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ARTICLE INFO ABSTRACT
Keywords: While loss-of-function (LoF) variants in KCNQ2 are associated with a spectrum of neonatal-onset epilepsies, gain-
Voltage-gated potassium channel of-function (GoF) variants cause a more complex phenotype that precludes neonatal-onset epilepsy. In the present
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Gain of function

work, the clinical features of three patients carrying a de novo KCNQ2 Y141N (n = 1) or G239S variant (n = 2)
respectively, are described. All three patients had a mild global developmental delay, with prominent language
deficits, and strong activation of interictal epileptic activity during sleep. Epileptic seizures were not reported. The
absence of neonatal seizures suggested a GoF effect and prompted functional testing of the variants. In vitro whole-
cell patch-clamp electrophysiological experiments in Chinese Hamster Ovary cells transiently-transfected with the
cDNAs encoding Kv7.2 subunits carrying the Y141N or G239S variants in homomeric or heteromeric configu-
rations with Kv7.2 subunits, revealed that currents from channels incorporating mutant subunits displayed
increased current densities and hyperpolarizing shifts of about 10 mV in activation gating; both these functional
features are consistent with an in vitro GoF phenotype. The antidepressant drug amitriptyline induced a reversible
and concentration-dependent inhibition of current carried by Kv7.2 Y141N and G239S mutant channels. Based on
in vitro results, amitriptyline was prescribed in one patient (G239S), prompting a significant improvement in
motor, verbal, social, sensory and adaptive behavior skillsduring the two-year-treatment period. Thus, our results
suggest that KCNQ2 GoF variants Y141N and G239S cause a mild DD with prominent language deficits in the
absence of neonatal seizures and that treatment with the Kv7 channel blocker amitriptyline might represent a
potential targeted treatment for patients with KCNQ2 GoF variants.

Abbreviations: CHO, Chinese hamster ovary; DD, developmental delay; DEE, developmental and epileptic encephalopathy; EEG, electroencephalogram; GoF, gain of
function; ID, intellectual disability; KCNQ2, potassium voltage-gated channel subfamily Q member 2; KCNQ3, potassium voltage-gated channel subfamily Q member 3;
LoF, loss of function; MRI, magnetic imaging resonance.
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Introduction

KCNQ2 and KCNQ3 encode Kv7.2 and Kv7.3 voltage-gated potassium
channel subunits, respectively, that assemble into homo- or hetero-
tetrameric channels mediating the M-current [1,2], a critical determi-
nant of neuronal excitability and response to synaptic input [1,3]. Similar
to other Kv subunits, Kv7.2 and Kv7.3 subunits display a characteristic
structure with six transmembrane segments (S1-S6) and intracellular N-
and C-termini; the S5-S6 region encompasses the pore domain (PD)
where critical structural determinants for ion conductance and selectivity
are located, while the S1-S4 region forms the voltage-sensing domain
(VSD), where positively-charged amino acids in the S4 transmembrane
segment play a critical role in voltage sensing [4].

Pathogenic KCNQ2 variants are among the most common causes of
neonatal onset genetic epilepsies, and the incidence of KCNQ2-related
epilepsy is reported to be 1/17.000 live births [5]. A broad spectrum of
neonatal-onset phenotypes, ranging from self-limited familial neonatal
epilepsy, to devastating developmental and epileptic encephalopathy
(DEE) with treatment-resistant neonatal onset seizures and intellectual
disability (ID) are associated to pathogenic KCNQ2 variants prompting
loss-of-function (LoF) effects in vitro [6]. In comparison, rare
gain-of-function (GoF) variants have been reported to cause a wider
range of epileptic and neurodevelopmental phenotypes. So far, GoF
KCNQ2 variants affect residues located within the VSD of Kv7.2 and
include R144Q/W/G, [7,8] V175L, [9,10] R198Q [11] and R201C/H [7,
12]. While the R198Q variant leads to infantile onset (4-6 months) of
epileptic spasms and developmental delay (DD) in previously healthy
children [11,13], variants at the V175 and R201 residues cause neonatal
encephalopathy with DD, non-epileptic myoclonus, infantile onset epi-
lepsy, and a high risk of early mortality [6,12,13]. The R144Q/W/G
variants causes a neurodevelopmental disorder with cognitive and
developmental impairment, autism spectrum disorder (ASD), infantile to
childhood onset epilepsy in some patients, and sleep-activated epileptic
activity during sleep [8].

So far only few patients with a pathogenic KCNQ2 GoF variant [8,9,
11,12,14-20] have been described and knowledge about the natural
history associated with such variants remains limited. While epilepsy due
to LoF variants in KCNQ2 generally responds to sodium channel blockers
and retigabine is currently being trialed as a potential precision treat-
ment [13], no specific treatments have been described for disease due to
KCNQ2 GoF variants. This highlights an urgent need for highly-targeted
and genotype-specific therapy.

In the present study, the clinical features of three patients affected
with mild global DD, prominent language deficits, and strong activation
of interictal epileptic activity during sleep but no epileptic seizures,
carrying a two de novo variants in KCNQ2 (Y141N, n = 1; G239S variant,
n = 2) are described. In vitro functional testing with whole-cell patch-
clamp electrophysiology revealed both variants prompted an in vitro GoF
phenotype. The antidepressant drug amitriptyline induced a reversible
and concentration-dependent inhibition of current carried by Kv7.2
Y141N and G239S mutant channels. Treatment with amitriptyline in one
patient (G239S) led to a significant improvement in motor, verbal, social,
sensory and adaptive behaviour skills. Thus, our results suggest that
treatment with the Kv7 channel blocker amitriptyline might represent a
potential targeted treatment for patients with KCNQ2 GoF variants.

Methods
Patient collection

Patients were recruited through specialized epilepsy centers and a
KCNQ channel patient registry (www.rikee.org). Clinical data including
birth parameters, epilepsy, developmental histories and physical exam-
inations were collected from the local healthcare providers. The study
was conducted in agreement with the Declaration of Helsinki. Authors
consented each patient using research protocols approved by their local
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human research ethics committees. Probands were minors and had
cognitive impairment, thus informed consent was given by their parents.

Evaluation of motor, verbal and neuropsychological features in one patient
treated with amitriptyline

Cognitive and adaptive level of functioning

The Wechslers Intelligence Scale test (WPPSI-IV) [21] was adminis-
tered at baseline, at 12 months and at 24 months after initiation of
amitriptyline. Subtests targeting children younger than the
study-participant were administered if the patient was unable to complete
age-appropriate subtests. Testing was undertaken by a trained neuropsy-
chologist. The questionnaires Vineland Adaptive Behavior Scales, Second
Edition (Vineland-II) [22], and the Childrens Communication Checklist
(CCC-2) [23] were administered by parents, assessing adaptive level of
function and pragmatic language, respectively. The scales were adminis-
tered at baseline, at 6, 12 and 24-months of follow-up. The
Beery-Buktenica Developmental Test of Visual-Motor Integration test
(BeeryWMI) [24] assessing visual-motor integration, and the Connors
Kiddie Continous performance Test (K-CPT 2) [25] assessing attention
were administered to the patient at 6, 12 and 24-months of follow-up.

Behavior

The Social Responsiveness Scale (SRS-2) [26], the Social Communi-
cation Questionnaire (SCQ) [27] and the Quality of Life in Childhood
Epilepsy-55 (QoLCE-55) [28] were administered by parents at baseline,
6, 12, and 24-months of follow-up.

Motor function

The Canadian Occupational Performance Measure (COPM) [29], the
Gross Motor Function Measure (GMFM-88) [30], Movement ABC-2
(MABC-2) and the Child Sensory Profile-2 [31] were used to assess
motor ability at baseline and 12 and 24 months of follow-up.

Genetic identification and analysis

Patients 1 and 2 were investigated by whole exome sequencing or-
dered by the treating physician. Segregation analysis of selected variants
was done by deep Amplicon or Sanger sequencing. Patient 3 was diag-
nosed by trio exome sequencing. KCNQ2 variants were annotated using
the transcript NM_172107.4 (GRCh37/hg19) and classified based on the
American College of Medical Genetics and Genomics and the Association
for Molecular Pathology joint guidelines [32].

Mutagenesis and heterologous expression of Kv7.2 and Kv7.3 cDNAs

Variants were engineered in human Kv7.2 cDNAs cloned into
pcDNA3.1 by QuickChange site-directed mutagenesis (Agilent Technol-
ogies), as described [7]. Channel subunits were expressed in Chinese
Hamster Ovary (CHO) cells by transient transfection. CHO cells were
grown in 100 mm plastic Petri dishes in Dulbecco's Modified Eagle's
Medium (DMEM) containing 10 % Fetal Bovine Serum (FBS), penicillin
(50 U/ml), and streptomycin (50 g/ml) in a humidified atmosphere at 37
°C with 5 % CO». For electrophysiological experiments, cells were seeded
on glass coverslips (Carolina Biological Supply) and transfected on the
next day with the appropriate cDNAs using Lipofectamine 2000 (Invi-
trogen) according to the manufacturer's protocol. A plasmid encoding for
enhanced green fluorescent protein (Clontech) was used as transfection
marker; total cDNA in the transfection mixture was kept constant at 4 g.

Whole-cell electrophysiology

Currents from CHO cells were recorded at room temperature (20
°C-22 °C) 1-2 d after transfection, using a commercially available
amplifier (Axopatch 200B, Molecular Devices) and the whole-cell
configuration of the patch-clamp technique, with glass micropipettes of
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3-5 MQ resistance. The extracellular solution contained (in mM) the
following: 138 NaCl, 5.4 KCl, 2 CaCly, 1 MgCly, 10 glucose, and 10
HEPES, pH 7.4 with NaOH; the pipette (intracellular) solution contained
(in mM) the following: 140 KCl, 2 MgCly, 10 EGTA, 10 HEPES, 5 Mg-ATP,
pH 7.3-7.4 with KOH. The pCLAMP software (version 10.0.2) was used
for data acquisition and analysis. Current densities (expressed in
picoamperes per picofarad) were calculated as peak K currents at 0 mV
divided by cell capacitance (C). Data were acquired at 0.5-2 kHz and
filtered at 1-5 kHz with the 4-pole low-pass Bessel filter of the amplifier.
No corrections were made for liquid junction potentials. To generate
conductance-voltage curves, the cells were held at —80 mV, then depo-
larized for 1.5 s from —80 mV to +20 in 10 mV increments, followed by
an isopotential pulse at 0 mV of 300 ms duration; the current values
recorded at the beginning of the 0 mV pulse were measured, normalized,
and expressed as a function of the preceding voltages. The data were then
fit to a Boltzmann distribution of the following form: y = max/[1 exp(Vy,
2 -V)/k], where V is the test potential, V7, the half-activation potential,
and k the slope factor.

A stock solution (10 mM) of amitriptyline (Sigma-Aldrich, Germany)
was prepared in dimethyl sulfoxide (DMSO); extracellular bathing solu-
tion was used for subsequent drug dilutions. Maximal DMSO concen-
tration in the final solution was 0.1 %; this concentration, which did not
affect current size and kinetics, was also added to the control (no drug)
solution. The effect of amitriptyline (1 and 10 uM) was investigated using
a ramp protocol in which currents were activated by 3s voltage ramps
from —80 to +20 mV applied every 15 s. Currents at +20 mV were
measured before and after drug application, and the effect of amitripty-
line was expressed as % of blockade.

Statistics

Data are expressed as the mean + SEM. Statistically significant dif-
ferences between the data were evaluated with the Student's t-test (p <
0.05).

Results

In this study, three unrelated patients carrying de novo and previously
unreported missense variants in KCNQ2 were included: one with the
Y141N and two with the G239S variant.

Clinical features and genetic results

Patient 1 is a 7-year-old girl, born from non-consanguineous parents.
She has one healthy younger sister. During pregnancy, poor fetal
movements were reported. She was born at term, with a birth weight of
3160 g (0 SD), length of 52 cm (0 SD), and head circumference of 35 cm
(0 SD). Apgar score was 10. From birth, delayed motor development was
noted. She was hypotonic, with an absent sucking reflex at birth, and very
weak and disorganized sucking from day 3. Head stabilization occurred
at 5 months, sitting at 9 months, crawling at 13 months, pincer grasp at
18 months, and independent walking at 22 months. Speech development
was also delayed and she said her first word at 18 months of life. By the
time she was 3 years old she was speaking about 100 two-syllable words.
At the age of 14 months, psychomotor delay with muscle hypotonia was
diagnosed and intensive rehabilitation was initiated, including physio-
therapy, speech therapy, and sensory therapy. At 4 years of age, oral
electrostimulation was started. Neuropsychological evaluation at the age
of 3 years showed a Leiter scale Intelligence Quotient of 82, and a
disharmonious development with significant delay in the development of
active speech. Speech comprehension and social skills were within the
norm, and she was diagnosed with developmental dysphasia. At present
time she walks independently, is able to walk on tiptoes and heels, and
squats and stands up without support. She is still showing constant motor
improvement, but fine motor skills remain poor. She is able to cut circles
with scissors, draws circles and lines. She makes 20-piece puzzles, plays
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with dolls, and draws simple pictures. She currently speaks 3-5-word
sentences (level of a 3 years-old), with errors at pronunciation. She
counts to 10, can write her name, and adds and subtracts using her fin-
gers. Social development is normal, without obvious behavioral prob-
lems. She has a normal head circumference of 50 cm. She is still
hypotonic with ligament laxity and brisk reflexes; further neurological
exam is normal. She is not taking any medication. Brain MRI performed
at the age of 2.5 years was normal. Several EEGs were performed be-
tween the age of 2.5 and 6.5 years due to DD and showed interictal sharp
wave and spike and slow wave activity in the posterior regions with
maximum at the right side and strong accentuation during sleep. She
never had clinical seizures. Whole exome sequencing revealed a novel
missense variant (c.421T>A, p.Tyr141Asn) in KCNQ2 arising de novo in
the patient.

Patient 2 is a 10-year-old male with no significant family history. He
was born at term (38 + 6) following a normal pregnancy and was
delivered via planned caesarian section due to breech presentation.
Birthweight was 3276 gr (0 SD), length 50 cm (0 SD) and head circum-
ference 35 cm (0 SD). Head stabilization occurred at 3 months, sitting at
8 months, and independent walking at the age of one year, albeit with a
clumsy and unsteady gait. He developed a pincer grasp at 14 months and
learned to use utensils at 7 years of life. His speech development was
delayed as at the age of 2 years he was still babbling without using any
actual words. At the age of three years, he was diagnosed with verbal
dyspraxia. He was diagnosed with cognitive impairment and an autism
spectrum disorder at the age of 4 years and 8 months. He was easily
fixated on favorite objects or routines and disliked changes. He had a low
anger threshold with tantrums and occasional aggressive outbursts. He
had a short attention span and a poor concentration. Understanding so-
cial situations and making friends were difficult. He displayed symptoms
suggestive of a sensory integrative dysfunction which interfered with
learning, playing, social interaction, and completing daily activities of
life. A neuropsychological evaluation with the Wechsler Preschool and
Primary Scale of Intelligence fourth edition (WPPSI-IV) was performed at
age 5 years and 8 months in order to determine the level of support
needed at school; the results were suggestive of a mild intellectual
disability (supplementary file). At present he attends a special needs
school. The EEG performed around the second year of life due to staring
spells, showed interictal paroxysmal epileptiform activity that accentu-
ated during sleep but no ictal discharges. Intermixed beta activity was
observed in the fronto-temporal derivations. Staring spells were consid-
ered to be not epileptic. Brain MRI performed at the age of five years was
normal. Exome sequencing revealed a de novo KCNQ2 missense variant
(c.715G>A; p.G239S).

Patient 3 is a 10-year-old female. Family history included two older
male siblings, one was late to talk (age 3) and subsequently diagnosed
with attention deficit disorder; a paternal uncle was also late in talking (4
years) and had mild learning problems as a child. Patient 3 was born at
term [39] following a normal pregnancy and was delivered via planned
caesarian section due to prior C-section. Birthweight was 3062 gr (0 SD)
while length and head circumference were unknown. Early motor mile-
stones were achieved normally (walked at 11 months, ran at 15 months)
but both expressive and receptive language were noted to be delayed
prompting evaluation. At age 17.5 months, a mixed receptive-expressive
language disorder was diagnosed. She was referred to speech therapy but
only attended for 3-4 months due to lack of progress. Re-assessed at 3.5
years, she spoke only five words, was generally happy but distractible
and inattentive, with some repetitive head banging, hitting, biting, and
hair-pulling when frustrated. She could follow only one step commands,
and was unable to nod yes or no. Formal testing included the
Broch-League receptive expressive emergent language teste (REEL-3;
receptive: 1 percentile, equivalent to 7 months; expressive: 3rd percen-
tile, equivalent to 8 months). One provider noted good eye contact, but
other signs concerning for autism risk. Another performed the Autism
Diagnostic Observation Schedule (ADOS)-II, Module 1, the Child
Behavioral Checklist, and a comprehensive neurological and physical
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exam, leading to an ASD and DD diagnosis. At age 9 years, the parent and
ABA therapist were concerned that staring spells might be epileptic sei-
zures. A 72 h ambulatory EEG was performed. Recurring left parietal
sharp waves were noted during drowsiness, and, with more frequency,
during sleep, but two typical spells during wakefulness were noted and
were not accompanied by ictal EEG changes. Brain MRI performed at age
9.5 years was normal. Trio exome sequencing revealed a de novo missense
variant KCNQ2 ¢.715G>A; p.G239S.

Functional analysis of Kv7.2 Y141N and G239S mutant channels

The Y141Nislocated in S2 of the VSD while the G239 residue is located
in the middle of the S5 segment of the PD (Fig. 1A). The G239 residue is
conserved among all Kv7 channels, but not in other Kv channels; whereas
the Y141 residue is present in Kv7.1, Kv7.2 and Kv7.4 subunits (Fig. 1B).

When expressed in CHO cells, homomeric Kv7.2 channels generated
slowly activating and deactivating K'-selective currents in response to
membrane depolarization from —80 to +20 mV, characterized by a
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voltage threshold for current activation around —40/—50 mV (Fig. 1B).
When compared to those carried by homomeric Kv7.2 channels, currents
recorded in cells expressing Kv7.2 subunits carrying the Y141N or the
G239S mutations showed higher densities and a small but statistically-
significant hyperpolarizing shift (~10 mV) in activation gating
(Fig. 1C-D). Both the increased current densities and the negative shifts
(~10 mV) in activation voltage-sensitivity strongly suggest that both
Y141N and G239S missense substitutions trigger mild GoF effects on
channel behaviour. The gating changes of homomeric Kv7.2 mutant
channels were rather small quantitatively; as a matter of fact, we were
unable to detect significant changes in activation and deactivation ki-
netics among experimental groups analysed (data not shown).

At early developmental stages expression pattern of Kv7.2 and Kv7.3
subunits seems not to be identical, with Kv7.2 being expressed at earlier
time points [33]; thus, in addition to Kv7.2/3 heteromers, Kv7.2
homomeric channels likely exist in vivo [34]. Moreover, the clinical
features of Kv7.2-DEE appear to more closely correlate with Kv7.2
homomer dysfunction, rather than Kv7.2/3 heteromers [35]. Given these
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Fig. 1. Schematic representation of a single Kv7.2 subunit, alignment and functional analysis of mutations at position Y141 and G239. A. Cartoon depicting
the six transmembrane arrangement of a single Kv7.2 subunit (left panel) and sequence alignments of the S2 and S5 (right panel) regions among different Kv subunits.
B. Macroscopic currents from Kv7.2, Kv7.2 Y141N and Kv7.2 G239S channels, in response to the indicated voltage protocol. Current scale, 200 pA; time scale, 200 ms.
C. Current density from currents from Kv7.2, Kv7.2 Y141N and Kv7.2 G239S channels calculated at 0 mV. D. Conductance/voltage curves for the indicated channels.

Continuous lines are Boltzmann fits to the experimental data.
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premises, we performed electrophysiological experiments co-expressing
mutant subunits (Kv7.2 G239S and Kv7.2 Y141N) with WT Kv7.2
(mutant/WT Kv7.2; 1:1 transfection ratio). The results obtained revealed
a slightly but statistically-significant leftward shift of the V., of about 5-6
mV in the Kv7.2+Kv7.2 Y141N and Kv7.2+Kv7.2 G239S, when
compared to homomeric Kv7.2 channels (Table 1).

Finally, since Ixy in mature neurons is mainly formed by Kv7.2/Kv7.3
heteromeric channels [1], and to replicate in vitro the genetic combina-
tion occurring in the affected family members who are heterozygous for
the pathogenic allele, functional studies were also carried out upon
transfection of ¢DNAs of Kv7.2+Kv7.2Y141N+Kv7.3 and
Kv7.24+Kv7.2G239S+Kv7.3 at a cDNA ratio of 0.5:0.5:1. However, in
these experimental settings no significant differences in either current
size or gating were detected when Kv7.2 Y141N or G239S subunits were
co-expressed in heterotetrameric channels with Kv7.2 and Kv7.3 sub-
units, a result possibly due to the relatively small functional changes
prompted by the two variants, (Table 1).

Blockade of Kv7.2 Y141N and Kv7.2 G239S mutant channels by
amitriptyline

In order to pharmacologically reverse the GoF consequences triggered
by the Y141N and G239S variants in Kv7.2, the ability of amitriptyline
[36] to block heteromeric channels containing wild-type and mutant
Kv7.2 subunits was investigated. Perfusion with 1 and 10 pM amitrip-
tyline dose-dependently inhibited currents recorded from Kv7.2+Kv7.3,
Kv7.24+Kv7.2Y141N+Kv7.3-, and Kv7.24+Kv7.2G239S+Kv7.3-express-
ing cells. Interestingly, 10 pM amitriptyline showed higher efficacy in
inhibiting Kv7.2+Kv7.2G239S+Kv7.3 when compared to Kv7.2+Kv7.3
currents (Fig. 2; Table 1).

Response to amitriptyline treatment in patient 2

Based on the described in vitro results, and after parental consent,
patient 2 was titrated to a daily dosage of 1 mg/kg/day amitriptyline at
the age 8 years and 8 months. He has adhered to the treatment for the
past 24 months without experiencing any adverse effects.

A baseline cognitive testing was done before initiating amitriptyline
at the age of 8 years. At this time, he was unable to join two puzzle pieces,
do jumping jacks or understand both simple and more complex tasks. He
failed to attend an age-appropriate test due to attention deficits and
cognitive impairment and was instead subjected to the WPPSI-IV, the
Beery WMi and the computer-based test K-CPT 2. He was difficult to
regulate and despite support, the K-CPT 2 test ended prematurely. He
scored in the category “more than others” in three out of four areas at
baseline using the Sensory Profile 2 questionnaire; sensory seeking,
sensory sensitivity and sensory registration (Fig. 3). His score on the
GMFM-88 was 97 % at baseline, and he performed at percentile 0.5 in
MABC-2 (supplementary file). The cognitive test results and the parent-
proxy evaluation of adaptive functions (Vineland II and CCC-2) sug-
gested that he had a mild intellectual disability, poor cognitive efficiency
and attention, and was more sensitive, more sensory seeking and regis-
tered more sensory input compared to peers (supplementary file).

Table 1
Biophysical and pharmacological properties of mutant Kv7.2 channels.
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Within three months after initiation of amitriptyline he had learned to
do 9-piece puzzles, do jumping jacks and undertake tasks that he had
previously been unable to do. Supplementary video 1 shows gross motor
skills at baseline and after 3 months of amitriptyline treatment.

At six months, parents reported that he no longer needed diapers
during sleep, his social interaction with other children had improved, and
that his verbal skills had improved enabling him to engage in conversa-
tions during dinner time. According to the parents, his focus, attention,
and sensory profile had improved while treated with amitriptyline (Fig. 3
and supplementary file). All scores within the sensory profile were in the
area of “same like others” (Fig. 3) and his score on the GMFM-88 had
improved to 98 %.

One year after initiation of amitriptyline, he was submitted to a sec-
ond WPPSI-IV, K-CPT 2 and Beery WMI test. Although frequent pauses
and support was needed, he now managed to finish the testing; raw
scores were improved in most subtests (supplementary file) and parent-
proxy evaluations of adaptive level of functioning, communication and
social skills were markedly improved (Fig. 3 and supplementary file). The
sensory profiling and GMFM-88 was unchanged compared to the evalu-
ation after 6 months (Fig. 3).

His cognitive efficiency and attention had significantly improved after
2 years of treatment. For the first time, he could engage in the test sessions
with areasonably concentration and persistence for his age and made only
a few mistakes due to inattentiveness (supplementary file). The sensory
profiling was unchanged and his score on the GMFM-88 had improved to
100 %. His hand-motoric scores improved to percentile 5 at 6 and 12
month after initiation, and improved further to percentile 25 at 24 month.

At baseline, the EEG showed interictal paroxysmal epileptiform ac-
tivity that accentuated to 49 % of non-rapid-eye-movement sleep, while
after 12 and 24 months of treatment the paroxysmal activity dropped to
27 and 31 %, respectively.

Discussion

KCNQ2 related disorders encompass a wide spectrum of epileptic and/
or neurodevelopmental disorders. While most pathogenic variants have a
LoF effect and lead to neonatal onset epilepsy with or without neuro-
developmental problems, rare GoF variants have been described that lead
to neurodevelopmental disorders without neonatal onset seizures. All
currently known disease-causing GoF KCNQ2 variants affect residues
located within the VSD of Kv7.2 and include R144Q/W/S [7,8], V175L[9,
10], R198Q [11] and R201C/H [7,12]. In this study, we describe three
patients carrying two novel de novo missense variants, Y141N (1 patient)
and G239S (2 patients). All patients had neurodevelopmental impairment
without seizures. Additional comorbidities included verbal dysphasia or
dyspraxia, and sleep-activated epileptic activity, resembling phenotypes
caused by the R144W variant in KCNQ2, and GoF variants in the homo-
logue gene KCNQ3 [2]. We confirmed that Y141N and G239S have mild
GoF effects invitro, through an increase of the maximal current density and
a negative shift in the activation gating. Noteworthy, quantitatively
similar shifts in activation voltage were described in homomeric channels
carrying the R144W variant in Kv7.2 [8]. The G239S variant represents

Blockade by amitriptyline (%)

Construct(s) n Half-activation potential, V¥ (mV) Slope factor, k (mV/e-fold) Current density (pA/pF) 1M 10 pM
Kv7.2 28 —22.3+0.9 12.6 + 0.6 26.9 £ 3.2 - -

Kv7.2 Y141IN 22 —35.4 + 0.6* 14.9 + 0.6* 50.1 £ 6.4*

Kv7.2 G239S 16 -30.5 + 1.7* 14.3 + 0.7* 38.2 + 5.5% - -

Kv7.2 + Kv7.3 10 -27.1 +£1.0 10.6 +£ 0.5 112.4 +15.1 81+1.2 40.0 + 3.8
Kv7.2 + Kv7.2 Y141IN 13 —-28.7+1.1 11.3+ 0.6 99.9 £17.0 9.7 £ 2.5 39.8 £3.0
+ Kv7.3

Kv7.2 + Kv7.2 G239S 11 -28.7 £ 1.6 139 £ 1.0 135.5 + 30.4 11.8 + 3.6 64.6 + 5.2%*

+ Kv7.3

*p < 0.05 versus Kv7.2; **p < 0.05 versus Kv7.2+Kv7.3.



A. Bayat et al.

Neurotherapeutics 21 (2024) e00296

A Kv7.2+ Kv7.2 + Kv7.2 +
Kv7.3 Kv7.2Y141N + Kv7.2G239S +
Kv7.3 Kv7.3
Cct ctl e Ct
<— 1 AMI <1 AMI 1 AMI
10 AMI

& R10 AMI Z10 AMI

li 5 L

+20 mV
-SQLV/-

1 10 1 10 1 10 pMAMI
Kv7.2+Kv7.3 Kv7.2+Kv7.3+ Kv7.2+Kv7.3
Kv7.2Y141N +Kv7.2G239S

Fig. 2. Effect of amitriptyline on heteromeric channels incorporating Kv7.2 mutant subunits. A. Representative current traces in response to the voltage ramp
protocol before and during amitriptyline (AMI) exposure (1 and 10 pM) from cells expressing the indicated subunit combinations. Current scale, 200 pA; time scale,
200 ms. B. % of current inhibition upon amitriptyline application.* indicate values significantly different from each respective control (p < 0.05).

the first reported mild GoF variant located outside the VSD of Kv7.2.
Interestingly, in a complete functional dataset of all possible
single-nucleotide variants (SNVs) encoding missense mutations for Kv7.4
channels identified in patients with autosomal dominant non-syndromic
hearing loss, several variants at positions paralogous to Y141 and G239
in Kv7.2 (Y147 and G245, respectively) have been described. Functional
analysis, which was carried out both in homomeric mutant channels and in
heteromeric configuration with wtKv7.4 channels, revealed that some of
these variants also showed similar in vitro mild GoF effects [37], sug-
gesting that substitution at these two positions might play an important
role in the gating properties of Kv7 channels.

While LoF variants in both KCNQ2 and KCNQ3 can potentially be
treated with sodium channel blockers or retigabine [13] this may not be
the case for KCNQ2 and KCNQ3 GoF variants. Currently, despite a large
number of antiseizure medications available, no drugs are licensed for
the treatment of patients suffering from DEEs (such as infantile epileptic
spasms syndrome) caused by GoF variants in KCNQ2. Investigating the
use of approved drugs for a different indication, a process called drug
repurposing, offers the opportunity to speed up the traditional process of
drug discovery and to more quickly tackle the unmet clinical needs of
patients suffering from rare diseases like those associated with the
KCNQ2 GoF spectrum. In this context, amitriptyline, a tricyclic antide-
pressant that mainly inhibits the reuptake of serotonin and norepineph-
rine, has been described to be also a potent blocker of heteromeric
Kv7.2/Kv7.3 channels [36].

Amitriptyline is a commonly used drug to treat several conditions
including depression, obsessive-compulsive disorder and neuropathic
pain and it has an acceptable safety profile [38]. Moreover, it is licensed

for use in children of 6 years and older, mostly to treat nocturnal enuresis
[39]. In this study, we showed that amitriptyline also blocks heteromeric
channels containing mutant Kv7.2 subunits at concentrations of 1-10 pM.
The therapeutic plasma concentrations of amitriptyline, when used for its
known indications, are in the range of 0.4-0.9 pM [40]. However, previous
studies in rats suggest that amitriptyline accumulates in the brain, thus
reaching concentrations which are up to ten times higher than those
achieved in the plasma during standard dosing [41]. Such distribution is
dependent upon the protein binding and lipid solubility characteristics of
the drug; these do not vary appreciably between different mammalian
species [42], suggesting that the plasma/brain ratio distribution of
amitriptyline observed in rodents is valid also for humans. Accordingly,
the concentrations of amitriptyline (1-10 pM) shown to block both
wild-type and mutant heteromeric channels in this study are close to those
reached in the brain during conventional therapy with the drug.

These considerations prompted us to initiate intervention with
amitriptyline in one patient described in this study. The promising results
of the amitriptyline treatment of patient 2, carrying the G239S KCNQ2
GoF variant, appear consistent with the above-mentioned considerations
concerning its pharmacokinetic profile. Twelve months of treatment with
amitriptyline indeed led to a notable improvement in sensory profile and
level of adaptive behavioral functioning, communication, and social
skills, as supported by an improvement on most subtests of a standard-
ized neuropsychological testing battery. We observed a striking devel-
opmental improvement within 6 months of intervention, which is beyond
what would be expected from natural development. He then followed the
developmental trajectories starting from this new level of functioning
before taking another leap during the second year of intervention. The
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Fig. 3. Results from neuropsychological profiling in patient 2 treated with amitriptyline. Results are based on Vineland Adaptive Behavior Scales, Second
Edition (1A), the Childrens Communication Checklist (1B) and Child Sensory Profile-2. (GCC = Children's Communication Checklist; TO = baseline; T1 = after 6
months of amitriptylin treatment; T2 = after 12 months of amitriptylin treatment; T3 = after 24 months of amitriptylin treatment. VABS = Vineland Adaptive

Behavior Scales).

second improvement was within areas such as attention, motor control
and cognitive efficiency. His developmental trajectories will be studied in
the years to come and we speculate that the second improvement pro-
vides a foundation for learning and development onwards and enhances
his possibility to improve his abilities within his cognitive capacity.
Our study has several strengths but also important limitations; sys-
tematic neuropsychological evaluation was done before and during
amitriptyline treatment but only a single family was able to participate in a
trial that was neither placebo-controlled nor blinded. Since the study lacks
a control group, it remains difficult to determine to which extend the
clinical improvement was an age-related maturation or a result of the
study intervention. However, before amitriptyline treatment patient 2
struggled to understand and perform both simple and more complex tasks.
Within three months after initiation of amitriptyline he could undertake
tasks that he had previously been unable to do. We believe that such a
drastic change is more likely to be attributed to the intervention than to
spontaneous age-related improvement. Another limitation was that the
baseline and 12- and 24 months intelligence scale test were done by two
different and unblinded neuropsychologists. Both were skilled and trained
test supervisors but we can not rule out that there might have been a subtle
difference in support during the tests. Since large randomized controlled
trials are not feasible in rare disorders, N-of-1 trials have been advocated to
be a valid methodological alternative for this type of study population
[43]. Such type of studies will be important to further validate the role of
amitriptyline in the treatment of patients with GoF KCNQ2 variants, and to
explore if there is an age-dependent window of opportunity for the
treatment of the behavioral and cognitive difficulties in this rare disorder
[44]. N-of-1 trials are based on multiple cross-over trial designs, wherein a

single participant alternates between being on and off a given intervention
at least twice [43]. Finally, it should be highlighted that amitriptyline
cannot be considered a Kv7.2-specific blocker, since it also blocks Kv1.1
potassium channels with equal potency [36] as well as KCNQ1/KCNE1
cardiac potassium channel responsible for controlling the length of ven-
tricular plateau potentials and mutated in long-QT syndrome [45]. In
addition, tricyclic antidepressants with similar molecular structures, such
as imipramine, are well known to potently block EAG-class potassium
channels [46,47]. At the dosage administered in this study, if it acts by
blocking Kv7.2-derived channels, it most likely also blocks many other
molecular subclasses of potassium channels in the brain, making a direct
causal relationship between drug-dependent blockade of Kv7.2 currents
and amelioration of GOF Kv7.2 phenotypes, difficult to interpret. Finally,
although amitriptyline is FDA and EMA approved, caution should be
noted, since it can potentially cause adverse side-effects due to the block of
the cardiac-specific potassium channels, KCNQ1/KCNE1 and HERG,
critical for ventricular repolarization.

In conclusion, this study shows that the KCNQ2 variants Y141N and
G239S lead to a phenotype associated with a mild cognitive and devel-
opmental impairment, language deficits, and sleep-activated epileptic
activity in the absence of seizures. We show that both variants lead to a
mild GoF in vitro and thus confirm that identification of a de novo KCNQ2
variant in patients with a neurodevelopmental disorder without neonatal
seizures should raise suspicion of a GoF variant. In vitro, amitriptyline
induces a reversible and concentration-dependent inhibition of Kv7.2
heteromeric channels carrying variants Y141N or G239S subunits,
and we document the neurodevelopmental improvements following
amitriptyline treatment of a single patient harbouring the G239S variant.



A. Bayat et al.

Systematic multicenter studies examining the short- and long-term ef-
fects of amitriptyline in additional patients with KCNQ2 GoF variants are
warranted to study the role of this potentially tailored treatment
approach.
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