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            Abstract
Hyperpolarization-activated, cyclic nucleotide–gated (HCN) channels contribute to cationic Ih current in neurons and regulate the excitability of neuronal networks. Studies in rat models have shown that the Hcn1 gene has a key role in epilepsy, but clinical evidence implicating HCN1 mutations in human epilepsy is lacking. We carried out exome sequencing for parent-offspring trios with fever-sensitive, intractable epileptic encephalopathy, leading to the discovery of two de novo missense HCN1 mutations. Screening of follow-up cohorts comprising 157 cases in total identified 4 additional amino acid substitutions. Patch-clamp recordings of Ih currents in cells expressing wild-type or mutant human HCN1 channels showed that the mutations had striking but divergent effects on homomeric channels. Individuals with mutations had clinical features resembling those of Dravet syndrome with progression toward atypical absences, intellectual disability and autistic traits. These findings provide clear evidence that de novo HCN1 point mutations cause a recognizable early-onset epileptic encephalopathy in humans.
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                    Figure 1: Identification of HCN1 missense mutations.[image: ]


Figure 2: Patch-clamp analysis of the functional effects of the de novo HCN1 mutations.[image: ]


Figure 3: Data analysis of coexpression of wild-type and mutant human HCN1 channels with the patch-clamp technique.[image: ]
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Contributions
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Integrated supplementary information

Supplementary Figure 1 Comparison of the mean number of rare variants per base and per individual between HCN1 and selected genes expressed in the brain.
The numbers of truncating variants (nonsense and splice site), rare missense variants (with MAF < 1‰), very rare missense variants (present in fewer than ten individuals) and very rare missense variants predicted to be possibly or probably damaging by Polyphen-2 per base and per individual have been calculated for selected genes expressed in the brain, associated with autosomal dominant epilepsies or epileptic encephalopathies (SCN1A, SCN2A, SCN8A, SCN1B, CHD2, STXBP1, KCNT1, GRIN2A, GRIN2B, SYNGAP1), autosomal recessive various phenotypes (CLCN2, EPM2A, NHLRC1, POLG, RELN) and X-linked epileptic encephalopathy (PCDH19) and for genes associated with complex phenotypes (DRD4) or no known disorder in humans (HTR3B), from data of the European ESP population (Exome Variant Server, http://evs.gs.washington.edu/EVS/).


Supplementary Figure 2 Identification of a heterozygous deletion encompassing exon 4 of HCN1 in a female subject with ID and ASD, inherited from her asymptomatic father.
(a) Cyto-12 SNP array (Illumina) profiles of the patient with HCN1 exon 4 deletion and details of the coding sequences included the deletion: the y axis indicates the B allele frequency (above) and the log R ratio (below), and the x axis indicates the position on chromosome 5. The deletion spans ~33 kb and theoretically leads to an in-frame deletion of 73 amino acids (p.Asn338_Lys410del) in the extracellular loop between the S5 and S6 domains containing the pore region. (b) Confirmation of the presence of the HCN1 heterozygous deletion in the proband and her father by quantitative PCR using primers located on exon 4 (forward: 5'-CCACCTGCTATGCCATGTTT-3'; reverse: 5'-ATACTGCCGCCTCGAAGsAAT-3'). RT-PCR experiments were performed using 10 ng of genomic DNA, 0.8 μM of each primer and 12.5 μl of SYBR Green PCR master mix (Applied Biosystems) in a total volume of 25 μl. RNase P (RNAse P Control Assay, Applied Biosystems) was used as the reference amplicon. Each sample was run in triplicate on an ABI PRISM 7700 Detection System (Applied Biosystems), and three different experiments were used for final quantification. Relative ratios were calculated using the formula r = 
                            2
                            
                              −
                              Δ
                              Δ
                              
                                C
                                T
                              
                            
                           with ΔΔCt = (Ct mutation – Ct RNaseP) ind tested – (Ct mutation – Ct RNaseP) ind ref.


Supplementary Figure 3 Alignment of the regions flanking the six missense variants in orthologous proteins, showing the conservation of the altered amino acids.
Multiple pairwise alignments were performed using ClustalW 2.1 (http://www.genome.jp/tools/clustalw/). The amino acids altered by the mutations are highlighted. Full alignments including all species are provided as a Supplementary Note.


Supplementary Figure 4 Reversal potential (Erev) of gain-of-function mutations affecting the hHCN1 channel.
(a) Representative whole-cell current trace recorded from a CHO-K1 cell transfected with construct for wild-type (WT) hHCN1 channel. For determination of Erev, currents were fully activated by a prepulse to –130 mV for 1 s from a holding potential of –20 mV, and test pulses were then applied from –100 mV to +40 mV in 10-mV increments, with tail current measured immediately after the prepulse. (b) Plot of mean tail current density as a function of test voltage for WT, S100F, H279Y and D401H hHCN1 channels. The number of cells for each condition is indicated in parentheses. The red line represents a linear regression through the mean values for the tail current density and is used to obtain Erev. (c) Bar graph of Erev for WT hHCN1 and the three mutant channels (one-way ANONA followed by a Dunnett's test, ***P < 0.001). Data are represented as mean values ± s.e.m. with numbers of experiments given in parentheses.


Supplementary Figure 5 Data analysis of loss-of-function mutations affecting the hHCN1 channel identified with the patch-clamp technique.
Plot of mean current density as a function of test voltage for control cells (cells transfected only with pEGFP plasmid, reflecting the endogenous current) and cells expressing S272P and R297T mutant channels. The number of cells for each condition is indicated in parentheses. Currents were elicited by test pulses ranging from –140 mV to +40 mV in 10-mV increments from a holding potential of –20 mV and were normalized to cell capacitance (representative traces in Fig. 2a). Current densities of both mutant channels were not significantly different compared with endogenous currents from control cells (one-way ANOVA followed by a Dunnett's test, P > 0.05). Data are presented as means ± s.e.m. with numbers of experiments given in parentheses.


Supplementary Figure 6 Impact of de novo HCN1 mutations on protein expression and localization at the plasma membrane.
(a) Semiquantitative analysis of WT and mutant (S100F, S272P, R297T, H279Y or D401H) HCN1 protein expression in whole-cell lysates and at the plasma membrane by protein blot. CHO-K1 cells were transiently cotransfected with 12 μg of WT or mutant HCN1 expression plasmid using the Neon electroporation system (Invitrogen); 24 h after transfection, proteins present at the plasma membrane were isolated using the Cell Surface Protein Isolation kit (Pierce), following the manufacturer's recommendations. Whole-cell lysates were kept before isolation of membrane protein from the same experiments. Proteins present in both fractions were resolved by SDS-PAGE on 4–12% gradient gels (Invitrogen) and electrotransferred onto nitrocellulose membranes. HCN1 was probed using a monoclonal mouse anti-HCN1 antibody (ab84816, Abcam; 1:10,000 dilution), and the signal was visualized with enhanced chemiluminescence (Pierce). Membranes were probed with anti–Flotillin-1 antibody (610820, BD Biosciences; 1:1,000 dilution) for normalization. The image shows the result of a representative experiment. (b) Semiquantitative measurement of WT and mutant HCN1 proteins present in whole-cell lysates (blue) and at the plasma membrane (red) from three independent experiments using the ImageJ program (http://rsb.info.nih.gov/ij/). The values obtained for WT and mutant HCN1 proteins were corrected for the intensity of the corresponding flotillin bands. Data are presented as means ± s.e.m. Note that, although the expression of S100F, S272P and R297T HCN1 channels was similarly decreased, an Ih current was recorded for S100F but nor for S272P and R297T. In addition, the S272P and R297T mutants showed a dominant-negative effect on the WT-mutant heteromeric channels, suggesting that mutant homomeric channels are less stable than WT-mutant heteromeric channels. (c) Effect of proteasome inhibition on mutant (S100F, S272P, R297T, H279Y or D401H) HCN1 protein expression in whole-cell lysates. CHO-K1 cells were transiently cotransfected with WT or mutant HCN1 expression plasmids; 24 h after transfection, half of the cells was treated with 1 μM epoxomicin (E3652, Sigma) for 16 h. Proteins were then resolved by SDS-PAGE on 4–12% gradient gels (Invitrogen) and electrotransferred onto nitrocellulose membranes. HCN1 was probed using the monoclonal mouse anti-HCN1 antibody, and the signal was detected by enhanced direct near-infrared fluorescence detection system (LI-COR Biosciences). Membranes were probed with anti-actin antibody (ab3280, Abcam; 1:4,000 dilution) for normalization. The image shows the result of a representative experiment.
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