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Abstract

Hyperpolarization-activated cyclic nucleotide-gated (HCN1-4) channels play an important role in
the regulation of neuronal rhythmicity. In the present study we describe the mutation analysis of
HCN1 and HCN2 in 84 unrelated patients with idiopathic generalized epilepsy (IGE). Several
functional variants were identified including the amino acid substitution R527Q in HCN2 exon 5.
HCNZ2 channels containing the R527Q variant demonstrated a trend towards a decreased slope of the
conductance-voltage relation. We also identified a variant in the splice donor site of HCN2 exon 5
that results in the formation of a cryptic splice donor. In HCN1, the amino acid substitution A881T
was identified in one sporadic IGE patient but was not observed in 510 controls. Seven variants were
examined further in a case-control association study consisting of a larger cohort of IGE patients.
Further studies are warranted to more clearly establish the contribution of HCN1 and HCN2
dysfunction to the genetic variance of common IGE syndromes.
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Introduction

Idiopathic generalized epilepsies (IGEs) account for 15-20% of all epilepsies and affect
approximately 0.2% of the general population (Jallon and Latour, 2005). IGEs encompass
several syndromes that are characterized by age-related, recurrent, unprovoked generalized
seizures in the absence of detectable brain lesions or metabolic abnormalities (International
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League Against Epilepsy, 1989). The most common IGE subtypes are childhood absence
epilepsy (CAE), juvenile absence epilepsy (JAE), juvenile myoclonic epilepsy (JME), and
epilepsy with generalized tonic-clonic seizures (EGTCS) (Nordli, 2005). The etiology of IGE
is genetically determined, but the complex inheritance pattern suggests involvement of a large
number of susceptibility genes in the majority of IGE patients (Greenberg et al., 1992; Ottman,
2005). Most of the genes currently identified in the rare, monogenic forms of idiopathic
epilepsy encode voltage-gated or ligand-gated ion channels (Turnbull et al., 2005).

Generalized seizures can result from synchronized hyperexcitability of thalamocortical circuits
facilitated by the nucleus reticularis thalami, which serves as the pacemaker in the generation
of underlying rhythmic seizure activity (Avanzini et al., 1999; Crunelli and Leresche, 2002;
Blumenfeld, 2005). The hyperpolarization-activated cyclic nucleotide-gated (HCN) channels
in thalamocortical neurons contribute to the generation of this oscillatory activity (Pape,
1996) and are therefore good candidates for involvement in human epilepsy.

HCN channels are encoded by a gene family that consists of four members, HCN1, HCN2,
HCN3, and HCN4 (Santoro et al., 1997; Ludwig et al., 1998), which are localized to human
chromosomes 5p12, 19p13.3, 1922, and 15¢924—q25, respectively. HCN proteins share a
topological arrangement consisting of six putative transmembrane segments (S1-S6), with a
pore region (comprised of the S5, pore loop and S6) and a cyclic nucleotide-binding domain
(CNBD) in the C-terminal region (Fig. 1A). Four HCN subunits assemble into a functional
homomeric or heteromeric channel, and different subunit compositions lead to
hyperpolarization-activated cation currents (I,) with distinct biophysical properties (for
review, see Santoro and Baram, 2003; Robinson and Siegelbaum, 2003; Frere et al., 2004;
Herrmann et al., 2007).

HCN subunits differ in their activation kinetics and sensitivity to modulation by cAMP. cAMP
favors channel activation, shifting the voltage dependence of activation to more depolarized
potentials, speeding channel kinetics, and increasing the maximum current level (Craven and
Zagotta, 2006). HCN1 exhibits the fastest activation kinetics and weak sensitivity to
modulation by cAMP, whereas HCN2 displays slower activation kinetics and a more sensitive
response to cCAMP (Santoro et al., 1998; Ludwig et al., 1998, 1999; Moosmang et al., 2001).
Differences have also been observed in the spatial and temporal expression patterns of HCN
subtypes (Pape, 1996; Moosmang et al., 2001; Bender et al., 2001). HCNL1 is primarily
expressed in cortical, hippocampal, and cerebellar regions, while HCN4 is predominantly
expressed in subcortical regions, such as the thalamus. HCN2 is broadly expressed in the brain
with highest levels in thalamus and brainstem nuclei. HCN3 is expressed at low levels
throughout the central nervous system (Moosmang et al., 1999; Santoro et al., 2000). During
development of the rat hippocampus, HCN1 expression increases steadily with age, while
HCNZ2 achieves maximum levels by post-natal day 11, and HCN4 progressively decreases after
birth (Brewster et al., 2007).

While the causal relationship between HCN channel function and epilepsy is still unclear, there
is increasing evidence that altered expression of HCN subtypes is associated with
epileptogenesis and the chronic seizure state. Homozygous HCN2 knockout mice exhibit
reduced locomotor activity and spontaneous absence seizures and provide the most direct
evidence for the involvement of HCN channels in epilepsy (Ludwig et al., 2003). Reduced
HCNL1 protein levels, which precede the onset of seizures, have been observed in the cortex
and hippocampus of the WAG/RIj rat model of absence epilepsy (Strauss et al., 2004; Kole et
al., 2007). In contrast, decreased responsiveness of I, to cAMP was observed in thalamocortical
neurons of WAR/RIj and GAERS rats (Budde et al., 2005; Kuisle et al., 2006). This
electrophysiological finding was attributed to increased HCN1 mRNA levels without changes
in HCN2 and HCN4 (Budde et al., 2005). Brewster et al. (2005) demonstrated that experimental
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febrile seizures lead to reduced HCN1 expression and increased formation of hippocampal
heteromeric HCN1/HCNZ2 channels. Increased HCN1 mRNA levels were also observed in an
experimental rodent model of chronic hippocampal epilepsy, as well as in surviving dentate
gyrus granule cells from patients with temporal lobe epilepsy and hippocampal sclerosis
(Bender et al., 2003).

In order to test the hypothesis that mutations in HCN genes may underlie some forms of human
epilepsy, we screened HCN1 and HCN2 for mutations in 84 unrelated IGE patients. We
observed five HCN1 variants, including two nonsynonymous substitutions and a polymorphic
variation in the length of a glycine repeat in exon 1. We identified 36 variants in HCN2,
including the substitution of the conserved residue R527 in the C-linker and the intron 5 variant
€.1584+7C>T, which creates a cryptic splice donor site. Seven HCN2 variants were further
evaluated in a population-based association study comprising larger groups of IGE patients
and ethnically matched unaffected controls.

Materials and Methods

Subjects

Unrelated study participants of German origin were recruited by the Department of Neurology,
Charité University Medicine in Berlin, and by the University Clinic of Epileptology in Bonn,
Germany. The Institutional Review Boards of both clinical sites approved the study protocol,
and informed consent was obtained in writing from all participants. IGE syndromes were
diagnostically classified according to the revised “Classification of Epilepsies and Epileptic
Syndromes” as proposed by the Commission on Classification and Terminology of the
International League Against Epilepsy (International League Against Epilepsy, 1989; Nordli,
2005).

Mutation Screening Sample

Eighty-four unrelated IGE patients were examined. Of these, 41 IGE patients had a positive
family history for epilepsy, and the remaining cases were sporadic. Epilepsy subtypes
represented among the patients included childhood absence epilepsy (CAE, n=23), juvenile
absence epilepsy (JAE, n=20), juvenile myoclonic epilepsy (JME, n=40), and epilepsy with
generalized tonic-clonic seizures (EGTCS, n=1). For the initial evaluation of IGE-associated
susceptibility alleles, 50 unaffected, ethnically matched control subjects were also examined.
The controls were screened for neuropsychiatric disorders via standardized interview.
Individuals with a history of epileptic seizures or major neuropsychiatric disorders were
excluded from the control sample.

Case-Control Sample

The IGE sample included 459 patients of German descent with the following IGE subtypes:
childhood (CAE, n=127) and juvenile (JAE, n=73) absence epilepsy, juvenile myoclonic
epilepsy (JME, n=197), and epilepsy with generalized tonic clonic seizures (EGTCS: age of-
onset <25 years, EEG: generalized spike-wave discharge; n=62). The control sample consisted
of 462 unaffected individuals of German decent. To test for potential population substructures
in these samples, we applied a novel genomic control approach that assesses genomic
similarities among unrelated individuals using 24 unlinked, highly polymorphic microsatellite
polymorphisms, which were chosen as ethnicity markers based on normative data from various
European populations (Stassen et al., 2004). Adaptive cluster analysis showed that there were
no discernible differences in the population substructures between the IGE patients and
controls. A recent study by the German Genome Research Network also demonstrated a lack
of substantial genetic substructures in the German population (Steffens et al., 2006). SNP-
based analysis (212 SNPs) of genetic substructures in the German population indicated a low
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degree of population heterogeneity between three subsamples collected in the Southwest and
Northwest regions of Germany from >700 individuals with German-born grandparents. Thus,
even if cryptic substructures do exist in the present study sample, the effect of undetected
population stratification will be predicted to be small.

Mutation Detection

Genomic DNA was extracted from blood or lymphoblastoid cell lines using routine protocols
(Miller et al., 1988). The coding regions and exon/intron boundaries of HCN1 and HCN2 were
PCR-amplified from the genomic DNA of each patient. Primer sequences are available on
request. PCR conditions for the amplification of all exons of HCN1 and HCN2, with the
exception of HCN2 exon 8, were 94°C for 2 minutes, followed by 32 cycles of 94°C for 45
seconds, 55-62°C for 45 seconds, 72°C for 45 seconds, and a final extension of 72°C for 5
minutes. HCN2 exon 8 was amplified using the slowdown PCR technique that was developed
for the amplification of GC-rich templates (Bachmann et al., 2003) with the modification that
an extension time of 90 seconds was used. PCR products were incubated at 99°C for 10 minutes
and then 68°C for 30 minutes to generate heteroduplex products. Samples were analyzed by
conformation-sensitive gel electrophoresis (CSGE) and visualized by ethidium bromide
staining as previously described (Escayg et al., 2000). PCR products that generated mobility
variants on the CSGE gel were purified using QlAquick PCR Purification Kit (Qiagen) and
were sequenced using an ABI 3100 automated sequencer (Applied Biosystems). Despite
numerous attempts, we were unable to obtain satisfactory PCR amplification of HCN2 exon 1
which has a GC content of 83.5%. As a result, this exon was not analyzed. All novel variants
identified in this study were submitted to the SNP database
(http://www.ncbi.nlm.nih.gov/SNP/snpblastByChr.html).

Genotyping of Coding Sequence Variants

HCNL1 coding variants, ¢.124C>T and ¢.2641G>A, and the HCN2 exon 2 variant, c.858T>C,
were genotyped using TagMan nuclease assays (Livak, 1999). TagMan MGB probes and
primers were synthesized by the Assays-by-Design service from Applied Biosystems (Applied
Biosystems, Foster City, CA, USA). The HCN2 ¢.1580G>A variant was genotyped by PCR-
RFLP analysis, based on an alternative Pstl restriction site.

Genotypes of the polymorphic HCN1 exon 1 polyglycine repeat were assessed by fragment
length analysis using PCR with flanking fluorescent primers. PCR fragments were separated
on an ABI 3730 DNA Analyzer, and genotypes were scored using GeneMapper software
version 3.0 (Applied Biosystems, Foster City, CA, USA).

Statistical Analyses

Allele and genotype frequencies, x-tests, and the test for Hardy-Weinberg equilibrium were
calculated using the SAS computer program (SAS, 1988). A two-tailed type | error rate of 0.05
was chosen for the analyses. Power analysis for a presumed risk factor frequency of 5% in the
entire case-control sample indicated a statistical likelihood of >90% to detect a predisposing
effect, with an attributable relative risk (RR) of 2 and a likelihood of >50% for RR=1.5.

Splice Assay

Human genomic DNA was PCR-amplified from one individual who was heterozygous for the
HCNZ2 intron 5 ¢.1584+7C>T variant and from the proband of Family 22, who was
heterozygous for the linked variants, ¢.1584+7C>T and ¢.1580G>A, using the primer pair F1
(CGGGGTACCTGGGCCACAGAGCGAGACAGTG), R1
(CGGGGTACCACAGACCCAGGCAGTTCTGCTA). The 5’ end of each primer included a
Kpnl restriction site for subsequent cloning. The 771-bp PCR product consisted of the last 385
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bp of intron 4, exon 5 and the first 239 bp of intron 5. The PCR product was digested with
Kpnl and cloned into the Kpnl site in the Exontrap vector (MoBiTec). COS-7 cells were
transfected with 1 ng of each plasmid in 6-well plates using FUGENE 6 Transfection Reagent
(Roche). Cells were harvested two days later, and RNA was isolated using Trizol Reagent
(Invitrogen) and purified using the RNeasy MinElute Cleanup Kit with DNase | treatment
(Qiagen). First-strand cDNA was synthesized from 5 ng RNA using random hexamers and
Superscript I11 following the manufacturer’s instructions (Invitrogen). Transcripts containing
the longer version of exon 5, due to use of the cryptic splice donor site, were identified by PCR
amplification of the cDNA using the primer pair F2 (GCCCCTGCGGGAGGTGAG), R2
(CCACGATGCCGCGCTTCT). PCR products were visualized on a 2.0% agarose gel,
preparative grade for small fragments (Promega). Transcripts containing the longer version of
exon 5 were confirmed by RT-PCR using the primer pair F3
(GAGGGATCCGCTTCCTGCCCC), R3 (CTCCCGGGCCACCTCCAGTGCC) that
annealed to exons contained in the ExonTrap vector that flanked our sequence of interest. PCR
products, predicted to comprise of both wild-type exon 5 and the longer version of exon 5,
were cloned into the TOPO vector using the TOPO TA Cloning Kit (Invitrogen). To quantify
the use of the cryptic splice donor site, the inserts from 100 clones were PCR amplified with
primer pair F3, R3 and sequenced.

HCN2 Mutagenesis

The mouse HCN2 cDNA (a gift from S.A. Siegelbaum) was subcloned into the pPGEMHE
expression vector (a gift from E.R. Liman (Liman et al., 1992)). Primers were designed to
generate the amino acid substitution R500Q, which is orthologous to the human substitution
R527Q. Mutagenesis was carried out with the QuikChange Il XL Site-Directed Mutagenesis
Kit (Stratagene). The construct was then sequenced to confirm the absence of unwanted
substitutions. The cDNA was linearized, and cRNA was transcribed in vitro using the
MMESSAGE mMACHINE Kit (Ambion).

Electrophysiology

Xenopus laevis oocytes were defolliculated and injected with cRNA as previously described
(Zagotta et al., 1989). Recordings were made in the excised inside-out patch configuration
(Hamill et al., 1981) using an Axopatch 200A patch-clamp amplifier (Axon Instruments) and
a RSC-100 rapid solution changer (Biologic) for internal solution application. Data were
acquired with PULSE acquisition software (HEKA Elektronik). Patch pipettes were pulled
from borosilicate glass and their resistances were 0.25-1 MQ after fire polishing. The recording
solutions were as follows: pipette (external) solution: 130 mM KCI, 3 mM HEPES, 0.2 mM
EDTA, pH 7.2; bath (internal) solution: 130 mM KCI, 3 mM HEPES, 0.2 mM EDTA, pH 7.2,
with either no cyclic nucleotides or 4 mM cAMP.

Electrophysiology Data Analysis

Conductance-Voltage Relations—To obtain GV curves, peak tail current amplitudes at
—40 mV, either with or without saturating cAMP, were normalized by the largest peak tail
current amplitude. These normalized data were then plotted against the test voltage potential
and fit with Boltzmann curves:

G/Gmax=a+b/ {1+exp[ (V = Vhar)/s]}

where a=normalized leak current, b=maximal normalized tail current amplitude, VV=test
voltage (mV), Vhai=midpoint activation voltage (mV), and s=slope of relation (mV).
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Statistical Analysis—All numerical values indicate mean+SEM. Statistical significance
was estimated by Student’s t-test, unless otherwise indicated, and P values under 0.05 were
considered significant.

Results

HCN1 Mutation Screening

Nonsynonymous Substitutions—Two nonsynonymous HCN1 sequence variants (exon
1:¢.124C>T, p.P42S; exon 8: ¢.2641G>A, p.A881T) were identified in two unrelated, sporadic
patients (Fig. 1A). P42 and A881, located in the N-terminus and C-terminus, respectively, are
both conserved in the orthologous HCN1 protein from human, dog, rabbit, and mouse (Fig.1B
and C). To further investigate a possible role for these variants in epilepsy, a larger sample that
consisted of 260 IGE patients and 510 unaffected controls was screened for each variant.
Neither substitution was observed in the IGE patient cohort; however, one control sample was
found to carry the P42S substitution (Table 1).

We also found polymorphic variation in the number of trinucleotides that code for glycine in
a polyglycine stretch of HCNZ1 exon 1 (Table 1). Genotyping of the trinucleotide repeat
polymorphism in a larger sample of 446 IGE patients revealed that the most common allele
consisted of 12 glycine (Gy5) residues; however, minor alleles consisting of Gg and G1g
residues were also observed, with allele frequencies of 1.6% and 0.8%, respectively.
Association analysis of the trinucleotide polymorphism showed similar allele frequencies in
446 IGE patients and 454 unaffected controls (Table 2). Two rare alleles that consisted of
G13 and G5 residues were also found in the controls, but not the patients (Table 2). The G15
allele was also present in a three-generation family with six members affected by IGE; this
family has been investigated previously in a genome-wide linkage scan (Hempelmann et al.,
2006). The G15 allele, however, did not cosegregate with the IGE trait in this family.

Synonymous and Intronic Variants—The single-base duplication in intron 7 (c.1783
+7dupT), which is in close proximity to the exon 7 splice donor site, was identified in two
patients. One patient was the proband of a small pedigree consisting of two unaffected parents
and one affected sibling. Mutation analysis of the additional family members revealed that the
variant was inherited from the unaffected mother, but was absent in the affected sibling. The
second patient was a sporadic case. This variant was not observed in 50 control samples (Table
1). None of the identified HCN1 variants were present in the SNP database
(http://lwww.ncbi.nlm.nih.gov/SNP/snpblastByChr.html).

HCN2 Mutation Screening

Nonsynonymous Substitutions—The missense variant (c.1580G>A, p.R527Q) was
identified in HCN2 exon 5 in the proband of a small IGE pedigree (Family 22) consisting of
two unaffected parents and two affected siblings. R527 is located in the C-linker, the region
between the S6 segment and the CNBD (Fig. 1A and Fig. 4) and is evolutionarily conserved
in the orthologous HCNZ2 protein in mammals, frog and fugu as well as the paralogous HCN
subtypes (Fig. 1D). Analysis of exon 5 in the remaining family members revealed that the
R527Q substitution was present in the unaffected mother, but absent in the other affected
sibling. R527Q was not observed on the analysis of a larger sample that consisted of 93 IGE
patients and 307 unaffected controls.

We also identified a 9-bp deletion in HCN2 exon 8 in one sporadic patient. The deletion
occurred within a 21-bp “CCG” repeat that codes for seven proline residues in the common
allele. The rare allele, present in the patient, contains four proline residues. This variant was
observed in 2/50 controls, indicating that it is unlikely to be disease causing.
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Synonymous and Intronic Variants—We identified 14 silent substitutions, 14 intronic
variants, and 6 3’ UTR variants from our analysis of HCN2 (Table 3). We found that 27 of
these 34 variants (79%) were not listed in the dbSNP database. Six of the silent substitutions
were identified in exon 2. Of these, the minor alleles of the exon 2 SNPs, namely ¢.858T>C,
€.915C>T, and ¢.963C>T, were always observed together in the same individuals, suggesting
that they form part of a common haplotype.

The intron 5 variant (c.1584+7C>T) was identified in three individuals with family histories
of epilepsy and in two sporadic patients. Analysis of a larger sample comprising 452 IGE
patients and 459 unaffected controls revealed similar frequencies of this minor allele in both
groups, which makes this variant an unlikely candidate as a cause of epilepsy. Nonetheless,
the close sequence similarity of the exon 5 splice donor site to the sequence created by the c.
1584+7C>T substitution (Fig. 2A) raised the possibility that this variant could lead to the
formation of a cryptic splice donor site. Interestingly, this variant was also identified in the
proband of Family 22. Analysis of additional members of this family revealed that the ¢.1584
+7C>T variant was present in the unaffected mother, but absent from the other affected sibling,
which is reminiscent of the R527Q substitution. Therefore, the HCN2 variants, Q527 and c.
1584+7T, appear to be on the same haplotype in Family 22.

Another potentially pathogenic HCN2 variant was ¢.1825+3G>A, located in the splice donor
site of exon 6. This variant, however, occurred at a higher frequency in controls (4/50) than in
patients (3/84), suggesting that it, too, is unlikely to be disease-causing. In addition to the
identification of a large number of SNPs, we also identified a 21-bp deletion (c.1825+22_1825
+42del) and a 34-bp duplication (c.1990+24 1990+57dup) in HCN2 intron 6 and intron 7,
respectively. Both variants were present at similar frequencies in patients and controls (Table
3).

Case-Control Study

Seven HCN2 variants were tested in a case-control study consisting of at least 383 IGE patients
and 275 unaffected controls (Table 4). The variants examined were ¢.858T>C, ¢.1239G>C, c.
1584+7C>T, ¢.1825+22_1825+42del, ¢.1990+24_1990+57dup, and two SNPs, rs10408159
and rs4919872, selected from the dbSNP database. No evidence of an allelic or genotypic
association between the controls and the IGE groups was found, indicating that these variants
are unlikely to be associated with common IGE syndromes (Table 4).

€.1584+7C>T Creates a Cryptic Splice Donor Site

To determine whether the HCN2 intron 5 variant ¢.1584+7C>T generated a novel splice donor
site, a 771-bp fragment consisting of exon 5 and flanking sequences from intron 4 and intron
5 was PCR-amplified from the genomic DNA of an individual who carried the variant. The
PCR product was cloned into the Exontrap vector and expressed in COS-7 cells. Use of the
cryptic splice donor site would be expected to generate a mutant mRNA in which exon 5 is
longer by five nucleotides (Fig. 2A). RT-PCR analysis using a forward primer that was specific
for the longer version of exon 5 generated the expected 101-bp product from cells containing
the ¢.1584+7C>T variant, but not from cells expressing the wild-type HCN2 sequence,
demonstrating use of the cryptic splice donor site (Fig. 2B).

To determine the relative use of the wild-type and mutant splice donor sites, RT-PCR analysis
was repeated using a primer pair with homology to flanking exons of the Exontrap vector, and
the PCR products were cloned into the TOPO vector. Sequence analysis of 100 individual

clones revealed three clones (3%) containing the longer version of exon 5 and 97 clones (97%)
containing the wild-type exon 5 (Fig. 2C). We obtained the same result on analysis of the allele
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containing both the ¢.1584+7C>T and ¢.1580G>A (R527Q) variants, indicating that the c.
1580G>A substitution did not influence the use of the cryptic splice donor.

Functional Analysis of R527Q

To determine whether the HCN2 substitution R527Q affects channel function, we introduced
this variant into the orthologous mouse channel, which is 91% identical in amino acid sequence
to the human channel. HCN2 channels are activated by both membrane hyperpolarization and
binding of cCAMP to the intracellular cyclic nucleotide-binding domain (CNBD). Homomeric
wild-type and mutant HCN2 channels containing the R500Q substitution (orthologous to
R527Q in the human HCN2 channel) were expressed in Xenopus laevis oocytes, and currents
were recorded using the patch-clamp technique in the inside-out configuration. Figure 3A
shows currents from a representative patch of wild-type and a representative patch of mutant
HCN2 channels. These currents were evoked by voltage steps to potentials ranging from —70
mV to —150 mV. In response to this hyperpolarization, wild-type and mutant HCN2 channels
opened with a predominantly exponential time course following an initial lag. Normalized
conductance (the ease with which ions pass through the ion channel) with respect to the voltage
of the membrane (i.e., the conductance-voltage, or GV) curves indicate the steady-state
activation of the channels and are shown in Figure 3B. Upon compilation and statistical analysis
of these data, there were no statistical differences between the midpoints of these GV curves
(Vhare for wild-type (—126x1.9 mV) and mutant (—124+2.1 mV) channels) (Table 5). Although
the slope values were not significantly different, (3.56+0.30 mV for wild-type and 4.23+0.31
mV for mutant channels, P = 0.16) (Table 5), there was a trend towards a shallower slope for
the mutant channels. Saturating concentrations (4 mM) of cCAMP increased the rates of
activation and the steady-state current levels at hyperpolarizing membrane potentials, as well
as led to a shift in the voltage dependence of activation to more depolarized potentials, for both
wild-type and mutant channels (Figure 3 and Table 5). Neither the fold-increase in activation
rate due to CAMP (wild-type: 2.67+0.62 and mutant: 3.34+0.64) nor the depolarizing shift in
Vhait due to CAMP (wild-type: —110£2.2 mV and mutant: —108+2.0) were significantly
different between wild-type and mutant channels (Table 5). cAMP therefore stabilizes the
closed-to-open equilibrium for mutant as well as wild-type HCN2 channels, thereby enabling
activation with less hyperpolarization and more complete activation at hyperpolarized voltages.
The difference between mutant and wild-type HCN2 channels in the conductance-voltage
relations was not statistically significant either with or without CAMP.

Discussion

In our analysis of 84 IGE patients, we identified five HCN1 and 36 HCN2 variants. There are
likely additional HCN2 variants that remain to be identified, since we were unable to screen
exon 1, due its high GC content. We did not consider HCN3 to be a likely candidate gene for
epilepsy due to its low level of expression in the brain. HCN4 is the dominant HCN isoform
in the adult sinoatrial node (SAN), and mutations have been identified in patients with SAN
dysfunction, suggesting that it may play a more important role in the heart (Moosmang et al.,
2001; Schulze-Bahr et al., 2003; Ueda et al., 2004; Milanesi et al., 2006). However, HCN4
should be considered a candidate for neonatal forms of epilepsy due to its high expression in
neonatal hippocampal regions (Brewster et al., 2007). Patients with such forms of epilepsy
were not included in this study and, as a result, HCN4 was not included in the analysis.

Two nonsynonymous substitutions, P42S and A881T, were detected in the N- and C-termini
of HCNL1 respectively. Since both variants were identified in sporadic patients, cosegregation
with disease could not be confirmed. The N-terminus of HCNs is believed to play an essential
role in the formation of functional homomeric or heteromeric channels (Proenza et al., 2002).
Tran etal. (2002) demonstrated that the deletion of HCN1 residues 2-130, which includes P42,
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resulted in reduced currents via a number of possible mechanisms, including a decrease in the
number of functional HCN channels or the disruption of the tertiary structure. Thus it is possible
that the substitution of a nonpolar proline residue with a polar serine residue in the N-terminus
of HCNL1 could result in altered channel function or the ability to form functional homomeric
or heteromeric channels. P42S was not observed in the larger sample of 260 IGE patients;
however, it was detected in 1/510 unaffected controls and may therefore represent a rare
nonpathogenic variant.

AB88LT was not observed in our analysis of 510 control samples, raising the possibility that
this variant might be disease-causing. A881 is located seven nucleotides upstream of the
conserved amino acid sequence (SNL) in the C-termini of HCNs. The SNL sequence is believed
to be involved in the binding of a brain-specific protein, TRIP8b, that facilitates the transport
of HCN channels to the dendrites (Santoro et al., 2004). The A881T substitution may alter the
conformation of HCN1, thereby affecting its binding affinity to TRIP8b. Functional analysis
of the A881T substitution will be necessary in order to determine whether it affects the
biophysical properties or localization of HCNL1.

We also observed polymorphic variation in the number of glycine residues (Gg_35) in a
polyglycine stretch of HCN1 exon 1. The most common allele consisted of 12 glycine residues;
however, alleles containing nine and ten glycine residues were also identified at similar
frequencies in both patients and controls. Rare longer alleles consisting of 13 and 15 glycines
were also detected in control samples. Based on the comparable frequencies of these alleles in
IGE patients and controls, it seems unlikely that they are associated with IGE. Nonetheless,
we cannot rule out the possibility that the length of the polyglycine stretch may influence the
biophysical properties of HCN1 channels, contributing to genotype-dependent differences in
neuronal excitability. Such variation could influence seizure thresholds or contribute to other
disorders. Polymorphic glycine repeats have previously been associated with disease (Brito et
al., 2005; Werner et al., 2006), hence further analysis of the correlation between the number
of glycine residues and HCN1 function is warranted.

In contrast to HCN1, we observed a high degree of sequence variation at the HCN2 locus.
However, of the 36 HCN2 variants identified, only c.1580G>A (p.R527Q) and ¢.2155_2163del
(p.P719_P721del) altered the amino acid sequence of the HCN2 protein. R527 is located in a
highly conserved segment of the C-linker of HCN2. The C-linker plays a critical role in the
activation gating of HCN channels (Ishii et al., 2001). It is composed of six a—helices (A’-F’)
connected with short loops, which participate in several interactions, including the formation
of salt bridges (Zagotta et al., 2003). The crystal structure of the HCN2 C-terminal region (Fig.
4) indicates that a positively charged lysine in the B helix interacts with both a negatively
charged glutamic acid in the D' helix and a negatively charged aspartic acid in the -roll site
of the CNBD to form one intersubunit and one intrasubunit salt bridge, respectively (Craven
and Zagotta, 2004). Mutations in the residues forming salt bridges disrupt the salt bridges and
favor channel opening. R500, the residue homologous to human R527, is located in the D’ helix
and is two amino acids upstream of the negatively charged glutamic acid residue forming the
intersubunit salt bridge (Fig. 4). The R527Q substitution may therefore alter the tertiary
structure, thereby disrupting salt bridge formation or other hydrophobic interactions or
hydrogen bonds.

Biophysical analysis of channels containing the orthologous R527Q substitution confirmed
that they were still activated by hyperpolarization and modulated by cAMP, just like wild-type
HCNZ2 channels. The mutant channels do show a trend for a shallower GV slope, indicating
that these channels may respond to voltage differently than wild-type channels. However,
cAMP modulation was not statistically different for wild-type (15.9£0.51) versus mutant (15.8
+0.28) channels (Table 5), suggesting that the R500Q substitution did not affect the mechanism
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of cAMP modulation. Since the experiments conducted here examined the effect of saturating
levels of CAMP, rather than a dose response relation, we cannot exclude the possibility that
mutant channels may have a different binding affinity for CAMP. Furthermore, it is possible
that mutant channels may gate differently than wild-type HCN2 channels in response to
membrane voltage; however, as the exact voltage-sensing mechanism for hyperpolarization
activation has yet to be elucidated, we cannot postulate how the mechanism may be altered by
the R527Q substitution.

On the basis of structure/function analyses, several other mutations in the HCN2 C-terminal
region (Craven and Zagotta, 2004; Decher et al., 2004; Zhou et al., 2004) and the C-termini of
other HCN channel types (Mistrik and Torre, 2004) have been shown to result in shallower
GV curves. Mutations in the S4-S5 linker of HCN2 also result in a shallower GV slope (Macri
and Accili, 2004). Changes in the voltage sensitivity or voltage response of HCN channels may
therefore be acommon consequence of altered amino acid interactions or protein conformation.

Since the C-linker provides the predominant interface between channel subunits, it is possible
that the R527Q mutation may alter the protein configuration of the HCN2 C-linker D’ helix,
leading to a compromised intersubunit interaction in heteromeric channels. This will be
predicted to alter subunit stoichiometry and channel function. Similar channel assembly
mechanisms have been suggested for the related cyclic nucleotide-gated channels (Zheng et
al., 2002; Zheng and Zagotta, 2004).

Functional analysis of the HCN2 intron 5 variant ¢.1584+7C>T demonstrated that it was likely
to generate a cryptic splice donor site. Using the Splice Site Score Calculation
(http://rulai.cshl.edu/new_alt_exon_db2/HTML/score.html), the wild-type exon 5 splice
donor site and the cryptic splice donor site generated scores of 9.9 and 6.3, respectively. The
mean score of the seven HCN2 splice donor sites is 6.6. Use of the cryptic splice donor site is
predicted to disrupt the reading frame, resulting in premature termination of the HCN2 protein
in exon 6. We observed 3% usage of the cryptic splice donor site in our in vitro assay; however,
it is likely that the relative usage of the wild-type and cryptic splice donor sites would be
different in vivo. Although the ¢.1584+7C>T substitution was observed at comparable
frequencies in patients and controls, it is possible that this variant may influence seizure
thresholds by reducing the level of functional HCN2 channels. Further studies to determine
the in vivo effect of this substitution on HCN2 levels are therefore warranted.

We identified a total of 41 variants in this study. Functional analysis of two of these variants,
R527Q and ¢.1584+7C>T, indicate that they may affect channel function. However, because
R527Q did not cosegregate in the other affected family member and because ¢.1584+7C>T
was observed at similar frequencies in patients and controls, a disease-causing role in epilepsy
for these variants cannot be claimed. There are other variants, such as A881T, which was
identified in HCN1 exon 8 and was not observed in 510 unaffected controls, which should also
be explored as potential causes of disease. Results from the current study are consistent with
the theory that common IGE subtypes arise from the complex interactions of several genes,
each producing small to moderate effects. Our findings serve to underscore the difficulties
posed by such complexity, highlighting the challenge of identifying the genes that lead to
common forms of epilepsy. Further research into the HCN gene family will be necessary to
more clearly establish their role in epilepsy.
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Location and evolutionary conservation of P42, A881, and R527. A. Schematic representation
of HCN channels. The locations of the three amino acid substitutions identified in this study
are shown. B. P42, located in the N-terminus of HCN1, is conserved in mammalian HCN1
channels. C. A881, located in the C-terminus of HCNZ, is conserved in mammalian HCN1
channels. D. R527, located in the C-linker between the S6 segment and the CNBD, is invariant.
Dots indicate identity to the top sequence. The alignments were generated using ClustalW1.82

(http://www.ebi.ac.uk/cgi-bin/clustalw).
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Figure 2.

Location and functional effect of the HCN2 intron 5 variant ¢.1584+7C>T. A. The substitution
of the cytosine residue (c) at ¢.1584+7 with a thymine (t) residue generates a potential cryptic
splice donor site that closely matches the sequence of the wild-type splice donor site. Use of
the cryptic donor site will result in the extension of exon 5 (boxed) by five additional
nucleotides. Transcripts containing the longer version of exon 5 will result in a premature stop
codon (asterisk) in exon 6. B. Transcripts containing the longer version of exon 5 were detected
by RT-PCR analysis and visualized in 2% agarose gels. No PCR amplification was observed
from samples containing either the wild-type sequence (Lane 1) or the ¢.1584+7C>T variant
(Lane 2) when reverse transcriptase was omitted from the cDNA synthesis. No PCR
amplification was observed from samples containing only the wild-type splice donor site
(Lanes 3 and 4). The expected 101-bp PCR product was observed from samples that contained
the ¢.1584+7C>T variant (Lanes 5 and 6). Lane B represents the negative control containing
no cDNA in the PCR reaction; Lane M represents the 50-bp molecular weight ladder
(Invitrogen). C. Transcripts in which exon 5 was longer by 5 bp were confirmed by sequence
analysis.
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Figure 3.

Functional analysis of homomeric mouse HCN2 channels, consisting of either wild-type or
R500Q mutant subunits. (A) Currents from one representative patch of each channel construct
are shown in the absence (black) and presence (red) of saturating (4 mM) cAMP. The currents
were recorded in response to voltage pulses from a holding potential of 0 mV to test potentials
between —70 mV and —150 mV, returning to a tail potential of —40 mV. (B) Conductance-
voltage relations were obtained from normalized tail currents, either for HCN2 wild-type (filled
symbols) or mutant (open symbols). The data shown are mean normalized values + SEM and
are fit with a Boltzmann relation.
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Figure 4.

HCN2 C-terminal region crystal structure. Structure of the HCN2 C-terminal region (Zagotta
et al., 2003) viewed from the side (left) and from the membrane (right). The structure is
positioned below the membrane-spanning portion of the channel, as it is thought to be in
vivo. The structure contains four subunits, two in dark gray and two in light gray, with the C-
linkers making up the top half of the structure and the CNBDs the bottom half. cAMP (yellow)
is bound in the CNBD of each subunit. Residues at position 500 (orthologous to position 527
in human sequence) and the salt bridge residues on the B’ and D’ helices, as well as the B-roll
of the CNBDs, are shown in CPK format: R500 (light blue), K472 (blue), E502 and D542 (both
in red). Side view of one subunit (inset). The A’-D’ helices of the C-linker are labeled, and the
R500 residue can be seen projecting towards the hole down the center of the structure.
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