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Summary

Purpose—Juvenile myoclonic epilepsy (JME) accounts for 3 to 12% of all epilepsies. In 2004, 

we identified a mutation-harboring Mendelian gene that encodes a protein with one EF-hand motif 
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(EFHC1) in chromosome 6p12. We observed one doubly heterozygous and three heterozygous 

missense mutations in EFHC1 segregating as an autosomal dominant gene with 21 affected 

members of six Hispanic JME families from California and Mexico. In 2006, similar and three 

novel missense mutations were reported in sporadic and familial Caucasian JME from Italy and 

Austria. In this study, we asked if coding single nucleotide polymorphisms (SNPs) of EFHC1 also 

contribute as susceptibility alleles to JME with complex genetics.

Methods—We screened using denaturing high-performance liquid chromatography (DHPLC) 

and then directly sequenced the 11 exons of EFHC1 in 130 unrelated JME probands, their 352 

family members, and seven exons of EFHC1 in 400–614 ethnically matched controls. We carried 

out case-control association studies between 124 unrelated Hispanic JME probands and 552–614 

ethnically matched controls using four SNPs, rs3804506, rs3804505, rs1266787, and rs17851770. 

We also performed family-based association on SNPs rs3804506 and rs3804505 in 84 complete 

JME families using the Family-Based Association Test (FBAT) program.

Results—We found no statistically significant differences between JME probands and controls 

in case-control association and no genetic transmission disequilibria in family-based association 

for the tested SNPs. In addition, we identified four new DNA variants in the coding region of 

EFHC1.

Conclusion—The four coding SNPs, rs3804506, rs3804505, rs1266787, and rs17851770, of 

EFHC1 may not be susceptibility alleles for JME.
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Juvenile myoclonic epilepsy (JME) is the most common cause of primary grand mal 

seizures and accounts for at least 3 to 12% of all epilepsies. JME can be inherited as a 

Mendelian autosomal dominant or autosomal recessive trait or as a non-Mendelian complex 

genetic trait. Three mutation-harboring Mendelian genes for JME have been reported. 

Mutations in α1 subunit of γ-aminobutyric acid receptor subtype A on chromosome 5q34 

segregated with nine affected individuals of a three-generation French Canadian family with 

JME (Cossette et al., 2002). Mutations in a chloride-channel gene, CLCN2 on chromosome 

3q26 segregated with five affected members of a three-generation German family with JME 

(Haug et al., 2003). Our group first mapped a JME locus in chromosome 6p12 (Liu et al., 

1995, 1996; Serratosa et al., 1996; Bai et al., 2002) and identified a mutation-harboring 

Mendelian gene that encodes a protein with one EF-hand motif. Hence, we called the gene 

EFHC1. We reported one doubly heterozygous and three heterozygous missense mutations 

segregated in 21 clinical and electroencephalography (EEG) affected members of six 

unrelated two- to four-generation JME Hispanic families from California (U.S.A.) and 

Mexico (Suzuki et al., 2004). The 6p12 JME locus was again mapped independently by two 

separate groups; first, by a genome-wide linkage study of JME families from various 

countries of Europe (Hempelmann et al., 2006) and second by a chromosome 6p12 

replication genetic linkage study in a smaller cohort of 18 Dutch families (Pinto et al., 

2004). Similar and novel missense mutations in EFHC1 were reported in Caucasian JME 

patients from Tennessee (U.S.A.), Italy, and Austria (Ma et al., 2006; Stogmann et al., 2006; 
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Annesi et al., 2007). Therefore the causality of the gene in a Mendelian JME has been 

established, but the influence of common functional single nucleotide polymorphisms 

(SNPs) in JME with complex genetics has not been established. Pinto et al. (2006) reported 

three SNPs of EFHC1 that were not associated with JME in a case-control study of 112 

unrelated patients and 180 controls. In our present study, we chose the most common four 

coding SNPs of EFHC1 and performed both case-control and family-based association 

studies to determine if they contribute to the complex genetics of JME.

Methods

Subjects and families

All JME probands and their family members were recruited through the Americas branch of 

our International Genetic Epilepsies Study (GENESS) consortium. The consortium includes 

adult neurologists and epileptologists, as well as child neurologists/epileptologists from the 

U.S.A. (Los Angeles, CA), Mexico, and Honduras. Each participating individual signed a 

consent form approved by human research committees from UCLA and participating 

institutes or university from Mexico and Honduras. The criteria for inclusion and exclusion 

of JME probands and affected family members have been published previously (Liu et al., 

1996; Bai et al., 2002). We studied 130 JME families including 111 from Mexico City, 

Mexico, 11 from California, U.S.A. and 8 from Honduras. Thirty of these families were 

reported by Bai et al. in 2002 and Suzuki et al. in 2004. One large family was reported by 

Serratosa et al. in 1996 and was part of the 31 family studies by Suzuki and coworkers in 

2004. They are all of Hispanic culture and were of American Indians mixture with Spanish 

ancestry.

We screened 130 JME probands and their 352 available family members (totally 482 

members) for all the 11 exons of EFHC1 and 7 exons with DNA variants detected from the 

130 JME families in 400–614 population controls. All control samples belonged to persons 

who did not have a history of epileptic seizures. These persons donated blood to the 

National Institute of Neurology & Neurosurgery, Mexico City, Mexico, were randomly 

selected, and matched to the case samples based on sex, age, and ancestral origin.

For case-control study, we used 124 probands and 552 to 614 controls. Six probands who 

had originally shown mutations in EFHC1 were excluded from the case-control study.

For Family-Based Association Test (FBAT), we used 84 complete families, which included 

73 two-generation families and 11 three-generation families. These families had 187 

affected members and 237 unaffected members. We excluded 46 families from the FBAT 

study, because 34 families only had the probands and no parents, while the other 12 families 

only had the probands and one parent.

Primer design and polymerase chain reaction amplification

Genomic DNA was extracted from peripheral venous blood of each subject using the 

QIAamp Blood Kit (Qiagen, Valencia, CA, U.S.A.). EFHC1 reference sequence was used 

from National Center for Biotechnology Information (NCBI; http://www.ncbi.com). Eleven 

primer pairs (Supplementary Material Table 1) were designed with the software program 
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(primer 3, version) to amplify the 11 EFHC1 exons and their adjacent exon/intron boundary 

regions. Polymerase chain reaction (PCR) was performed using 50 ng DNA, 1.0 mM 

dNTPs, 1.5 mM MgSO4, and 1 μl Taq DNA polymerase (Transgenomic, Omaha, NE, 

U.S.A.) in 25-μl reaction volumes. Samples were amplified using ABI 9700 (Applied 

Biosystems, Foster City, CA, U.S.A.) with a program of 95°C for 5 min, 30 cycles of 95°C 

for 30 s, annealing temperature 57°–61°C for 30 s, and 72°C for 30 s, followed by 72°C for 

7 min at the end. The correct melting temperature (Tm) was established experimentally using 

the recommendation of Primer 3 program and WAVE program (Transgenomic, Omaha, NE, 

U.S.A.).

Mutation detection and SNP genotyping

We used heteroduplex formation and detection by denaturing high-performance liquid 

chromatography (DHPLC) analysis and direct DNA sequencing for DNA variant detection 

and SNP genotyping. We first screened each sample with DHPLC and then confirmed the 

DNA variants by sequencing.

DHPLC

PCR products were denatured for 5 min at 95°C and then cooled to 25°C over 40 min to 

allow for heteroduplex formation. Denatured products were analyzed with WAVE DNA 

Fragment Analysis System (Transgenomic, Omaha, NE, U.S.A.). The WAVEMAKER 

software predicted the melting domains of DNA fragments. Column temperatures for 

screening each DNA fragment were selected on the basis of its melting domains, whereby 

the domains were each 75%–90% in helical conformation at the given temperatures. 

Consequently, each PCR product was analyzed at one to three column temperatures.

To identify and characterize SNPs, each PCR product was analyzed individually using the 

above DHPLC conditions, but only at a single column temperature at which the multipeak 

elution profile was most distinctive. Known homozygotes were mixed with a reference 

homozygous sample in equal volumes and reanalyzed again using the same conditions. With 

the second analysis, the sample had the same genotype as the control homozygote if a single 

peak was observed and was homozygous for the other allele if multiple peaks were seen. 

Similarly, samples showing multiple peaks (heterozygotes) at the first analysis were also 

mixed with a reference heterozygous sample and reanalyzed. Identical multiple peaks as in 

the first analysis confirmed that sample had the same heterozygous genotype as the control 

heterozygote. A distorted multi-peak elution profile indicated the presence of additional 

SNP in the fragment and would be further investigated.

DNA sequencing

The DNA sequences of representative samples that showed distinct elution patterns were 

determined by direct sequencing. After amplification and analyses using DPHLC, samples 

that represented distinct patterns were chosen for direct sequencing. The same samples were 

cleaned or purified using Edge Gel Filtration Cartridge 750 G or Sephadex G-50 following 

analyses with DPHLC. Cycle sequencing was performed on the purified products using Big 

Dye Terminator Cycle Sequencing Ready reaction kit (Applied Biosystems). The 
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sequencing products were analyzed in ABI 3700 Capillary DNA Analyzer (Applied 

Biosystems).

Statistical analysis

Case-control association study—Allele and genotype frequencies were calculated 

using the gene counting method. Allele and genotype association between JME probands 

and controls were tested using Pearson’s chi-square (χ2) test with Yates’ correction for 

continuity (Preacher, 2001). As stated above, we only include 124 unrelated probands and 

excluded the six probands with EFHC1 mutations reported by Suzuki et al. (2004).

Family-based association study—FBAT was performed for 84 complete JME families 

with two or more generation family members both under null hypothesis of no association 

and no linkage and under no association in the presence of linkage with FBAT program 

(Laird et al., 2000; Lake et al., 2000; Rabinowitz & Laird, 2000).

Statistical power calculations for the samples used in the association 
analyses—Assuming a high-risk allele frequency of 0.05, a disease prevalence of 0.001 in 

general population, and a type I error rate of 0.05, the power to detect a dominant genotype 

effect of a relative risk (RR) of 3 for rs3804506 and rs3804505 is over 0.80, both for a case-

control and FBAT study. The power for rs1266787 is 0.78 for a case-control study. 

However, none of the sample sizes can reach a statistical power of 0.80 when we performed 

power calculations assuming an RR of 2. The results of statistical power calculations for the 

samples used in each association analysis were presented in Table 2 of the Supplementary 

Material. All power calculations were performed using Genetic Power Calculator (Purcell et 

al., 2003).

Results

DNA variants in coding region of EFHC1 and their characteristics

We screened by DHPLC and then directly sequenced the 11 exons and their immediate 

flanking regions of EFHC1 in 130 JME families and identified 13 DNA variants from seven 

exons in the coding region of EFHC1. Table 1 shows the assignment of DNA variants, their 

nucleotide substitution, amino acid changes, and genotype counts in our cohort of JME 

probands and 400–614 ethically matched population controls. Nucleotide position was based 

on the genomic sequence GenBank accession number NM1800, GI: 8922435 and protein 

accession NP060570. We confirmed all five mutations identified by Suzuki et al. (2004) in 

the same probands with JME, including one proband who not only had the 685T>C 

mutation but also had the SNP 545G>A. In addition, we found four new DNA variants: 

91G>A in exon 2, 661T>C in exon 4, 755C>A in exon 5, and 1821C>T in exon 10. The 

variants 755C>A and 1821C>T are found in two JME index cases and were not present in 

normal population controls. Variant 755C>A is a missense mutation causing a threonine to 

lysine substitution in 252 amino acid positions. Variant 1821C>T is a silent mutation and 

does not change the structure of protein. Variants 91G>A and 661T>C are both found in 

population controls, and 661T>C is also present in one JME proband.
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Case-control association analysis

We chose four coding SNPs, rs3804506, rs3804505, rs1266787, and rs17851770, for case-

control association analysis, because their minor allele frequencies in control population 

were over 0.01. The heteroduplex chromatogram and sequence chromatogram for the four 

SNPs are shown in Figures 1–4 in the Supplementary Material. The genotype and allele 

frequency of the four SNPs from 124 unrelated JME probands and ethnically matched 

controls are shown in Table 2. None of the observed genotypes and allele frequencies in 

either group showed statistical significance. There is no statistical deviation from Hardy-

Weinberg equilibrium for the four tested SNPs in population controls.

Family-based association analysis

Table 3 presents FBAT results for rs3804506 and rs3804505 in 84 complete JME families 

with two or more generations. No association between the two SNPs and JME is present 

both under null hypothesis of no association and no linkage and under null hypothesis of no 

association in the presence of linkage (Laird et al., 2000; Lake et al., 2000; Rabinowitz & 

Laird, 2000). The number of families with minor allele is too small for SNPs rs1266787 and 

rs17851770 to be included in FBAT.

Discussion

In this study, we screened 11 exons and their immediately adjacent intron in EFHC1 in 130 

JME probands and their 352 family members. We also screened seven exons with DNA 

variants detected in our JME families in 400–614 population controls. We provide 

information on frequencies of both alleles and genotypes in JME probands and control 

population of Hispanic ethnic background. We confirmed the five mutations and three SNPs 

previously reported by Suzuki et al. (2004). We found four new DNA variants in the coding 

region of EFHC1. 755C>A and 1821C>T were found only in JME families and not in 402 

and 401 separate control populations suggesting they could be functional mutations; 

however, 1821C>T is a silent mutation with no change in protein structure. Both 91G>A 

and 661T>C exist in control populations suggesting they are rare polymorphisms. EFHC1 

mutations were reported in two other published studies aside from our original studies of six 

JME families from California (U.S.A.) and Mexico (Suzuki et al., 2004). Ma et al. (2006) 

reported one Caucasian family with R221H mutation, and Stogmann et al. (2006) reported 

one sporadic Caucasian JME patient with 2014T>C mutation. Here we identified two more 

novel EFHC1 mutations, 755C>A and 1821C>T, in Hispanic JME patients. These mutation 

reports on index cases from Tennessee (U.S.A.) and Austria and our new present data 

supporting EFHC1 as a JME Mendelian gene question whether EFHC1 SNP alleles could 

also contribute to the complex genetics of JME. Using case-control and family-based 

association methods, we were unable to find any relationship of common SNP 

polymorphisms and JME. A lack of an association has also been found in a cohort of Dutch 

JME population (Pinto et al., 2006). Functional studies have failed to show any difference in 

cell-death effects between the SNPs of rs3804506, rs3804505, and rs17851770 and wild-

type EFHC1 (Suzuki et al., 2004). In contrast, human JME mutation in EFHC1 that are 

inherited as an autosomal dominant trait reversed apoptosis induced by wild-type 

myoclonin/EFHC1 (Suzuki et al., 2004). Our present sample sizes have enough statistical 

Bai et al. Page 6

Epilepsia. Author manuscript; available in PMC 2015 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



power (>0.80) to detect a dominant genotype effect of a RR of 3 for rs3804506 and 

rs3804505, both for a case-control and FBAT study, and nearly enough power (0.78) for 

rs1266787 for a case-control study (see Table 2 in the Supplementary Material). We would 

miss a low-risk susceptibility allele (RR = 2 or RR < 2) giving the present sample sizes. 

Although larger sample size or more replication studies are needed for further verification, 

combining all above evidences, we conclude that the four SNPs of EFHC1 are not JME-

associated alleles and may not contribute to the complex genetics of JME as major genetic 

susceptibility alleles.

Of the 18 genes in the 3.5 cM EJM1 region (MIM254770) in chromosome 6p12 identified 

by linkage, Suzuki and colleagues excluded 17 genes with the exceptional EFHC1 (Fig. 1). 

Five coding missense mutations (P77T, D210N, R221H, F229L and D253Y) were identified 

in Hispanic JME families (Suzuki et al., 2002, 2004, 2006). Stogmann et al. (2006) found 

four EFHC1 coding mutations (I174V, C259Y, A394S, and 2014T>C) in three Caucasian 

patients or families with idiopathic generalized epilepsy (IGE) and one with cryptogenic 

temporal lobe epilepsy, respectively. They also found that F229L exists both in patients and 

study populations with equal frequency, suggesting it is unlikely to be pathogenic. Among 

the two new EFHC1 mutations (T252K and N607N) identified in this study N607N, which 

does not produce any change in protein structure, is unlikely to be functional. Of all the nine 

SNPs identified from both JME or IGE and control population (Suzuki et al., 2004; Ma et 

al., 2006; Pinto et al., 2006; Stogmann et al., 2006), we provide evidences that the four most 

frequent coding SNPs in EFHC1 (Table 2) may not contribute to susceptibility of genetically 

complex JME. This is consistent with the association studies reported in a cohort of Dutch 

JME population (Pinto et al., 2006). These results suggest a further search for novel coding 

EFHC1 mutations and for mutations in its promoter regions and splice sites. We should also 

carefully sequence other candidate genes in the neighboring region of EJM1 among JME 

families that were previously linked to 6p12, but do not contain EFHC1 mutations. 

Undoubtedly, we also need to search for more JME genes outside of 6p12. A whole genome 

scan of 101 JME families who do not link to 6p12 is now underway in our laboratories to 

find more new JME genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The diagram of genomic organization of the EFHC1 gene. (A) Translated protein with 

functional domain and motif. (B) Structure of the EFHC1 gene and the positions of the 

variants identified. The upper row is the reported SNPs, and the lower row is the mutations. 

Those with bold letters are reported in this paper, and the four with NCBI SNP names are 

used for association study.
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