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Mutations in EFHC1 cause juvenile myoclonic epilepsy
Toshimitsu Suzuki1,2,12, Antonio V Delgado-Escueta3, Kripamoy Aguan1,12, Maria E Alonso4, Jun Shi1,
Yuji Hara5,6, Motohiro Nishida5,6, Tomohiro Numata5, Marco T Medina3,7, Tamaki Takeuchi1, Ryoji Morita1,
Dongsheng Bai3, Subramaniam Ganesh1, Yoshihisa Sugimoto1, Johji Inazawa2, Julia N Bailey3,8, Adriana Ochoa4,
Aurelio Jara-Prado4, Astrid Rasmussen4, Jaime Ramos-Peek4, Sergio Cordova4, Francisco Rubio-Donnadieu4,
Yushi Inoue9, Makiko Osawa10, Sunao Kaneko11, Hirokazu Oguni10, Yasuo Mori5,6 & Kazuhiro Yamakawa1
Juvenile myoclonic epilepsy (JME) is the most frequent cause of
hereditary grand mal seizures1,2. We previously mapped and
narrowed a region associated with JME on chromosome
6p12–p11 (EJM1)3–5. 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 Ca2+ channel (Cav2.3).
EFHC1 and Cav2.3 immunomaterials overlapped in mouse
brain, and EFHC1 coimmunoprecipitated with the Cav2.3 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
6p12–p11, are proposed to be associated with JME. In the 6p21.3-HLA
region6,7, two single-nucleotide polymorphisms (SNPs) in BRD2 were
in linkage disequilibrium with JME, although no causative coding
mutations were found8. In contrast, families with JME from Belize,
Los Angeles3,4 and Mexico5 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–p11 is associated with to JME9.
We identified 18 genes in the narrowed 3.5-cM region at 6p12–p11
(ref. 5) and excluded all of them except EFHC1 from association with
JME by mutation analyses (ref. 10 and T.S. et al., unpublished data).
EFHC1 is located between the markers D6S1960 and D6S1024 (data

not shown), spans ∼72 kb and encodes a protein of 640 amino acids
(Supplementary Fig. 1 online). A domain search identified three
DM10 domains, a motif with unknown function and an EF hand, a
Ca2+ binding motif11 (Fig. 1a). EFHC1 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 tissues, including brain (Fig. 1c), 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 northern blots. These longer transcripts could contain structures of transcript 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 EFHC1, named Efhc1, and
investigated its expression by RT-PCR and northern-blot analyses
(Supplementary Fig. 2 online). A 2.3-kb Efhc1 transcript appeared on
northern blots, but the analyses detected almost none of the larger
transcripts that were observed in humans. We raised a polyclonal antibody to EFHC1 that recognizes amino acid residues 522–533 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 antibodies to MAP2 (dendrite marker) or to phosphorylated neurofilament (axon marker) showed that Efhc1 localized at soma and
dendrites of neurons (Fig. 1d–f), but the Efhc1 signal was not
observed at axons (data not shown). Immunohistochemistry of mouse
brain sections showed Efhc1 signals in soma and dendrites of pyramidal neurons of the hippocampal CA1 region (Fig. 1g), pyramidal neurons of the cerebral cortex (Fig. 1h) and Purkinje cells of cerebellum
(Fig. 1i).
We carried out mutation analyses of EFHC1 in 44 families with JME
(31 Mexican families5, 1 family from Belize and 12 European
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American families3,4; Fig. 2a,b) 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 all
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 observed
in any affected member3. Several family members with mutations
(individual I-1 in family 1; individual II-1 in family 2; individuals II-2,
II-3 and II-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) penetrance3,4. 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 heterozygous mutations (Fig. 2c). Four of these mutations affected residues
conserved among EFHC1 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 I619L,
respectively) and several noncoding polymorphisms in both affected
and control individuals. The frequencies of these coding polymorphisms were 16% (5 of 31), 19% (6 of 31) and 10% (3 of 31), respectively, 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-
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Figure 1 Structure and expression of EFHC1.
(a) Schematic diagram of EFHC1 protein (encoded
by transcript A). (b) Schematic diagrams of the
EFHC1 isoforms consensus transcript A, transcript
B and an EST clone. Coding regions are shown as
open boxes and presumptive untranslated regions
as filled boxes. The vertical line in transcript A
indicates the EF-hand domain. Relative positions
of the probes used for the northern-blot analyses
are shown on the top. Probe 2 is specific for
transcript B. (c) Northern-blot analyses of EFHC1
in human adult tissues using probes 1, 2, 3 and 4.
Signals obtained for control ACTB (for probes 1, 2
and 4) or GAPD (for probe 3) probes are shown.
(d–f) Hippocampal primary culture neurons (6 d in
vitro) from E16 mouse embryos were doublestained with antibodies to EFHC1 (d) and to MAP2
(e). Signals of Efhc1 and MAP2 mostly overlap (f).
(g–i) Sections of adult 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 III of
cerebral cortex. Soma and dendrites of neurons
show signals (arrows). (i) Cerebellum. Dendrites of
Purkinje cells show intense signals (arrowheads).
SG, stratum gangliosum; SGR, stratum
granulosum; 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 Belize4 carried 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 I619L segregated
with JME in affected individuals of three other families. We regrouped
the families into those with and without EFHC1 mutations and recalculated lod scores separately but did not find any significant differences between scores of the two groups (data not shown).
To investigate the functional significance of EFHC1 and its
mutants in neurons, we transfected mouse hippocampal primary
culture neurons with enhanced green fluorescent protein (EGFP)EFHC1 expression constructs (Fig. 3a–i). EFHC1-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. 3c). Cells transfected with EFHC1 were TUNELpositive, indicative of apoptosis (Fig. 3e–g). Next, we investigated
the effects of EFHC1 mutations on cell survival by counting GFPpositive surviving cells attached to the dishes at various time
points, irrespective of cellular morphologies. The cell-death effect
of EFHC1 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 considerably (Fig. 3h). Although the numbers of surviving cells transfected with mutations associated with JME seemed close to that of
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vector-transfected cells, the cells transfected with mutations associ- alcohol in individuals with JME. The three coding polymorphisms had
ated with JME had unhealthy morphology 48 h after transfection, weaker or no reversal effects (Fig. 5b,c), implying that they could be
implying that the mutations did not disrupt EFHC1 function com- functionally benign or less malignant. Transfection with the transcript
pletely. We also analyzed the effects of EFHC1 isoforms on cell sur- B isoform moderately increased Ca2+ current (Fig. 5b,c). These results
vival. Transfection with a construct expressing transcript B resulted are consistent with those of the cell-death analyses (Fig. 3h,i).
in moderate cell death, and coexpression of the wild-type tranVDCCs are often regulated by proteins that interact with the intrascript and transcript B had intermediate effects (Fig. 3i). The cellu- cellular C termini of VDCCs20. We therefore carried out coimmunolar functions of the protein encoded by transcript B are not known, precipitation assays with C-terminal fragments of P/Q-type (Cav2.1),
but the fact that this isoform excludes the
mutation 757G→T from its open reading
frame suggests that this isoform may not
have a large role in the pathogenesis of JME.
Because EFHC1 contains a Ca2+-sensing a
EF-hand motif and because abnormalities of
voltage-dependent Ca2+ channels (VDCCs)
have been described in human and mouse
epilepsies12–16, we investigated whether the
observed cell death is due to modulations of
VDCCs. RT-PCR showed that most of the
VDCC subtypes were expressed in mouse
primary culture neurons, albeit at varied levels (Fig. 3j). Treatments of EFHC1-transfected primary culture neurons with several
antagonists of VDCC subtypes indicated that
SNX-482, antagonist for Cav2.3 (ref. 17),
specifically increased the survival rates of
EFHC1-positive neurons (Fig. 3k and
b
Supplementary Fig. 3 online).
Immunohistochemical analyses (Fig. 4a–k)
showed that Efhc1 protein was widely
expressed in adult mouse brain including hippocampus (Fig. 4a,c), cerebellum (Fig. 4f),
cerebral cortex (Fig. 4i), thalamus, hypothalamus, amygdala and upper brainstem (data
not shown) and largely overlapped with signals for Cav2.3 (ref. 18; Fig. 4b,d,e,g,h,j,k).
Double staining of hippocampal primary culture neurons with antibodies to EFHC1 and c
to Cav2.3 showed signals at soma and dendrites (Fig. 4l–n).
Patch-clamp analyses of baby hamster kidney (BHK) cells stably expressing Cav2.3 and
transiently transfected with EFHC1 showed
that EFHC1 substantially increased the Rtype Ca2+ current generated by Cav2.3 (Fig.
5). Cotransfection with constructs expressing
P/Q-type VDCC (Cav2.1) and EFHC1 did
not increase Ca2+ currents (data not shown).
The effects of EFHC1 on Cav2.3 were extensive and unique, even when compared with Figure 2 EFHC1 mutations segregating with epilepsy traits in families with JME. (a) One double
the effects of the auxiliary subunits of the heterozygous (229C→A and 662G→A) and three heterozygous (685T→C, 628G→A, 757G→T)
missense mutations cosegregated with disease symptoms in 13 individuals with epilepsy and 8
Ca2+ channels16,19 These results suggest that individuals with polyspike wave in six Mexican families with JME. +, wild-type allele; m, mutated allele.
2+
EFHC1 enhances Ca influx through Cav2.3 Filled symbols indicate individuals with JME (M, myoclonic; GM, grand-mal tonic-clonic; Abs, absence
and stimulates programmed cell death. seizures; PS, photosensitivity of polyspike wave complexes); half-filled symbols indicate clinically
Mutations associated with JME partly asymptomatic family members with 3.5- to 6-Hz multispike and slow wave complexes. (b) The
4
reversed the increase in R-type Ca2+ currents 545G→A variant segregates with JME in affected members of a large family from Belize (family 7).
One-quarter-filled
symbol
indicates
an
individual
with
febrile
convulsion
(FC).
(c)
Haplotypes
of
by EFHC1 (Fig. 5b,c). Incomplete reversal of
families with JME surrounding the EFHC1 locus. Haplotype analysis detected identical a 640-kb series
2+
EFHC1-induced Ca influx through Cav2.3 of alleles surrounding the double heterozygous mutations in apparently unrelated families 1 and 2,
may be responsible for the precarious state of suggestive of a founder effect. No common alleles surrounding the mutations were found in families 3,
calcium homoeostasis sensitive to the trigger- 4, 5 and 6, suggesting that the identical mutations found in families 3 and 4 were generated by
ing effects of sleep deprivation, fatigue and recurrent mutational events. m, mutated allele; +, wild-type allele; N, not done.
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N-type (Cav2.2) and R-type (Cav2.3) VDCCs. Myc-tagged EFHC1
coprecipitated with the FLAG-tagged C terminus of Cav2.3 but not
with Cav2.1 or Cav2.2 (Fig. 6a,b). Reciprocal coimmunoprecipitation
of FLAG-tagged EFHC1 and Myc-tagged Cav2.3 C terminus also
yielded positive results (Fig. 6c,d). Deletion analyses of EFHC1 indicated that Cav2.3 bound to the EFHC1 N terminus (amino acids
1–359), which was composed of DM10(1) and DM10(2) and contained all the mutations associated with JME (Fig. 6c,d). All EFHC1
mutant proteins bound to the Cav2.3 C terminus (Supplementary
Fig. 3 online).
How do mutations in EFHC1 cause JME? By compromising the
apoptotic activity of EFHC1 through Cav2.3, they may prevent
elimination of unwanted neurons during development of the cen-
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tral nervous system, lead to increased density of neurons with precarious calcium homeostases and produce hyperexcitable circuits.
In fact, increased densities and dystopia of neurons have been
observed in the brains of individuals with JME21,22. Although no
seizure phenotype has been described in mice lacking Cav2.3 (ref.
23), they may have undetected minor seizure sensitivities or brain
microdysgeneses. Species differences may also be a factor.
Furthermore, EFHC1 protein does not bind to Cav2.3 only, but also
interacts with additional number of proteins (data not shown) that
may modify the JME phenotype.
We identified mutations in EFHC1 in only 6 of 44 families with JME.
Unidentified mutations may exist in intronic or regulatory regions of
EFHC1, as was observed for Unverricht-Lundborg progressive
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Figure 3 Activation of R-type VDCC (Cav2.3)-dependent apoptosis by EFHC1 and its reversal by mutations associated with JME. Hippocampal primary culture
neurons were transiently transfected with expression constructs encoding GFP-EFHC1 (b,d) or with control vector encoding GFP only (a,c). The hippocampal
neurons were stained with antibody to MAP2 (a–d). Cells transfected with EFHC1 had shorter neurites and fewer branches 16 h after transfection (b) and
neurodegeneratve morphologies, including shrinkage of the cell body and fragmentation of processes, 48 h after transfection (d). (e–g) TUNEL assay of
hippocampal primary culture neurons transfected with a construct encoding Myc-EFHC1. (e) Staining with antibody to Myc. (f) TUNEL-positive cells. (g) Overlap
of e, f and Hoechst staining of nuclear chromatin. Most of the cells transfected with EFHC1 overlap with TUNEL-positive cells (arrows). (h,i) Graphs of GFPpositive, surviving cell numbers 24, 36 and 48 h after transfection with constructs expressing EFHC1. Data shown are mean ± s.e.m. from seven culture wells (ttest in comparison with wild-type EFHC1). (h) Mutations associated with JME (P77T/R221H, P77T, D210N, R221H, F229L, D253Y) significantly reversed the
cell-death effect of EFHC1 at 36 and 48 h after transfection, whereas the polymorphisms that occurred both in individuals affected with JME and in controls
(R159W, R182H, I619L) largely maintained the cell-death effects. (i) GFP fusion constructs of transcript A (WT), transcript B (Iso) or GFP vector were
transfected into neuron cells. Single transfection of transcript B had a moderate cell-death effect, whereas transfection with both wild-type and transcript B (half
amount of DNA for each) had an intermediate effect. (j) Expression levels of Ca2+ channel α-subunits in mouse primary hippocampal neurons investigated by RTPCR. Neuron-specific enolase was coamplified as a control (arrowhead). (k) Effects of VDCC antagonists on hippocampal primary culture neurons transfected with
EFHC1. The surviving cell numbers 48 h after transfections are expressed as percentage; 100% at no antagonists. Data shown are mean ± s.e.m. (n = 4; control,
n = 8). *P < 0.05 versus control (no antagonist; t-test). The results of control experiments with EGFP vectors are shown in Supplementary Figure 3 online.
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Figure 4 Colocalization of Efhc1 and Cav2.3. (a–k) Sections of adult mouse brain were double-stained with antiserum to EFHC1 visualized with Alexa Fluor
488 (a,c,f,i) and with antibody to Cav2.3 visualized with Alexa Fluor 594 (b,d,g,j). (e,h,k) Merged images. (a,b) Hippocampus. (c–e) Hippocampal CA1
region. (f–h) Cerebellum. (i–k) Cerebral cortex. (l-n) Hippocampal primary culture neurons (6 d in vitro) from E16 mouse embryos were double-stained with
antibodies to Efhc1 (green; l) and to Cav2.3 (red; m). Signals were merged in n.
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In summary, segregation of EFHC1 mutations in individuals
affected with epilepsy or polyspike wave in families with JME,
together with reversal of the EFHC1-induced neuronal cell death
and EFHC1-dependent increase of R-type Ca2+ current by mutations associated with JME, indicate that EFHC1 is the gene on 6p12
associated with JME. Most genes incriminated as the cause of idiopathic generalized epilepsy encode ion channels. The identification
of a gene that encodes a non-ion channel protein containing an EFhand motif, which modulates and interacts with R-type VDCC and
has apoptotic activity, brings a new viewpoint to the molecular
pathology of idiopathic epilepsy.
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myoclonus epilepsy24,25. We searched extensively for mutations in ∼100
bp of each exon-intron boundary and ∼650 bp of the 5′ untranslated
region of EFHC1 in all the families with JME. Several individuals carried
SNPs, but none showed significant association with the disease phenotype. The SNPs in the 5′ untranslated region also did not affect the
EFHC1 promoter activity (data not shown). Further searches for mutations in expanded regions are warranted. And other genes in or outside
the chromosome 6p region might be mutated in JME in some of the
remaining 38 families. Common haplotypes at 6p12 in affected members of small families with JME could have occurred by chance and
might not necessarily be associated with EFHC1 mutation in all cases.
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Figure 5 Potentiation of R-type VDCC (Cav2.3) activity by wild-type and its reversal by mutant EFHC1. (a) Ca2+ currents of recombinant Cav2.3 evoked in
BHK cells transiently transfected with control GFP vector or wild-type (WT) EFHC1 cDNA. Test depolarizing pulses were from –40 to 80 mV for 30 ms.
Holding potential was –110 mV. (b) Current-voltage relationships of recombinant Cav2.3 in BHK cells transfected with GFP vector (open circles), wild-type
(WT) EFHC1 (filled circles), transcript B (Iso; open downward arrowheads) and EFHC1 mutants P77T (filled triangles), D210N (open squares), R221H (filled
squares), P77T and R221H (filled diamonds), F229L (open triangles), D253Y (open diamonds), R159W (open left arrowheads), R182H (filled right
arrowheads), I169L (asterisks). Wild-type and mutant EFHC1 significantly upregulated R-type (Cav2.3) Ca2+ currents. (c) Ca2+ current densities evoked at
20mV in BHK cells coexpressing Cav2.3 in combination with EFHC1 constructs. The mutations associated with JME partly reversed the R-type
current–increasing effect of EFHC1. The mutation F229L significantly suppressed the potentiation effect of EFHC1 (*P < 0.05). The modulation of
activation and inactivation properties of Cav2.3 by EFHC1 mutants is described in Supplementary Table 1 online.
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METHODS
Families and affected individuals. We analyzed 44 families with JME (31
Mexican families5, 1 family from Belize and 12 European American families3,4).
Each participating subject or responsible adult signed an informed consent form
as approved by the Human Subject Protection Committee at the University of
California Los Angeles School of Medicine or by the participating institutions.
Criteria for inclusion of probands are as follows: (i) myoclonic seizures starting at
10–20 years of age, usually on awakening, involving shoulders, arms and other
parts of the limbs (not associated with loss of consciousness); (ii) tonic-clonic or
clonic tonic-clonic convulsions, usually appearing 1–2 years or, rarely, 5–10 years
after the start of myoclonic seizures; (iii) normal results of neurological examination, including mental status and intelligence; and (iv) diffuse synchronous and
symmetrical 3.5- to 6-Hz polyspike-wave complexes in the interictal electroencephalogram. We considered individuals with abnormal spike or polyspike wave
complexes in the electroencephalogram to be affected even if they were free of
seizures. The 382 unrelated healthy controls included 252 Mexicans, 96 Japanese
and 34 European Americans. We extracted genomic DNA from peripheral
venous blood by using QIAamp DNA Blood Mini Kit (Qiagen).
Construction of physical and transcriptional map. We constructed the physical map as described previously26. We used BAC and PAC sequences to search
for genes registered in the National Center for Biotechnology Information
BLAST database.
Domain search. We carried out a domain search in the EFHC1 amino acid
sequence using the InterPro, Pfam and SMART databases.
Northern-blot analysis. We purchased Multiple Tissue Northern (MTN)
blots (Clontech) for human, human brain, adult mouse and mouse whole
embryo (E7–E17). We also prepared a blot using 4 µg of mouse E17 and adult
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Figure 6 Immunoprecipitation assays of EFHC1
and VDCCs. (a) FLAG-tagged C termini of
VDCCs, or FLAG-tagged endophilin, and Myctagged EFHC1 or hemagglutinin (HA)-tagged
endophilin were coexpressed in HEK cells, and
cell lysates were immunoprecipitated by
antibody to FLAG. Cell lysates or
immunoprecipitants were separated by
electrophoresis and blotted on membranes and
probed with antibodies to FLAG, to Myc or to
hemagglutinin. The C termini of Cav2.3
coimmunoprecipitated with EFHC1, whereas
those of Cav2.1 and Cav2.2 did not.
Hemagglutinin-tagged endophilin bound to
Cav2.1 C termini as reported previously29, but
FLAG-tagged endophilin did not coprecipitate
with Myc-tagged EFHC1. Approximate
molecular weights for EFHC1, Cav2.1, Cav2.2
and Cav2.3 C termini are 74 kDa, 52 kDa, 69
kDa and 62 kDa, respectively. (b,d) Structures
of tagged proteins used for immunoprecipitation assays. The C termini of Cav2.1,
Cav2.2, Cav2.3 were amplified by PCR and
tagged with FLAG or Myc at their N termini.
Full-length and truncated EFHC1 were
amplified by PCR and tagged with Myc or FLAG
at their N termini. (c) The assay of EFHC1
truncated proteins and C termini of Cav2.3.
Cav2.3 seems to bind to the N terminus (amino
acids 1–359) of EFHC1. Ab, antibody; IP,
immunoprecipitation.

whole-brain poly(A)+ RNA. As probes, we amplified EFHC1 or Efhc1 cDNAs
by PCR using human or mouse brain cDNA. We radioactively labeled the PCR
products with 32P using the High Prime DNA labeling kit (Roche). We
hybridized membranes overnight in ExpressHyb hybridization solution
(Clontech) and washed them in 0.1% saline sodium citrate and 0.1% SDS at
50 °C for 40 min. We exposed the filters to X-ray film at –80 °C overnight. We
used new blots for all hybridizations.
cDNA library screening. We screened human adult brain, adult pancreas and
fetal brain cDNA libraries constructed in the Lambda ZAP II vector
(Stratagene) using a PCR product (probe 3; see Fig. 1b) as a probe according to
the manufacturer’s recommendations.
Generation of antibody to EFHC1. We used a synthetic peptide corresponding
to amino acid residues 522–533 (QYSPEALASIQN) of human EFHC1, whose
sequence is identical to that of mouse Efhc1, for immunization. We coupled the
peptide, with one cysteine residue added at the N terminus, to keyhole limpet
hemocyanin, mixed it with Freund’s complete adjuvant in phosphate-buffered
saline (PBS) and injected it into two rabbits at a dose of 1 mg protein per injection. Rabbits were boosted with peptide sequence mixed with incomplete adjuvant in PBS at 3 and 6 weeks after the first injection and bled at 8 weeks.
Primary culture of mouse hippocampal neurons. We isolated hippocampal
neurons from E16 mouse embryos, plated them at 1–2 × 105 cells per well in 24well plate containing glass coverslips coated with poly-L-lysine and grew them
in serum-free NEUROBASAL medium supplemented with B27 and 0.5 mM Lglutamine (Invitrogen).
Immunocytochemistry. We fixed hippocampal primary culture neurons (6
days in vitro) from E16 mouse embryos with 4% paraformaldehyde in PBS
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for 15 min and permeabilized them with 0.1% Triton X-100 in PBS for
5 min. We incubated the cells with blocking solution (3% normal goat
serum in PBS) for 30 min and then with primary antibody in blocking solution (antibody to EFHC1 at 1:1,000 dilution; antibody to MAP-2 at 1:500
dilution (Sigma); or antibody to phosphorylated neurofilament SMI310 at
1:200 dilution (from Sternberger Monoclonals)) for 1 h at room temperature. After thoroughly washing them with PBS, we allowed the cells to react
with secondary antibody (chicken antibody to rabbit IgG conjugated to
Alexa Fluor 488 and donkey antibody to mouse IgG conjugated to Alexa
Fluor 594; Molecular Probes) diluted at 1:1,000 for 1 h at room temperature, washed them three times in PBS and observed fluorescence with TCS
SP2 microscope (Leica).
Colorimetric immunohistochemistry. We anesthetized adult ICR mice and
transcardially perfused them with 4% paraformaldehyde in phosphate
buffer (pH 7.4). We dissected out the brains, postfixed them for an additional 3 h at 4°C and cryoprotected them with 30% sucrose in buffer (pH
7.4). We cut 40-µm floating sections using a cryostat (Leica 1900), washed
them in 0.1M PBS and immersed them in 10% normal goat serum in PBS
with 0.3% Triton (PBST) for 10 min. We incubated even-numbered sections
overnight in a solution of primary antibody (1:2,000 dilution for antibody to
EFHC1; 1:2,000 dilution for preimmune serum; or 1:2,000 dilution for antibody to EFHC1 with 50 µg ml–1 EFHC1 peptide QYSPEALASIQN) diluted
in 10% normal goat serum in PBST at 4 °C. After serial washes in PBST, we
incubated the sections for 3 h at 40 °C with the secondary antibody, biotinylated goat antibody to rabbit IgG. We then allowed the sections to react with
ABC reagent (Vectastain ABC Kit, Vector Laboratories) for 1 h at room temperature. We washed sections in Tris buffer (pH 7.2) and allowed them to
react with 0.02% DAB (Doujindo) with 0.01% H2O2 for 20 min at room
temperature. After washing them with Tris buffer and PBS, we mounted the
sections on glass, dehydrated them, cleared them in xylene and placed them
on coverslips.
RT-PCR. We extracted total RNA from whole brain and hippocampal primary
culture neuronal cells of adult ICR mice using TRIZOL Reagent (Invitrogen)
and obtained first-strand cDNA from 2 µg of total RNA using Thermoscript
RNA H– Reverse Transcriptase (Invitrogen). To amplify mouse cDNAs, we
designed primers in exon 1 and exon 11 (bp 13–2,037) for Efhc1 and for the
genes encoding the Ca2+ channels Cav1.1, Cav1.2, Cav1.3, Cav1.4, Cav3.1,
Cav3.2, Cav2.1, Cav2.2 and Cav2.3. We used neuron-specific enolase cDNA
primers as controls. Primer sequences are available on request.
Mutation analysis. We screened for mutations as described previously27. We
designed PCR primers to amplify all 11 exons of EFHC1, amplified genomic
DNA by PCR using the Pwo DNA Polymerase (Roche) and analyzed it by heteroduplex analysis using WAVE (Transgenomic) and direct-sequencing using
ABI auto-sequencer type 3700 (PE Applied Biosystems). Primer sequences are
available on request.
Expression constructs and mutagenesis. We amplified the complete open reading frame of EFHC1 (transcript A) from human adult brain cDNA (Clontech) by
PCR using Pyrobest (TaKaRa) and cloned it into pEGFPC2 (Clontech), pcDNA3MycN (Invitrogen) or pcDNA3-FlagN (Invitrogen) vectors. We also amplified
the sequence encoding transcript B from human adult brain cDNA by PCR and
cloned it into pEGFPC2. We fused the GFP, Myc or FLAG tag sequences at the N
terminus of EFHC1. We introduced mutations by using the Quick Change sitedirected mutagenesis kit (Stratagene) and confirmed the nucleotide changes as
well as the integrity of the full sequences by DNA sequencing.
Transfection and immunostaining of mouse hippocampal neurons. On day
4, we transfected mouse hippocampal neurons with constructs encoding wildtype and mutant EFHC1 proteins using LIPOFECTAMINE2000 (Invitrogen).
We fixed cultures with 4% paraformaldehyde in PBS 16 and 48 h after transfection, permeabilized them with 0.3% Triton X-100, blocked them in 3% normal
goat serum in PBS and treated them with mouse monoclonal antibody to
MAP-2 (1:500; Sigma) and goat antibody to mouse IgG conjugated with Alexa
Fluor 594 (1:1,000; Molecular Probes).
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TUNEL assay. We transfected neurons with a construct encoding wild-type
EFHC1 (pcDNA-MycN-EFHC1-WT) on day 4 using LIPOFECTAMINE2000
and detected neuronal apoptosis 48 h later using the DeadEnd Fluorometric
TUNEL System (Promega). We visualized nuclei with Hoescht 33342
(Molecular Probes). We also stained the cells with antibody to Myc (1:200; Cell
Signaling) and goat antibody to rabbit IgG conjugated to Alexa Fluor 594
(1:1,000). All experiments were carried out in duplicate wells and repeated at
least three times. We observed neurons using a confocal microscope (Olympus
Fluoview) 48 h after transfection.
Cell-death analyses with EFHC1 mutants. We transfected hippocampal primary culture neurons with constructs expressing GFP-tagged wild-type
EFHC1, EFHC1 carrying mutations associated with JME EFHC1 carrying
polymorphisms or EFHC1 transcript B or with GFP vector alone on day 4 using
LIPOFECTAMINE2000. We counted surviving cells as GFP-positive cells that
attached to dishes. At each counting, we carefully removed detached (dead)
cells by changing the culture medium. We did not consider cell morphology
(shape, length and number of neurites, shrinkage, etc.) in the counting. We
counted surviving cells 24, 36 and 48 h after transfection. We repeated the
analyses twice using two independently prepared expression constructs. We
counted neurons in seven wells of 24-well plates for each transfection and time
point. Experiments were done in a blinded fashion.
Cell-death analyses with VDCC inhibitors. We transfected mouse hippocampal primary culture neurons with pEGFP-EFHC1 construct on day 6 in
vitro with antagonists and fixed them 48 h after transfection. We added Ca2+
channel inhibitors, ω-Agatoxin IVA (Peptide Institute) for P/Q-type (Cav2.1),
ω-Conotoxin GVIA (Peptide Institute) for N-type (Cav2.2), SNX-482
(Peptide Institute) for R-type (Cav2.3), flunarizine (Nacalai Tesque) for T-type
and nifedipine (Sigma) for L-type VDCCs, directly to neuronal cultures 3 h
after transfection.
Fluorescence immunohistochemistry. We perfused and fixed adult ICR mice
as described above. We transferred the brain samples to molds containing
Tissue-Tek OCT medium and froze them with CO2 air. We prepared floating
frozen sections (20 µm) by cryostat. We rinsed sections in PBS, blocked them
with 5% fetal bovine serum in PBS with 0.3% Triton X-100 for 1 h at room
temperature and then incubated them for 72 h at 4 °C with the rabbit polyclonal antibody to EFHC1 diluted at 1:3,000 and then with goat polyclonal
antibody to α1E (Cav2.3, C-20; Santa Cruz Biotechnology) diluted at 1:10. We
incubated the sections with the secondary antibodies (chicken antibody to rabbit IgG conjugated to Alexa Fluor 488 and donkey antibody to goat IgG conjugated to Alexa Fluor 564; Molecular Probes) diluted at 1:300 for 1 h at room
temperature. Images were acquired under a TCS SP2 microscope (Leica).
Electrophysiological analysis. We cultured a BHK cell line (BII-104-2) stably
transfected with the α1E (BII), α2/δ and β1a subunits28 in Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum, 30 U ml–1 penicillin and
30 mg ml–1 streptomycin. To transiently express wild-type or mutant EFHC1, we
transfected BHK (BII-104-2) cells with the pEGFP-C2 plasmids (Clontech) containing enhanced GFP (EGFP) fused with cDNA encoding wild-type or mutant
EFHC1 using SuperFect Transfection Reagent (Qiagen). For control experiments, we transiently expressed EGFP by transfecting BHK (BII-104-2) cells with
the same amount of pEGFP without the EFHC1 inserts. We treated cells with
trypsin, diluted them into Dulbecco’s modified Eagle medium and plated them
onto glass coverslips 18 h after transfection. We recorded Ca2+ currents 24–48 h
after transfection from GFP-positive cells. We recorded currents from BHK (BII104-2) cells at room temperature (22–25 °C) using patch-clamp techniques of
whole-cell mode with an EPC-9 amplifier (HEKA, Germany). We made patch
pipettes from borosilicate glass capillaries (1.5 mm outer diameter and 0.87 mm
inner diameter; Hilgenberg) by using a model P-97 Flaming-Brown micropipette
puller (Sutter Instrument). Pipette resistance ranged from 2 to 3 MW when filled
with the pipette solutions described below. The series resistance was electronically compensated to >70%, and both the leakage and the remaining capacitance
were subtracted by –P/6 method. We sampled currents at 100 kHz in activation
kinetics, and otherwise sampled them at 50 kHz and filtered them at 10 kHz. We
recorded Ca2+ currents in an external solution that contained 3 mM CaCl2,
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148 mM tetraethylammonium chloride, 10 mM glucose and 10 mM HEPES
buffer (pH adjusted to 7.4 with Tris-OH). The pipette solution contained 85 mM
Cs-aspartate, 40 mM CsCl, 4 mM MgCl2, 5 mM EGTA, 2 mM ATP2Na, 5 mM
HEPES buffer and 8 mM creatine-phosphate (pH adjusted to 7.4 with CsOH). To
determine the voltage dependence of activation, we normalized the amplitude of
tail currents at –50 mV after 5-ms test pulse (–40 to 90 mV) to the maximal tail
current amplitude. To determine the voltage dependence of inactivation, we normalized the amplitude of currents elicited by the 20-ms test pulse to 30 mV after
10 ms of repolarization to –110 mV following 2 s of displacement of holding
potentials (–110 mV to 20 mV) to the current amplitude elicited by the test pulse
after the 2-s holding potential displacement to –110 mV. All values are given as
mean ± s.e. Statistical comparison was done by Student’s t-test. The experiments
were done in a blinded fashion.
Immunoprecipitation. We collected HEK cells 20 h after transfection with
EFHC1 expression constructs. We washed the cells in PBS, scraped them and
homogenized them in the lysis buffer (10 mM Tris (pH 8.0), 150 mM NaCl and
5mM EDTA) supplemented with protease inhibitors (Complete; Roche). We
removed cellular debris by centrifugation at 12,000g for 10 min at 4 °C. We precleared the supernatants with protein G–Sepharose (Amersham Pharmacia
Biotech) for 2 h at 4 °C and then incubated them with monoclonal antibody to
FLAG M2 Affinity Gel (Sigma) or antibody to Myc (Santa Cruz Biotechnology)
for 12 h at 4 °C. We used protein G–Sepharose for precipitation with antibody
to Myc. We washed the beads with lysis buffer five times and then eluted them
with either FLAG peptide or SDS sample buffer for immunoblot analyses.
Western-blot analysis. We placed confluent HEK cells transiently transfected
with EFHC1 expression constructs on ice and washed them twice with ice-cold
PBS. We scraped cells from the dishes and homogenized them in a hypotonic
buffer (0.25 M sucrose, 10 mM Tris-HCl, 10 mM NaCl and 1 mM EDTA (pH
7.5)) supplemented with protease inhibitors (Complete; Roche). We centrifuged
the lysate at 3,300g for 5 min to remove nuclei and used the supernatant as total
cytosolic protein. We separated the samples on a 4–20% gradient SDS-polyacrylamide gel and transferred them onto a nitrocellulose filter (0.45 µm; Schleicher
& Schuell) using an electroblot apparatus (Bio-Rad) at 100 V for 1 h in transfer
buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% SDS and 20% (v/v) methanol).
We incubated the filter in blocking solution (50 mM Tris-HCl, 200 mM NaCl
and 1 mM MgCl2 (pH 7.4)) containing 3.5–10% nonfat dry milk powder at 37
°C for 1 h. The membrane was processed through sequential incubations with
primary antibody (antibody to EFHC1 at 1:1,000 dilution; mouse monoclonal
antibody to GFP (Roche) at 1:1,000 dilution; rabbit polyclonal antibody to Myc
(Cell Signaling) at 1:1,000 dilution; goat antibody to hemagglutinin (Roche) at
1:1,000 dilution; or antibody to FLAG conjugated to horseradish peroxidase
(Sigma) at 1:1,000 dilution) for 1 h and then with 0.4 µg ml–1 secondary antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology). We
visualized immunoreactive proteins on the filter using the Western Lighting
Chemiluminescence Reagent Plus (Perkin Elmer Life Sciences).
URLs. The National Center for Biotechnology Information BLAST database is
available at http://www.ncbi.nlm.nih.gov/BLAST/. The InterPro, Pfam and
SMART databases are available at http://www.ebi.ac.uk/InterProScan/,
http://pfam.wustl.edu/hmmsearch.shtml and http://smart.embl-heidelberg.
de/, respectively.
Accession numbers. GenBank: EFHC1 transcript A, AK001328; EFHC1 transcript B, AL122084; EFHC1 EST clone, AY608689; mouse Efhc1 ortholog,
AK006489; pig EST clone, AW344780; cow EST clones, BE666117 and
AV595456. SNP database: 475C→T (R159W), rs3804506; 545G→A (R182H),
rs3804505.
Note: Supplementary information is available on the Nature Genetics website.
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