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gous in all 12 affected family members
(clefting and/or missing teeth), but not in
the three unaffected. Further, the
Ser104stop mutation was not present in
102 control chromosomes.

The Arg239Pro MSX1 protein has a per-
turbed structure, a reduced thermostabil-
ity, was inactive in vivo and did not
antagonize the activity of wild-type pro-
tein14. It was concluded that haploinsuffi-
ciency was the probable cause for the
mutant phenotype and not a dominant-
negative affect, as originally proposed12.
Our finding of a stop mutation in exon 1,
proximal to the important Antp home-
odomain in exon 2, is also likely to lead to
haploinsufficiency.

The phenotype in the Dutch family pre-
sented here appears to be more severe
than that described for the Arg239Pro mis-
sense mutation in MSX1 (reported as a

Arg31Pro substitution in exon 2 of MSX1),
and apparently gives rise solely to tooth
agenesis12 in all 12 affected family mem-
bers12. The pattern of tooth agenesis was
almost identical in the two families. In the
Dutch family, however, the presence of
clefting variations in 4 of 12 affected indi-
viduals demonstrates the variability in
penetrance and expressivity of this feature.
Previous studies suggested aetiological dis-
tinction between isolated cleft palate and
cleft lip with or without cleft palate15. In
the Dutch MSX1 family, combinations of
cleft palate only and cleft lip and cleft
palate are present. This is consistent with
the linkage disequilibrium observed for
both types of clefting with MSX1 (ref. 8). It
may be that the absence of clefting in the
Arg239Pro family is a sampling affect and
that availability of more affected individu-
als would have eventually revealed clefting
defects in that family also. Again, differ-
ences in genetic background or environ-
ment might be responsible for clefting
differences between the two families.

We conclude that the mutant pheno-
type of the family presented here has oro-
facial clefting similar to that of the
Msx1-mutant mouse9, in addition to
the dental agenesis12. Although this con-
firms MSX1 as a candidate gene for orofa-
cial clefting, it is necessary to ascertain

Fig. 2 MSX1 nonsense mutation.
a, Reverse sequence of a part of
exon 1 of MSX1 showing the sub-
stitution producing the Ser104
Stop. b, MboII digestion after PCR
amplification with forward and
reverse primers specific for exon 1
(ref. 12). The mutation causes loss
of an MboII site, resulting in sepa-
ration of a larger band following
agarose electrophoresis.
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Generalized epilepsy with febrile
seizures plus type 2 (GEFS+2, MIM

604233) is an autosomal dominant disorder
characterized by febrile seizures in children
and afebrile seizures in adults. We describe
here two mutations of the gene encoding

the neuronal voltage-gated sodium channel
(SCN1A), Thr875Met and Arg1648His, that
co-segregate with the disorder in two fami-
lies with GEFS+ linked to chromosome 2q.
These mutations identify a new disease gene
for human inherited epilepsy.

Patients with GEFS+ express a variable
phenotype combining febrile seizures,
afebrile generalized seizures (tonic-clonic,
absence, myoclonic or atonic) and partial
seizures1. GEFS+ type 1 (MIM 600235)
was associated with a mutation in SCN1B,
encoding the β1-subunit of the voltage-
gated sodium channel2. GEFS+2 was
recently mapped to a 20-cM region of
chromosome 2q24–q33 in two French
families3,4. The sodium channel α-sub-
unit gene cluster5 on chromosome 2q24
contains three neuronal genes (SCN1A,
SCN2A and SCN3A), encoding proteins

Mutations of SCN1A, encoding 
a neuronal sodium channel, 
in two families with GEFS+2

further human families exhibiting associa-
tion between MSX1 mutations and orofa-
cial clefting and dental agenesis.
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with 85% amino acid sequence identity,
that are candidates for GEFS+2.

We initially analysed SCN2A because
mutation of the mouse orthologue results
in a seizure disorder (J. Kearney et al.,
pers. comm.). Complete sequencing of the
26 exons of SCN2A did not reveal any
mutations in the two families3,4 with
GEFS+2 (unpublished data). We deter-
mined the coding sequence of human
SCN1A by aligning the rat cDNA
sequence6,7 with genomic sequence (from
the Human Genome Center at Washing-
ton University; GenBank AC010127). The
deduced amino acid sequence of the
2,009-residue human SCN1A protein and
the positions of introns are shown
(Fig. 1a). Human SCN1A is highly con-
served, with 98% amino acid sequence
identity to the rat coding sequences. The
intron/exon organization of SCN1A is

identical to that of SCN8A
on chromosome 12q13 and
probably corresponds to
that of the ancestral gene5.
We confirmed the location
of SCN1A within the can-
didate region for GEFS+2
by typing the GB4 radia-
tion-hybrid panel with
primers for intron 21, fur-
ther localizing SCN1A to
the 4-cM interval between
D2S156 and D2S399.

The 26 exons of SCN1A
were amplified from genomic DNA of 1
affected and 1 unaffected individual in each
of the 2 families. We detected an unusual
conformer of exon 15 in the affected indi-
vidual III-9 in family 1 using conforma-
tion-sensitive gel electrophoresis8.
Sequencing demonstrated heterozygosity
for a C→T transition, C2624T, resulting in
the amino acid substitution Thr875Met
(Fig. 2a). We assayed C2624T in the rest of
the pedigree by the loss of an AclI site in the
mutant allele. We found 11 affected indi-
viduals and the obligate carrier to be het-
erozygous for the mutation, whereas the 4
unaffected relatives carry two normal alle-
les (Fig. 2c). Subject III-2 does not carry the
mutation, confirming the double recombi-
nation event previously reported3.

Analysis of SCN1A exons in individual
IV-6 from family 2 identified a nucleotide
substitution, G4943A, in exon 26 that

results in the amino acid substitution
Arg1648His (Fig. 2b). We assayed for
Arg1648His by loss of a MaeII site and
found it to co-segregate with GEFS+ in
family 2 (Fig. 2d). Mutation analysis for
at-risk members confirmed that individ-
ual IV-7 was a phenocopy, as suggested by
haplotype reconstruction4. We interpret
the presence of the mutation in the
asymptomatic individual III-10 as an
example of the incomplete penetrance of
GEFS+. We did not detect C2624T and
G4943A in more than 100 controls.

The phenotype of each individual in
these two families has been described3,4.
Generalized seizures were observed in 5 of
11 individuals with the Thr875Met muta-
tion in family 1 compared with 11 of 12
individuals carrying Arg1648His in family
2. The latter mutation thus appears to
have a more severe clinical effect.

The mutant residues Thr875 and
Arg1648 are located in S4 transmembrane
segments of the sodium channel α-subunit,
which is comprised of four homologous
domains (D1–D4), each containing six
transmembrane segments (S1–S6; Fig. 1b).
The functional importance of Thr875 and
Arg1648 is supported by their evolutionary
conservation in other mammalian gene
family members and in lower vertebrates
and invertebrates (Fig. 1c). The S4 segments
of voltage-gated channels contain multiple
positively charged amino acids that are
known to have a role in channel gating.

Fig. 1 Sequencing, exon organization and evolutionary conservation of SCN1A. a, Amino
acid sequence and intron/exon organization. The transmembrane segments (S; under-
lined), the intron locations (triangles) and the mutant residues Thr875 and Arg1648
(asterisks) are indicated. b, The mutations Thr875Met and Arg1648His are located in
D2S4 and D4S4 (arrows). c, Evolutionary conservation of the residues Thr875 and
Arg1648 (boxed). GenBank accession numbers from the top are as follows: M22253,
M94055, Y00766, M81758, M77235, AB027567.1, X82835, AF117907.1, AF188679,
D37977, L19979, M22252, M32078.
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A previous study9 introduced a mutation
into the SCN2A channel that corresponded
to the Arg1648His mutation in SCN1A,
causing a decrease in the rate of channel
inactivation. This suggests that Arg1648His
may reduce the rate of inactivation of
SCN1A, resulting in increased Na+ influx,
increased excitability of neurons in the cen-
tral nervous system and increased seizure
susceptibility. The loss-of-function muta-
tion of the β1-subunit in GEFS+ type 1 also
indirectly decreases the rate of inactivation
of sodium channel α-subunits2.

The Thr875Met mutation is located at
the intracellular interface of segment
D2S4 (Fig. 1b) within a conserved
leucine heptad repeat that is also found
in potassium and calcium channels.
Threonine to methionine substitutions
within the heptad repeat in D2S5 of
SCN4A and D4S4 of SCN5A have been
associated with hyperkalaemic periodic
paralysis10,11 and long QT syndrome12,
respectively. The invariant sequence of
this portion of D2S4 (Fig. 1c) demon-
strates evolutionary selection against
substitution of Thr875.

A role for sodium channels in the aetiol-
ogy of epilepsy is indicated by the efficacy of
sodium channel blockers as therapeutic
agents for this disease13. The GEFS+2
mutations in SCN1A are the first in a
human neuronal sodium channel α-sub-
unit to be associated with disease. The
incomplete penetrance and large intrafa-
milial variability of the phenotype suggest
the segregation of modifying genes that
may interact with environmental factors
such as episodes of fever. In families with

GEFS+ type 1 or 2, the detection of muta-
tions in at-risk newborns should permit
prevention of febrile convulsions by the
precocious treatment of all infections. Eval-
uation of the role of SCN1A in other mono-
genic and multifactorial epilepsy, including
febrile seizures type 3 (FEB3) and another
locus recently linked to GEFS+2 (refs
14,15), is a high priority. Development of
molecular markers from the BAC clone
containing SCN1A will provide increased
sensitivity in evaluation of this channel as a
susceptibility factor in polygenic pedigrees.
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Fig. 2 Mutation detection and co-segregation with
GEFS+. a, The C→T transition C2624T (arrow) results
in replacement of threonine residue 875 by methio-
nine. Exon 15 was amplified from individual III-9 in
family 1 (ref. 3) with intronic primers 15F (5´–AAT
GACCATTTCTAGGTAAAGCTC–3´) and 15R (5´–ATG
TATACATGTGCCATGCTGGTG–3´). b, The G→A tran-
sition G4943A (arrow) results in replacement of argi-
nine residue 1,648 by histidine. The first one-third of
exon 26 was amplified from individual IV-6 in family
2 (ref. 4) with the intronic primer 26F (5´–ACGCAT
GATTTCTTCACTGGTTGG–3´) and the exonic primer
26R (5´–AGAAAATTCCAACAGATGGGTTCC–3´). Nu-
cleotides are numbered from the initiation methio-
nine codon. c, The SCN1A mutation Thr875Met
co-segregates with GEFS+ in family 1. d, The SCN1A
mutation Arg1648His co-segregates with GEFS+ in
family 2. +, wild type; m, mutant;?, possible seizures
not confirmed by relatives or medical records; NA,
not available (b. 1999).
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