Francesco Miceli 
  
Charissa Millevert 
  
Maria Virginia Soldovieri 
  
Ilaria Mosca 
  
Paolo Ambrosino 
  
Lidia Carotenuto 
  
Dewi Schrader 
  
Hyun Kyung Lee 
  
James Riviello 
  
William Hong 
  
Sarah Risen 
  
Lisa Emrick 
  
Hitha Amin 
  
Doroth Ee Ville 
  
Patrick Edery 
  
Julitta De Bellescize 
  
Vincent Michaud 
  
Julien Van-Gils 
  
Cyril Goizet 
  
Marjolein H Willemsen 
  
Tjitske Kleefstra 
  
Rikke S Møller 
  
Allan Bayat 
  
Orrin Devinsky 
  
Tristan Sands 
  
G Christoph Korenke 
  
Gerhard Kluger 
  
Heather C Mefford 
  
Eva Brilstra 
  
Gaetan Lesca 
  
Mathieu Milh 
  
Edward C Cooper 
  
Maurizio Taglialatela 
  
Sarah Weckhuysen 
email: sarah.weckhuysen@uantwerpen.vib.be
  
  
  
KCNQ2 R144 variants cause neurodevelopmental disability with language impairment and autistic features without neonatal seizures through a gain-of-function mechanism
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ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Evidence before this study Pathogenic variants in KCNQ2, encoding for Kv7.2 voltage-gated potassium channel subunits, represent one of the most common causes of childhood-onset genetic epilepsies, with an incidence in young population of 1 per 17,000 live births. Most disease-causing KCNQ2 variants cause loss-of-function (LoF) when studied in vitro, and have been associated with a broad spectrum of neonatal-onset epilepsy phenotypes. In addition to LoF, few gain-of-function (GoF) variants have been described; these affect residues within the voltage-sensing domain (VSD) and are associated with a distinct phenotype, as evidenced by the absence of neonatal seizures. GoF and LoF variants may need different therapeutic approaches, but, unlike for KCNQ2 LoF, targeted treatment for KCNQ2/3 GoF patients have not emerged to date.

Added value of this study

Twenty patients (14 novel and 6 published), all carrying pathogenic variants at position R144 in the VSD, were identified. Detailed clinical information was collected on 9 R144W and 6 R144Q individuals for analysis of clinical features. All patients had developmental delay with prominent language impairment. R144Q patients were generally more severely affected than R144W patients; in fact, patients carrying the R144W variant showed a mild to severe degree of intellectual disability (ID), whereas all patients with the R144Q variant had severe ID. Infantile to childhood onset epilepsy was seen in 40%, while 67% of sleep-EEGs showed sleep-activated epileptiform activity. None of the patients had neonatal-onset epilepsy. Ten patients (67%) presented autistic features. In vitro, Kv7.2 channels incorporating R144 pathogenic variants displayed a leftward shift in activation gating, suggesting GoF effects; the extent of this shift was larger for R144G (»25 mV) and R144Q (»18 mV) than for R144W (»4 mV) channels, and Introduction KCNQ2 and KCNQ3 genes encoding Kv7.2 and Kv7.3 voltage-gated potassium (K + ) channel subunits are widely expressed in the nervous system. [START_REF] Dirkx | The role of Kv7.2 in neurodevelopment: insights and gaps in our understanding[END_REF] In neurons, Kv7.2 subunits form homotetrameric or heterotetrameric channels with Kv7.3 subunits to generate the Mcurrent (IK M ), a non-inactivating K + current with slow activation and deactivation kinetics that regulates the resting membrane potential and suppresses repetitive neuronal firing. [START_REF] Dirkx | The role of Kv7.2 in neurodevelopment: insights and gaps in our understanding[END_REF] Each Kv7 subunit is formed by six transmembrane segments (S 1 -S 6 ); the voltage-sensing domain (VSD) is encompassed by S 1 -S 4 , whereas S 5 , S 6 and the S 5 -S 6 intervening linker form the pore region. [START_REF] Soldovieri | Driving with no brakes: molecular pathophysiology of Kv7 potassium channels[END_REF] In addition to membrane voltage, Kv7 channel opening requires phosphatidylinositol 4,5-bisphosphate (PIP 2 ), a membrane lipid which binds to distinct channel regions at each VSD gating state. [START_REF] Zaydman | PIP2 regulation of KCNQ channels: biophysical and molecular mechanisms for lipid modulation of voltagedependent gating[END_REF] KCNQ2/3 pathogenic variants exerting loss-of-function (LoF) effects are associated with a spectrum of neonatal-onset phenotypes ranging from self-limited familial neonatal epilepsy (SLFNE, MIM:121200) to KCNQ2 developmental and epileptic encephalopathy (KCNQ2-DEE, MIM:613720) with therapy-resistant seizures and intellectual disability (ID). [START_REF] Weckhuysen | KCNQ2 encephalopathy: emerging phenotype of a neonatal epileptic encephalopathy[END_REF] Most KCNQ2-DEE pathogenic variants exert dominant-negative LoF effects when studied in vitro. [START_REF] Miceli | Genotype-phenotype correlations in neonatal epilepsies caused by mutations in the voltage sensor of K(v)7.2 potassium channel subunits[END_REF] Seizures in these children tend to respond well to sodium channel blockers, now recommended as first-line treatment, [START_REF] Pisano | Early and effective treatment of KCNQ2 encephalopathy[END_REF] and a randomized, double-blind, placebo-controlled trial with the potassium channel opener retigabine has recently been initiated (ClinicalTrials.gov Identifier:NCT04639310). [START_REF] Millichap | KCNQ2 encephalopathy: Features, mutational hot spots, and ezogabine treatment of 11 patients[END_REF] Few heterozygous KCNQ2 missense variants enhance channel function (gain-of-function, GoF) by causing a hyperpolarizing shift in voltage-dependent activation. [START_REF] Mulkey | Neonatal nonepileptic myoclonus is a prominent clinical feature of KCNQ2 gain-of-function variants R201C and R201[END_REF][START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF][START_REF] Millichap | Infantile spasms and encephalopathy without preceding neonatal seizures caused by KCNQ2 R198Q, a gain-of-function variant[END_REF][START_REF] Devaux | A Kv7.2 mutation associated with early onset epileptic encephalopathy with suppression-burst enhances Kv7/M channel activity[END_REF] Phenotypes associated with GoF variants differ from the classical KCNQ2-DEE phenotype. They range from profound ID without neonatal seizures but with a characteristic nonepileptic myoclonus and poor prognosis for the R201C variant with strong GoF effect, [START_REF] Mulkey | Neonatal nonepileptic myoclonus is a prominent clinical feature of KCNQ2 gain-of-function variants R201C and R201[END_REF] to epileptic spasms with hypsarrhythmia and severe developmental delay (DD) for the R198Q variant with milder GoF effect. [START_REF] Millichap | Infantile spasms and encephalopathy without preceding neonatal seizures caused by KCNQ2 R198Q, a gain-of-function variant[END_REF] Interestingly, KCNQ3 variants at R230, the homologous residue of KCNQ2 R201, also have strong GoF in vitro effects; patients carrying these variants display global developmental delay within the first 2 years of life, sleep-activated near-continuous multifocal spikes, and autistic features, but no neonatal seizures. [START_REF] Sands | Autism and developmental disability caused by KCNQ3 gain-of-function variants[END_REF] Prognosis is often poor since most patients with KCNQ2/3 GoF variants do not respond well to anti-seizure medications. [START_REF] Mulkey | Neonatal nonepileptic myoclonus is a prominent clinical feature of KCNQ2 gain-of-function variants R201C and R201[END_REF] GoF and LoF variants may need different therapeutic approaches, but, unlike for KCNQ2 LoF, targeted treatment for KCNQ2/3 GoF patients have not emerged to date.

We have previously shown that the KCNQ2 R144Q variant, identified in a single patient, results in a GoF effect. [START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF] Here, we investigated the phenotypic spectrum associated with KCNQ2 variants at the R144 position by describing detailed clinical features of 15 patients, and summarizing published clinical data on 5 additional cases. To highlight potential genotype-phenotype correlations, we compared the functional properties of Kv7.2 R144W and R144G mutant subunits with those of the previously described R144Q. [START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF] At last, we demonstrate that amitriptyline inhibits channels carrying both wildtype and mutant Kv7.2 R144Q subunits, suggesting a potential targeted treatment for patients with KCNQ2 R144 variants. correlated with severity of neurodevelopmental problems, highlighting novel genotype-phenotype correlations and supporting a role for in vitro functional assays among predictors of neurodevelopmental trajectories in these children. Amitriptyline (1À10 mM) dose-dependently blocked channels containing both Kv7.2 and Kv7.2 R144Q subunits.

Implications of all the available evidence

This study confirms the existence of a distinct phenotype associated with KCNQ2 GoF variants characterized by developmental delay (DD) with prominent language impairment and autistic features in the absence of neonatal seizures. In some (but not all), DD is accompanied by infantile-to childhood-onset epilepsy and EEG sleepactivated epileptiform activity. These phenotypic characteristics are clearly distinct from those of patients carrying KCNQ2 loss-of-function variants, where early neonatal-onset epilepsy is the unifying clinical feature across the severity spectrum. The present results provide novel genotype-phenotype correlations in KCNQ2related disorders, and underline the importance of including the "epilepsy gene" KCNQ2 in diagnostic intellectual disability (ID) gene panels. The absence of neonatal seizures has emerged as a robust differentiator between the (rarer) KCNQ2 GoF and (more common) LoF variants. This distinction is clinically very important, as the entities present in very different clinical settings and require development of different therapeutic approaches. Raising awareness about these distinct phenotypes has become especially important now that an international randomized clinical trial with a pediatric formulation of the potassium channel opener retigabine (ClinicalTrials.gov Identifier: NCT04639310; https:// clinicaltrials.gov/ct2/show/NCT04639310) for patients with KCNQ2-encephalopathy has recently been initiated. In this trial, only patients with clear LoF variants can be included, and the "presence of a known GoF variant in the KCNQ2 gene, or clinical characteristics consistent with previously reported pathogenic GoF variants in the KCNQ2 gene" are explicitly listed among exclusion criteria for enrolment in the trial. Finally, the Kv7.2/7.3 channel blocking effect of amitriptyline holds promise for its use as a potential targeted treatment for patients with KCNQ2 GoF variants and deserves further study.

Methods

Patient series collection

We collected detailed clinical information of patients carrying a KCNQ2 R144W (NM_172107.3:c.430C>T), R144G (NM_172107.3:c.430C>G), or R144Q (NM_172107.3:c.431G>A) variant. Patients were recruited through the Rational Intervention of KCNQ2 Epileptic Encephalopathy (RIKEE) database (http:// www.RIKEE.org), a curated database aggregating (un) published patient data provided by physicians or families after parental informed consent. The site is hosted at Baylor College of Medicine under an institutional review boardÀ approved research protocol. Additional patients were directly referred for inclusion in the study by collaborating paediatric neurologists and medical geneticists. A standardized phenotyping sheet, including data fields on technical exams as EEG and MRI of the brain, was sent to the referring physician of all unpublished patients (n=14) and of Patient 11, who was previously reported with minimal clinical details as part of an Epi4K epileptic encephalopathy cohort. [START_REF] Allen | De novo mutations in epileptic encephalopathies[END_REF] Degree of ID was defined based on the level of adaptive functioning across multiple domains (cognitive, social, practical), based on local multidisciplinary clinical assessment, as proposed by the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5). [START_REF]American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (DSM-5)[END_REF] 

Mutagenesis and heterologous expression of KCNQ2 and KCNQ3 cDNAs

Variants were engineered in KCNQ2 human cDNA cloned into pcDNA3.1 by QuikChange site-directed mutagenesis (Agilent Technologies, Milan, Italy), as described. [START_REF] Miceli | Genotype-phenotype correlations in neonatal epilepsies caused by mutations in the voltage sensor of K(v)7.2 potassium channel subunits[END_REF] Channel subunits were expressed in Chinese Hamster Ovary (CHO) cells by transient transfection using Lipofectamine 2000 (Invitrogen, Milan, Italy). Total cDNA in the transfection mixture was kept constant at 4 mg.

Whole-cell electrophysiology

Currents from CHO cells were recorded at room temperature (20À22 °C) 1-2 days after transfection, using the whole-cell configuration of the patch-clamp technique with glass micropipettes of 3À5 MV resistance. The extracellular solution contained (in millimolar): 138 NaCl, 2 CaCl 2 , 5.4 KCl, 1 MgCl 2 , 10 glucose and 10 HEPES, pH 7.4 with NaOH. The pipette (intracellular) solution contained (in millimolar): 140 KCl, 2 MgCl 2 , 10 EGTA, 10 HEPES, 5 Mg-ATP, pH 7.3À7.4 with KOH. The pCLAMP software (version 10.0.2) was used for data acquisition and analysis. Current densities, conductance-voltage curves, and current activation and deactivation kinetics were obtained and analysed as previously described. [START_REF] Soldovieri | Atypical gating of M-type potassium channels conferred by mutations in uncharged residues in the S4 region of KCNQ2 causing benign familial neonatal convulsions[END_REF] A stock solution (10 mM) of amitriptyline (Sigma-Aldrich, Germany) was prepared in dimethyl sulfoxide (DMSO); extracellular solution was used for subsequent drug dilutions. In the experiments with amitriptyline, currents were activated by 3s voltage ramps from À80 to +20 mV applied every 15 s. Currents at +20 mV were measured before and after drug application, and drug's effects expressed as % of blockade.

Structural modelling

Three-dimensional models of Kv7.2 subunits in activated and resting gating states were generated by multistate modelling, as previously described. [START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF] 

Statistics

Values are expressed as the mean §SEM of cells recorded in at least three independent experimental sessions. Statistically significant differences between experimental groups were evaluated with the Student's t-test (p<0.05).

Role of the funding source

The funders had no role in study design, data collection, data analyses, interpretation, or writing of report.

Results

Cohort description and genotypes

Fourteen previously unpublished KCNQ2-DEE patients were included in our study: 9 carrying the p.R144W variant, and 5 the p.R144Q variant (eTable 1 and 2). We also collected clinical data on a sixth p.R144Q patient (patient 11) who was previously published with limited clinical information. [START_REF] Allen | De novo mutations in epileptic encephalopathies[END_REF] We defined this cohort of 15 wellphenotyped patients as our "study cohort". Eight of the 15 were male. Age at last follow-up of R144W patients and R144Q patients ranged from 3.5 to 27 years (median 7.5 years), and from 3 years 9 months to 26 years (median 9 years), respectively. In 14 patients, the pathogenic variant occurred de novo. For patient 13, the variant was shown to be absent in mother, but paternal DNA was not available.

We also summarized published phenotypical data of 5 patients: 3 carrying the p.R144W, [START_REF] Mary | Pathogenic variants in KCNQ2 cause intellectual deficiency without epilepsy: Broadening the phenotypic spectrum of a potassium channelopathy[END_REF]17 1 the p.R144Q [START_REF] Mary | Pathogenic variants in KCNQ2 cause intellectual deficiency without epilepsy: Broadening the phenotypic spectrum of a potassium channelopathy[END_REF] and 1 the p.R144G 17 variant (eTable 3). Due to the limited clinical data available, these previously published patients were not included in the analysis of specific clinical features. R144W, R144Q, and R144G are all considered pathogenic according to ACMG/AMP criteria (PS2, PS3, PM1, PM2, PM5, PP2, PP3). [START_REF] Richards | Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American college of medical genetics and genomics and the association for molecular pathology[END_REF] Neurodevelopmental and behavioural phenotype of patients in the study cohort Detailed clinical information can be found in eTable 1, a summary is provided in Table 1. Figure 1 gives a graphical overview of the main clinical features shared by patients with the R144W and R144Q variant.

All patients had DD noted during the first year of life. Patients carrying the R144W variant showed a mild to severe degree of ID; in contrast, all patients with the R144Q variant had severe ID.

Except for patient 2, all patients had marked language impairment. At last follow-up, six patients (40%, aged 3 years 9 months to 27 years) were non-verbal (2/9 R144W, 22%; and 4/6 R144Q, 67%). Five patients (33%, aged 4.5 to 26 years) spoke a few words (3/9 R144W, 33%; and 2/6 R144Q, 33%), and 4 patients (27%, aged 4 to 21 years) spoke (short) sentences (4/9 R144W, 44%).

All patients had delayed motor milestones. 8/9 R144W (89%) patients walked independently at last follow-up, whereas only 2/6 R144Q (33%) patients did so. Age of independent walking in the R144W patients ranged from 16 months to 5.5 years, and all but one walked independently before the end of 2 years (median 1 year 9 months). Age of independent walking in the 2 R144Q patients was 3 years and 3.5 years, respectively (median 3 years 3 months). Age at last follow-up of the patients that could not walk ranged from 3.5 to 14 years.

Developmental regression was present in 3 patients and correlated with time of seizures onset in 2 (patient 11 and 15).

Ten patients (67%; 7/9 R144W and 3/6 R144Q) were reported by their child neurologist to have autistic features (described as difficulties in social interaction or in understanding emotions, appearing "in their own world", and/or engaging in repetitive, stereotypic movements). Episodes of aggressive behaviour were reported for 3 individuals (20%, 1 R144W and 2 R144Q). Features of attention deficit hyperactivity disorder (ADHD; e.g., hyperactivity, poor attention, and impulsivity) were reported in 7 (47%; 4/9 R144W and 3/6 R144Q).

Neurological exam of patients in the study cohort

Five R144W patients (56%) and 5 R144Q patients (83%) showed signs of hypotonia; 1 R144W and 1 R144Q patient showed axial hypotonia combined with hypertonia in extremities. In 1 R144Q patient only peripheral hypertonia was described. Ataxia was present in 2/9 R144W (22%) and 2/6 R144Q (33%) patients. Head circumference was available for five patients (33%). All had a head circumference smaller than average, two of whom (1 R144W (À2.5 SD) and 1 R144Q (À3.6 SD)) had true microcephaly.

Hyperopia plus strabismus were reported in 3 patients (1 R144W and 2 R144Q). Two R144Q patients showed strabismus or hyperopia alone. Hyperlaxity or marfanoid habitus (moderate hyperlaxity, arachnodactyly, high arche in the palate, scoliosis, tall stature, and dolichostenomelia) was described in 4/6 R144Q cases, but not in R144W cases.

Epilepsy phenotype of patients in the study cohort

In total, epilepsy was diagnosed in 6 of 15 patients (Table 1, Figure 1, eTable 2). At last follow-up, epilepsy had been diagnosed in 2/9 (22%) and was suspected in 1/9 patients with the R144W variant. In patients with the R144Q variant, epilepsy was diagnosed in 4/6 (67%) cases, and suspected in 1 other. Two R144W cases and 1 R144Q patient experienced one or two simple febrile seizures only, and were not included in the group of patients with a diagnosis of epilepsy.

Among those diagnosed with epilepsy, seizure onset ages ranged from 4 months to 5 years (median 13 months). Seizure types varied, and included epileptic spasms (1/9 R144W patients, 2/6 R144Q patients), myoclonic jerks (3/6 R144Q patients) and atonic seizures (1 R144W). In 1 R144W patient, and 4 R144Q patients, episodes with impaired awareness were reported. None of the latter events have been captured on video-EEG, and the distinction between an epileptic or behavioural non-epileptic event was often unclear. Epileptic spasms were controlled with vigabatrin and/or corticosteroids. Where seizure types other than epileptic spasms occurred, valproic acid was the most frequently used agent, and led to seizure freedom in all individuals in whom epileptic seizures were diagnosed.

EEG was performed in 14/15 patients and showed (multi)focal epileptiform abnormalities in 13/14 (92%) patients, most prominent in posterior (7/13) and centrotemporal (4/13) leads in the majority of patients. Hypsarrhythmia was seen in all 3 patients with epileptic spasms. Sleep-EEG was performed in 12 patients, and in 8 patients (67%) activation or augmentation of epileptic activity during sleep was present, without fulfilling criteria of continuous spike and wave during slow wave sleep (CSWS). [START_REF] Singhal | Continuous spike-wave during slow wave sleep and related conditions[END_REF] Brain MRI was normal in 10/14 (71%) patients. Of the scans with abnormalities, three (1 R144W and 2 R144Qpatients) showed delayed myelination. Abbreviations: ADHD = attention deficit hyperactivity disorder; ASD = autism spectrum disorder; EEG = electroencephalogram; FU = follow-up; ID = intellectual disability; M = month; Y= year.

Comparison with previously published cases

Although 5 individuals carrying KCNQ2 R144W, 3 R144Q, 1 and R144G 1 variants have been identified in two earlier studies, [START_REF] Mary | Pathogenic variants in KCNQ2 cause intellectual deficiency without epilepsy: Broadening the phenotypic spectrum of a potassium channelopathy[END_REF]17 phenotypic details were available for only 4 of the patients (eTable 3). All 5 patients had DD, and all reported (4/4) had language impairment. Focal seizures were reported in 1 patient. EEG was reported for 3 patients and showed multifocal abnormalities in all, with activation of epileptic activity during sleep described in two. Two patients were reported to have behavioural problems (1 with hyperactivity, and 1 with autistic traits).

Functional properties of channels containing Kv7.2 R144W/Q/G subunits

The R144 residue, highly conserved among Kv channels, [START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF] is located at the bottom of the S 2 segment within the VSD (Figure 2A). CHO cells expressing homomeric Kv7.2 channels generated voltage-dependent, K + -selective currents characterized by a slow time course of activation/deactivation and an activation threshold around À50 mV (Figure 2B,C). When compared to wild-type (wt) Kv7.2 channels, homomeric Kv7.2 R144W, R144Q or R144G channels displayed similar maximal current densities at +20 mV but a significant hyperpolarizing shift in voltage-dependent activation gating by about 4, 18, and 25 mV, respectively (Figure 2B,C; Table 2).

wtKv7.2 channels showed activation kinetics which were adequately fitted by a biexponential function with a fast and a slow time constant (t f and t s , respectively). [START_REF] Soldovieri | Atypical gating of M-type potassium channels conferred by mutations in uncharged residues in the S4 region of KCNQ2 causing benign familial neonatal convulsions[END_REF] The relative amplitude of the fast component (A f ) is dominant over that of the slow component (A s ); indeed, the A f /A f +A s was close to unity at each potential investigated (Figure 2D). By contrast, while no change in activation t f and t s was observed (data not shown), the A f / A f +A s ratio for the currents carried by K7.2 R144W/Q/ G channels was significantly decreased at all potentials investigated (Figure 2D). In addition, when compared to wtKv7.2 channels, currents carried by Kv7.2 W/Q/G channels all showed slower deactivation kinetics, with Kv7.2 R144G channels having the strongest effect; indeed, the time constant of deactivation was 21.1 § 2.1 ms, 37.6 §4.3 ms, 30.1 §3.0 ms and 52.4 §3.7 ms for wtKv7.2, Kv7.2 R144Q, Kv7.2 R144W and Kv7.2 R144G channels, respectively (p<0.05 for wtKv7.2 channels vs Kv7.2 R144W/Q/G channels). Despite such changes in gating, selectivity for K + over Na + ions as indicated by the current reversal potential in our recording conditions, as well as sensitivity to blockade by tetraethylammonium (TEA) was unaffected in mutant channels (Table 2), confirming that these pathogenic variants did not affect pore function. Expression of Kv7.2 precedes that of Kv7.3 at early developmental stages 1 whereas in adult superior sympathetic ganglion neurons, I KM is mainly formed by heteromeric assembly of Kv7.2 and Kv7.3 subunits. [START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF][START_REF] Wang | KCNQ2 and KCNQ3 potassium channel subunits: molecular correlates of the M-channel[END_REF] Therefore, the effect of all the three variant subunits in heteromeric configuration with wtKv7.2 and/or wtKv7.2/Kv7.3 subunits were also evaluated. Currents from wtKv7.2+Kv7.2R144W-, wtKv7.2+Kv7.2R144Q-, and wtKv7.2+Kv7.2R144Gtransfected cells (1:1 cDNA ratio) displayed a significant leftward shift in activation voltage-dependence when compared to Kv7.2 channels, although the magnitude of this effect was smaller than that observed in homomeric configuration. When compared to wtKv7.2/Kv7.3, wtKv7.2+Kv7.2R144G+Kv7.3, but not wtKv7.2++Kv7.2R144Q+Kv7.3 and wtKv7.2 +Kv7.2R144W+Kv7.3 heteromeric channels, displayed statistically-significant differences in activation gating (Table 2). 

Structural basis for the GoF effect of the Kv7.2 R144W/ Q/G variants

To gain insight into the structural consequences of R144W, Q and G substitutions, we investigated a previously-described homology model of a Kv7.2 subunit in both resting and activated states, [START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF][START_REF] Jensen | Mechanism of voltage gating in potassium channels[END_REF] and an atomic structure of Kv7.2 bound to retigabine/ezogabine. [START_REF] Li | Molecular basis for ligand activation of the human KCNQ2 channel[END_REF] The latter structure is likely akin to the VSD-activated, conducting state, although bound PIP 2 could not be visualized. In the homology model resting state, the R144 side chain in S 2 forms an electrostatic interaction with the side chain of D172 in S 3 (Figure 3A). In the activated states of both the homology model and the cryoEM structure, this direct interaction is absent, suggesting its prominent role in resting-state VSD stabilization. When the R144 side chain is replaced with W, Q or G, the ionized hydrogen bond between the 144 position and D172 is lost (Figure 3 B,C,D), potentially destabilizing the VSD resting state and favoring transition to the activated state. Notably, substitution of R144 with W, but not Q or G, introduces two novel hydrophobic interactions with the C169 and the I173 residues in the S 3 segment (Figure 3B), partially compensating for the variant-induced loss of the electrostatic interaction with D172.

Possible involvement of PIP 2 in the gating changes triggered by the Kv7.2 R144Q variant

The anionic phospholipid PIP 2 acts as a critical Kv7 gating modulator by promoting the electromechanical coupling between VSD movement and pore opening. [START_REF] Zaydman | PIP2 regulation of KCNQ channels: biophysical and molecular mechanisms for lipid modulation of voltagedependent gating[END_REF] To investigate whether the GoF effects observed in channels carrying R144 neutralizations were due to a facilitation of PIP 2 -dependent transitions to the open state, resting PIP 2 levels were either increased by coexpression of the PIP 2 -synthesizing enzyme PIP5K, or decreased by co-expressing a voltage-sensitive phosphatase (DrVSP) that activates at very depolarized voltages. [START_REF] Hossain | Enzyme domain affects the movement of the voltage sensor in ascidian and zebrafish voltage-sensing phosphatases[END_REF] The R144Q variant was selected for these experiments as this substitution is associated with a lesser degree of a-helical distortion when compared to the R144G, and with stronger functional changes when compared to the R144W.

PIP5K co-expression enhanced wtKv7.2 peak currents, also causing a negative shift in their half-activation potential (DV1/ 2 = -14.5 mV) (Figure 2A,B; Table 1). 23À25 When PIP5K was co-expressed with Kv7.2 R144Q channels, a similar 3-fold increase in maximal currents was observed, but the leftward shift in activation gating was larger than that observed in wtKv7.2 channels (DV1/ 2 =-36.2 mV) (Figure 4A,B; Table 2).

In CHO cells expressing DrVSP, depolarization to +100 mV time-dependently reduced wtKv7.2 currents to 29.5 §2.6% of their starting value after 2 s (n=23; Figure 3C); by contrast, Kv7.2 R144Q currents were reduced to only 49.0 §2.0% (n=10; p<0.05 vs Kv7.2). Notably, this functional difference in DrVSP sensitivity between wtKv7.2 and Kv7.2 R144Q channels was abrogated when PIP 2 levels were increased upon simultaneous co-expression of both DrVSP and PIP5K enzymes (Figure 3C).

Amitriptyline blockade of Kv7.2-and Kv7.2 R144Qcontaining channels

The tricyclic antidepressant drug amitriptyline has been described as a Kv7.2/3 blocker (26); given the GoF effects triggered by the R144 variants, we investigated whether Kv7.2 channels containing R144Q mutant subunits could also be blocked by amitriptyline. Amitriptyline (1 and 10 µM) dose-dependently and reversibly inhibited both heteromeric wtKv7.2+Kv7.3 and wtKv7.2 +Kv7.2R144Q+Kv7.3 currents by the same extent (Figure 5A,B).

Discussion

Pathogenic KCNQ2 variants represent one of the most common causes of childhood-onset genetic epilepsy, with an estimated incidence within the first three years of life of 1 per 17,000. [START_REF] Symonds | Incidence and phenotypes of childhood-onset genetic epilepsies: a prospective population-based national cohort[END_REF] Most individual diagnosed with pathogenic KCNQ2 variants experience neonatal-onset epilepsy; the responsible variants include deletions, truncating variants and missense variants exhibiting LoF in vitro.

In addition to LoF, a few GoF missense variants have been described; to date these have been located within the VSD and associated with a different phenotypic spectrum, lacking neonatal seizures (Figure 6). 8- 11,28 Children carrying KCNQ2 GoF variants at the R201 position displayed a very severe neonatal phenotype characterized by encephalopathy, burst suppression EEG, bouts of non-epileptic myoclonus, hypoventilation, and evidence of hypomyelination on MRI. Evolution to infantile epileptic spasms syndrome is frequent, profound DD persists, and early mortality is frequent. [START_REF] Mulkey | Neonatal nonepileptic myoclonus is a prominent clinical feature of KCNQ2 gain-of-function variants R201C and R201[END_REF] Children with the KCNQ2 R198Q variant showed epileptic spasms without preceding neonatal seizures or noted neonatal encephalopathy, suggesting that KCNQ2 is a rare cause of infantile epileptic spasms syndrome. [START_REF] Millichap | Infantile spasms and encephalopathy without preceding neonatal seizures caused by KCNQ2 R198Q, a gain-of-function variant[END_REF][START_REF] Liu | Gene and phenotype expansion of unexplained early infantile epileptic encephalopathy[END_REF] In the present work, we describe the phenotypes of 20 patients (14 novel and 6 published) carrying KCNQ2 R144 variants (12 R144W, 7 R144Q, and 1 R144G). New clinical information was gathered on 9 R144W and 6 R144Q individuals.

Although little information was available on the one (previously published) R144G patient, the more numerous patients with R144W or R144Q variants showed several phenotypic commonalities. First, none had neonatal seizures. Instead, the first signs of medical concern were neurodevelopmental problems. All were diagnosed with DD. Language delay was particularly prominent. Neuropsychiatric problems were common: autistic features were reported by treating physicians in more than 65%, and aggressive behaviour and/or hyperactivity in more than half of the patients. Seizures ultimately occurred in 40%, always with an age of onset after the neonatal period. Seizure types included epileptic spasms (with hypsarrhythmia on EEG), and myoclonic, atonic and focal seizures. Both myoclonic seizures and epileptic spasms have previously been associated with KCNQ2 GoF variants. [START_REF] Mulkey | Neonatal nonepileptic myoclonus is a prominent clinical feature of KCNQ2 gain-of-function variants R201C and R201[END_REF][START_REF] Millichap | Infantile spasms and encephalopathy without preceding neonatal seizures caused by KCNQ2 R198Q, a gain-of-function variant[END_REF][START_REF] Devaux | A Kv7.2 mutation associated with early onset epileptic encephalopathy with suppression-burst enhances Kv7/M channel activity[END_REF][START_REF] Samanta | Myoclonic epilepsy evolved into west syndrome: a patient with a novel de novo KCNQ2 mutation[END_REF][START_REF] Weckhuysen | Extending the KCNQ2 encephalopathy spectrum: clinical and neuroimaging findings in 17 patients[END_REF][START_REF] Hortig€ Uela | Clinical and genetic features of 13 Spanish patients with KCNQ2 mutations[END_REF][START_REF] Olson | Genetics and genotypephenotype correlations in early onset epileptic encephalopathy with burst suppression[END_REF][START_REF] Kojima | A patient with early myoclonic encephalopathy (EME) with a de novo KCNQ2 mutation[END_REF] In a third of the children, episodes of reduced responsiveness were reported, but none were captured by video-EEG. Thus, their possible epileptic nature is uncertain. Interestingly, unresponsive staring episodes of unclear origin were also seen in patients with KCNQ3 R230 variants and DD. [START_REF] Sands | Autism and developmental disability caused by KCNQ3 gain-of-function variants[END_REF] More extensive video-EEG may reveal the exact aetiology of these episodes. Interictal EEGs typically showed (multi) focal epileptiform abnormalities, even in 7 of the 8 individuals who did not have clinical seizures but had EEGs (in 1 patient, EEG was not performed).

Sleep-activated epileptic activity was seen in 8 of the 12 individuals that had sleep-EEGs. Similar findings have been shown for KCNQ3 GoF variants. [START_REF] Sands | Autism and developmental disability caused by KCNQ3 gain-of-function variants[END_REF] It is currently unclear whether treatment of abundant epileptiform activity during sleep with antiseizure medication can improve developmental outcome. Sands et al. could not consistently demonstrate clinical improvement in patients carrying KCNQ3 GoF variants when sleep-activated spikes were reduced by high-dose oral diazepam or corticosteroids. Nevertheless, the study population was too small to draw conclusions, and prospective studies with standardized sleep-EEG analysis and neuropsychological assessment are warranted to address this question. [START_REF] Sands | Autism and developmental disability caused by KCNQ3 gain-of-function variants[END_REF] Overall, patients carrying KCNQ2 R144Q variants had a more severe neurodevelopmental outcome compared to R144W patients: first, all R144Q patients had severe ID, whereas the degree of ID of R144W patients ranged from mild to severe; second, 5/6 (83%) R144Q patients were non-verbal and/or non-ambulatory, compared to 2/9 (22%) R144W patients; and third, seizures were more frequently seen in R144Q cases compared to R144W cases (4/6 (67%) versus 2/9 (22%)). No difference in prevalence of behavioral problems was observed.

Patch clamp electrophysiology revealed GoF effects for all three Kv7.2 R144 variants, arising from negative shifts in their activation gating. This effect was largest (»27 mV) in R144G, intermediate (»18 mV) in R144Q and smallest (»4 mV) in R144W channels. Together with the slowing of deactivation observed at negative potentials, these functional changes suggest a destabilization of Kv7.2 VSD resting state. Structural modelling revealed that the R144 residue is involved in an Remarkably, phenotypic severity appears correlated with the magnitude of the V1/2 shift, but even small shifts (R144W, R214W) can be pathogenic. These correlations are not interpreted as a necessarily complete pathogenic mechanism; and for LoF variants, additional disease pathomechanisms have been described (reviewed in 40).

electrostatic interaction with the D172 residue in S 3 when the VSD occupies the resting configuration; by contrast, no such interaction occurs when the VSD is in the activated state, consistent with the hypothesis that substitutions neutralizing R144 selectively destabilize the resting VSD configuration, thereby favoring the occupancy of the activated state. Moreover, replacement of R144 with W, but not Q or G residues introduces two novel hydrophobic interactions that could partially compensate for the loss of the electrostatic interaction with D172. This mechanism provides a plausible structural explanation for the gating changes observed under voltage-clamp, and for the smaller shift in V 1/2 of Kv7.2 R144W channels compared to Kv7.2 R144Q or R144G channels.

Kv7 currents are characterized by their absolute functional requirement for PIP 2 . [START_REF] Zaydman | PIP2 regulation of KCNQ channels: biophysical and molecular mechanisms for lipid modulation of voltagedependent gating[END_REF] Multiple and distinct PIP 2 binding sites have been described in each closed and open configuration [START_REF] Zaydman | PIP2 regulation of KCNQ channels: biophysical and molecular mechanisms for lipid modulation of voltagedependent gating[END_REF][START_REF] Salzer | Phosphorylation regulates the sensitivity of voltage-gated Kv7.2 channels towards phosphatidylinositol-4,5-bisphosphate[END_REF] ; in particular, the linker region between S 2 and S 3 has been proposed as a critical site for VSD coupling to pore opening in Kv7.1, 35 Kv7.2 [START_REF] Zaydman | Kv7.1 ion channels require a lipid to couple voltage sensing to pore opening[END_REF][START_REF] Chen | Migration of PIP2 lipids on voltagegated potassium channel surface influences channel deactivation[END_REF] and Kv7.3 37 channels; in particular, PIP 2 migration from a peripheral S 2 -S 3 linker site to a more central S 4 -S 5 /pre-S 6 binding region appears required for pore opening. [START_REF] Zhang | Dynamic PIP2 interactions with voltage sensor elements contribute to KCNQ2 channel gating[END_REF] The R144 residue is located in S 2 , immediately above this PIP 2 binding site, suggesting its possible role in PIP 2 -dependent modulation of Kv7.2 channels gating. When compared to Kv7.2 channels, Kv7.2 R144Q channels display a greater voltage-shift at increased PIP 2 levels and decreased sensitivity to PIP 2 depletion, suggesting that an increased PIP 2 apparent affinity might contribute to the GoF effects triggered by this variant. Given that PIP 2 is a negatively charged molecule, and that the Kv7.2 variants herein investigated neutralize a positively-charged arginine residue, the present hypothesis seems consistent with an indirect (allosteric) effect of the variant on PIP 2 affinity and, potentially, PIP 2 -dependent VSD-pore coupling.

While our paper was in preparation, Mary et al. described 2 R144W and 1 R144Q patients among a series of four KCNQ2 patients with DD without epilepsy and considered the potential role of unknown second genetic or environmental factors, or female gender as possible explanations for the absence of seizures. [START_REF] Mary | Pathogenic variants in KCNQ2 cause intellectual deficiency without epilepsy: Broadening the phenotypic spectrum of a potassium channelopathy[END_REF] Here, through identification of a larger study cohort and inclusion of functional analysis, we provide evidence supportive of a single gene with phenotypic heterogeneity model. The R144W/Q alleles are recurrently associated with a neurodevelopmental disorder without neonatal seizures. This phenotype clearly differs from the phenotype seen in individuals with KCNQ2 variants with LoF effects, and it now strongly predicts a GoF effect of KCNQ2 (and KCNQ3) missense variants (Figure 6). [START_REF] Mulkey | Neonatal nonepileptic myoclonus is a prominent clinical feature of KCNQ2 gain-of-function variants R201C and R201[END_REF][START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF][START_REF] Millichap | Infantile spasms and encephalopathy without preceding neonatal seizures caused by KCNQ2 R198Q, a gain-of-function variant[END_REF][START_REF] Devaux | A Kv7.2 mutation associated with early onset epileptic encephalopathy with suppression-burst enhances Kv7/M channel activity[END_REF][START_REF] Sands | Autism and developmental disability caused by KCNQ3 gain-of-function variants[END_REF][START_REF] Samanta | Myoclonic epilepsy evolved into west syndrome: a patient with a novel de novo KCNQ2 mutation[END_REF] Recognizing the clinical characteristics of pathogenic KCNQ2 GoF variants, with the absence of neonatal seizures as robust differentiator between KCNQ2 GoF and LoF variants, is of clinical importance since individuals with KCNQ2 GoF variants are likely to need different therapeutic approaches compared to individuals with KCNQ2 LoF variants. Recently, an international randomized clinical trial with a pediatric formulation of the neuronal KCNQ channel opener retigabine (Clinical-Trials.gov Identifier: NCT04639310; https://clinical trials.gov/ct2/show/NCT04639310) has been initiated. In this trial, eligibility is restricted to patients with pathogenic KCNQ2 LoF variants. Individuals with known GoF KCNQ2 variant or individuals showing clinical characteristics consistent with previously reported pathogenic GoF KCNQ2 variants, are excluded. This highlights the continued need for description of rare patients such as performed by Mary et al. and in the current study.

The present data also reveal novel genotype-phenotype correlations in the GoF spectrum of KCNQ2-DEE, as the severity of the phenotype seems to correlate with the electrophysiological effect of the variant in vitro, with larger functional changes of R144Q-carrying channels paralleling the more severe neurodevelopmental outcome (Figure 6). Patients carrying the KCNQ2 R144 GoF variants are also less severely affected than those carrying the strong KCNQ2 GoF variants at R201 in S 4 . [START_REF] Miceli | Early-onset epileptic encephalopathy caused by gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits[END_REF] The KCNQ2 R198Q variant appears more similar to R144, both in the patch clamp results and phenotypes, namely the emergence of DD after a neonatal period without developmental concerns or seizures. [START_REF] Millichap | Infantile spasms and encephalopathy without preceding neonatal seizures caused by KCNQ2 R198Q, a gain-of-function variant[END_REF][START_REF] Liu | Gene and phenotype expansion of unexplained early infantile epileptic encephalopathy[END_REF] Interestingly, the phenotype of patients with KCNQ2 R144W is similar to that of patients with KCNQ3 R230C, even though KCNQ3 R230C has much larger effects on voltage-dependence in vitro. [START_REF] Sands | Autism and developmental disability caused by KCNQ3 gain-of-function variants[END_REF] This discrepancy may potentially be due to the higher expression levels of KCNQ2 compared to KCNQ3 during early neurodevelopment. [START_REF] Kanaumi | Developmental changes in KCNQ2 and KCNQ3 expression in human brain: possible contribution to the age-dependent etiology of benign familial neonatal convulsions[END_REF] Genotype-phenotype correlations have been also described in the LoF spectrum of KCNQ2-related disorders (reviewed in). [START_REF] Nappi | Epileptic channelopathies caused by neuronal Kv7 (KCNQ) channel dysfunction[END_REF] As illustrated in Figure 6, VSD missense variants responsible for self-limited familial neonatal epilepsy (SLFNE) caused milder effects on activation gating (e.g. R214W), [START_REF] Del Giudice | Benign familial neonatal convulsions (BFNC) resulting from mutation of the KCNQ2 voltage sensor[END_REF][START_REF] Castaldo | Benign familial neonatal convulsions caused by altered gating of KCNQ2/KCNQ3 potassium channels[END_REF] whereas more severe functional defects are prompted by DEE-causing variants in the same region (e. g. R213Q). [START_REF] Weckhuysen | KCNQ2 encephalopathy: emerging phenotype of a neonatal epileptic encephalopathy[END_REF][START_REF] Miceli | Genotype-phenotype correlations in neonatal epilepsies caused by mutations in the voltage sensor of K(v)7.2 potassium channel subunits[END_REF][START_REF] Millichap | KCNQ2 encephalopathy: Features, mutational hot spots, and ezogabine treatment of 11 patients[END_REF][START_REF] Orhan | Dominant-negative effects of KCNQ2 mutations are associated with epileptic encephalopathy[END_REF][START_REF] Trump | Improving diagnosis and broadening the phenotypes in early-onset seizure and severe developmental delay disorders through gene panel analysis[END_REF][START_REF] Na | Targeted gene panel sequencing in early infantile onset developmental and epileptic encephalopathy[END_REF][START_REF] Kim | Clinical characteristics of KCNQ2 encephalopathy[END_REF][START_REF] Xu | Early initial video-electro-encephalography combined with variant location predict prognosis of KCNQ2related disorder[END_REF] Finally, although patients with clinically proven seizures in our cohort responded well to treatment with valproic acid, vigabatrin, or corticosteroids, they all show significant neurodevelopmental problems. This highlights the need for better treatment, ideally reversing the mutational effect of pathogenic GoF variants and improving neurodevelopment. Amitriptyline is a tricyclic antidepressant with analgesic properties due to the serotonin and norepinephrine reuptake inhibition, which also targets some voltage-gated ion channels and receptors. [START_REF] Punke | Amitriptyline is a potent blocker of human Kv1.1 and Kv7.2/7.3 channels[END_REF] It has been widely used for depression, migraine, and neuropathic pain, and has been trialed in children (6 years of age) for nocturnal enuresis. [START_REF] Caldwell | Tricyclic and related drugs for nocturnal enuresis in children[END_REF] Based on pharmacokinetic analysis in experimental animals, it has been suggested that clinically-effective steady-state plasma concentrations of amitriptyline in humans (150À250 ng/ml) correspond to brain drug concentrations of 5À7 mM. [START_REF] Glotzbach | Brain concentrations of tricyclic antidepressants: single-dose kinetics and relationship to plasma concentrations in chronically dosed rats[END_REF][START_REF] Atkin | A comprehensive approach to identifying repurposed drugs to treat SCN8A epilepsy[END_REF] These low mM concentrations of amitriptyline similarly block Kv7.2/7.3 and Kv7.2/Kv7.2R144Q/Kv7.3 channels in vitro, [START_REF] Punke | Amitriptyline is a potent blocker of human Kv1.1 and Kv7.2/7.3 channels[END_REF] highlighting the potential ability of this drug to counteract in vivo the GoF effect caused by the R144Q variant.

Limitations

This study has limitations that are intrinsic to our approach: data were collected retrospectively, and as a result not all desired clinical information was available for every patient (e.g., not all had sleep-EEG recordings capturing sleep), and some reports were impossible to further validate (e.g., the etiology of reduced responsiveness episodes). Sampling bias may be arise due to recruitment via a voluntary family registry and referral to specialized centres. In addition, the small size of the two subgroups within our cohort (R144W and R144Q), limits the strength of conclusions drawn about phenotypic differences between these subgroups. Despite these limitations, this study strengthens available evidence that KCNQ2 GoF variants cause DD in the absence of neonatal seizures and that disease severity is correlated with the extent of the V 1/2 shift in vitro. Thus, the KCNQ2 GoF spectrum is distinct from that associated with KCNQ2 LoF variants. Owing to rarity, the known set of KCNQ2 missense variants causing GoF and DD likely remains incomplete. To accelerate variant discovery, KCNQ2 should be included in diagnostic ID/DD/ASD multigene panels. Finally, agents withKv7.2/ 7.3 channel blocking effects, such as amitriptyline, represent candidate as targeted treatments for patients with KCNQ2 GoF variants and deserve further investigation. 

Figure 1 .

 1 Figure 1. Bar graphs showing the main clinical features shared by 9 patients with Kv7.2 R144W variants (age at last follow up between 3.5 and 27 years) and 6 patients with R144Q variants (age at last follow up between 3 years 9 months and 26 years). Distribution of (a) grade of intellectual disability, (b) language outcome, (c) highest level of motor functioning reached at 3 years of age, (d) behavioral phenotype, and (e) seizure phenotype. Persons presenting only paroxysmal episodes (such as staring) of unclear origin are not included in the epilepsy group.

Figure 2 .

 2 Figure 2. Topological location of the R144 residue and functional characterization of the Kv7.2 R144 W/Q/G variants. a. Homology model of a wtKv7.2 channel, built upon the Kv1.2/2.1 chimera crystal structure (PDB code: 2R9R), showing the localization of the R144 position (side chain colored in red using a space-filling model). For clarity only two of the four subunits are shown. b. Macroscopic currents from wtKv7.2 (Kv7.2), Kv7.2 R144Q, Kv7.2 R144W, and Kv7.2 R144G homomeric channels, in response to the indicated voltage protocol. Current scale, 200 pA; time scale, 0.2 s. c. Conductance/voltage curves for the indicated channels. Continuous lines are Boltzmann fits to the experimental data. Each data point is the Mean §S.E.M. of 13À21 cells recorded in at least 3 separate experimental sessions. d. Relative amplitudes of the fast and slow current activation components (expressed as A f /A f + As ), for wtKv7.2, and Kv7.2 R144Q/W/G homomeric channels as a function of membrane voltage.

Figure 3 .

 3 Figure 3. An enlarged view of the resting state configuration of the region where R144 is located in wtKv7.2 (a), Kv7.2 R144W (b), Kv7.2 R144Q (c) and Kv7.2 R144G (d) channel.

Figure 4 .

 4 Figure 4. Effect of changes in PIP 2 availability on channels incorporating Kv7.2 R144Q mutant subunits. a. Representative current traces from cells expressing wtKv7.2 and Kv7.2 R144Q homomeric channels in the absence or in the presence of PIP5K in response to the voltage protocols shown in each respective panel. Current scale, 100 pA; time scale, 0.2 s. b. Conductance/voltage curves for the indicated channels with or without PIP5K co-expression. Continuous lines are Boltzmann fits to the experimental data. c. Current inhibition upon time-dependent activation of Dr-VSP. Asterisks (*) indicate values significantly different from each respective control (p<0.05).

Figure 5 .

 5 Figure 5. Effect of amitriptyline on heteromeric channels incorporating Kv7.2 R144Q mutant subunits. a. Representative current traces recorded from cells transfected with the indicated cDNA combinations in response to the voltage ramp protocol reported, both before and after amitriptyline (AMI) exposure (1 and 10 µM). Current density scale, 20 pA/pF; time scale 0.2 s. b. Percent of current inhibition by amitriptyline. Asterisks (*) indicate values significantly different from each respective control recorded before drug exposure (p<0.05).

Figure 6 .

 6 Figure 6. Correlation between the shift in voltage-dependent activation midpoint (V1/2) and phenotypes of pathogenic KCNQ2 variants in the VSD. Listed are 6 variants (at 5 codons) found recurrently, the shift observed under three informative and physiologically relevant subunit expression ratios (indicated schematically at top), and the associated phenotypes. The voltage shifts are taken from the publications listed. Remarkably, phenotypic severity appears correlated with the magnitude of the V1/2 shift, but even small shifts (R144W, R214W) can be pathogenic. These correlations are not interpreted as a necessarily complete pathogenic mechanism; and for LoF variants, additional disease pathomechanisms have been described (reviewed in 40).
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Table 1 :

 1 Overview of clinical features of patients with KCNQ2 R144 gain-of-function variants.

	Patient	Age at last FU	KCNQ2	Degree of ID (DSM-V)	Behavioural	Current level of functioning	Onset-age	Episodes with	EEG
			variant		phenotype		of epilepsy	reduced	sleep-activated
								responsiveness	epileptiform
								of unclear origin	activity
		4.5y	p.R144W	Mild	Features of ASD and ADHD	Speaks words, walks independently	/		Yes
		6y	p.R144W	Mild to moderate	Features of ADHD	Speaks sentences, walks independently	/		No
		4.5y	p.R144W	Mild to moderate	Features of ASD and ADHD	Speaks words, walks independently	/		No sleep-EEG
		11y	p.R144W	Mild to moderate	Features of ASD	Speaks short sentences, walks independently	/		Yes
		21y	p.R144W	Moderate	Features of ASD and	Speaks short sentences, walks independently	/	Yes (3-6y)	No sleep-EEG
					aggressive behavior				
		8y	p.R144W	Moderate	Features of ASD	Speaks words, walks independently	/		Yes
		7.5y	p.R144W	Moderate	Features of ASD	Speaks short sentences, walks independently	/		No
		27y	p.R144W	Severe	Features of ASD and ADHD	Nonverbal, walks independently	5y		Yes
		3.5y	p.R144W	Severe	Normal	Nonverbal, cannot sit or walk independently	4m		Yes
		4y	p.R144Q	Severe	Aggressive behavior	Nonverbal, cannot sit or walk independently	/	Yes (12m)	No
		14y	p.R144Q	Severe	Features of ASD and ADHD	Nonverbal, walks independently	6m	Yes	Yes
		14y	p.R144Q	Severe	Normal	Nonverbal, sits independently	18m	Yes	No sleep-EEG
		26y	p.R144Q	Severe	Features of ASD and ADHD	Speaks words, walks independently	8m		No
		4y	p.R144Q	Severe	Features of ASD and ADHD,	Speaks words, sits independently	/		Yes
					aggressive behavior				
		3y9m	p.R144Q	Severe	Normal	Nonverbal, sits independently	2y	Yes	Yes

Table 2 :

 2 Biophysical and pharmacological properties of channels containing wild-type and R144 mutant Kv7.2 subunits.

					TEA blockade (% of inhibition)			
		n	V mid (mV)	K	Maximal current	Current reversal	0.3 mM	3 mM	30 mM
					density (pA/pF)	potential (mV)			
	Kv7.2	16	À25.0 § 1.2	14.1 § 0.7	36.5 §6.6	À78 §1	53.5 § 11.4	87.9 § 5.1	93.0 § 7.5
	Kv7.2+ PIP5K	14	À39.5 §0.6*	10.1 §0.5	107.1 §7.3*	À	À	À	À
	Kv7.2 R144Q	19	À43.2 § 1.6*	17.2 § 0.9*	38.2 §5.5	À79 §1	57.5 § 0.4	85.5 § 4.1	93.0 § 4.6
	Kv7.2 R144Q + PIP5K	13	À81.3 §0.7**	10.5 §0.6	100.4 §17.2**	À	À	À	À
	Kv7.2 R144W	15	À29.1 § 1.5*	17.9 § 1.1*	25.6 §3.3	À79 §1	60.0 § 2.8	91.7 § 0.9	97.7 § 0.6
	Kv7.2 R144G	22	À49.9 § 1.3*	12.9 § 0.4	36.0 §5.4	À79 §1	59.7 § 3.6	93.2 § 2.1	97.2 § 1.3
	Kv7.2 + Kv7.2 R144Q	12	À35.7 § 1.9*	15.1 § 0.4	39.4 §4.5	À	À	À	À
	Kv7.2 + Kv7.2 R144W	6	À27.9 §0.9*	15.8 §1.0	36.4 §10.1	À	À	À	À
	Kv7.2 + Kv7.2 R144G	6	À36.4 § 3.4*	14.8 § 0.9	25.7 § 6.6	À	À	À	À
	Kv7.2 + Kv7.3	26	À29.9 § 1.1	12.7 § 0.5	119.7 § 12.2	À	9.2 § 2.2	42.1 § 7.4	73.1 § 6.8
	Kv7.2 + Kv7.2R144Q + Kv7.3	12	À33.5 § 1.8	11.5 § 0.4	94.8 § 18.9	À	19.0 §10.0	49 §10.0	88 §2.0
	Kv7.2 + Kv7.2R144W + Kv7.3	14	À30.5 § 1.9	11.3 § 0.5	111.9 § 16.7	À	7.8 § 6.3	42.0 § 8.2	78.7 § 5.9
	Kv7.2 + Kv7.2R144G + Kv7.3	22	À37.0 § 1.4 $	12.5 § 0.7	87.4 § 10.3	À	8.0 § 5.3	44 .0 § 5.0	78.5 § 5.2
	* p<0.05 versus Kv7.2,								
	** p<0.05 versus Kv7.2 R144Q								

$ p<0.05 versus Kv7.2+Kv7.3.
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