10 msec depolarizations to various test potentials (—80 to 20
mV) from a holding potential of —120 mV. Current-voltage relation-
ships were constructed after subtraction of leak currents. Step depolar-
ization produced an ohmic conductance only below —60 mV in our
experimental condition. Leak currents at individual potentials were esti-
mated from the linear regression of data points of —80, —70, and —60
mV. Sodium conductance ( gy,) was calculated according to the equa-
tion, gy, = Ino/(Vy — V,), where I, is the peak amplitude of the Na *
current; V, is the test potential; and V, is the reversal potential for Na .
In a double-pulse protocol, two depolarizing pulses (step to 10 mV, 10
msec in duration) with various interpulse intervals (0.5-20 msec) were
successively applied to activate Na ¥ currents. The amplitude of Na™
currents evoked by the second pulse ( I) was normalized by the amplitude
of Na ™ currents evoked by the first pulse (I.,,), and I/,,,, . is expressed as
recovery ratios.

Western blot analysis

Transfected cell samples for Western blotting were sonicated in 1 mm
Tris, pH 8.0, with a protease inhibitor mixture tablet (Roche Molecular
Biochemicals, Mannheim, Germany), centrifuged at 3000 X g for 5 min
at 4°C to remove insoluble material. The supernatants were collected and
run on 4-20% gradient gels (Daiichi Pure Chemicals Co., Ltd., Tokyo,
Japan) for wild-type Na,1.2 and 15-25% gradient gels for Flag-tagged
R102X (R102X-FlagN and R102X-FlagC) and then transferred onto a
nitrocellulose filter (0.45 wm; Schleicher & Schuell, Dassel, Germany).
After blocking, membranes were processed through sequential incuba-
tions with anti-Na, 1.2 (1:200 dilution; Alomone Labs, Jerusalem, Israel)
or anti-Flag mouse monoclonal antibody (1:1000 dilution; Sigma, St.
Louis, MO) for 1 hr and then with 0.4 pug/ml horseradish peroxidase-
conjugated anti-rabbit or anti-mouse IgG (Santa Cruz Biotechnology,
Santa Cruz, CA). The anti-Na,1.2 rabbit polyclonal antibody used was
raised against residues 467—485 of human brain Na, 1.2. Immunoreac-
tive proteins on the filter were visualized using Western Lightning Plus
chemiluminescence reagent (PerkinElmer Life Sciences, Boston, MA).

Immunocytochemistry

HEK293 cells transfected with Na,1.2, R102X-FlagC, or both were fixed
in 4% paraformaldehyde for 15 min and treated by 0.1% Triton X-100
(Nakalai Tesque, Kyoto, Japan). Nonspecific binding was blocked with
3% normal goat serum and 3% gelatin in PBS. Then cells were incubated
for 1 hr with anti-Na, 1.2 polyclonal antibody (1:30 dilution; Alomone
Labs) and anti-Flag mouse monoclonal antibody (1:200 dilution;
Sigma). The secondary antibodies were Alexa488-conjugated chicken
anti-rabbit (1:200; Molecular Probes, Eugene, OR) and Alexa594-
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Figure 1. Nonsense mutation of SCN24 identified in a Japanese patient with intractable

childhood epilepsy and severe mental decline. A, Pedigree tree of the Japanese family with
febrile seizure (mother) and the intractable epilepsy (proband, arrow). The ¢.304C — T non-
sense mutation was observed only in the proband. Circles, Females; square, male; filled circle,
localization-related epilepsy; half-filled circle, febrile seizure. B, Electropherograms of the non-
sense mutation R102X. Genomic PCR products were subcloned into a plasmid vector and se-
quenced separately (see Materials and Methods). The sequences from independent clones are
shownin |-V as examples. | and Il show wild-type sequences, whereas Il and IV show mutated
sequences in which the arginine residue is altered to a stop codon. Fifteen of 37 subclones
showed the nonsense mutation alike in Ill and IV. An examination of blood taken from the
proband in another occasion reproduced a similar result, further confirming the existence of the
¢.304C — T (R102X) nonsense mutation in this patient.

conjugated goat anti-mouse antibody (1:200; Molecular Probes). Label-
ing was viewed with a confocal laser scanning microscope (TCS SP2;
Leica, Nussloch, Germany).

Results

Nonsense mutation of SCN2A in intractable epilepsy

We performed mutational analyses on the complete 26 exons of
SCNIA in a total of 60 patients diagnosed with intractable child-
hood epilepsies including SMEI (Sugawara et al., 2002; Fujiwara
et al., 2003), and 20 patients without any mutations of SCNI1A
were further screened for SCN2A. In one of these samples, we
found a heterozygous nonsense mutation, ¢.304C — T, resulting
in an intragenic stop codon Arg-102Stop (R102X; Fig. 1). This
mutation was not observed in 86 healthy control chromosomes.
The mother and father of this patient had no mutation in the
coding region of SCN24, indicating that the R102X is a de novo
mutation. We further confirmed that the patient had no muta-
tions of the voltage-gated sodium channel 81 subunit (SCN1B)
or the GABA, receptor y2 subunit (GABRG2) genes in which
mutations were reported in patients with GEFS+, febrile sei-
zures, and childhood absence epilepsy (Baulac et al., 2001; Wal-
lace et al., 2001a; Harkin et al., 2002). The patient with the
SCN2A-R102X mutation has severe mental decline and autistic
behavior, in addition to the intractable seizure disorder, and ex-
hibits moderate diffuse brain atrophy (for details, see Materials
and methods). The EEG of this patient shows the focal seizure
onset (Fig. 2). The epilepsy was diagnosed as “localization-related
epilepsy with secondarily generalized convulsive seizures.”

The mutated residue Arg-102 is located at the N-terminal tail
of the Na,1.2 protein, yielding a truncated peptide that termi-
nates before the occurrence of the first transmembrane segment
D1S1 (Fig. 3A). To investigate the function and distribution of
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Initial phase of the ictal EEG of the patient with the R102X mutation of SCN2A. The EEG recorded during a convulsive
seizure lasting 60 sec showed recruiting spike activities in the centroparietomidtemporal region on the left side before bilateral-
ization. All the odd-numbered EEG electrodes were placed on the left side of the head, and even-numbered electrodes were placed

on the right. She opened her eyes when her eyes were deviated toward the right along with retraction of the mouth corner on the
same side, and then the head turned to the left, followed by convulsive movements of the whole body.

Figure 2.

(R102X)

N
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Figure 3. A, Schematic representation of the predicted folding topology of Na,1.2. R102X
nonsense mutation identified in a patient with intractable childhood epilepsy and severe men-
tal decline locates at the N terminus. 8, Schematic diagrams of human Na, 1.2 expression con-
structs. Wild-type Na, 1.2 (hNa,1.2), the truncated mutant protein R102X, and the two fusion
proteins Flag-tagged at N-terminal end (R102X-FlagN) and C-terminal end (R102X-FlagC) were
constructed for further analysis. For details, see Materials and Methods.

this truncated mutant protein, we constructed four expression
vectors for wild-type Na, 1.2, R102X, and R102X tagged with Flag
at N and C termini (Fig. 3B).

Dominant negative effect of the R102X truncated protein
To investigate the functional consequences of the truncated pro-
tein, we analyzed the electrophysiological properties of the hu-
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man brain WT Na, 1.2 channel (Ahmed et
al., 1992) and the R102X mutant expressed
in the human cell line HEK293 using
whole-cell patch-clamp recordings. Re-
cordings were initiated when the holding
current was <30 pA after adopting the
whole-cell configuration; this routinely re-
quired 5-10 min of the intracellular perfu-
sion with fluoride. Figure 4A shows the
peak Na ™ currents in response to a depo-
larizing voltage step to 0 mV, from a hold-
ing potential of —120 mV, for WT Na 1.2
channels. The Na* current reached a peak
within 1 msec and inactivated within 5
msec, in accord with expectations (Ahmed
et al., 1992). By contrast, no voltage-gated
currents were detected in cells ex-
pressing the R102X mutant channels, con-
firming that the truncated protein is non-
functional (Fig. 4A). Given the
heterozygous nature of the R102X muta-
tion, we proceeded to examine cells ex-
pressing only the WT channel and cells co-
expressing the WT channel and the R102X
mutant protein (WT+R102X) aiming to
disclose potential alterations introduced
by the R102X mutant on the electrophysi-
ological properties of the wild-type Na, 1.2
channel. The currents were characterized
by examining the peak Na ¥ conductance-
voltage (G-V) relationship shown in Fig-
ure 4 B. To compare the average of half-activation potentials be-
tween WT and WT+R102X, a half-activation potential for each
cell was calculated by curve fitting and pooled. For the wild-type
Na, 1.2 channel, the Na ¥ conductance increased with depolariz-
ing voltages to a maximum at 10 mV, displaying a half-activation
potential at —22.6 = 2.4 mV (n = 8). The corresponding value for
the currents measured from cells coexpressing WT and R102X
proteins was —25.5 * 3.6 mV (n = 7), a difference that was not
statistically significant ( p > 0.05; Fig. 4B).

Next, we investigated the steady-state voltage dependence of
inactivation in which the test pulse of —10 mV was preceded by
long (2 sec) depolarizing prepulses of various holding potentials.
Steady-state inactivation increases sigmoidally as the potential of
the prepulse is stepped toward more positive potentials (Fig. 4C).
Half inactivation potentials (V) for the prepulse protocol were
calculated and averaged (Fig. 4 D). For the WT channel, V- was
—68.7 £ 3.2mV (n = 12), whereas for the WT+R102X cotrans-
fection, it was —79.7 £ 1.3 mV (n = 13), showing a statistically
significant difference (p = 0.0016). These results indicate that
the WT channel produces a hyperpolarizing shift of the inactiva-
tion curve when coexpressed with the R102X truncated protein.
Such a shift of the steady-state inactivation would alter the frac-
tion of Na™ channels available for activation at physiological
membrane potentials. This hyperpolarizing shift of the inactiva-
tion curve (Fig. 4C,D) measured in WT+R102X indicate that the
R102X truncated protein exerts a dominant negative effect on the
wild-type channel, affecting the inactivation process and increas-
ing the susceptibility of Na, 1.2 channels to inactivate.

Next, we analyzed the voltage dependence of activation and
inactivation for cotransfection of WT with Flag-tagged R102X
(WT+R102X-FlagN or WT+R102X-FlagC) because Flag-
tagged R102X constructs were used for further analysis of expres-
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Figure 4. Voltage-gated sodium currents recorded from HEK293 cells expressing wild-type
human Na,1.2 only (WT), coexpressed wild-type and mutant (WT+R102X, WT+R102X-
FlagN, WT+R102X-FlagC), and mutant only (R102X). A, Sodium currents of the WT channel and
R102X mutant protein. Currents were evoked by a step depolarization to 0 mV from a holding
potential of —120 mV. B, Peak sodium conductance—voltage relationships for WT (open trian-
gle), WT+R102X (filled circle), WT+R102X-FlagN (open circle), and WT+R102X-FlagC (open
square). The data points represent the average of g, The lines represent the least squares fit of
the data toaBoltzmann function, according to the equation gy, /..s9n. = 141 + exp[Vgy s —
Vil/kg}, where gy, is the maximum value for the Na * conductance, gy, ; Vg, 5 is the half-
activation potential at which g,,, i 0.5 ,,,9x. ; and kgis the slope factor. C, Steady-state voltage
dependence of inactivation for each cell. Cells were prepulsed for 2 sec at various holding
potentials (from —120to 20 mVin 10 mV increments), and then Na ™ current was evoked by a
step depolarization to —10mV. /., is the peak amplitude of the Na ™ current measured at a
holding potential of —120 mV. The data points represent the average of ///,..,,.. The solid lines
represent the least squares fit of the data to a Boltzmann function, according to the equation
Wy = 141 4 expl(Vy, — V22)/K]}, where /.., is the magnitude of the peak Na * current
observed at a holding potential of —120 mV; V, is the holding potential; /. is the potential at
whichthe Na * current is half-maximal, and k is the slope factor. D, 1/ values for each cell with
a long prepulse (2 sec) shown in C (n = 12 or 13). Each point is given as mean = SEM.
*Statistical difference at 1% level. £, Steady-state voltage dependence of inactivation for each
cell. Cells were pre pulsed for 200 msec at various holding potentials (from —120to 20mVin 10
mV increments), and then Na ™ current was evoked by a step depolarization to — 10 mV. Solid
lines were fitted by the equation shown in C. £, Recovery from inactivated state. Recovery ratios
from the inactivated state (//,,,,) were measured for various interpulse intervals. The curves
were fitted using a Boltzmann function as described above. Each point s given as mean = SEM.

sion and localization of the truncated protein. Activation and
inactivation curves for WT+R102X-FlagN and WT+R102X-
FlagC are overlaid on Figure 4, B and C. For WT+R102X-FlagN,
the Na* conductance increased with depolarizing voltages to a
maximum at 10 mV, displaying a half-activation potential at
—27.3 = 3.7mV (n = 7). The corresponding value for the cur-
rents measured from cells coexpressing WT and WT+R102X-
FlagC proteins was —26.1 = 5.8 mV (n = 6), a difference that was
not statistically significant (p > 0.05 compared with WT; Fig.
4 B). Surprisingly, the inactivation curve for WT+R102X-FlagN
overlapped with that for WT, whereas the curve for WT+R102X-
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FlagC negatively shifted and overlapped with the curve for
WT+R102X (Fig. 4C). The half-inactivation potential was
—67.9 £2.0mV (n = 13) for WT+R102X-FlagN and-79.3 * 1.6
mV (n = 13) for WT+R102X-FlagC (Fig. 4 D). These data using
two Flag-tagged fusion proteins show that only the R102X-FlagC
displays a functional effect comparable with that of untagged
R102X and indicate that the location of the tag disrupts the dom-
inant negative effect of R102X.

To assess the contribution of slow inactivation to the observed
hyperpolarizing shift of the half-inactivation potential, we re-
peated the same protocol by using short (200 msec) depolarizing
prepulses of various holding potentials (Fig. 4 E). The result con-
firmed that the dominant negative effect of the R102X truncated
protein on the wild-type channel was affected by the location of
the Flag tag. The Vv for the WT channel was —70.4 = 4.2 (n = 6),
whereas the Vv of the WT+R102X cotransfection was —79.8 *
2.4mV (n = 6), showing a statistically significant difference ( p =
0.039). The half-inactivation potential for WT+R102X-FlagN
was—69.4 = 1.8 mV (n = 6), and that for WT+R102X-FlagC was
—80.1 = 2.3 mV (n = 6). There was no statistically significant
difference of half-inactivation potentials between short and long
prepulses in all cases. These results using short and long prepulse
protocols indicate that the process underlying the hyperpolariz-
ing shift of the inactivation curve in WT+R102X and
WT+R102X-FlagC is essentially complete within 200 msec, and
there is no appreciable involvement of slow inactivation.

To discern any effects on the recovery from inactivation, we
compared the recovery times from the inactivated state by using a
double-pulse protocol. We defined half-recovery intervals as the
interpulse intervals at which the Na™ currents retrieved 50% of
the control value. Half-recovery intervals were 2.3 = 0.23 msec
for WT (n = 6), 2.0 = 0.27 msec for WT+R102X (n = 6), 2.6 =
0.4 msec for WT+R102X-FlagN (n = 6), and 2.5 * 0.13 msec for
WT+R102X-FlagC (n = 5; Fig. 4 F). No significant differences of
recovery time were detected among the different samples (p >
0.05). We further examined the occurrence of persistent currents
that were previously reported in Na,1.1 channels with GEFS+
mutations (Lossin et al., 2002). Again, no persistent current was
observed for any of the samples.

Evaluation of expression levels for wild-type Na, 1.2 and
truncated R102X proteins in HEK293 cells

To analyze the expression levels and patterns of the wild-type
Na, 1.2 and truncated R102X proteins in the HEK293 cells used in
the patch-clamp recordings, we performed Western blot analysis.
To confirm that no read-through in the R102X expression con-
struct occurred, we examined the pattern of protein expression in
HEK293 cell lysates transfected with WT Na, 1.2 (~260 kDa), the
R102X mutant, and no expression construct as a control (Fig.
5A). The anti-human Na, 1.2 antibody detected a positive signal
above the 250 kDa molecular weight marker. In contrast, neither
untransfected cells nor the R102X mutant-transfected cells dis-
played any signal, suggesting that no read-through actually
occurred.

To confirm that the wild-type Na,1.2 channels expressed by
the transfected construct are actually inserted into cell membrane
even in the cotransfected condition with R102X-FlagC, the mem-
brane and the cytoplasmic fractions of the cell lysate were blotted
and probed with anti-Na,1.2 antibody (Fig. 5B). The wild-type
Na,1.2 channels were detected only in the membrane fraction.
Expression of the untagged R102X truncated protein in HEK293
cells was not confirmed by Western blot analysis because an an-
tibody against the 101 N-terminal residues of Na, 1.2 is not avail-
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Western blotanalysis of wild type Na, 1.2 (WT) and the truncated mutant proteins R102X and R102X tagged with Flag
at the N terminus (R102X-FlagN) and C terminus (R102X-FlagC) in HEK293 cells. A, WT, R102X, and untransfected HEK293 cells
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Subcellular localization of wild-type
Na,1.2 and truncated R102X proteins
To visualize the location of wild-type Na, 1.2
and truncated R102X proteins in the same
cell, the HEK293 cells transfected with the
expression constructs for wild-type Na,1.2,
R102X-FlagC, and both were double-stained
by anti-Na,1.2 and anti-Flag antibodies.
Na,1.2 and R102X-FlagC display different
localization patterns in cotransfected cells,
WT+R102X-FlagC (Fig. 6, bottom). The
distributions of Na,1.2 and R102X-FlagC
were not changed by cotransfection. Inter-
estingly, the red signal (anti-Flag) was not
uniformly diffuse but exhibited a granular
and cytoskeletal filament-like structure in
both R102X-FlagC and WT+R102X-FlagC
(Fig. 6, arrowheads).

|HT+R102X—F lagN
WT+R102X-F lagC

=
o

probed with anti-Na, 1.2 rabbit polyclonal antibody raised against residues 467— 485 of human Na,1.2. HEK293 cells transfected

with a wild-type Na,1.2-expressing construct show a positive signal above the 250 kDa molecular weight marker, whereas the
R102X mutant-transfected cells and untransfected cells displayed no signal. B, Membrane fraction (M) and cytoplasmic fraction
(C) of WT+R102X-FlagC cotransfected cells probed with anti-Na, 1.2 rabbit polyclonal antibody. A band at ~270 kDa was
observed in the membrane fraction. (, Membrane fraction (M) and cytoplasmic fraction (C) of WT+R102X-FlagN and
WT+R102X-FlagC probed with an anti-Flag monoclonal antibody. Distinct bands were observed at ~16 kDa in cytoplasmic

fractions.

anti-Na 1.2

anti-Flag merge

wT

WT+R102X-FlagC R102X-FlagC

Figure 6.  Immunocytochemistry of HEK293 cells transfected with expression constructs for
wild-type Na,1.2 (WT) and the truncated mutant proteins R102X tagged with Flag at the C
terminus (R102X-FlagC) and cotransfected cells (WT-+R102X-FlagC). Each cell was double-
stained by anti-Na, 1.2 rabbit polyclonal antibody (green) and anti-Flag monoclonal antibody
(red). Red fluorescence shows cytoskelton-like filament structures (arrowheads) in R102X-
FlagCand WT+R102X-FlagC. Scale bars, 8 m.

able. Notwithstanding, we constructed the R102X tagged with the
Flag epitope at N and C termini and confirmed the expression of the
Flag-R102X fusion protein with an apparent molecular weight of
~16 kDa, consistent with the expression of the untagged R102X
truncated protein in HEK293 cells. Both R102X-FlagN and R102X-
FlagC were detected in cytoplasmic fractions of cotransfected cells
(Fig. 5C).

Effects of coexpression of 3 subunits on
the functional properties of Na, 1.2 and
Na, 1.2 with R102X

To investigate the functional conse-
quences of the truncated protein in the
presence of the accessory subunits, we an-
alyzed the electrophysiological properties
of the WT and WT+R102X coexpressed with 31 and 82 subunits
in HEK293 cells using whole-cell patch-clamp recordings (see
Materials and Methods). Recordings were performed under the
same condition as described above. The currents were characterized
by examining the peak Na © G-V relationship shown in Figure 7A. A
half-activation potential for each cell was calculated by curve fitting
and pooled. For WT+ 31+ 32, the Na " conductance increased with
depolarizing voltages to a maximum at 10 mV, displaying a half-
activation potential at —25.8 = 1.7 mV (n = 7). The corresponding
value for the currents measured from WT+R102X+ 1+ 32 was
—21.1 = 2.7mV (n = 7), adifference that was not statistically signif-
icant ( p > 0.05). Next, we investigated the steady-state voltage de-
pendence of inactivation in which the test pulse of —10 mV was
preceded by long (2 sec) depolarizing prepulses of various holding
potentials increased sigmoidally as the potential of the prepulse was
stepped toward more positive potentials (Fig. 7B). V1 values for the
prepulse protocol were calculated and averaged. For WT+ 1+ 3,
vis was —69.3 + 2.3 mV (n = 8), and for WT+R102X+ 1+ 32
cotransfection, it was —67.1 = 2.4 mV (n = 8), a difference that was
not statistically significant ( p > 0.05). Steady-state inactivation by
short (200 msec) depolarizing prepulses was also analyzed (Fig. 7C).
Vi, for WT+B1+32 was —66.4 £ 1.8 mV (n = 8), and for
WT+R102X+ 1+ B2 cotransfection, it was —64.7 + 3.6 mV (n =
8), a difference that was again not statistically significant ( p > 0.05).
To discern any effects on the recovery from inactivation, we com-
pared the recovery times from the inactivated state by using a dou-
ble-pulse protocol. We defined half-recovery intervals as the inter-
pulse intervals at which the Na™ currents retrieved 50% of the
control value. Half-recovery intervals were 1.9 = 0.1 msec for
WT+B1+B2 (n=7)and 2.6 = 0.2 msec for WT+R102X+ 31+ 32
(n = 5; Fig. 7D). No significant differences of recovery time were
detected among the different samples ( p > 0.05).

Discussion

An intriguing correlation appears to be emerging between the
severity of the epileptic phenotypes and the nature of the muta-
tions in the genes encoding voltage-gated sodium channels. In
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Figure 7.  Effects of coexpression of 3 subunits on the functional properties of Na,1.2

(WT+ B1+ 2) and Na, 1.2 with R102X (WT+R102X+ 81+ 32). A, Peak sodium conduc-
tance-voltage relationships for WT+ 31+ 32 (open triangle) and WT+R102X+ 31+ 32
(filled circle). Sodium currents were evoked by step depolarizations from a holding potential of
—120mV. The data points represent the average of g, The lines represent the least squares fit
of the data to a Boltzmann function, according to the equation shown in Figure 4 B. B, Steady-
state voltage dependence of inactivation for each cell. Cells were prepulsed for 2 sec at various
holding potentials (from —120 to 20 mV in 10 mV increments), and then Na * current was
evoked by a step depolarization to —10 mV. [, is the peak amplitude of the Na ™ current
measured at a holding potential of —120 mV. The data points represent the average of ///,..,,.
The solid lines represent the least squares fit of the data to a Boltzmann function, according to
the equation shown in Figure 4C. C, Steady-state voltage dependence of inactivation for each
cell. Cells were prepulsed for 200 msec at various holding potentials (from —120to 20mVin 10
mV increments), and then Na ™ current was evoked by a step depolarization to — 10 mV. Solid
lines were fitted by the equation shown in Figure 4C. D, Recovery from the inactivated state.
Recovery ratios from the inactivated state (///,,,,, ) were measured for various interpulse inter-
vals. The curves were fitted using a Boltzmann function as described above. Each point is given
asmean = SEM. The standard curves for WT shown in Figure 4 were overlaid on all figures as a
dotted line.

GEFS+, a rather benign idiopathic epilepsy, the SCNIA muta-
tions were exclusively of the missense type (Escayg et al., 2000,
2001; Sugawara et al., 2001a; Wallace et al., 2001b). By contrast,
in SME]I, a severe and intractable epilepsy, most of them were
nonsense or frameshift mutations (Claes et al., 2001; Sugawara et
al., 2002). As for SCN2A, we previously described one missense
mutation in a family diagnosed with febrile and afebrile seizures
(Sugawara et al., 2001b), and a recent report documented two
missense mutations of SCN2A in patients with benign familial
neonatal-infantile seizures (Heron et al., 2002). Here we identi-
fied the first nonsense mutation of SCN2A in a patient with in-
tractable epilepsy and severe mental deterioration. Thus, for both
SCNIA and SCN2A voltage-gated sodium channels, missense
mutations tend to result in benign idiopathic epilepsy, whereas
truncation mutations lead to severe and intractable epilepsy, sug-
gesting a similar underlying mechanism for disease.

Various functional effects of the GEFS+ mutations in SCN1A
have been suggested (Alekov et al., 2001; Spampanato et al., 2001;
Lossin etal., 2002, 2003). For the SCN1B mutation, co expression
of the B1 subunit harboring the GEFS+ mutation with the «
subunit showed slowed inactivation, suggesting an increment of
Na™ currents in patients (Wallace et al., 1998). For the GEFS+
mutation of SCN2A, we demonstrated that the mutant channel
inactivated more slowly than wild type and proposed that the
augmentation of Na * currents could lead to neuronal hyperex-
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citability (Sugawara et al., 2001b). In contrast to GEFS+, a pre-
ponderance of SMEI mutations are truncation mutations (Claes
etal., 2001; Ohmori et al., 2002; Sugawara et al., 2002), indicating
that a decrease, rather than an increase, of Na* currents may
generate the SMEI phenotype. We recently described attenuated
Na™ currents of Navl.1 with SMEI mutations (Sugawara et al.,
2003).

For the molecular pathology of our SCN2A-R102X case, one
of the possible explanations is haploinsufficiency caused by, for
example, nonsense-mediated mRNA decay (Chang and Kan,
1979; Hentze and Kulozik, 1999). However, the heterozygous
SCN2A knock-out mouse (Na,1.2*/7) that we generated previ-
ously showed no neuroanatomical abnormalities, no significant
behavioral abnormalities, and no convulsive seizures (Planells-
Cases et al., 2000). Heterozygosity of the nonsense mutation in
the SCN2A gene may not have equivalent consequences in mouse
as in human, but the findings in mice raise the alternative possi-
bility that the truncated protein caused by R102X mutation is
actually produced and exerts a dominant negative effect on the
function of the remaining wild-type Na,1.2 channels.

Our patch-clamp analysis indeed revealed a dominant-
negative effect of the R102X mutant on the WT Na,1.2 protein.
The hyperpolarizing shift of the inactivation curve in cells coex-
pressing the WT channel and R102X protein (Fig. 4C,D) is con-
sistent with the decrease of available channels (Hille, 2001). As
summarized in Figure 4C, ~80% of the Na, 1.2 channel would be
in the inactivated state at the physiological potential (at —70
mV), and no Na* current would be evoked at the threshold
potential of approximately —50 mV. These data suggest that the
heterozygous R102X mutation affected the hypoexcitability of
Na™ channels and would lead to a further attenuation of Na™
currents than alternative simple haploinsufficiency cases. Re-
cently, a heterozygous nonsense mutation of the voltage-gated
P/Q-type calcium channel gene CACNAIA was reported in a
patient with a complex phenotype comprising epilepsy, ataxia,
and learning difficulties (Jouvenceau et al., 2001). The patch-
clamp analysis demonstrated a dominant negative effect of the
mutant channel in cotransfection with WT and a mutant cDNA
with the truncation mutation, which by itself is practically non-
functional, that resulted in drastically reduced calcium currents
relative to transfection with WT channel alone (Jouvenceau et al.,
2001). Those authors argued that the dominant-negative effect of
the mutant calcium channel reflects a disturbance of surface ex-
pression of the channel, and such a mechanism may also be ap-
plicable to our case.

In the cells coexpressing WT and R102X tagged with Flag at N
and C termini, surprisingly, the inactivation curve of
WT+R102X-FlagN overlapped with that of WT, whereas the
curve for WT+R102X-FlagC negatively shifted and overlapped
with the curve for WT+R102X (Fig. 4C,D). The mechanism of
the dominant negative effect for the R102X protein is unknown,
but it is of interest that the R102X is an N-terminal tail protein,
and the N-terminal tail structure is not equivalent in R102X-
FlagN but is retained in R102X-FlagC (Fig. 3). These results raise
the possibility that the N-terminal tail structure of the Na,1.2
channel may interact with key intracellular entities that modulate
the voltage dependence of inactivation, and R102X and R102X-
FlagC interfere with such interactions. We demonstrated that
wild-type Na, 1.2 was essentially localized in the membrane frac-
tion, whereas the R102X-FlagC protein was localized in the cyto-
plasmic fraction (Fig. 5C). However, R102X is not likely be en-
tirely soluble in the cytosol. The immunofluorescent staining
showed that R102X-FlagC was not entirely diffuse, yet it dis-
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played discretely dense foci and a cytoskeletal filament-like struc-
ture (Fig. 6, arrowheads). These results raise the possibility that
there are some direct or indirect interactions between cytoskel-
etal filaments with the N-terminal tail of Na,1.2, and the trun-
cated mutant R102X may interfere with the physiological binding
of Na,1.2. For example, ankyrin, which is a family of ubiquitous
adapter proteins linking membrane proteins to the spectrin—ac-
tin cytoskeleton, is a well known major interacting protein of
Na,1.2 (Jenkins and Bennett, 2002; Boiko et al., 2003). For
Na,1.2, the intracellular linker between domains I and II together
with the N-terminal region has been proposed as a major inter-
action site for ankyrin (Bouzidi et al., 2002). Furthermore, the
cytoskeleton has been known to modulate sodium channel gating
(Matsumoto and Sakai, 1979a,b; Fukuda et al., 1981). Undrovi-
anas et al. (1995) and Maltsev and Undrovinas (1997) demon-
strated that cytoskeleton disruption and antibodies to essential
proteins of the cytoskeleton such as F-actin, B-spectrin, and
ankyrin alter the voltage dependence and gating kinetics of so-
dium channels, inducing a second open state and causing pro-
longed bursts of openings. The R102X may interact with cy-
toskeletal filaments and modulate the voltage dependence of WT
Na,1.2.

Our additional patch-clamp experiments showed that the hy-
perpolarizing shift of the inactivation curve observed in cells ex-
pressing the WT channel and R102X protein shown in Figure 4
was not present in cells coexpressing 31 and 32 subunits (Fig. 7).
This indicates that the dominant negative effect of R102X protein
on the « subunit of the sodium channel shown in Figure 4 is
masked by 81 and 32 subunits presumably because of the accel-
erating effect of the 81 subunit on the activation and inactivation
kinetics of the channel (Isom et al., 1992). Recently, novel acces-
sory subunits 33 (Morgan et al., 2000), which is homologous to
B1, and B4 (Yu et al.,, 2003), which is homologous to 32, were
identified in brain. Na,1.2 and each B subunit individually dis-
play distinct distribution patterns and developmental changes of
expression level in brain. Thus, the Na, 1.2 sodium channel com-
plex may not be necessarily composed of Na, 1.2+ 31+ 32 sub-
units in all neurons in brain, but it may assemble with other
subunit combinations such as Na,1.2+33+34 or even only
Na,1.2 in some neurons or at specific developmental stages. The
dominant negative effect of R102X in neurons that have low or no
B1 and B2 subunits may play a role in the pathogenesis of epilepsy
and mental decline in this patient with an SCN2A-R102X
mutation.

The patient with an SCN2A-R102X mutation presents clinical
differences when compared with SMEI patients: (1) this patient
develops partial epilepsy, whereas SMEI patients show both fea-
tures of partial and generalized epilepsies; (2) the patient showed
delayed onset (1 year 7 months) and an episode of remission, yet
the severity of epilepsy in a later stage (>10 years) is almost
identical to that of SMEIL; and (3) the patient does not show the
temperature sensitivity that affects most SMEI patients. The
Na,1.1 channel protein encoded by SCNIA is located at the soma
of neurons, whereas the Na,1.2 protein coded by SCN2A is
present in axons; furthermore, the tissue distributions of these
channels appear to be complementary (Gong et al., 1999). The
question of whether the phenotypic difference of theses patients
depends on the different expression patterns of sodium channel
subtypes, types of mutations, or both awaits further studies. The
patient’s mother showed febrile seizures, raising the possibility
that genetic factors derived from the mother modified the phe-
notype of the proband. However, we did not identify any muta-
tions in SCNIA, SCN1B, and GABRG?2 that are known to be
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responsible for SMEI, GEFS+, or both and it suggested that the
de novo mutation R102X is the main factor underlying this intrac-
table epilepsy.

In summary, we identified a nonsense mutation of SCN2A in
a patient with intractable epilepsy and demonstrated a dominant
negative effect of the truncated mutant protein on the function of
the wild-type human brain Na,1.2 channel. These results would
pave the way toward an understanding of sodium channel dys-
functions and their involvement in the molecular etiology of

epilepsy.
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