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Mutations in EFHCI cause juvenile myoclonic epilepsy

Toshimitsu Suzuki»!2, Antonia V Delgado-Escueta®, Kripamoy Aguan®!?, Maria E Alonso*, Jun Shi,

Yuji Hara>$, Motohiro Nishida®¢, Tomohiro Numata3, Marco T Medina3’, Tamaki Takeuchi', Ryoji Morita’,
Dongsheng Bai?, Subramaniam Ganesh', Yoshihisa Sugimoto', Johji Inazawa?, Julia N Bailey®®, Adriana Ochoa?,
Aunrelio Jara-Prado*, Astrid Rasmussen?, Jaime Ramos-Peek?, Sergio Cordova#, Francisco Rubio-Donnadieu?,
Yushi Inoue’, Makiko Osawa'?, Sunao Kaneko!l, Hirokazu Oguni'?, Yasuo Mori*$ & Kazuhiro Yamakawa!

Juvenile myoclonic epilepsy JME) is the most frequent cause
of hereditary grand mal seizures'-2. We previously mapped and
narrowed a region associated with JME on chromosome
6p12-p11 (EIM1)>-5. Here, we describe a new gene in this
region, EFHC1, which encodes a protein with an EF-hand
motif. Mutation analyses identified five missense mutations in
EFHC1 that cosegregated with epilepsy or EEG polyspike wave
in affected members of six unrelated families with JME and did
not occur in 382 control individuals. Overexpression of EFHC1
in mouse hippocampal primary culture neurons induced
apoptosis that was significantly lowered by the mutations.
Apoptosis was specifically suppressed by SNX-482, an
antagonist of R-type voltage-dependent CaZ* channel {Ca,2.3).
EFHC1 and Ca, 2.3 immunomaterials overlapped in mouse
brain, and EFHC1 coimmunoprecipitated with the Ca,2.3 C
terminus. In patch-clamp analysis, EFHC1 specifically
increased R-type Ca2* currents that were reversed by the
mutations associated with JME.

‘Two separate regions of the short arm of chromosome 6, 6p21.3 and
5p12-pll, are proposed to be associated with JME. In the 6p21.3-
HLA region®7, two single-nucleotide polymorphisms {SNPs) in BRDZ
were in linkage disequilibrium with JME, although no causative cod-
ing mutations were found®. In contrast, families with JME from
Belize, Los Angeles>* and Mexico® showed significantly high lod
scores at the 6p12—p11 locus but exclusionary lod scores at 6p21.3. An
independent study of Dutch families with JME confirmed that
6p12-pl1 is associated with to JME®.

" We identified 18 genes in the narrowed 3.5-cM region at 6p12-p11
(ref. 5) and excluded all of them except EFHCI from association with
JME by mutation analyses (ref. 10 and T.S. et al., unpublished data).
EFHCI is located between the markers D651960 and D651024 (data

not shown), spans ~72 kb and encodes a protein of 640 amino acids
(Supplementary Fig. 1 online). A domain search identified three
DM 10 domains, 2 motif with unknown function and an EF hand, a
Ca?* binding motif'! (Fig. 1a). EFHCI transcripts undergo alternative
splicing in exon 4, resulting in a C-terminally truncated protein
(Supplementary Fig. 1 online and Fig. 1b). Northern-blot analysis
confirmed that both transcripts were expressed in various human tis-
sues, including brain (Fig. 1¢), but not in lymphocytes, as confirmed
by RT-PCR (data not shown). We also identified a partial cDNA clone
that corresponded to the 7-kb and 9-kb transcripts observed on north-
ern blots. These longer transcripts could contain structures of tran-
script B with its extended 3" untranslated region, as they were detected
by probes 2 and 4 (Fig. 1b.c).

We also isolated a mouse ortholog of EFHCI, named Efhcl, and
investigated its expression by RT-PCR and northern-blot analyses
{Supplementary Fig. 2 online). A 2.3-kb Efhcl transcript appeared on
northern blots, but the analyses detected almost none of the larger
transcripts that were observed in humans. We raised a polyclonal anti-
body to EFHCI that recognizes amino acid residues 522-333 of both
human and murine EFHC1 proteins (Supplementary Fig. 2 online)
and investigated their expression (Fig. 1d-i). Double-staining of
mouse primary culture neurons with the antibody to EFHC1 and anti-
bodies to MAP2 (dendrite marker) ot to phosphorylated neurofila-
ment (axon marker) showed that Efhcl localized at soma and
dendrites of neurons (Fig. 1d—f), but the Efhcl signal was not
observed at axons (data not shown). Immunohistochemistry of mouse
brain sections showed Efhcl signals in soma and dendrites of pyrami-
dal neurons of the hippocampal CAl region (Fig. 1g), pyramidal neu-
rons of the cerebral cortex (Fig. 1h} and Purkinje cells of cerebellum
{Fig. 1i).

We carried out mutation analyses of EFHCI in 44 families with JME
{31 Mexican families’, 1 family from Belize and 12 European
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Figure 1 Structure and expression of EFHCI,

a me it i1 DMi0 iz} OM103) COOH (a) Schematic diagram of EFHC1 protein (encoded
3198 239-359 418-520 576606 by transcript A}. (b} Schematic diagrams of the
EFHC1 isoforms consensus transcript A, transcript
Probal _Probe2 Probe3 Proba 4 8 and an EST clone. Coding regions are shown as
Braai ~ 21k open boxes and presumptive untranstated regions
com as filled boxes. The vertical fine in transcript A
arsus . . . . -y
tramseript B P4 ) indicates the EF-hand domain. Relative positions
st  — (3.7 ) of the prabes used for the northern-blot analyses

Skelelal muscle

American families*#; Fig. 2ab) and detected three heterozygous
mutations (685T—C, 628G—A and 757G—T, resulting in the amino
acid substitutions F229L, D210N and D253Y, respectively) and one
double heterozygous mutation (229C—A and 662G—A, resulting in
the amino acid substitutions P77T and R221H, respectively) among alt
21 affected members of 6 unrelated families (Fig. 2a). The mutations
cosegregated with disease symptoms in 13 individuals with epilepsy
and 8 individuals with polyspike wave in six Mexican families with
JME. Of these 13 individuals with epilepsy, 10 had JME and 3 had
grand mal only. Of the 10 individuals with JME, 3 also had rare
absence seizures and one had rare absence seizures in clusters.
Pyknoleptic absence seizures as the only phenotype was not cbserved
in any affected member®. Several family members with mutations
(individual I-1 in family 1; individual II-1 in family 2; individuals II-2,
11-3 and 11-6 in family 4; and individual II-3 in family 5) did not have
clinical epilepsy or polyspike waves, indicating that the mutations had
78% (21 of 27) penetrance®*, These mutations were not observed in
382 unrelated healthy controls, implying that they are not neutral
polymorphisms. Haplotype analysis suggested that there was a
founder effect for a 640-kb region surrounding the double heterozy-
gous mutations (Fig. 2¢). Four of these mutations affected residues
conserved among EFHCI orthologs (Supplementary Fig. 1 online).
We also detected three coding (457C—T, 545G—A and 1855A—C,
resulting in the amino acid substitutions R159W, R182H and 16191,
respectively) and several noncoding polymorphisms in both affected
and control individuals. The frequencies of these coding polymor-
phisms were 16% (5 of 31), 19% (6 of 31) and 10% (3 of 31}, respec-
tively, in probands of the 31 Mexican families with JME and 14% (29
of 209), 11% (23 of 213) and 5% (10 of 208), respectively, in the gen-

are shown on the top. Probe 2 is specific for
_transcript B. (¢) Northern-blot analyses of EFHCI
in human adult tissues using probes 1, 2, 3 and 4,
Signals obtained for control ACTB (for probes 1, 2
and 4} ot GAPD (for praobe 3) probes are shawn.
(4= Hippocampal primary culture neurans (6 d in
vitro) from E16 mouse embryos were double-
stained with antibedies to EFHC1 {d) and to MAP2
(e). Signals of Efhc] and MAP2 mostly overlap (f).
(g-i) Sections of aduft mouse brain were stained
with antibody to EFHC1. (g} Hippocampal CA1
region. Soma and dendrites of pyramidal neurons
show signals, O, stratum oriens; P, stratum
pyramidal; R, stratum radiatum. (h) Layer [1l of
cerebral cortex. Soma and dendrites of neurons
show signals {arrows), (i} Cerebellum. Dendrites of
Purkinje cells show intense signals (amowheads).
5G, stratum gangliosum; SGR, stratum
granulasum; SM, stratum moleculare. Results of
control stainings with preimmune rabbit serum or
serum preabsorbed with EFHC1 peptide are shown
in Supplementary Figure 2 online.

eral population. The frequencies were higher in individuals with JME,
but the differences were not statistically significant (P=0.78,0.22 and
0.38, respectively). A large three-generation family from Belize* car-
ried the variant 545G—A (resulting in the amino acid substitution
R182H), which cosegregated with JME in 11 affected members (Fig.
2b) with 65% (11 of 17) penetrance. The variant 1619L segregated
with JME in affected individuals of three other families. We regrouped
the families into those with and without EFHCI mutations and recal-
culated lod scores separately but did not find any significant diffe
ences between scores of the two groups (data not shown}.

To investigate the functional significance of EFHCI1 and its
mutants in neurons, we transfected mouse hippocampal primary
culture neurons with enhanced green fluorescent protein (EGFP)-
EFHC1 expression constructs (Fig. 3a-i). EFHCI-positive neurons
had shorter neurites and fewer branches 16 h after transfection
(Fig. 3b) and showed signs of neurodegeneration and cell death,
including shrinkage of the cell body and fragmentation of processes
48 h after transfection (Fig. 3d), whereas control cultures.seemed
to be healthy (Fig. 3¢). Cells transfected with EFHCI were TUNEL-
positive, indicative of apoptosis (Fig. 3e-g). Next, we investigated
the effects of EFHC1 mutations on cell survival by counting GFP-
positive surviving cells attached to the dishes at various time
points, irrespective of cellular morphologies. The cell-death effect
of EFHCI was substantially reduced by any of the five mutations
associated with JME and by the double mutation 229C—A and
662G—A. In contrast, the three coding polymorphisms that were
also present in the control population did not affect cell death con-
siderably (Fig. 3h). Although the numbers of surviving cells trans-
fected with mutations associated with JME seemed close to that of
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