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Analysis of SCN1A mutation and parental origin
in patients with Dravet syndrome

Huihui Sun, Yuehua Zhang, Xiaoyan Liu, Xiuwei Ma, Zhixian Yang, Jiong Qin, Yuwu Jiang, Yu Qi
and Xiru Wu

Dravet syndrome (DS) or severe myoclonic epilepsy of infancy is an intractable epileptic syndrome that is caused by mutations in

the neuronal voltage-gated sodium channel a1 subunit gene SCN1A. We investigated SCN1A mutations in 63 Chinese patients with

DS and analyzed its inheritance. Genomic DNA was extracted from peripheral blood lymphocytes of DS patients and their available

parents. The SCN1A open reading frame sequence was analyzed by PCR–DNA sequencing and multiple ligation-dependent probe

amplication (MLPA). If the mutation was de novo, we used allele-specific PCR (AS-PCR) to determine the parental origin. Of the

63 patients examined, 49 unrelated patients had SCN1A mutations. The mutation rate was 77.8% (49 of 63), in which 61.2% (30

of 49) were truncation mutations. The mutations included 19 missense mutations, 14 frame-shift mutations, 6 nonsense mutations,

8 splice-site mutations. Through MLPA analysis, deletions or duplications of large fragments accounted for 12.5% (2 of 16) in

PCR-sequencing-negative patients. By testing parents for the mutation, 40 mutations were found to be de novo and one mutation

was inherited from a mother who was mosaic for a mutation. By AS-PCR analysis in 12 patients with de novo mutations, 10 were

confirmed paternal in origin and 2 were maternal in origin. Thirty of the SCN1A mutations reported here have not been previously

reported. Approximately 80% of Chinese DS patients have SCN1A mutations. MLPA analysis was essential for PCR-sequencing-

negative patients. The majority of SCN1A mutations were de novo, most of which were paternal origin.
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INTRODUCTION

Dravet syndrome (DS) or severe myoclonic epilepsy of infancy is an
intractable epileptic syndrome beginning with febrile hemiclonic or
generalized tonic–clonic seizures in the first year of life. Subsequently,
multiple seizure types evolve, such as myoclonic, focal or absence
seizures. Psychomotor developmental is typically delayed after 1 year.
Ataxia and pyramidal signs were observed in some patients. The
seizures are refractory to antiepileptic drugs.1,2 DS had a poor long-
term prognosis. The majority of DS patients still had attacks in their
adulthood, with moderate or severe mental retardation.3,4 Mutations
in the voltage-gated sodium channel a1 subunit gene SCN1A is the
major pathogenic cause of DS. Analysis of SCN1A mutations has
become a diagnostic test for DS. To date, more than 400 SCN1A
mutations have been identified in DS.5–8

We have carried out SCN1A mutation analysis in 63 Chinese
patients with DS using PCR-sequencing and multiple ligation-depen-
dent probe amplification (MLPA). For patients found to be positive
for an SCN1A mutation, we then carried out mutation analysis in
their parents, when available, to investigate the inheritance of the
mutation. In the case of de novo mutations, allele-specific PCR (AS-
PCR) was used to determine the chromosome of origin of the de novo
mutation.

PATIENTS AND METHODS

Patients
Sixty-three patients were consistent with the clinical features of DS. They were

examined at the Peking University First Hospital from February 2005 to April

2009. Written informed consent was obtained from all participants. The clinical

diagnosis of DS were as follows:1,9 (1) seizure onset within 1 year of age (around

6 months), first event is often febrile seizures (FS); (2) normal early develop-

ment; (3) prolonged generalized or hemiclonic seizures, often triggered by fever;

(4) multiple seizure types (myoclonic, focal, atypical absences) evolve after the

second year of life; (5) persistence of seizure sensitivity to fever; (6) psycho-

motor slowing after the second year of life, ataxia and pyramidal signs may

evolve; (7) interictal electroencephalography were normal in the first year of life,

followed by generalized, focal or multifocal discharges; and (8) pharmacoresis-

tance. The fifty normal controls had no history of FS and epilepsy.

DNA isolation and bioinformatics analysis
Genomic DNA was extracted from peripheral blood lymphocytes of the

patients and their available parents by a simple salting-out procedure.10 The

26 exons of SCN1A were amplified by PCR using primers as previously

described.11 Samples with mutations were sequenced in both directions from

two independent PCR products. The corresponding segments of the mutation-

positive patients’ parents were examined to determine from which parent the

mutation was inherited. The protein domains were analyzed using ScanProsite
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(http://www.expasy.org/, PRO_0000048489). Sequence alignments of the

sodium channel a subunits in vertebrate and invertebrate species were

performed using ClustalW (http://www.ebi.ac.uk/clustalw/). We used the

SCN1A mutation database (HGMD, http://www.hgmd.cf.ac.uk/ac/all.php)

and related data to examine whether these mutations are novel.

MLPA
If no mutation was identified in the DS patient by PCR-sequencing, we used

MLPA kit P137 (MRC-Holland, Amsterdam, the Netherlands) to screen for

large deletions or duplications. The MLPA reactions were carried out following

the instructions provided by the manufacturer. Finally, the PCR products were

separated by capillary electrophoresis using an ABI 3100 automated sequencer

and size standards (Perkin-Elmer Applied Biosystems, Foster City, CA, USA).

We used Genescan analysis software (version 3.7) and Genotype software

(version 3.6) to analyze these data, which we then exported to a Microsoft Excel

spreadsheet. The resulting values were approximately 1 for every wild-type

peak, o0.7 for heterozygous deletions and 41.3 for heterozygous duplications.

AS-PCR
Referring to the NCBI single-nucleotide polymorphism (SNP) database and

SNPs identified in this study, we selected SNPs in SCN1A, which were close to

our identified mutations. We then designed primers to amplify the correspond-

ing SNP-containing fragments in the probands and their parents. When the

proband’s SNP was heterozygous and one of his or her parent’s SNP was

homozygous or both were different homozygous, we were able to determine the

SNP origin of the proband. The primers are shown in Supplementary Table 1.

For AS-PCR, one or two pairs of allele-specific primers were designed based

on the informative SNPs, which were located at the 3¢-terminus of primers. The

amplified fragments contained the mutation locus. The nucleotides at the 3¢-
terminus of the primer were complementary to one allele, but were mis-

matched to another allele. Under carefully controlled conditions, a primer with

its terminal 3¢-nucleotide mismatched will not function properly, and no

amplification will occur from another allele. Subsequently, we could detect

whether the alleles we amplified were wild type or mutant by sequencing. AS-

PCR primers are listed in Supplementary Table 2.

Microsatellite analysis of informative families
The 12 informative families were tested to confirm family relationships using

five highly polymorphic microsatellite markers. These were D5S424, D6S289,

D13S175, D15S117 and D16S3136. PCRs were carried out according to the

manufacturer’s instructions (ABI-Perkin-Elmer). The reverse primer of each

pair was labeled with HEX, NED or FAM. PCR products were analyzed on ABI

3730 automated sequencer and Genotype software (GeneMapper 3.0).

RESULTS

SCN1A mutation
Patients consistent with the clinical diagnosis of DS were selected for
SCN1A mutation analysis. In 63 patients, 49 had SCN1A mutations.
The mutation rate was 77.8% (49 of 63), of which more than half (30
of 49, 61.2%) were truncation mutations.

PCR-sequencing analysis. Most mutations (47 of 49, 95.9%) were
identified by PCR-sequencing (see Table 1 and Figure 1). In all, 47
patients had 45 different mutations, of which R101W and A1783T
were recurrent in two unrelated cases, respectively. The recurrent
mutations accounted for 4.1% (2 of 49) in the total mutations. All the
mutations were heterozygous, with missense mutations being the
most prevalent (19 of 49, 38.8%), followed by frame-shift mutations
(14 of 49, 28.6%), splice-site mutations (8 of 49, 16.3%) and nonsense
mutations (6 of 49, 12.2%). The mutations were scattered in different
exons. Mutations in the exon 26 were the most prevalent (7 of 49,
14.3%), followed by exons 2 and 19 (each 10.2%, 5 of 49), and then
exons 10, 15 and 21 (each 8.2%, 4 of 49). The remaining mutations
were scattered in the other 20 exons.

Altogether, 33 mutations were caused by base substitutions
accounting for 67.3%, of which 24 mutations (G4A, 13; C4T, 6;
T4C, 4; A4G, 1) may be due to nucleotide deamination and 3
mutations due to oxidatively damaged bases (G4T, 2; C4A, 1). The
other 14 mutations were frame shift accounting for 28.6%, of which 8
were caused by deletions, 4 by insertions, and 2 mutations were of
both insertions and deletions in the same locus. In the eight deletion
mutations, five were caused by depurination (5 of 8, 62.5%), and the
other three in the following ways: one case deleting ‘TT’; one deletion
from two repeat ‘AAACAAAC’ to one copy of ‘AAAC’; and one case
containing ‘ATTCAGAGA’ deleted to ‘ATTGAGA’. In four insertion
mutations, three were specific sequence repeats: one case was from
‘GACC’ to ‘GACCGACC’; one case from five repeats ‘ATATATATAT’
to six repeats ‘ATATATATATAT’; one case from ‘AAGTA’ to ‘AAG
TAAAGTA’; and one case from ‘T’ to ‘TT’. The frequency of mutations
caused by deamination (49%, 24 of 49) was significantly higher than
that caused by other factors such as oxidation (6.12%, 3 of 49) and
depurination (10.2%, 5 of 49).

Missense mutations located in the important functional domains
accounted for nearly half (8 of 19, 42.1%) of the total missense
mutations. Conservative analysis showed that I91T, V1390M, T1210K
and G1586E were located in the moderate conservative region. The
remaining missense mutations were highly conservative. These four
mutations were all involved with charge property changes of amino
acids. Except R393H and L1287P, the other 17 missense mutations
referred to the changes of the charge state of the amino acid. However,
R393H was located in the pore region, and L1287P in the highly
conserved transmembrane domain.

MLPA analysis. Direct sequencing of PCR-DNA screening of SCN1A
mutations was negative in 16 DS patients and these patients were
further studied by MLPA analysis (see Table 1 and Figure 2). In the
case number 48, there were eight-exon duplications, including exons
3, 4, 5, 6, 7, 8, 9 and 10 extending about 12 Kb. In the case number 49,
the patient had two-exon deletions, which included exons 22 and 23
spanning B3 Kb. SCN1A deletion and duplication of large fragments
accounted for 4.1% (2 of 49) of the total patients with mutations, and
accounting for 12.5% (2 of 16) of PCR-DNA sequencing-negative
cases.

Origin of mutation analysis
Source of mutations. For the 49 children with SCN1A mutations, we
also carried out mutation analysis in their parents with PCR-DNA
sequencing and MLPA to detect the mutation origin. It was revealed
that 40 mutations were de novo and only one mutation (case number
5, R101Q) was inherited from her mosaic mother. As for the case
number 47, DNA of both his parents was not available, so we could
not further analyze the source of the mutation. In the remaining seven
patients, none of their available one parent carried these mutations
(Table 1).

In case number 5 with the mutation p.R101Q (c.302G4A), her
sister also carried this mutation. PCR and sequencing analysis revealed
that her mother had R101Q, but the peak of the mutated base A is
obviously lower than that of the normal G, indicating that only some
cells of her mother contained the mutation (Figure 3), suggesting that
the mother(II-7) is somatic mosaic for the mutation. The proband
(III-5) and her sisters (III-6) had the clinical features of DS, but the
phenotype of the mother was FS plus (FS+). Therefore, this is a
generalized (genetic) epilepsy with FS plus (GEFS+) family, the
phenotype of which include both FS+ and DS. Her father (II-8)
had no seizure history and no mutation.
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Table 1 Summary of all 49 SCN1A mutations identied in our study.

Mutation The same mutations in

Patient Exon cDNA (c.) Protein (p.) Type

Location

in protein

Conservative

analysis Father Mother Inheritance

1 2 269T4C F90S Missense N-terminal Highly � � De novo

2 2 272T4C I91T Missense N-terminal Highly � � De novo

3 2 301C4T R101W Missense N-terminal Highly � � De novo

4 2 301C4T R101W Missense N-terminal Highly � � De novo

5 2 302G4A R101Q Missense N-terminal Highly � + Maternal

6 6 715G4A A239T Missense D-S4–S5 linker Highly � � De novo

7 6 777C4A S259Ra Missense D-S5 Highly � � De novo

8 9 1178G4A R393H Missense D-S5–S6 linker Highly � � De novo

9 9 1183delGC

1183insA

A395fsX400a Deletion and

insertion

D-S5–S6 linker Highly � � De novo

10 10 1410_1411delCA S470fsX484a Deletion Dl-II linker / � � De novo

11 10 1624C4T R542X Nonsense Dl-II linker / � � De novo

12 10 1662 G4Aa / Splice donor Dl-II linker Highly � � De novo

13 10 IVS10+3A4Ga / Splice donor Dl-II linker / � � De novo

14 11 1667delT L556fsX557 Deletion Dl-II linker Highly ? � ?

15 11 1834C4T R612X Nonsense Dl-II linker Highly � � De novo

16 13 2303C4T W768Xa Nonsense DIIS1 Highly � � De novo

17 13 2303_2306dupGACC P768fsX772a Insertion DIIS1 / � ? ?

18 14 IVS14+3A4Ta / Splice donor DIIS4 / � - De novo

19 15 2752delG D918fsX934a Deletion DIIS5–S6 linker / ? - ?

20 15 2815C4T H939Ya Missense DIIS5–S6 linker / � � De novo

21 15 2854T4G W952G Missense DIIS5–S6 linker Highly De novo

22 15 IVS15+1G4T / Splice donor DIIS6 / � � De novo

23 17 IVS16-21C4Aa

IVS17+16C4A

/ Splice site DII-III linker / � � De novo

24 17 3463insT S1155Xa Insertion DII-III linker / � � De novo

25 17 3487delG V1163Xa Deletion DII-III linker / � � De novo

26 18 3629C4A T1210Ka Missense DII-III linker Highly � � De novo

27 18 IVS18+2T4Aa / Splice donor DIIIS1 / � � De novo

28 19 2726_3727dupAT Y1241fsX1270a Insertion DIIIS1–S2 linker Highly � � De novo

29 19 3778A4C T1260Pa Missense DIIIS2 Highly � � De novo

30 19 3858G4A W1286Xa Nonsense DIIIS3 / � � De novo

31 19 3860T4C L1287Pa Missense DIIIS3 Highly � � De novo

32 19 IVS19+1G4Ta / Splice donor DIIIS3 / � � De novo

33 21 4003G4A V1335M Missense DIIIS4–S5 linker Highly � � De novo

34 21 4168G4A V1390M Missense DIIIS5–S6 linker Highly � � De novo

35 21 4190G4A W1408X Nonsense DIIIS5–S6 linker Highly � � De novo

36 21 4244_4245delTT F1415Xa Deletion DIIIS5–S6 linker / � � De novo

37 22 4298G4A G1433E Missense DIIIS5–S6 linker Highly � � De novo

38 23 4476G4Aa / Splice donor DIII-DIV linker Highly � � De novo

39 25 4757G4A G1586Ea Missense DIVS2 Highly � � De novo

40 25 4822delA F1608fsX1617a Deletion DIVS3 / � � De novo

41 26 4884_4888dupAAGTA Y1628Xa Insertion DIVS3–S4 linker / � � De novo

42 26 5250_5252delCTC

5250_5251insGG

S1750fsX1778a Deletion and

insertion

DIVS6 / � � De novo

43 26 5334delG V1778fsX1800a Deletion DIVS6 Highly ? � ?

44 26 5347G4A A1783T Missense DIVS6 Highly � � De novo

45 26 5347G4A A1783T Missense DIVS6 Highly ? � ?

46 26 5536_5539delAAAC K1846fsX1856 Deletion C-terminal / ? � ?

47 26 5536A4T K1846Xa Nonsense C-terminal / ? ? ?

48 3–10a / / Large duplications / / � � De novo

49 22–23a / / Large deletions / / � � De novo

Abbreviations: +, present; �, absent; /, no information; ?, uncertain.
The numbering of the nucleotide acid and amino acids is according to the full-length isoform containing the full length of exon 11 (SCN1A GenBank Accession Number, CDS_AB093548;
P35498).
aNovel mutations.
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Parental origin of de novo mutations. Through AS-PCR and direct
sequencing from DNA sample of the affected probands, we deter-
mined the parent origin of 12 de novo mutations (Figure 4). Parentage
testing has confirmed the family relationship of the 12 probands and
their parents. Ten mutations were paternal in origin (I91T, R101W,
c.1662G4A, W768X, W952G, T1210K, V1390M, IVS10+3A4G,
IVS15+1G4T, IVS18+2T4A) and two mutations were maternal in
origin (F90S and IVS14+3A4T). The frequency of male germline
transmission of the mutations is 83.3% (10 of 12).

DISCUSSION

DS is a refractory epileptic syndrome characterized by the occurrence
of FS before 1 year of age. This epileptic syndrome is diagnosed at 2–4
years of age after the progression of distinctive clinical features, thus it
is often misdiagnosed as benign FS in its early stages. When children
manifest repeated and prolonged FS triggered by fever, the possibility
of DS should be considered.3 It has been reported that carbamazepine,
oxcarbazepine and lamotrigine were ineffective to control seizures, and
even aggravated seizure attacks in some DS patients.12,13 Therefore,

patients with this disease should avoid these drugs. In addition,
valproic acid, topiramate, clonazepam and levetiracetam were effective
in some patients.12,13 SCN1A mutation analysis is helpful for DS
patients in early diagnosis, selection of antiepileptic drugs, predicting
the prognosis and genetic counseling. It should be considered as a
routine investigation in suspected patients.

In the study presented here, the SCN1A mutation rate in DS was
77.8% (49 of 63), which is consistent with the international stu-
dies.7,8,14,15 In the 49 mutations, only two mutations were recurrent in
two unrelated cases. In all, there were 47 different mutations, of which
30 were novel to our best knowledge (Table 1).8,16,17 We found that
SCN1A mutations in DS were individual and ‘hot spot’ mutations
were still not identified. Using PCR-sequencing, we found 47 muta-
tions, whereas by MLPA analysis one eight-exon duplication and one
two-exon deletion were identified in two unrelated patients, respec-
tively. SCN1A rearrangements of large fragments were responsible
about 10% patients without mutations by PCR-sequencing, in which
deletions were more frequent than duplications.18,19 MLPA analysis
was necessary for PCR-sequencing-negative patients, for about 12.5%

COOHmissensesplice sitetruncation

NH2

IVIIIIII

Figure 1 Location of 47 SCN1A point mutations in the sodium channel a1 subunit. Transmembrane (TM) segment (blue: S1–S3 segments; grey: S4, the
voltage sensor; yellow: S5–S6, the pore region). A full color version of this figure is available at the Journal of Human Genetics journal online.
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Figure 2 MLPA analysis. (a) Normal control. (b) One patient with normal result. (c) Duplications of exons 3–10 in the patient number 48. (d) Deletions of

exons 22–23 in the patient number 49.
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(2 of 16) were abnormal. There were still 14 DS patients with no
SCN1A mutations in our study, other genes such as SCN9A and
PCDH19 may be involved in the pathogenesis of DS.19,20 Our next
step is to carry out SCN9A and PCDH19 mutation analysis in these
patients.

There were various types of SCN1A mutations including missense,
nonsense, splice-site and frame-shift mutations caused by base sub-
stitutions, deletions or insertions. These mutations were scattered in
26 exons of SCN1A, with mutations in exon 26 being the most
prevalent. The mutagenesis analysis showed that the majority of base
substitutions were caused by deamination and the second most
common mutational mechanism being oxidation. About half of
small deletion mutations were due to depurination, while the insertion

mutations were more likely to be occurred in highly repetitive area.
The causes of mutations should be further studied to better under-
stand this severe disease.

The truncation mutations function as dominant negative, whereas
the remaining normal genes show haploid insufficiency in the channel
protein level.14 In addition to nonsense, frame-shift and splice-site
mutations, large duplications or deletions of more than one exon can
cause abnormal protein expression, thus truncating the sodium
channel. In all, there were 30 truncation mutations accounting for
61.2% (30 of 49) in the total mutations. Functional studies have
demonstrated that almost all SCN1A truncation mutations associated
with DS markedly reduced inward sodium currents and cause loss of
function of SCN1A.21 In addition, missense mutations located in the
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Figure 3 Segregation analysis of the c.302G4A/p.R101Q by direct sequencing, illustrating the levels of mutant in the family. (A) Pedigree of the family.
(B) Sequencing data of the SCN1A mutations. Black arrows indicate the mutation positions. (a) II-8; (b) II-7; (c) III-5; (d) III-6.
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important functional areas (S4, S5, S6, S5–S6 linker) accounted for
about half (8 of 19, 42.1%) of the total missense mutations. It was
shown that mutations in the functional regions (S4–S6) in DS patients
occurred more frequently than did those in GEFS+.22,23 The other 11
missense mutations were either located in the highly conserved
residues or these amino-acid substitutions changed the charged state
of the residues. These characteristics of SCN1A mutations can partially
explain the severity, refractory to antiepileptic drugs and poor
prognosis features of DS.14,23

Of the 49 patients with SCN1A mutations, DNA was available from
41 sets of parents. The mutations of 40 patients were initially
identified to be de novo accounting for 97.6% (40 of 41), whereas
one patient’s mutation was inherited from her mosaic mother.
However, no familial mutations were identified. The majority of
SCN1A mutations were de novo, consistent with SCN1A mutations
having a significant role in the pathogenesis of DS. Patient number 5
and her sister both carry the mutation R101Q and both have DS.
Their mutation was inherited from their mosaic mother, whose
phenotype was FS+. As not all cells of their mother had the mutation
R101Q, this most likely explains the reason why she has a less-severe
phenotype than her two daughters. It was speculated that the expres-
sion level of mutant sodium channel in the neurons have not yet
reached a ‘threshold’ of DS in their mother.24 Our study provides
more evidence of parental mosaicisms in some DS patients.24–26 The
possibility of mosaic mutations must be taken into account for genetic
counseling.

In the majority of DS patients with SCN1A mutations, the somatic
cells in their parents had no mutations, although PCR-sequencing may
missed some somatic mosaic parents when the fraction of the mutant
cells were trivial. The sequencing results suggested that all cells of the
DS patients carried mutations. Therefore, these mutations were more
likely to occur in the gamete period (male sperm or female ovum)
before the formation of zygotes, otherwise they would be somatic
mosaic. We use AS-PCR method to further detect the source of
mutations.

In this research, it was not difficult to find suitable SNPs closer to
the mutation site. Owing to SCN1A being located on the autosome
2q24.3, only when the SNPs of the child is heterozygous and the SNPs
of one parent is homozygous, or the SNPs of both parents were
different homozygous, we can determine the source of SNP and
perform further AS-PCR to reveal the source of mutation. In 40
de novo mutations reported here, only 12 mutations were analyzed, of
which 83.3% (10 of 12) were paternal. The results indicated that the
majority of mutations were on the paternally derived chromosome,
which is consistent with another recent study.27

Fathers of DS patients had more responsibility for the identified
de novo mutations. We analyzed the reasons of the phenomenon as
follows. It was known that there are obvious differences between the
formation of male sperm and female ovum. The formation of sperm
was more easily influenced by the external environment and muta-
genic factors. In addition, DNA damages occurred more frequently in
the replication period. The replication and meiotic division of
spermatocytes were continuous and the sperm is generated through-
out the man’s life, whereas all gene duplications of oocytes have been
completed at birth.28 The oocytes only need to complete the second
meiotic division to generate the ovum after birth. For women, there is
only one ovum formation each month. Thus, most de novo mutations
were paternal not only in DS, but also in other diseases, such as Apert
syndrome and neurofibromatosis.28–30

Identification of the source of mutation provides an important
theoretical basis for genetic counseling, rebirth guidance and prenatal

diagnosis. In the genetic counseling, the parental mosaicism often
caused recurrent transmission of SCN1A mutations to their off-
spring.24 Parents with no mutations in their somatic cells, who may
be undetected gonadal mosaicism, also have more chances to bear
another baby with the same mutations when they already have a child
with SCN1A mutations. It means even for ‘de novo’ mutations, it was
more possible that these mutations could reoccur in siblings.

In summary, SCN1A mutations were the major pathogenic gene for
DS and there was no ‘hot spot’ mutation, which reinforces the
mutational heterogeneity of SCN1A.7 MLPA analysis is an essential
method for PCR-sequencing-negative DS patients. The vast majority
of mutations were de novo, whereas rare mutations were inherited
from their parents. Most de novo mutations were paternal. Recogni-
tion of SCN1A mutations in this severe epileptic syndrome assists in
early diagnosis and selection of antiepileptic drugs.
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