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Abstract Febrile seizures (FS) represent the most com-
mon seizure disorder in childhood and contribution of a
genetic predisposition has been clearly proven. In some
families FS is associated with a wide variety of afebrile
seizures. Generalized epilepsy with febrile seizures plus
(GEFS+) is a familial epilepsy syndrome with a spec-
trum of phenotypes including FS, atypical febrile sei-
zures (FS+) and afebrile generalized and partial
seizures. Mutations in the genes SCN1B, SCN1A and
GABRG2 were identified in GEFS+ families. GEFS+
is genetically heterogeneous and mutations in these three
genes were detected in only a minority of the families.
We performed a 10 cM density genome-wide scan in a
multigenerational family with febrile seizures and epi-
lepsy and obtained a maximal multipoint LOD score of
3.12 with markers on chromosome 5q14.3-q23.1. Fine
mapping and segregation analysis defined a genetic
interval of �33 cM between D5S2103 and D5S1975.
This candidate region overlapped with a previously re-
ported locus for febrile seizures (FEB4) in the Japanese
population, in which MASS1 was proposed as disease
gene. Mutation analysis of the exons and exon–intron
boundaries of MASS1 in our family did not reveal a

disease causing mutation. Our linkage data confirm for
the first time that a locus on chromosome 5q14-q23
plays a role in idiopathic epilepsies. However, our
mutation data is negative and do not support a role for
MASS1 suggesting that another gene within or near the
FEB4 locus might exist.

Introduction

Febrile seizures (FS) is the most common seizure dis-
order in childhood, affecting 2–5% of children under
the age of 5 years in Caucasian populations (Hauser
et al. 1996). The contribution of a genetic predisposi-
tion has been clearly documented by twin and family
studies (Tsuboi and Endo 1991). Segregation analysis
suggested a polygenic model in families of probands
with a single febrile seizure, while in families with re-
peated episodes of FS, inheritance best fitted autoso-
mal dominance with reduced disease penetrance (Rich
et al. 1987; Johnson et al. 1996). Linkage analysis
studies identified five chromosomal loci for FS: FEB1
at 8q13-q21, FEB2 at 19p, FEB3 at 2q23-q24, FEB4
at 5q14-q15 and FEB5 at 6q22-q24 (Wallace et al.
1996; Johnson et al. 1998; Kugler et al. 1998; Peiffer
et al. 1999; Nakayama et al. 2000; Nabbout et al.
2002). In some families, FS is present as part of a
broader phenotypic spectrum that also includes atypi-
cal febrile seizures (FS+) and afebrile generalized and
partial seizures i.e. generalized epilepsy with febrile
seizures plus (GEFS+) (Scheffer and Berkovic 1997).
In GEFS+ families, mutations were identified in
SCN1B on chromosome 19p13.1 (GEFS+1), SCN1A
on chromosome 2q24 (GEFS+2) and GABRG2 on
chromosome 5q31-q33 (GEFS+3) (Wallace et al.
1998; Escayg et al. 2000; Baulac et al. 2001; Wallace
et al. 2001). The disease phenotype within the GEFS+
families with identified mutations segregated in an
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autosomal dominant pattern with reduced disease
penetrance. Mutations in these three genes were found
in several GEFS+ families, but in most families the
causal gene has not yet been identified (Bonanni et al.
2004). In a large family with FS and familial temporal
lobe epilepsy (TLE) a locus was found on chromosome
12q22-q23.3 (Claes et al. 2004).

Here, we report the results of a genome-wide scan in
an extended Belgian–Dutch family with febrile seizures
and epilepsy showing conclusive linkage with chromo-
some 5q14.3-q23.1 in a region that overlapped with the
FEB4 locus previously reported in the Japanese popu-
lation (Nakayama et al. 2000). The Monogenic Audio-
genic Seizure Susceptibility 1 gene (MASS1) was
suggested as the FEB4 gene, and is an alternative tran-
script (exons 5–39) of the larger Very Large G Protein-
coupled Receptor 1 gene (VLGR1) (Nakayama et al.
2002; McMillan et al. 2002). Mutation analysis of all 90
exons and exon–intron boundaries of VLGR1 in the
linked Belgian–Dutch family did not reveal a disease
causing mutation.

Patients and methods

Ascertainment and diagnosis of patients

We ascertained in Flanders, the Dutch-speaking region
of Belgium (Belgian–Dutch) an extended family, EP122,
with six patients in three successive generations for
genome-wide linkage analyses (Fig. 2). Clinical infor-
mation of the patients was obtained using a structured
interview and/or medical records. Parents or older sibs
were also interviewed to check the clinical information
of the patients. The questions regarding epilepsy and
febrile seizures can been found at the website http://
www.molgen.ua.ac.be. Patients were diagnosed accord-
ing to criteria of the commission on classification and
terminology of the ILAE (Engel 2001). We summarized
the clinical data of the patients in Table 1. Four patients

were diagnosed with classical FS; none of them devel-
oped epilepsy later in life. The number of FS varied from
1 to 5 and the individual seizures were separated by
more than 24 h. Two patients experienced unprovoked
afebrile seizures without a history of febrile seizures. The
epileptic phenotypes of both patients differ. Patient III-4
had complex partial seizures probably of temporal lobe
origin. Seizures started shortly after birth and were
controlled with anti-epileptic drugs. Patient III-11
experienced generalized tonic–clonic seizures and ab-
sences from the age of 3 years until 15 years of age.
None of the family members had symptomatic epilepsy.
In total DNA samples from 32 family members were
obtained. Analysis of the segregation pattern supported
an autosomal dominant inheritance, while the presence
of three obligate carriers suggested a reduced disease
penetrance.

We also analyzed 48 nuclear Belgian–Dutch families
with FS only or FS associated with epilepsy. The fami-
lies were selected through their proband, who had
experienced one or more FS before the age of five years.
Clinical information of each proband about frequency
of seizures and association with fever was obtained from
the parents, and probands were diagnosed according to
the same criteria of the commission on classification and
terminology of the ILAE (Engel 2001). In case of a
positive family history, additional patients and relatives
were collected for genetic studies. Additional patients
were considered affected if they had at least one febrile
and/or unprovoked afebrile seizure. Patients with
symptomatic epilepsy were not included in this study. In
total we obtained DNA samples of 333 family members,
of whom 169 were patients (Table 2). In all probands
mutations in SCN1A, SCN1B and GABRG2 were ex-
cluded by sequence analysis of the exons and the intron–
exon boundaries of genomic DNA (Audenaert et al.,
unpublished data). The Medical Ethical Committee of
the University of Antwerp approved the study, and
participants or their legal representatives signed
informed consent.

Table 1 Clinical data of patients in family EP122

Patient Age
(year)

FS AFS AED
treatment

No. of
FS

Age at
FS onset
(mo)

Age at
last FS
(mo)

AFS Seizure
type

Frequency of
AFS

Age at
AFS onset
(mo)

Age at
last AFS
(yr)

I-2 75 3 � 24 � 24 No – – – – No
II-2 51 1 12 12 No – – – – No
III-4 22 None – – Yes CPE Numerous

before
medication,
1·/year with
medication

<1 22 Yes

III-10 19 1 13 13 No – – – – No
III-11 17 None – – Yes GTCS,

absences
2· GTCS,
absences 1·/week

36 15 Yes (3–15 yr)

III-14 11 5 12 48 No – – – – Yes (3–8 yr)

FS Febrile seizures, AFS unprovoked afebrile seizures, GTCS generalized tonic–clonic seizures, CPE complex partial epilepsy, momonths,
yr years; AED antiepileptic drugs
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Genotyping

Family members of EP122 were genotyped for 382
autosomal microsatellite markers of the ABI Prism
Linkage Mapping Set MD-10 (Applied Biosystems,
Foster City, CA, USA) with an average marker distance
of 10 cM. After amplification and pooling of the PCR
products an ABI3700 automated sequencer (Applied
Biosystems) was used for fragment length analysis. Data
were analyzed using ABI Genescan 3.6 and ABI Geno-
typer 3.7 software. Eleven additional microsatellite
markers in the candidate region between D5S647 and
D5S2115 were selected from the Marshfield comprehen-
sive genetic map (http://research.marshfieldclinic.org/
genetics). Primer pairs for each marker were designed
with a proprietary algorithm implemented in a PCR
multiplexer program (Goossens et al., unpublished data).
This resulted in two pools containing four and seven
primer pairs that were each amplified in a single tube
reaction without extensive optimization of PCR condi-
tions.

Statistical analysis

Before conducting the genome-wide scan the genetic
information content of the families was estimated with
the software program S-link (Ott 1989; Weeks et al.
1990). All individuals with one or more febrile or
unprovoked epileptic seizures were considered affected.
We assumed an autosomal dominant inheritance pattern
with reduced penetrance. The disease penetrance was set
at 60% based upon the penetrance rates in GEFS+
families reported in the literature (Singh et al. 1999) and
we used an estimated disease gene frequency of 0.001.
The simulations were calculated for a marker with eight
equifrequent alleles at recombination fraction (h) 0.05 of
the disease locus. For family EP122 an average maxi-
mum logarithm of odds (LOD) score Z of 1.85 and a
maximum achievable LOD score of 3.67 were generated
over 250 replicates. We obtained a significant maximum
achievable LOD score (>3) in only one (with nine
affected individuals) of the 48 additional families with
FS and epilepsy. The remaining families were smaller
(maximum number of patients =6) and did not yield a
maximum achievable LOD score >3. Nine families, of
which only a trio was available for genetic testing, were
ommitted from the linkage calculations and were only
used for transmission disequilibrium testing (TDT).

Parametric linkage analyses were performed in 39 fam-
ilies with the MLINK program for two-point linkage
analysis and the LINKMAP program for multipoint
linkage analysis, both from the FASTLINK computer
package (version 5.1) (Cottingham et al. 1993). LOD
scores were calculated with the same genetic model used
for the simulation study. The marker map used for the
multipoint analysis was based on the Marshfield com-
prehensive genetic map. In addition, parametric LOD
scores were maximized for varying proportions (a) of
linked families under the assumption of locus heteroge-
neity, using HLOD implemented in the software pro-
gram GENEHUNTER (http://linkage.rockefeller.edu).

In the 48 FS and GEFS+ families TDT and non-
parametric LOD scores (NPL Zall) were calculated with
GENEHUNTER. Allele frequencies of the microsatel-
lite markers were estimated from genotypes of 74 unre-
lated spouses.

Mutation analysis

The exon-intron boundaries of VLGR1 were defined by
aligning genomic (accession number NT_006713) and
cDNA sequences (accession number NM_032119) re-
trieved from Genbank (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=Nucleotide). PCR amplifications
were performed with flanking intronic primers designed
using the software tool SNPbox (Weckx et al. 2005). In
total, 92 primer pairs were used to amplify all exons of
VLGR1 (primer sequences are available upon request).
PCR fragments were sequenced with BigDye Termina-
tor v3.1 Cycle Sequencing kit from Perkin-Elmer Ap-
plied Biosytems. Sequences were analyzed on an
ABI3700 automated sequencer with the Sequencing
Analysis 5.0 software (Applied Biosystems).

Results

Genome-wide scan in family EP122

In the genome-wide linkage analysis in family EP122,
four neighboring markers located on chromosome
5q14.3-q23.1, containing the FEB4 locus, yielded posi-
tive LOD scores (Z>1.5), with D5S644 obtaining the
highest two point LOD score of 3.03 in the absence of
recombination (h=0). None of the other genome scan
markers obtained LOD scores higher than 1.5. Linkage

Table 2 Characteristics of the 48 families with FS only or FS associated with epilepsy

Family structure No. of families No. of individuals No. of patients Phenotype of patients

FS FS+AFS AFS

‡3-generation 34 278 138 115 9 14
2-generation (‡2 affected offspring) 5 23 13 8 2 3
2-generation (1 affected offspring) 9 32 18 16 2 0

FS Febrile seizures, AFS unprovoked afebrile seizures
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analysis of markers located within the other loci for FS,
GEFS+ and FS associated with TLE (FEB1, FEB2,
FEB3, FEB5, GEFS+1, GEFS+2, GEFS+3, chro-
mosome 12q22-q23.3) resulted in conclusively negative
LOD scores (<–2) (data not shown). Eleven additional
markers from the region between D5S647 and D5S2115
were analyzed and two of them (D5S1463 and D5S2100)
also yielded a two point LOD score above 3. The highest
multipoint LOD score of 3.12 was reached in the region
between D5S2498 and D5S644 (Fig. 1). Segregation
analysis with markers located between D5S647 and
D5S2115 identified a disease haplotype spanning a re-
gion of 33.6 cM between D5S2103 centromeric and
D5S1975 telomeric based upon meiotic recombinations
in patients III.4 and III.14 respectively (Fig. 2).

Mutation analysis

The candidate region defined in family EP122 over-
lapped at the centromeric site with the previously re-
ported FEB4 locus over a distance of 19.2 cM between
D5S2103 and D5S2501, and comprised MASS1 (Fig. 3).
We sequenced all exons of MASS1 as well as the addi-
tional exons of VLGR1, 90 in total, on genomic DNA of
three patients and one at risk individual not segregating
the disease haplotype. We identified 38 single nucleotide
polymorphisms (SNPs) of which eight were present in all
patients because they were contained within the disease
haplotype (Table 3). To rule out that one of these SNPs
was a disease causing mutation, we investigated their

prevalence in control individuals. All eight were intronic
SNPs and have been reported previously (http://
ncbi.nlm.nih.gov/SNP) (Sherry et al. 2001). In addition,
in 95 unrelated control individuals randomly selected
from the Belgian–Dutch population their segregating
allele frequency varied from 11 to 69%.

Contribution of the FEB4 locus in the Belgian–Dutch
population

To assess the contribution of the FEB4 locus to FS and
epilepsy in the Belgian–Dutch population, we genotyped
members of 48 Belgian–Dutch families with only FS and
with FS and epilepsy for six markers—D5S1463,
D5S2100, D5S2498, D5S644, D5S433 and
D5S2501—within the linked haplotype of EP122 and
located in the centromeric region shared with FEB4. The

Fig. 1 Multipoint LOD scores for markers on chromosome 5q12-q31. Microsatellite markers included in the 10 cM genome-wide scan are
in bold. Genetic localization of the markers was based on the Marshfield comprehensive genetic map

Table 3 SNPs in VLGR1 segregating with FS and epilepsy in
family EP122

SNP Intron dbSNP Segregating allele
frequency

c.2016+53delA 10 rs3838659 0.13 (-)
c.2241-19G>T 11 rs1344030 0.12 (T)
c.2367+8C>T 12 rs2366773 0.69 (T)
c.2553+209G>A 13 rs2366774 0.68 (A)
c.2735-34C>G 14 rs16868901 0.11 (G)
c.2898+85A>G 15 rs16868903 0.11 (G)
c.2899-42T>C 16 rs2366776 0.13 (C)
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combined parametric LOD scores throughout the entire
FEB4 locus were extremely negative (< –40) in the
sample of 39 families, assuming genetic homogeneity.
Moreover, there was no evidence in favor of linkage,
even when the LOD scores were maximized regarding a
presumed proportion of linked families (a=0,
HLOD=0). Likewise, the non-parametric linkage
(NPL) analysis resulted in negative NPL Zall scores
(corresponding P>0.5). In separated analysis of the
families, 7 out of 39 families showed positive LOD
scores for markers within the FEB4 locus. However, the
maximum LOD score obtained was only 0.73. Since
these LOD scores were not conclusive, the cosegregation
of the disease with a haplotype on chromosome 5q14.3-

q23.1 could be coincidental. No haplotype sharing was
identified between these seven families or with the FEB4
linked family EP122. A transmission disequilibrium test
was performed with the 48 probands and their parents.
In total, 53 alleles were analyzed but none reached a
significant P-value.

Discussion

We ascertained a three generation Belgian–Dutch family
with FS and epilepsy. Families in which FS, FS+ and
generalized epilepsy co-occur are often diagnosed as
GEFS+ (Scheffer and Berkovic 1997). However this

Fig. 2 Pedigree of family EP122. Fully shaded square man with a
febrile seizures, half shaded square man with febrile seizures, half
shaded circle woman with febrile seizures. The proband is indicated

with an asterisk. The alleles on the disease haplotype are boxed.
The arrows indicate the recombinations defining the minimal
candidate region
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paticular family there are no individuals with FS+
which is characteristic of GEFS+. Because there are no
standard criteria for evaluating a GEFS+ phenotype we
leave the discussion open whether this family can be
diagnosed as GEFS+ or not.

We performed a genome-wide scan in the family and
obtained conclusive evidence for linkage to chromosome
5q14.3-q23.1 in a region of 33.6 cM between markers
D5S2103 and D5S1975. The boundaries of the linkage
interval were based upon recombinations in patients and
the disease locus included the complete FEB4 locus.
Segregation analysis identified several recombinants in
unaffected at risk individuals. The distal segments of the
candidate region were more often shared between pa-
tients and unaffected family members. If the causal gene
were located in the distal part of the region, the disease
penetrance in this family would be much lower than the
60% reported in the literature (Singh et al. 1999).
Therefore, it is more likely that the disease causing
mutation is localized in the proximal part of the
candidate region, within the FEB4 locus. We analyzed
the 35 exons of MASS1, previously suggested as the

putative FEB4 gene in the Japanese population, as well
as the additional 65 exons of VLGR1 for mutations in
family EP122. We identified eight intronic SNPs coseg-
regating with the disease in the family. All eight SNPs
were previously reported and had segregating allele
frequencies ranging between 11 and 69% in a Belgian–
Dutch control population. These observations make it
unlikely that one of these SNPs could be a disease
causing mutation. Further genetic analysis of six mi-
crosatellite markers (average spacing >3 cM) localized
within the FEB4 locus showed no evidence for linkage in
a sample of 39 Belgian–Dutch families with FS and
epilepsy. Likewise a transmission disequilibrium test
performed with the 48 probands and their parents did
not detect allele sharing, excluding a close genetic rela-
tionship with EP122 as well as among the families. These
data suggest a minor role for FEB4 in the Belgian–
Dutch population. However, markers at a higher genetic
density will be necessary to observe a potential, though
genetically distant founder effect in this population.

The FEB4 locus was previously identified in a single
extended Japanese family and further support for this

Fig. 3 Schematic presentation of the FEB4 locus and the candidate
region defined in family EP122 (Nakayama et al. 2000). Markers
D5S1725 and D5S2103 are located at the same genetic map
position. D5S644 yielded significant LOD scores in both studies.

The localization of the markers was based on the Marshfield
comprehensive genetic map. MASS1 was localized based on the
physical map of the UCSC genome browser (http://genome.ucsc.
edu)
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region was provided by nonparametric linkage analysis
in 39 nuclear families. Together the linkage data de-
fined a region between D5S1725 and D5S2501 that
spanned 19.2 cM (Fig. 3). Significant linkage was ob-
tained in the family sample with D5S644 (P=5.4·10�6)
(Nakayama et al. 2000). The FEB4 locus was reported
previously as a FS locus; however, the phenotype in the
large Japanese family included FS and afebrile seizures,
like family EP122. Therefore FEB4 should be consid-
ered as a locus for FS and epilepsy. MASS1 was pro-
posed as the FEB4 gene based on two lines of evidence.
First, a homozygous deletion of nucleotide c.6213G in
mass1 was reported in the Frings mouse strain, a ge-
netic model for audiogenic seizures (Skradski et al.
2001). The paralog of mass1 maps to human chromo-
some 5q14, within the FEB4 locus. Second, one het-
erozygous nonsense mutation c.7955 C>A, at codon
2652 (S2652X), segregated with the disease in a single
nuclear Japanese family with two affected sibs (Na-
kayama et al. 2002). The absence of a MASS1 muta-
tion in family EP122 can be interpreted in several ways.
The remote possibility of a mutation present in regu-
latory sequences such as the promoter, which we have
not analyzed, cannot be excluded. Also, we cannot
exclude the posibility that the region on chromosome
5q14.3-q23.1 contains two genes in which mutations
can be associated with FS and epilepsy. However the
failure to detect a MASS1 mutation in EP122 adds to
the growing evidence that mutations in another gene
than MASS1 might be the cause of FEB4. First, the
mass1 mutation in the Frings mouse is a homozygous
out of frame deletion leading to premature termination
of the encoded protein (Skradski et al. 2001). Homo-
zygous Vlgr1 knockout (Vlgr1–/–) mice lacking exons 2–
4 of Vlgr1 also showed audiogenic seizure susceptibil-
ity. This deletion of exons 2–4 induced a frame shift
followed by a premature stopcodon and the predicted
generation of a 14 amino acid peptide, if any. The
initiation codon of Mass1, located at exon 5 of Vlgr1,
is not affected in the Vlgr1–/– mice and the expression
of Mass1 is probably preserved. Therefore it was pre-
dicted that complete absence of functional Vlgr1 pro-
tein and not Mass1 leads to audiogenic seizures in mice
(Yagi et al. 2005). The nonsense mutation detected in
the Japanese family, affected both MASS1 and
VLGR1, and was present in heterozygous state. Al-
though not examined, the authors suggested that this
mutation might lead to a loss-of-function and that
haploinsufficiency of MASS1 or VLGR1 might cause a
convulsive disorder in humans (Nakayama et al. 2002).
Recent evidence however has raised doubts about this
hypothesis. Four truncating VLGR1 mutations, pre-
dicted to result in loss-of-function alleles, caused in
compound heterozygous state the recessive Usher
Syndrome type II. Three of these truncating mutations
also affected the MASS1 transcript. Interestingly, nei-
ther the Usher syndrome patients nor their heterozy-
gous parents developed FS or epilepsy (Weston et al.
2004). Second, the only MASS1 mutation, assumed to

cause an epileptic phenotype in human, was detected in
a single nuclear Japanese family. Its predicted patho-
genic nature is therefore not supported by conclusive
linkage between the mutation and the disease, but
based solely upon its absence in control individuals
thereby not excluding the possibility of a rare poly-
morphism. Remarkably no MASS1 mutation was re-
ported in the single large family that was instrumental
in identifying the FEB4 locus. Furthermore, no addi-
tional MASS1 mutations were reported despite analysis
of 48 families contributing to the FEB4 linkage and
association analysis with nine missense polymorphisms
in MASS1 did not lead to a significant result (Na-
kayama et al. 2002).

In summary, we conclude that a gene other than
MASS1 is probably underlying the FEB4 locus as well
as the linkage in family EP122. Within the region
overlapping between FEB4 and the EP122 candidate
region, 85 genes are located, none of them encodes for a
subunit of an ion channel. Some of the genes located in
the region, including sialyltransferase 8D and ephrin A5,
may play a role in the development of the central ner-
vous system and are good functional candidate genes.
The controversy about the involvement of MASS1 in
FEB4 closely resembles what we recently observed in the
molecular genetic studies of inherited peripheral neur-
opathies. KIF1B was claimed as the gene for Charcot-
Marie-Tooth type 2A (CMT2A) based on the analysis of
a hetero- and homozygous knockout mouse model and
the observation of a mutation in a single nuclear family
(Zhao et al. 2001). Subsequently, not only were muta-
tions in KIF1B excluded in families showing conclusive
linkage to the CMT2A locus but all were shown to
segregate a mutation in Mitofusin (Züchner et al. 2004).
Nevertheless, the linkage in family EP122 confirms that
a gene at 5q14.3-q23.1 is responsible for FS and epi-
lepsy. Identification of this gene will largely contribute
to our understanding of the genetic etiology of idio-
pathic epilepsies.
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