Epilepsia, 52(5):975-983, 2011
doi: 10.1111/.1528-1167.2010.02970.x

FULL-LENGTH ORIGINAL RESEARCH
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SUMMARY

Purpose: To further evaluate the previously shown link-
age of absence epilepsy (AE) to 2q36, both in human and
WAG/Rij absence rat models, a 160-kb region at 2q36
containing eight genes with expressions in the brain was
targeted in a case—control association study involving 205
Turkish patients with AE and 219 controls.

Methods: Haplotype block and case-control association
analysis was carried outusing HAPLOVIEW 4.0 and inhibin
alpha subunit (INHA) gene analysis by DNA sequencing.
Key Findings: An association was found between the G
allele of rs7588807 located in the INHA gene and juvenile
absence epilepsy (JAE) syndrome and patients having

generalized tonic—clonic seizures (GTCS) with p-values of
0.003 and 0.0002, respectively (uncorrected for multiple
comparisons). DNA sequence analysis of the INHA gene in
110 JAE/GTCS patients revealed three point mutations
with possible damaging effects on inhibin function in three
patients and the presence of a common ACTC haplotype
(HI) with a possible dominant protective role conferred
by the T allele of rs7588807 with respective p-values of
0.0005 and 0.0014.

Significance: The preceding findings suggest that INHA
could be a novel candidate susceptibility gene involved in
the pathogenesis of JAE or AE associated with GTCS.

KEY WORDS: Absence epilepsy, Association study,
Haplotype blocks, INHA gene.

Idiopathic generalized epilepsies (IGEs) are complex sei-
zure disorders accounting for up to 30% of all epilepsies,
which are mainly caused by genetic factors (Moulard et al.,
2001). Childhood absence epilepsy (CAE) and juvenile
absence epilepsy (JAE) constitute the common and
clinically well-characterized subtypes of IGE. Ion channel
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dysfunctions are considered to be the most prevalent cause
of monogenic forms of epilepsy. Using candidate gene
approach studies, mutations have been identified in the
genes encoding the 72, «1, and 3 subunits of y-aminobutyric
acid (GABA)4 receptors (Wallace et al., 2001; Kananura
et al., 2002; Maljevic et al., 2006; Tanaka et al., 2008) and
in the a1H-subunit of low threshold T-type Ca channels in
patients with CAE (Chen et al., 2003). Association studies
also confirm that certain single nucleotide polymorphisms
(SNPs) in ion channel genes confer susceptibility to AEs but
not necessarily in all populations (Feucht et al., 1999; Lu
et al., 2004; Liang, 2006; Urak et al., 2006; Everett et al.,
2007).
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Epilepsy is possibly not only caused by alterations in
the function or structure of the ion channels but also by
an imbalance of neurotransmission in the synaptic cleft
(Noebels, 2003; Kapur, 2008). Ion channels, receptors, or
transporters may be involved directly in affecting mem-
brane excitability or neurotransmitter release, but also the
subunits that change the function of the channels and
receptors, transcription factors, and hormones that alter
the structure of the brain, reducing the threshold of the
epileptic seizures, are part of the pathogenesis of epilepsy.
Recent studies reveal novel genes other than ion channel
genes associated with IGE, such as malic enzyme 2
(ME2) and glutamate dehydrogenase (GDH), which carry
a causative mutation in a photosensitive myoclonic AE
family (Greenberg et al.,, 2005; Bahi-Buisson et al.,
2008).

To understand the complex genetic nature of IGEs,
three whole-genome linkage studies have been performed
(Sander et al., 2000; Durner et al., 2001; Chioza et al.,
2009). One of these studies includes patients with juvenile
myoclonic epilepsy (JME), and IGE with only generalized
tonic—clonic seizure (GTCS) besides JAE, and the results
support the presence of a strong disease locus on chromo-
some 18 and susceptibility loci on chromosome 6 for
JME, on chromosome 8 for non-JME, and two loci on
chromosome 5 for absence seizures that may affect the
seizure phenotypes (Durner et al., 2001). The other gen-
ome-wide linkage study includes patients with absence
seizures (CAE and JAE) and bilateral myoclonic seizures
on awakening and reveals a strong susceptibility locus on
3g26 and possible suggestive loci on 14q23 and 2q36
(Sander et al., 2000). Finally in a genome-wide SNP-
based linkage analysis in 41 nuclear families with at least
one affected member with CAE syndrome, a susceptibility
locus was identified on chromosome 3p23-pl4 (Chioza
et al., 2009).

A whole-genome linkage analysis in AE model WAG/
Rij rats shows that the syntenic 2q33-37 region contains
a susceptibility locus that influences the quantitative trait
of spike wave discharges (SWDs) (Gauguier et al., 2004).
Interestingly, this region overlaps with the candidate
region for absence epilepsy in the previous human link-
age study (Sander et al., 2000). Screening of the SLC4A3
gene coding for an anion exchanger residing in 2q36 for
possible mutations and susceptibility alleles reveals only
a slight contribution of a missense variation to the IGE
phenotype (Sander et al., 2002; Vilas et al., 2009). In a
recent study, the 2q36 region is also found to confer sus-
ceptibility to IGE phenotype in a large family (Klein
et al., 2008). However, an attempt to scan the positional
candidate potassium channel gene (KNJI/3) does not
reveal any causative mutations in the coding, promoter,
and regulatory regions of this gene.

A 160-kb region with high gene density at 2q36 includes
eight genes, two of which are ion channels [amiloride-
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sensitive cation channel (ACCN4)and anion exchanger car-
rier (SLC4A3)] that are possible candidates for epileptic sei-
zures, and also others like a transmembrane protein with
unknown function (TMEM198), GDP-mannose phos-
phorylase A (GMPPA), obscruin-like 1 gene (OBSL-1),
chondroitin polymerizing factor (CHPF), inhibin alpha
subunit precursor (INHA), and serine/threonine kinase 11
interacting protein (STKI1IP), all being expressed in the
brain (Shmueli et al., 2003).

The present study aims to further assess the association of
2q36 with absence epilepsy, focusing on the 160-kb region
in a case—control association analysis, and finds a signifi-
cant association between rs7588807 in the INHA gene and
JAE and/or absence with GTCS.

MATERIALS AND METHODS
Samples

Case—control association study

According to the inclusion criteria of patients with typical
absence seizures specified by the epileptologists of The
Genetic Commission of Turkish League Against Epilepsy
(TLAE), patients had (1) typical absence seizures as defined
by the International League Against Epilepsy (ILAE) crite-
ria (Commision on Classification and Terminology of the
International League Against Epilepsy, 1981); (2) 3-6 Hz
generalized SWDs on their electroencephalography (EEG);
(3) normal neurologic status and normal IQ level; and (4)
been diagnosed as IGE, including JME (Commision on
Classification and Terminology of the International League
Against Epilepsy, 1989). The case—control study comprised
205 patients affected with AE, 81 of which were in the form
of parent—offspring trios and 219 unrelated control individu-
als from the general population who did not have a personal
or family history of epilepsy. All patients and control indi-
viduals were of Turkish origin and were from various
regions of the country. The syndromic breakdown of the
patient population was such that there were 100 CAE, 72
JAE, 19 JME, 12 eyelid myoclonia with absence epilepsy
(EMA), and two recurrent absence status epilepticus
(RASE) patients. Two hundred five patients were also sub-
grouped according to the associated features besides
absence seizures. According to this grouping—GTCS, myo-
clonic, and febrile seizures were observed in 81, 36, and 38
patients, respectively. Photosensitivity was present in 64
patients.

Haplotype block analysis

Parent—offspring trios of 38 controls were used to consti-
tute the haplotype block structure of the 160-kb region at
2q36.

The study was approved by the ethics committee of
Bogazigi University and informed consent were obtained
from all subjects included in the study.
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DNA analysis

DNA was extracted from 10 ml peripheral blood of
patients and their family members by the NaCl method
(Miller et al., 1988) and from saliva samples of control indi-
viduals by the ORAGENE saliva kit (DNA Genotek,
Kanata, ON, Canada).

Genotyping for the identification of the haplotype block
structure

Twenty-four biallelic SNPs were genotyped by restric-
tion enzyme analyses and one SNP by hybprobe analy-
sis in the Light Cycler 480 (LC480, Roche Diagnostics,
Mannheim, Germany). HAPLOVIEW version 4.0 (Broad
Institute, Cambridge, MA, U.S.A.) was used for the
analysis of linkage disequilibrium (LD) and haplotype
block structure (Barrett et al., 2005). A haplotype block
was defined where the first and the last markers were
in strong LD with all intermediate markers but that
intermediate markers were not necessarily in LD with
each other (solid spine analysis).

Genotyping for the case—control association study

Genotyping of a total of 10 SNPs in 205 absence
patients and 219 healthy individuals was carried out
using hybridization probes designed by TIB Mol Bio
(Berlin, Germany) on an LC480 platform based on mel-
ting curve analysis.

DNA sequence analysis

The promoter and the coding regions consisting of
two exons of the INHA gene were amplified in eight
polymerase chain reaction (PCR) studies that contained
50 ng genomic DNA, 0.2 pmol of each primer, 0.2 mm
of each dNTP, 1x reaction buffer with 1.5 mm [Mg2+],
5% dimethyl sulfoxide (DMSO), and 1.25 U Qiagen taq
polymerase (Qiagen, Valencia, CA, U.S.A.) in 25 ul.
The PCR products of the three promoter regions and
exon 1 were sequenced directly (Macrogen, Seoul,
Korea), whereas the four regions of exon 2 were ana-
lyzed by high resolution melting analysis (HRMA) on
the LC480 platform. The HRMA mixture was prepared
in 20 ul volume containing 1X master mix with faststart
tag DNA polymerase, reaction buffer, dNTP mix and
high-resolution melting dye, 0.2-0.5 mm [Mg>*], 0.2-0.5
pmol of each primer pairs, and 20-40 ng of genomic
DNA (See Supporting Information Table S1 for the
primer sequences for each PCR region).

Risk analysis of the novel variations found in the INHA
gene were carried out by ““Polyphen” for amino acid substi-
tutions, ““ESEfinder” for exonic enhancer sequences, and
““Splice Site Predictor’” and *‘Alternative Splice Site Predic-
tor (ASSP) for possible cryptic sites (Reese et al., 1997; Ra-
menski et al.,2001; Cartegni et al., 2003; Wang & Marin,
2006).

Statistical analysis

Power analysis was carried out by assuming a disease
prevalence of 0.0015 in the general population and a type I
error rate of 0.05. The power was >90% for a recessive
genotype effect with a relative risk (RR) of two for
rs7588807. The power for a dominant trait of rs7588807
with a RR2 was 74%. All power calculations were carried
out by QUANTO (Gauderman, 2002; Gauderman &
Morrison, 2006).

Case—control association analysis was carried out by
HAPLOVIEW 4.0 that calculated the chi-square statistics
of SNP alleles between two groups at a 0.05 significance
level (Barrett et al., 2005). Transmission disequilibrium
test (TDT) using patient-mother-father trios and haplo-
type association analysis was also carried out by the
HAPLOVIEW 4.0 program. TDT calculated whether one
of the alleles of heterozygous parents was preferentially
transmitted to the affected child, and compared the trans-
mitted and nontransmitted alleles. The haplotype associa-
tion test was carried out by summing the fractional
likelihoods of each individual to have a certain haplotype.
Bonferroni correction was applied for multiple testing to
adjust the p-values in the case—control study. Several
correlated tests have been performed for subsets of the
case—control studies, but multiple testing corrections were
not reported because of their unknown interdependency.
The odds ratios (ORs) and 95% confidence intervals
(CIs) were estimated using an online calculator for confi-
dence intervals of odds ratios in unmatched case—control
study developed by Bland and Altman (2000). The mea-
sure of LD between SNP pairs was calculated by using
Lewontin’s D.

RESULTS

Haplotype block structure of the 160-kb region and
selection of representative SNPs

At the time of the initiation of the study, approximately
60 SNPs were available for the 160-kb region in the Hap-
Map data. The 25 SNPs that had HapMap minor allele
frequency (MAF) >0.1 and that were >1 kb apart were
selected, and they were genotyped on 38 unrelated control
trios to construct the haplotype block structure of the region
(Fig. 1). The average distance between each SNP was 6 kb,
and all were in Hardy Weinberg equilibrium (HWE). The
MAF of the SNPs in the Turkish population varied from
0.017 to 0.454.

Block analysis revealed seven haplotype blocks with high
LD between the first and last SNP but not necessarily
between the intermediate SNPs. In tagger analysis, 20 of the
SNPs in the blocks were tagged indicating a highly hetero-
geneous haplotype structure. Therefore, not all “‘tag” SNPs
but the most informative SNPs in the Turkish population
were chosen to represent the blocks for the following associ-
ation study to reduce possible false-positive results. Eight
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SNPs in the blocks that had MAF >29% were chosen as rep-
resentative SNPs and two more SNPs (rs2241526 and
rs2840128) were also selected to represent the regions
between blocks, adding it up to 10 SNPs to be used in the
case—control association study.

Association study

A case—control association analysis carried out using
the 10 representative SNPs on 205 absence patients and
219 healthy controls showed an association of the G-
allele of rs7588807 to the patient sample with a Bonfer-
roni corrected p-value of 0.235. All SNPs were in HWE
in both the case and control samples. To clarify whether
the locus has an impact on the syndrome or seizure, the
patients were subgrouped according to both their syn-
drome and seizure types. The case—control association
analysis on patient subgroups revealed significant associ-
ations of the two SNPs in 70% LD, rs7588807 (in block
6) and rs2840128 (between blocks 6 and 7) to JAE, and
to patients having GTCS besides absence seizures
(Table 1). rs7588807 resides in the intron 1 of inhibin
alpha subunit gene (INHA), whereas rs2840128 does not
fall into any gene. The genotypic frequencies of
rs7588807 in both patient groups were also significantly
different than the control group (Table 2). TDT is com-
monly used to see whether the associated allele is over-
transmitted to the affected child. Of the total 205 AE
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cases, parental samples were available for only 81
patients. After the breakdown of the patient population
according to the syndrome and associated feature types,
only 26 JAE cases and 34 patients with GTCS were in
the form of mother-father-patient trios. When a TDT
analysis was carried out for rs7588807, the G-allele (p-
value = 0.0094) in trios with GTCS were found to be
overtransmitted (Table 2).

The pattern of inheritance of rs758807 indicated a similar
and reduced risk of GT and TT genotypes in patients with
GTCS in the crude genetic model (Table 3). In the model
where G allele was recessive, GG genotype carried a risk of
2.7-fold compared to those with GT or TT genotypes, indi-
cating that the G-allele was the susceptibility allele. On the
other hand, considering T-allele has a dominant inheritance,
GT or TT haplotypes reduced the disease risk by more than
half (OR 0.36). Therefore, the T allele could be considered
to have a dominant protective effect. Genetic model testing
on patients with JAE revealed similar results.

Gene analysis

The highly significant association was found to JAE/
GTCS patient subgroups but not to the total 205 AE cases.
Therefore, we aimed to resequence all JAE patients and
patients with GTCS. There were 72 JAE patients and 81
patients with GTCS among the total 205 cases. The overlap
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Table |. Chi-square and p-values for case-control allelic association analysis for syndrome subgroups and
associated features
Syndrome subgroups Associated features
CAE JAE GTCS Myoclonus Febrile seizure Photosensitivity
(N = 100) (N =72) (N =38l) (N = 36) (N =38) (N = 64)
SNPname  Associated allele e p-value®  y*  p-value” Va pvalue® >  p-value® e p-value? b p-value’
rs1397429 C 0.4 nls 0.1 n/s 0.5 n/s 0.3 n/s 0.03 nls 0.2 nls
rs2010592 T 2.6 n/s 0.04 nls 1.4 n/s 3.6 n/s 0.04 n/s 0.06 n/s
rs907676 G 2.6 nls 0.6 n/s 4.05 n/s 53 0.021 0.07 n/s 0.2 n/s
rs3770234 T 1.7 n/s 1.4 nls 1.5 n/s 0.6 n/s 0.8 n/s 0.06 n/s
rs6436164 A 0.003 n/s 0.9 n/s 0.3 n/s 0.7 n/s 0.2 nls 0.2 n/s
rs2241526 C 0.3 n/s 1.06 nls 1.04 n/s 0.3 n/s 0.002 n/s 0.9 n/s
rs7588807 G 0.02 n/s 8.8 0.0030 139 0.0002 3.2 n/s 0.8 n/s 3.05 n/s
rs2840128 T 0.5 n/s 4.8 0.0275 6.8 0.0092 0.6 n/s 0.7 n/s 0.6 n/s
rs673951 T 2.6 n/s 0.3 n/s 0.6 n/s 0.8 n/s 0.1 n/s 0.003 n/s
rs2305055 C 1.6 n/s 0.09 nls 1.5 n/s 0.6 n/s 0.2 n/s 0.08 n/s
n/s, not significant.
“Uncorrected values.
Table 2. Allele/genotype counts, frequencies, and TDT analysis for rs7588807
Allele counts (%) Genotype counts (%) Overtransmitted allele
rs7588807 G T GG GT TT (transmitted/untransmitted ratio)  Total” >  p-value®
JAE patients 93(73) 45(27) 34(485) 25(38) 10(14) - 70 105 0.0053
AE patients with GTCS I11(70) 47 (30) 41 (51) 29(36)  9(I) - 8l 149  0.0005
All cases 248 (61) 158(39) 79(385) 90(44) 34(l6.5) - 205 5.8 n/s
Controls 229 (53) 203 (47) 61(28) 107 (49) 48(22) 219
JAE trios (N = 26) - - - - - G (1.69) - 23 n/s
AE trios with GTCS (N = 34) - - - - - G (2.33) - 64 0.0094
n/s, not significant.
“There are missing alleles.
®Uncorrected values.
Table 3. Test of association between rs7588807 genotypes and GTCS
Genotypes
Genetic model GG (95% CIE) GT (95% CIE) TT (95% CIE) df. ba p-value
Crude OR (vs. GG) | 0.40(0.228-0.713) 0.28 (0.123-0.63) 2 14.9 0.0005
0.0053¢
Dominant G-allele OR (vs. GG + GT) | | 0.45 (0.209-0.0968) | 43 0.03
0.165°
Recessive G-allele OR (vs. GT + TT) 2.7 (1.611-4.665) | | | 14.3 0.0001
0.0012°
Dominant T-allele OR (vs. GG) | 0.36 (0.214-0.620) 0.36 (0.214-0.620) | 14.3 0.0001
0.0012°
Allele T versus G 1 (G) 0.47 (T) (0.323-0.705) | 14 0.0001
0.003°
OR, odds ratio, CIE, confidence interval estimates, d.f., degrees of freedom.
“p-value in JAE patients.

between JAE and GTCS was such that 43 JAE patients also
had GTCS. Seventy-two JAE patients and 38 IA patients
with GTCS (81-43 = 38) were resequenced, making up
a total of 110 patients. The INHA gene with 2 exons
comprises an approximately 1,424-bp coding region. DNA

sequencing analysis of the 2 exons and the promoter region
of a total of 110 patients revealed eight novel nucleotide
changes in eight patients (Table 4). R124C and H175Q
substitutions seemed to have highly damaging effects on
protein function, whereas L.249L carried a medium risk for
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Table 4. INHA gene novel variations identified in absence epilepsy patients
Patients Position Nucleotide Risk analysis Analysis in
(P1-P8) of the change Amino (Polyphen, ESEfinder, control
(syndrome/seizure) SNP /position acid ASSP, Splice Site Predictor) samples
Pl (JAE) Promoter n.—560G — A - Conserved sequence change Absent in 49 controls
P2 JAE/GCTYS) Promoter  n.—658A — T - Conserved sequence change Absent in 49 controls
P3 (JAE) Exonl n.—106G — C - Non-conserved sequence change Absent in 49 controls
P4 JME/GCTYS) Exon 2 n3I15G6 - C EIO5D Missense conservative change/benign Absent in 49 controls
P5 (JAE) Exon 2 n370C > T R124C Missense nonconservative change/highly damaging ~ Absent in 249 controls
Pé (JAE) Exon 2 n487G — A V163M  Missense nonconservative change/benign effect Presentin 1/49 control sample
P7 (JAE/GTCS) Exon 2 n.525C - G HI75Q  Missense conservative change/damaging Absent in 249 controls
P8 (JAE/GCTS) Exon 2 n747G — A L249L Splicing regulation/medium risk Absent in 249 controls
Table 5. Estimated frequencies of three major INHA haplotypes
HI (ACTC) H2 (GCGCQ) H3 (GTGT)
Frequency in Frequency in cases Frequency in cases

cases and control (ratio) P p-value? and control (ratio) P p-value? and control (ratio) 7 p-value?
JAE 0.244:0.480 (0.5) 12.1 0.0005 0.310:0.197 (1.57) 3.6 0.0577 0.266:0.163 (1.63) 33 0.0675
GTCS 0.268:0.480 (0.55) 10.2 0.0014 0.333:0.197 (1.69) 52 0.0224 0.234:0.163 (1.44) 1.7 0.1865

Haplotypes with frequency lower than 0.01 were not considered.
“Uncorrected values.

a splicing defect. None of the three nucleotide changes were
detected in 249 controls. The parental samples were avail-
able only for patient P5, and R124C substitution was present
in the unaffected mother. The two conserved nucleotide
changes at the promoter region were not detected in 49 con-
trols but did not coincide with the TF binding sites and,
therefore, they were not considered significant.

The sequencing analysis of the INHA gene in 110 patients
revealed the genotypes of three other known SNPs that were
then genotyped in 49 controls. SNPs 1 and 2 (rs11893842,
rs35118453) were located in the 5’'UTR, and SNPs 3 and 4
(rs7588807 and rs12720063) in intron 1 and exon 2 of the
gene, respectively. LD between the four SNPs was 0.82, and
by tagger analysis three SNPs (rs11893842, rs35118453,
and rs7588807) were tagged. Haplotype estimates pointed
to the presence of three major haplotypes: ACTC (HI),
GCGC (H2), and GTGT (H3). H1 with the T-allele of
rs758807 was observed with a higher frequency in controls
with p-values of 0.0005 in analysis with JAE patients and
0.0014 in patients with GTCS (Table 5). On the other hand,
the frequency of H2 with the associated G-allele of
rs7588807 was significantly higher in patients with GTCS
with a p-value of 0.0224.

Di1SCUSSION

The aim was to identify a possible susceptibility locus for
absence seizures at 2q36 found to be associated with IGE
phenotypes in previous studies focusing on a 160 kb
region that contained eight genes with expressions in the
brain through a case—control association study rather than
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targeting individual candidate genes. An initial study was
carried out in 38 Turkish trios in the 160 kb region to iden-
tify the block structure and the actual frequencies of the
SNPs in the Turkish population, as such an analysis was not
done previously for the Turkish population and there was no
evidence of whether the HapMap data for this region could
be imported for a case—control association analysis in the
Turkish population. The haplotype block analysis enabled
the selection of the most informative SNPs, reducing the
time and cost of the association study. The population strati-
fication among the case and control groups were minimized,
since all individuals were of Turkish origin and the hetero-
geneity in genetic contributions of the patient sample was
minimized by selecting them on the basis of a carefully set
clinical criteria and restricting the cases to those having an
IAE phenotype.

The resulting association of the G allele of rs7588807
with >90% power for a recessive genotype effect indicated
the possible involvement of a non—ion channel gene, INHA
in the pathogenesis of JAE or GTCS. The analysis for the
inheritance pattern revealed that carrying GG genotype for
rs7588807 meant a 2.7 times greater probability to have the
disease. On the other hand, individuals carrying GT or TT
had the risk less than by half (OR = 0.36) compared to GG
haplotype. Therefore, the G allele was considered as a reces-
sive susceptibility allele and T allele as a dominant protec-
tive allele.

A further significant association was found in haplotype
analysis that covered the whole /NHA gene between a cer-
tain haplotype (GCGC), including the G allele of rs7588807
in the third position and the case group. The presence of a
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common protective haplotype (ACTC) with the T allele of
rs7588807 in the control group at a significantly higher fre-
quency also supported the role of INHA in JAE/GTCS path-
ogenesis. The G allele of rs7588807 present in both GCGC
and GTGT was also shown to be overtransmitted in trios
with GTCS. Apparently, the association of the G allele with
JAE/GTCS was due to the underrepresentation of ACTC
among cases. These four SNPs reside in the 5’UTR intron
and exon 2 of the gene covering the whole gene and there
were no other common SNPs with higher heterozygosity in
the INHA gene. In addition, although less significantly
rs2840128, 3’ to the INHA gene was also found to be associ-
ated with JAE/GTCS in the initial association study, indicat-
ing that the region covering the INHA gene is associated
with JAE/GTCS cases (Table 1).

All association studies target SNPs that may not necessar-
ily be true variants in disease associations. In this study,
allelic association suggests that a true variant in LD with the
associated SNP (rs7588807) may be responsible for the dis-
ease association, either in the form of mutations in the cod-
ing regions of the gene or by controlling gene expression.
The common associated SNP could be in LD, with the true
variant residing in the intronic or promoter regions not
examined. Whether the common haplotypes (H2 and H3)
that include associated allele (G) have a direct effect on
INHA gene expression could be evaluated with further
experimental work using appropriate constructs. A change
in the level of the expression compared to the H1 haplotype
might raise the susceptibility to epileptic seizures. The
INHA gene can also be analyzed at both the DNA and RNA
levels in absence animal model WAG/Rij rats. Although the
probable true variant is not evident from this study, it actu-
ally may not be found in 100% of cases, since a complex
inheritance is indicated for the patient group analyzed.

The finding of three rare variants in three JAE/GTCS
patients that probably have damaging effects on protein
function in the patient group and their absence in 249 con-
trol samples are further supporting the involvement of
INHA in the disease phenotype, as it is the case with many
epilepsy-associated genes, where only a few mutations have
been identified in a small number of cases for many candi-
date genes. It should be noted, however, that because these
events are extremely rare, >1,000 controls would be neces-
sary to show that the absence of these variants in nonepilep-
tics is not a “‘chance’ occurrence.

The possible pathogenic effect of the three point muta-
tions can be evaluated as follows on the basis of the knowl-
edge of inhibin protein structure and function using
bioinformatic tools. JAE patient P5 with pure absence sei-
zures had the amino acid substitution (R124C) in INHA,
where arginine (R), a polar amino acid, is replaced with a
nonpolar amino acid cysteine (C). R124 is not conserved in
the homologous genes of other species but was always
replaced with a polar amino acid like histidine. Cysteine res-
idues are essential in the formation of the three-dimensional

(3D) structure of the protein through sulfur bonds. An extra
cysteine residue may cause additional and improper sulfur
bonds within the protein that may interfere with the dimer-
ization of alpha subunits with SA or B subunits to form
inhibin A or B proteins (Antenos et al., 2007). If the alpha—
beta dimerization is not possible, then A subunits dimerize
as monomers to form activin proteins, which are normally
inhibited by inhibin activity. The mutation carried by the
healthy mother may have contributed to the disease pheno-
type in the context of the patient’s genotype, but not the
mother’s that is through the quantitative pattern of inheri-
tance of the trait. The H175Q substitution at a conserved
position in JAE patient P7 replaces basic polar histidine
with polar glutamine with a neutral side chain. JAE patient
P8 who had both GTCS and absence seizures, carried a G to
A transition (n.747G — A) that may have resulted in the
loss of a consensus motif for SRp55, an exonic splicing
enhancer. However, the presence or absence of a putative
splicing enhancer and whether the missense mutations have
an effect on protein function should further be evaluated
experimentally.

There could be some possible mechanisms through
which inhibin alpha protein could lead to increased sei-
zure susceptibility in absence epilepsy patients. INHA
codes for the alpha subunit of the inhibin protein, which
is known to be a gonadal glycoprotein that inhibits the
secretion of follicle-stimulating hormone that induces the
production of progesterone and estradiol. Progesterone
was shown to enhance the SWDs through allopregnano-
lone, a positive modulator of GABA, receptors (Van
Luijtelaar et al., 2001). In the case of mutant inhibin alpha
subunit, higher progesterone may be involved in enhanced
SWDs. As a remarkable point, inhibin and activin levels
in serum are not detectable until adolescence at approxi-
mately 10 years of age, which corresponds to the age of
onset of JAE (Vadakkadath & Atwood, 2005).

Inhibin alpha subunit and activin expression and protein
localization in different parts of the brain were shown in pre-
vious studies (Roberts et al., 1996; Fujimura et al., 1999).
However, the exact function of this protein in the brain is
unknown. Transgenic mice with dominant negative activin
type I receptor shows decreased excitatory glutamatergic
current and enhanced GABA release and GABAg receptor
activation (Miiller et al., 2006; Zheng et al., 2009). There-
fore, decreased levels of inhibin alpha subunit by binding
less to type II receptor would increase the activity of activin
proteins and enhance the excitability effect of activin in the
brain. It may be speculated that a decreased level of inhibin
protein due to GCGC or GTGT haplotypes in patients may
explain the high level of activin and increased excitability
of the brain.

In conclusion, while functional studies, which are beyond
the scope of this manuscript, will ultimately determine the
nature of our findings; these findings nevertheless support
the previously found association of absence seizures with
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2q36 and point out that INHA could be a novel gene contrib-
uting to the pathogenesis of JAE or absence seizures associ-
ated with GTCS. They also point out that the involvement
of INHA in disease pathogenesis may be exerted by two dif-
ferent mechanisms: some potentially ‘“‘damaging” muta-
tions that interrupt gene function severely and are seen in
only a few patients, and other variations that are more com-
mon that might merely raise risk for epilepsy. Obviously, to
establish a more concrete association of the INHA gene to
JAE syndrome and/or to AE with GTCS, evidence from
other independent study groups and/or populations are
needed besides mutational analysis of more AE patients.
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