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Heter ozygous variants in KCNC2 cause a broad spectrum of epilepsy phenotypes

associated with char acteristic functional alterations
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117 Abstract

118  Background

119 KCNC2 encodes a member of the shaw-related voltage-gated potassium channel family
120  (Kv3.2), which are important for sustained high-frequency firing and optimized energy
121 efficiency of action potentials in the brain.

122 Methods

123 Individuals with KCNC2 variants detected by exome sequencing were selected for clinical,
124  further genetic and functional analysis. The cases were referred through clinical and research
125  collaborations in our study. Four de novo variants were examined electrophysiologically in
126  Xenopus laevis oocytes.

127  Results

128  We identified novel KCNC2 variants in 27 patients with various forms of epilepsy. Functional
129  analysis demonstrated gain-of-function in severe and loss-of-function in milder phenotypes as
130  the underlying pathomechanisms with specific response to valproic acid.

131 Conclusion

132 These findings implicate KCNC2 as a novel causative gene for epilepsy emphasizing the
133 critical role of K\3.2 in the regulation of brain excitability with an interesting genotype-

134  phenotype correlation and a potential concept for precision medicine.

135
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136  Introduction

137  Epilepsy is one of the most prevalent neurological diseases and affects approximately 50
138 million people worldwide®. Especially in children and young adults, epilepsy causes the most
139  substantial burden compared to any other neurological condition®. The identification of
140  epilepsy associated genes in the last decade has dramatically improved the understanding of
141  epileptogenesis. More than ten epilepsy-associated genes code for potassium channels,
142  partially leading to pathophysiology-based treatment, like the potassium channel blocker 4-
143 aminopyridin in KCNA2 caused developmental and epileptic encephalopathies (DEE)®. Based
144  on the original description in Drosophila melanogaster potassium channels are devided in
145  Shaker, Shaw, Shal and Shap subtypes®. The Shaw-related potassium channel family (Ky3)
146  play a pivotal role in the excitability of the central nervous system (CNS) by regulating the
147  membrane resting potential, the firing of neurons, the action potential duration and
148  neurotransmitter release®®. So far, only KCNC1 (Ky3.1) and KCNC3 (Ky3.3) as members of
149  this potassium channel gene family have been implicated in human neurological diseases.
150 Disease-causing variants had previously been identified in patients with progressive
151 myoclonus epilepsy and spinocerebellar ataxia’®. KCNC2 codes for the potassium channel
152 Ky3.2 (an additional member of the K3 family) mainly expressed in the brain in the
153 interneurons of cortex, hippocampus and basal ganglia®.

154  Here, in this study, we identified 25 different heterozygous variants in KCNC2 in 27 unrelated
155 individuals with developmental and epileptic encephalopathies (DEE) and other, more mild
156  epilepsy syndromes such as genetic generalized epilepsy (GGE), early-onset absence epilepsy
157  (EOAE), epilepsy with focal seizures (FE) and pure febrile seizures (FS) and provide a
158  detailed phenotypical, genetic and functional analysis emphasizing the role of KCNC2 as a

159  novel disease gene in human epilepsies.

160
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161  Subjectsand Methods

162  Patients

163  We selected individuals with KCNC2 variants, identified by exome sequencing, referred
164  through clinical and research collaborations in our study, including individuals contributing
165  through the Epi25 consortium®. Segregation analysis was performed when possible. No other
166  relevant variants were detected in these cases based on the classification criteria by ACMG
167  (American College of Medical Genetics)™. Clinical, neuroimaging and electrophysiological
168  data were reviewed in detail. The current study was approved by each local ethics committee.
169  The epilepsy syndromes were classified using the actual ILAE (International League against
170  Epilepsy) criteria™. We hereby state that we received written informed consent to perform
171  this study by each patient/relative included in the study.

172 Methods

173  Sanger sequencing analysis. We performed bidirectional Sanger sequencing of the respective
174  areas of KCNC2 (NM_139137) using the BigDye Terminator v3.1 Cycle Sequencing kit on
175 an ABI3730XL DNA Analyzer to confirm the described mutations and define the inheritance
176  model (Applied Biosystems; primer sequences available upon request).

177  Protein structure analysis.
178
179  No experimentally solved protein structure was available for the human Ky3.2 channel. We

180  generated a model of the protein structure using the RaptorX webserver*? that covered all 638
181  residues of the protein (NM_139137; NP_631875). Two scores were used for the
182 identification of variant sensitive amino acid residues. First, we used our recently developed
183  and validated score that identifies paralog conserved regions across genes of the same gene
184  family (‘Para_zscore’)*. In a follow-up study, we showed that paralog conserved regions are
185  enriched for patient variants**, in particular in neurodevelopmental diseases™. Secondly, we

186  used the MTR-score that quantifies the constraint of each residue to missense variants in the
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187  general population. It was demonstrated that the most constraint regions are enriched for
188  pathogenic variants in ClinVar and HGMD™. By combining the evidence of both scores, we
189  detect critical regions (>5 consecutively amino acids) that are paralog conserved (Para_zscore
190 > 0) and constraint for missense variation (MTR <0.459). Variants and critical regions were
191  visualized in PyMOL'®.

192  Functional investigations. Four variants were selected for functional analysis according to
193  the associated phenotype, the location and the predicted impact to the structure of the protein.
194  Backbone and RNA preparation. Vector pcDNA3.1 (+) + insert KCNC2 WT and the mutant
195 clones (NM_139137: ¢.375C>G/p.Cys125Trp/C125W; ¢.404A>G/p.Glul35Gly/E135G;
196  €.656T>C/p.Phe219Ser/F219S; c¢.1309A>G/p.Thr437Ala/T437A) were acquired from
197  GenScript USA Inc. WT and mutant cDNA sequences were fully re-sequenced before being
198 used in experiments to confirm the variant and exclude the presence of any additional
199  sequence alterations. cRNA was prepared using the SP6 mMessage kit from Ambion
200 according to the manufacturer's instructions.

201  Electrophysiology. Collagenase-treated Xenopus laevis oocytes were acquired from Ecocyte
202  Bioscience, Dortmund, Germany (1 mg/ml type CLS Il collagenase, Biochrom, Berlin,
203  Germany in OR-2 solutionin mM: 82.5 NaCl, 2.5 KCI, 1 MgCl, and 5 HEPES, pH7.5),
204  washed three times and stored at 16°C in Barth solution (in mM: 88 NaCl, 2.4 NaHCO;, 1
205 KCI, 0.33 Ca(NOs),, 0.41 CaCl,, 0.82 MgSO, and 5 Tris-HCI, pH7.4 with NaOH)
206  supplemented with 50 pg/ml gentamicin (Biochrom). To compare current amplitudes of WT
207 and mutant channels, 70 nl of cRNA encoding WT or mutant KCNC2 cRNA (c = 1 ug/ul)
208 were injected on the same day using the same batch of oocytes. For recordings of
209  homozygous conditions of the WT or mutant K\3.2 channels 70 nl of cRNA (1.0) were
210 injected. To be able to record the heterozygous condition, 35 nl of the WT and 35 nl of the
211 related mutant KCNC2 cRNA were injected. Injection was performed with the automated

212 Roboinject system (Multi Channel Systems, Reutlingen, Germany), and oocytes were
8
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213 incubated for 5 days (at 17 °C) before the experiments were performed. Potassium currents in
214 oocytes were recorded at room temperature (20-22 °C) using Roboocyte2 (Multi Channel
215  Systems). For two-electrode voltage-clamp (TEVC) recordings, oocytes were impaled with
216  two glass electrodes (resistance of 0.4-1MQ) containing a solution of 1 M KCIl and 1.5 M
217  potassium acetate and clamped at a holding potential of —80 mV. Oocytes were perfused with
218 an ND96 bath solution containing (in mM): 93.5 NaCl, 2 KCI, 1.8 CaCl,, 2 MgCl, and 5
219  HEPES (pH7.6). Currents were sampled at 2 kHz.

220  Western blot analysis. For protein blotting, injected Xenopus laevis oocytes were lysed in a
221 buffer containing 20mM Tris HCI (pH7.6), 100 M NaCl, 1% Triton X-100 and 1X complete
222 protease inhibitors (Roche). After measuring the protein concentrations (BCA Systems,
223 Thermo Fisher Scientific), 50 ug of protein were separated by SDS-PAGE on 8% poly-
224 acrylamide gels. Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes
225  (PALL Corporation) and protein blotting was performed using a monoclonal mouse antibody
226 (S410-17) against Ky3.2 (KCNC2) (ThermoFischer - MA5-27683) with a concentration of
227  1:500. Water-injected oocytes were used as negative control.

228 Data and statistical analysis. Data analysis and graphical illustrations were achieved using
229  Roboocyte2+ (Multichannel Systems, Germany), Excel (Microsoft, USA) and GraphPad
230  Prism Software (GraphPad Software, USA). Normality was tested using the Shapiro-Wilk test
231  and statistical evaluation for multiple comparisons was conducted using onel"way ANOVA
232 on ranks with Dunn's post hoc test. Statistical testing was performed with SigmaPlot 12.0
233 (Systat Software, Inc.) and dil_erences between groups were considered significant with *p <
234 0.05. Data are reported as mean + SEM (standard error of the mean).

235
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239
240

241  Reaults
242 Geneticfindings

243 We present 25 unique heterozygous missense variants identified in 27 patients including a
244 first initial case published already by our group®’. 22/25 variants were not found in control
245  cohorts before. The remaining three variants were found once in the control cohort gnomAD
246  (D128E, D194E, G200V). The presented KCNC2 variants were grouped into three different
247  categories (see also table 1). The first category (group 1: strong pathogenic variants, 10/27)
248  are patients with de novo variants. Additionally, we acquired variants absent in large
249  population databases (except D128E once described in gnomAD) that were either inherited
250 from an unaffected parent (n=4) or variants where a positive family history could be
251  determined without knowledge available about the inheritance model (n=4). We defined those
252 as mild pathogenic or modifying variants (8/27, group 2) since minimum three out of four
253  prediction scores indicate them as potentially damaging and the CADD score was high (>20).
254 In 9/27 (group 3) cases the mode of inheritance was unclear. Since in those the prediction
255  scores demonstrate either benign or tolerate status and the CADD score was low (<13) we
256  declared these as variants of uncertain significance (see supplementary table).

257  Interestingly, two mutations have recurrently been identified in our cohort (R351K-two
258  patients and T437N/A-three patients). All patients with recurrent mutations had a severe DEE
259 and a very homogenous clinical phenotype concerning seizure onset, seizure types and
260  developmental problems.

261

262 Patients
263  We identified 27 patients carrying 25 different KCNC2 variants (Table 1), 12 males and 15

264  females, and separated the patients into three categories regarding the potential pathogenicity

10
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265  of their respective KCNC2 variants. Within these groups we could describe the following
266  phenotypes:

267  Pathogenic variants (de novo) - 10/27 patients:

268  Genetic generalized epilepsy (GGE). 2/10 patients presented with subtypes of GGE featuring
269  myoclonic and generalized tonic-clonic seizures. EEG recordings showed typical generalized
270  epileptic discharges. The neurological examination was normal in both patients. In the
271  available cMRI (cranial magnetic resonance imaging) one patient presented a developmental
272 venous anomaly which is a unspecific finding for epilepsy. Both patients are
273 pharmacoresistant.

274  Early-Onset Absence Epilepsy (EOAE). 2/10 Patients had EOAE with dominant absences.
275  Both showed normal MRI and, in the EEG, classical generalized epileptiform discharges.
276  They suffered from mild ID. and demonstrated additional abnormalities including facial
277  dysmorphism, hypotonia, ataxia, autism spectrum disorder. One of both patients was non-
278 verbal. The other patient received seizure freedom using a combination of valproic acid
279  (VPA) and clobazam.

280 Deveopmental and epileptic encephalopathy (DEE). Furthermore, six patients with a DEE
281  could be identified carrying a de novo KCNC2 variant (6/10). ID was present in all patients
282  with a moderate to severe intensity. Further neuro-psychiatric findings were ataxia, hypotonia,
283  macrocephaly, autism, hyperactivity, sleep disturbance or problems with speech in 3/6
284  patients while the other three patients showed no neurological abnormality. Depending on the
285  syndrome, the EEGs showed continuous electrical status epilepticus during slow wave sleep
286 (CSWS) in two patients, multifocal or bilateral/generalized discharges as well as
287  hypsarrhythmia. The cMRI was normal in 5/6 patients, while one patient showed an
288 arachnoidal cyst combined with brain atrophy. Only one DEE patient achieved seizure
289  freedom using VPA.

290 Modifying variants - 8/27 patients:
11
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291 Genetic generalized epilepsy (GGE). 5/9 patients presented with subtypes of GGE featuring
292  absences, myoclonic and generalized tonic-clonic seizures. EEG recordings showed typical
293  generalized epileptic discharges or normal interictal results. The neurological examination
294  was normal in all patients. One patient with GGE suffered from psychiatric symptoms with
295  depression and anxiety, one showed a mild intellectual disability (ID). In the available cMRI
296  one patient presented a generalized brain atrophy, which is a unspecific finding for epilepsy.
297  4/5 GGE patients were seizure-free (one with transient effect over 2 years) using VPA in
298  monotherapy or in combination.

299  Focal epilepsies (FE). 2/9 cases were suffering from FE. The Neurological examination and
300 the cMRI was normal in one patient and in the other not available. None of them suffered
301 from ID. EEG demonstrated bilateral temporal and generalized discharges. One patient
302 achieved seizure freedom using VPA.

303 Developmental and epileptic encephalopathy (DEE). Furthermore, one patient (1/8) with a
304 DEE could be identified. This patient showed a mild ID but no other neuro-psychiatric
305 findings. The EEG showed generalized discharges and the cMRI was normal. The patient
306  received seizure freedom using VPA.

307 Variantsof uncertain significants - 9/27 patients:

308 Genetic generalized epilepsy (GGE). 1/8 patients presented with GGE featuring absences and
309 generalized tonic-clonic seizures. EEG recordings showed typical generalized epileptic
310 discharges and the neurological examination was normal. In the available cMRI the patient
311  presented only a colloid cyst in the third ventricle, which is a finding unspecific for epilepsy.
312  Early-Onset Absence Epilepsy (EOAE). 1/8 Patients had EOAE with absences. The patient
313  showed a normal MRI and classical generalized epileptiform discharges in the EEG. The
314  Neurological examination was normal. The patient presented with a mild 1D.

315 Focal epilepsies (FE). 3/8 cases were suffering from FE with structural findings in two

316  patients (left mesial temporal sclerosis, posterior double cortex combined with
12
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317  polymicrogyria). The cMRI in the third patient was normal. Neuro-psychological deficits
318  were present in all patients including depression, reduced visual field and long-term verbal
319 memory deficit. One of them suffered from mild ID. EEG demonstrated left temporal,
320 generalized or multifocal discharges. 2/3 patients achieved seizure freedom, one of them with
321  VPA (only transient) and one received seizure freedom after epilepsy surgery.

322  Developmental and epileptic encephal opathy (DEE). Furthermore, three patients (3/9) showed
323 a DEE. ID was present in two patients, with a severe intensity. Further neuro-psychiatric
324  findings were microcephaly, autism, quadriplegia, sleep disturbance, ataxia, depression or
325  problems with speech. The EEGs showed multifocal discharges. In the cMRIs pathological
326  findings were described like a cortical dysplasia or bilateral polymicrogyria. One DEE patient
327 achieved seizure freedom using a combination of ketogenic diet, oxcarbazepine and
328 topiramate, one under a medication of phenobarbital and one patient stayed pharmaco-
329  resistant.

330 Febrile seizures (FS): One patient (1/8) had FS only in early childhood, but no other seizure
331 types and did not require medication. The patient had multifocal discharges on EEG,
332 neuroimaging was not performed.

333

334  Protein structure analysis

335 Based on the knowledge about potassium channel structures in general, we could locate our
336 KCNC2 variants across the six transmembrane segments of the Ky/3.2 subunit as well as in the
337  long cytoplasmic N- and C-terminal regions'® (Figure 1A). The fourth transmembrane domain
338 of the Ky3.2 subunit builds a voltage sensor and the extracellular loop between the fifth and
339 the sixth transmembrane domain serves as a selectivity filter for potassium ions. The
340 identified variants were located in the N- and C-terminal part as well as in the last four
341  transmembrane domains but the localization of each variant did not correlate to a specific

342  phenotype. Since there was no crystal structure available, we modelled the structure of the
13
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343  Ky3.2 subunit and mapped the identified variants in our model (Figure 1B). We identified
344  exceptional protein regions, which are characterized by paralog conservation (Paraz-score)
345 and depletion of population variants (MTR-score). 9/27 patient variants [F219S, V330M,
346  S333T, R351K (two patients), F382C, T437A/N (three patients)] are located within these
347  specific regions. They were all located close or within the transmembrane region of the
348  protein. Interestingly, one further variant (1465V), was located in the transmembrane region.
349  All others were localized in the cytoplasmic regions. Three variants were cytosolic N-terminal
350 de novo variants (C125W, E135G, D167Y) within or close to the structured N-terminal
351  cytoplasmic region, the so called T1 domain, which is important for the tetramerization of the
352 protein®®. The C-terminal region that harboured 5 patient variants is predicted to be mainly
353  unstructured.

354  In summary, we could not detect a strong phenotype-localization correlation in the predicted
355  structure of the Ky3.2 subunit, but most of the identified variants are located in specific
356  relevant and conserved areas of the channel.

357

358 Functional analysis

359  We performed the two-electrode voltage clamp technique using the Xenopus laevis oocyte
360 expression system and recorded the currents of four different variants which were selected
361 according to the location of the variant within the channel structure as well as the phenotype
362  of the patient (C125W-EOAE, E135G-DEE, F219S-GGE and T437A-EOAE, see also Figure
363  1). All of them showed a de novo inheritance pattern and none of them was found in control
364  cohorts (gnomAD). C125W and E135G are located within the T1 domain which is important
365 for the tetramerization of the channel (see Figure 1A). In this region, the Zn*" coordinating
366  motif is also located (HxsCx20CC) which is important in bridging the interaction interface
367  between two proteins and stabilize the tetrameric protein structure. Additionally, the Zn**

368 location within the Shaw and Shaker family is different suggesting that zinc may play a role
14
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369 in differentiating Shaw from Shaker T1 in assembly®. F219S is located shortly before the first
370 transmembrane domain and T437A is located within the P-domain (TxxT/SxGY/FG), which
371 acts as the K* selectivity filter, and affects the second important amino acid of the P-domain
372 motif?.

373  The functionally analysed variant F219S-GGE showed a complete loss-of-function in the
374  homo- and heterozygous state with current amplitudes comparable to the ones obtained from
375  water injected control oocytes (Figure 3A). Thus, this variant causes a dominant negative
376  effect on WT channels (Figure 3A/3C). T437A-EOQAE lead to a significant reduction of the
377  current amplitude, while C125W-EOAE showed a significant increase in the current
378 amplitude. The analysis of E135G-DEE could not demonstrate any differences compared to
379  oocytes injected with the WT subunit (Figure 2A and 2B). To make sure that all variants have
380 been expressed in the injected oocytes we performed a western blot analysis. This analysis
381 showed a band at about 90 kDa in all protein lysates except for the water injected control
382  oocytes. As loading control, the housekeeping gene Beta-actin was used, and all protein
383 lysates showed a band at about 40 kDa. Thus, all variants showed an expression in oocytes
384  (Figure 2D and 3B). The analysis of the channel kinetic of the variants C125W-EOAE,
385 E135G-DEE, T437A-EOAE, showed a significant shift of the activation curve to more
386  hyperpolarized potentials (Figure 2E) and in total a slower deactivation compared to oocytes
387  expressing WT channels (Figure 2F). E135G-DEE showed a significantly slower deactivation
388  time constant at all recorded voltages except for 0 mV compared to cells injected with RNA
389 encoding only WT subunits. For C125W-EOAE and T437A-EOAE the deactivation time
390 constant was significantly reduced between -50 mV and -20 mV or -30 mV respectively in
391  comparison to oocytes expressing WT channels (Figure 2F). Thus, the analysis of the variants
392  C125W, E135G and T437A in total demonstrates a gain-of-function in the channel kinetics.
393  Additionally, the membrane potential of the variants C125W, F219S and T437A was

394  significantly shifted to more hyperpolarized potentials (Figure 2C and 3D).
15
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395  Taken together the variant T437A-EOAE showed a mixed effect on the channel function, a
396  gain-of-function in the channel kinetic and a loss-of-function in the normalized current
397  amplitude. For the other two variants (C125W-EOAE and E135G-DEE), the gain-of-function
398  was the predominant effect.

399 In summary, the more severe phenotypes demonstrate a clear gain-of-function effect, whereas
400 the milder phenotype F219S-GGE causes a dramatic dominant negative loss-of-function

401  effect.

402

403 Discussion

404  We describe KCNC2 as a novel genetic etiology for human epilepsies. Phenotypes range from
405 relatively mild generalized epilepsies to severe developmental and epileptic encephalopathies
406  related to specific functional changes.

407  The variants collected demonstrate a spectrum of severity. Therefore, we divided these into
408 three different categories. The first category includes only de novo mutations that are disease-
409 causing (10/27 variants). No other relevant mutations in other known epilepsy genes were
410 found in these patients. The second category includes patients with variants in KCNC2 which
411 are likely to be disease causing or have only a modifying effect since the prediction scores
412  indicated pathogenicity, but the variants were inherited by unaffected family members or the
413  inheritance mode was unclear (8/27). The third category contains variants of uncertain
414  significance (9/27). The clinical spectrum observed in KCNC2-related disorders is very broad
415  concerning the extent of severity. DEE was the main phenotype (37% in total cohort and in
416  group 1&2 variants: 39%), but closely followed by GGE (30% in total cohort and in
417  groupl&2 variants: 39%), FE (19% in total cohort and in group 1&2 cohort 11%), EOAE
418 (11% in total cohort and in group 1&2 variants 11%) and pure febrile seizures in one case

419  (variant of uncertain significance). Nevertheless, the recurrent variants (R351K and T437N)
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420 had a recognizable homogenous clinical picture hinting a unique genotype-phenotype
421  correlation.

422

423 The GGE-KCNC2 cases (group 1&2 variants) demonstrated a reduced response to
424  antiepileptic medication since only 57% were pharmaco-responsive compared to
425  approximately 90% in the general GGE population®’. Interestingly, 8/18 patients became
426  seizure-free (variants group 1&2) and all of them using valproic acid (VPA) as monotherapy
427  orin combination. The patients responding to VPA carry variants which mainly cluster in two
428 regions. One is the intracellular N-terminal part including the variants (T32A, D128E,
429  D144E) and the other one the extracellular region of the third and fourth domain including the
430  variants V330M, S333T and R351K. VPA is an antiepileptic drug with a broad spectrum of
431  mechanisms of actions. VPA has been demonstrated to limit high-frequency repetitive firing
432 in cultured neurons? This effect is linked to the modulation of sodium, calcium and
433  potassium channels, especially with a use-dependent decrease in inward sodium currents.
434  Additionally, VPA increases the amplitude of the late potassium outward currents, further
435  increasing the threshold for epileptiform activity?> which might explain the special effect of
436  this drug in our cohort.

437  Our cohort includes also patients with structural brain changes: relevant structural changes
438 were found in 15% of our cases (4/27, mesial temporal sclerosis, polymicrogyria, cortical
439  dysplasia, double cortex associated with polymicrogyria). All of them carried a variant of
440  uncertain significance. Therefore, it is unclear whether variants in the KCNC2 gene may
441  affect brain development and can also induce structural changes, as known, for example, for
442  mutations in the GPR56, DCX or LISL genes®®**?* or is only a modifying factor in these
443  cases. Nevertheless, associated brain malformations were described before for other ion

444 channel genes like SCN1A and SCN3A™?®,
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445  KCNC2 has previously been proposed as a modifying factor'’, and to play a role in other

2128 schizophrenia®, bipolar disorder®, and other

446  neuro-psychiatric diseases such as ataxia
447 DEEsS®. Our patients did also display additional neurological features including facial
448  dysmorphism, ataxia, speech disturbance, depression, hyperactivity and autism spectrum
449  disorder with additional support to this hypothesis. Additionally, we could demonstrate a
450  much broader clinical spectrum including GGE, EOAE and FE. Our collected variants can be
451  dedicated as either strong disease causing, mild pathogenic or characterized as phenotype
452  modifiers.

453  The virtual structure of K\3.2 identified very important regions, which are characterized by
454  paralog conservation (Paraz-score) and depletion of population variants (MTR-score). We
455  could not find a strong phenotype-structure association, but the variants of our patients were
456  concentrated at the C-terminus, N-terminus and transmembrane segments 3 to 6 indicating a
457  high relevance of these regions to channel function.

458  We selected four variants for functional analysis and selected them based on the phenotype of
459  the patients as well as the location within the channel. The functional results demonstrated a
460  gain-of-function in the more severe phenotypes DEE and EOAE, whereas in the GGE
461  associated variant a dramatic loss-of-function effect was observed. Among all Ky channels,
462  channels of the Ky3 family in particular play a crucial role in the rapid repolarization of action
463  potentials and therefore dictate action potential duration. The Ky3.2 subunit is predominantly
464  expressed in the brain specifically in parvalbumin- as well as somatostatin- expressing

465 GABAergic interneurons in deep cortical layers>®

and therefore responsible for the
466  modulation of excitation. Furthermore, the functional analysis demonstrated that voltage-
467  gated potassium channels are important for the resting membrane potential and the regulation
468  of firing, action potential duration and neurotransmitter release®®. The Ky3.2 subunit has

469 some unusual electrophysiological properties like the fast rate of deactivation upon

470  repolarization. This rate is significantly faster than that of any other known neuronal voltage-
18
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471 gated K* channel. Thus, Ky3.2 plays a crucial role in fast-spiking interneurons®. It is
472  therefore reasonable that inhibitory interneurons play an important role in the development of
473  epileptic seizures in the cases described here. In many generalized epilepsies, inhibitory
474  interneurons play an essential role, for example in Dravet syndrome and GEFS+ which are
475  associated to pathogenic variants in SCN1A encoding the main Na* channel in inhibitory
476 neurons®° or KCNC1 mutations in progressive myoclonic epilepsy®.

477  Ky3.2" knockout mice presented with specific changes in their cortical EEG patterns and
478  additionally showed increased susceptibility to epileptic seizures®’. This again emphasizes
479  how important it is for inhibitory interneurons to be able to generate high-frequency firing so
480 that balanced cortical operations can occur. As described for other variants in potassium
481  channel genes associated with epilepsy®®, the recorded Ky3.2 variants demonstrate gain- and
482  loss-of-function effects.

483  In conclusion, KCNC2 is a novel and important gene for a broad spectrum of epilepsy
484  syndromes with an interesting phenotype-pathophysiology correlation and a potential concept

485  for precision medicine.

486

487  Supplemental information description

488  Supplmentary table: Analysis of the detected KCNC2 variants (NM _139137) by different
489  prediction tools. Protein variants in bold were functionally analyzed. Cadd phred of 20 or
490  more marked in bold.
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655 FigureLegends

656  Figurel: Structureof K\3.2 encoded by KCNC2

657  A. Schematic structure of Ky3.2 subunit. The subunit consists of 6 transmembrane segments
658  (1-6) with long C- and N- terminal regions. The N-terminal plays a crucial role for the
659  tetramerization of the channel. The 4™ transmembrane segment works as the voltage sensor
660 and the extracellular loop between the 5™ and the 6" transmembrane segment forms the
661  selectivity filter for K* ions. Variants are color-coded according to the phenotype of the
662  patient: red-developmental and epileptic encephalopathy (DEE), yellow-early onset absence
663  epilepsy (EOAE), blue- genetic generalized epilepsy (GGE), brown-focal epilepsy (FE) and
664  grey-febrile seizure (FS).

665  B. The three-dimensional structure of Ky3.2 predicted by RaptorX with KCNC2 variants and
666  phenotypes included (abbreviations see above). The golden areas within the structure are
667  highly conserved regions characterized by paralog conservation (Paraz-score) and depletion
668  of population variants (MTR-score). Extracellular loops are shown above the dotted line,
669  below the line the intracellular N- and C-terminal regions are shown. The splice variant and
670 E608K are not shown within the structure. E608K is only expressed in transcript number

671 NM_139136 and not on NM_139137 which was used to create the structure. Red-rimmed
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672  variants were selected for functional analysis either measured here or previously described by
673  ourselves."”

674

675  Figure2: Electrophysiological analysis of selected KCNC2 variants.

676  Functional analysis of the variants C125W, E135G and T437A compared to wild type (WT).
677  The more severe phenotypes C125W-EOAE (increased current amplitude/activation at more
678  hyperpolarized potentials/slow deactivation), E135G-DEE (normal current/activation at more
679  hyperpolarized potentials/slow deactivation) and T437A-EOAE (reduced current
680  amplitude/activation at more hyperpolarized potentials/slow deactivation) demonstrate gain-
681  of-function.

682  A. Representative traces of Ky3.2 currents recorded in Xenopus laevis oocytes expressing
683  wild type (WT) or the different variants (C125W, E135G, T437A) in response to voltage
684  steps from -70 mV to +30 mV (with an increment of 10 mV).

685  B: Mean current amplitudes of oocytes injected with WT (n=101), and equal amounts of WT
686  + C125W (n=40), WT + E135G (n=31), WT + T437A (n=41) or water (1.0, n=44).

687  C. Resting membrane potentials of oocytes injected with WT (n=101) and equal amounts of
688 WT + C125W (n=40), WT + E135G (n=31), WT + F219S (n=29), WT + T437A (n=41) or
689  water (n=44). Shown are means + SEM (standard error of the mean). Statistically significant
690 differences between WT channels and the tested groups were verified by ANOVA on ranks
691  (indicated by asterisks).

692  D. Immunoblot analysis for lysates of Xenopus laevis oocytes injected with cRNA for K\3.2
693  WT and equal amounts of WT + C125W, WT + E135G, WT + T437A or water. All channels
694  showed a band at about 90 kDa.

695 E. Mean  voltage-dependent  activation of Ky3.2  channel for WT
696 (n = 101), equal amounts of WT+C125W (n=40), WT+E135G (n=31) and WT+T437A

697 (n=42). Lines illustrate Boltzmann Function fit to the data points. All activation curves
25
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698  showed a significant shift to more hyperpolarized potentials in comparison to WT channel
699  alone. All data are shown as means = SEM.

700 F. Mean voltage-dependent deactivation time constant of Ky3.2 channel WT (n=72),
701 WT+C125W (n=40), WT+E135G (n=12) and WT+T437A (n=20). All deactivation curves
702  showed a significantly slower deactivation in comparison to channels only containing WT
703  subunit. All data are shown as means = SEM.

704

705

706  Figure 3: Electrophysiological analysis of the p.F219S KCNC2 variant.

707  Functional analysis for the variant F219S compared to wild type (WT). In summary the
708  figures show that the milder phenotype F219S-GGE has a dramatically dominant negative
709 effect in a sense of a loss-of-function.

710  A. Representative traces of Ky3.2 currents in Xenopus laevis oocytes expressing WT, F219S
711 ora 1:1 mixture of both in response to the voltage steps from -70mV to + 30mV.

712 B. Immunoblot analysis for lysates of Xenopus laevis oocytes injected with cRNA for K,/3.2
713 WT, F219S, equal amounts of WT+F219S or water. All channels showed a band at about
714 90kDa.

715  C. Mean current amplitudes of analyzed oocytes injected with WT (n=101), F219S (n=39),
716  equal amounts of WT + F219S (n=29) or water (n=44).

717  D. Resting membrane potentials of oocytes injected with WT (n=101), F219S (n=39), equal
718  amounts of WT + F219S (n=29) or water (n=44). Shown are means + SEM (standard error of
719  the mean). Statistically significant differences between WT channels and the tested groups

720  were verified by ANOVA on ranks (indicated by asterisks).
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Pt. | Protein | Inheritance f/m syndro | Seizure types Neurological ID/developme | EEG c¢MRI Outcome (Sf
No. | variant mode me examination ntal delay Treatments)
(FH p/n)
Group1: strong pathogenic variants (de novo), 10/27
1 Cc125w Dn m EOAE Abs, Myo, GTCS | Facial dysmorphism, mild- G N Sf (VPA, CZP)
hypotonia, ataxia, ASD | moderate
2 E135G Dn m DEE Myo, atonic N mild G N P
3 D167Y" | Dn f DEE: IS, atypical Abs, | ataxic gait, hypotonia, mild- hypsarrhythmia, | arachnoidal cysts P
WS to | Myo, focal | speech disturbance, moderate later multifocal |eft temporo-basal,
LGS unaware, GTCS | macrocephaly progressive brain
atrophy
4 F219S Dn (p- Brother | f GGE GTCS N no G N P
IGE with
absences)
5 R351K Dn m DEE GTCS, Myo, | N mild CSWS N Sf (VPA)
focal unaware
6 R351K Dn (p- brother | m DEE GTCS, Myo, Abs, | ASD, hyperactivity, severe CSWS N P
with  rolandic focal unaware impaired sleep,
epilepsy and aphasia
normal
development)
7 F382C Dn m GGE Myo, atonic, [ N no G venous anomality P
(JME) clonic
8 T437A Dn m EOAE Abs, tonic Averbal and not follow | profound G N P
commands
9 T437N Dn f DEE FS, Myo N moderate G N P
10 T437N Dn m DEE FS, Myo, Abs hyperactivity moderate G N P
Group 2: mild pathogenic or modifying variants (8/27)
11 | T32A Mc(n) f GGE GTCS, Abs N no N NA Sf (VPA)
12 D128E NA (n) f GGE Abs, GTCS N no G generalized brain Sf (VPA, ESM)
atrophy
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13 [ D144E | NA (- m GGE GTCS, Abs N no G NA P (sf 2y VPA)
maternal (JAE)
uncle)
14 | v33om | Mc(n) f GGE GTCS N mild G N Sf (VPA)
15 S333T Mc (n) f Dravet- | GTCS, Myo, Abs | N mild G N Sf (VPA)
like
(DEE)
16 1465V NA (p — father | m FE FS, SE, GTCS, | NA NA T-B N P
and first cousin focal aware and
had febrile unaware
convulsions)
17 N530H NA (n) f GGE GTCS, Myo depression and no G NA P
anxious
18 S636F Mc (p-GTCS in | m FE Focal aware, | N no G N Sf (VPA)
sister with GTCS
proven  gene
mutation)
Group 3: Variants of uncertain significance (9/27)
19 S93R Pc (p—two | f GGE GTCS, Abs N no G Colloid cyst in the P
brothers, son third ventricle
and daughters)
20 D178E Mi  (p-FS in|f FE GTCS, FS, focal | Deficit of long-term no multifocal N P (sf2y LEV +
mother) unaware verbal memory and VPA)
selective visual
attention, depression
21 D194E NA (n) f TLE focal aware and | depression no T-L left mesial Sf (surgery, LEV,
(FE) unaware temporal sclerosis CZP, ZNS)
22 G200V Mc (p-focal | f DEE Focal aware, | Sleep disturbances, severe multifocal bilateral P
epilepsy in GTCS spastic quadriplegia, polymicrogyria
childhood in microcephaly, scoliosis
older brother)
23 K204Q Mc (p -|m FSonly | FS N no multifocal NA Sf (none)
maternal uncle
with febrile
seizures  until
3y)
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24 Splicing | Mc (p- DEE Focal un-ware, | autism, self-harming Moderate to | multifocal cortical dysplasia T- | Sf (KD, OXC,
affected | maternal uncle GTCS behaviour, sleep severe L TPM)
(c.G687 | and his disturbance
+6T) son{nephew)

with FS)
25 I560M NA (n) FE Focal aware, | visual field reduced to | mild G, multifocal double cortex P
GTCS, atonic the left (posterior),
polymicrogyria,
hippocampal
sclerosis right

26 E608K NA (n) EOAE Abs N mild G N P
(NM_13
9136)

27 R629H Mc (n) DEE IS, GTCS aphasia, ataxia, no Multifocal N P (sfPB,

depression stopped

because of side

effects)

Table 1: Detailed clinical and genetic information of the analyzed cohort. Variants in italic: functionally measured.

General information: ASD autism spectrum disorder, dn de novo, f female, FH p/n family history positive or negative, ID intellectual disability, m
male, mi maternal inherited, mc maternal non-affected carrier, N normal, NA not available, pc paternal non-affected carrier, Pt. patient.

Seizures and epilepsies: Abs absences, CAE childhood absence epilepsy, CSWS continuous spike and wave during sleep, DEE developmental and
epileptic encephalopathy, EOAE early onset absence epilepsy, FE focal epilepsy, FS febrile seizures, G generalized, GGE genetic generalized
epilepsy, GTCS generalized tonic-clonic seizure, IS infantile spasms, JAE juvenile absence epilepsy, JME juvenile myoclonic epilepsy, LGS
Lennox-Gastaut syndrome, Myo myoclonic seizures, SE status epilepticus, T-B temporal bilateral, T-L temporal left, TLE temporal lobe epilepsy,

WS West syndrome.

Antiepileptic drugs (AED) and other treatments: CZP clonazepam, ESM ethosuximide, KD ketogenic diet, LEV levetiracetam, OXC oxcarbazepine,

P pharmaco-resistant, PB phenobarbital, sf seizure free, TPM topiramate, VPA valproic acid, ZNS zonisamide.
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