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ABSTRACT
Objective. Mutations in the KCNQ2 gene, encoding the voltage-gated
potassium channel, Kv7.2, cause neonatal epilepsies. The potassium channel
opener, retigabine, may improve epilepsy control in cases with loss-of-function
mutations, but exacerbate seizures in cases with gain-of-function mutations.
Our aim was to describe a patient with a KCNQ2 mutation within the K+-
selectivity filter and illustrate how electrophysiological analysis helped us to
implement personalized treatment.
Methods. Medical history of a patient with severe neonatal epileptic
encephalopathy was recorded. Diagnosis was reached by whole-exome-
sequencing. The pathogenic variant was expressed in Chinese hamster ovary
cells, and patch-clamp studies were performed, directing therapy.
Results. A seven-year-old male presented with neonatal seizures, progressing to
hundreds of seizures/day without developmental milestones. Whole-exome
sequencing revealed a pathogenic variant, p.Gly281Arg, in the KCNQ2 gene,
located within the ion selectivity filter of the pore, predicted to cause loss-of-
function of Kv7.2, not affected by retigabine. Patch-clamp analysis revealed no
current with the mutant homomer and reduced current with heterotetramer
(KCNQ2WT/KCNQ2G281R/KCNQ3WT) channels, consistent with a dominant-
negative effect. Addition of 5 mM retigabine did not produce a current with
the mutant homomer, but increased current with the heterotetramer (V50:
-30.4 mV vs. -51.3 mV). Following these results, retigabine at 15 mg/kg was
administered off-label, prompting a 90% seizure reduction. Drug withdrawal,
imposed by revocation of marketing authorisation for retigabine, caused 50%
increase in seizure burden.
Significance. Retigabine may be used for precision therapy in patients with
KCNQ2-related epilepsy due to loss-of-function variants. It is imperative to
reintroduce safe marketing of retigabine for selected patients as personalized
treatment.
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The neuronal M channels, belonging to the voltage-
gated potassium channel Kv7 family, have emerged as
critical players in epilepsy [1, 2]. Assembled as hetero-
tetramers of Kv7.2 and Kv7.3 subunits, M channels
generate subthreshold, non-inactivating voltage-gated
K+ currents that play an important role in controlling
neuronal excitability [1, 3-7]. Pathogenic variants in the
KCNQ2 gene, encoding for the Kv7.2 channel subunit,
were initially linked to benign familial neonatal epilepsy
[8, 9], but later were also associated with early-onset
epileptic encephalopathy with cognitive disability and
suppression-burst on EEG (electroencephalogram)
[10, 11]. Electrophysiological studies have demonstrat-
ed a correlation between the extent of loss-of-function
caused by protein altering variants and clinical severity
[12-16]. Recently, gain-of-function variants, causing a
distinct phenotypeof epileptic encephalopathywithout
neonatal seizures, were also described [17, 18].
The Kv7.2 channel opener, retigabine (RTG) (ezoga-
bine), was developed as an antiepileptic drug,
suppressing seizures in animal models as well as in
patients, due to a general effect on neuronal
excitability [19, 20]. RTG acts as a positive allosteric
modulator of M channels. It binds to a hydrophobic
pocket near the channel gate and interacts with a
tryptophan residue at the S5 segment to stabilize the
open state of the channel, therefore increasing the
number of M channels that are open at rest [21]. It is
therefore expected that acute application of RTG will
decrease intrinsic neuronal excitability as well as the
spontaneous firing rate. In cases with loss-of-function
pathogenic variants in the KCNQ2 gene, RTGmay have
a positive effect [11, 22, 23], but for gain-of-function
mutations, seizures are expected to be aggravated by
treatment [17, 18].
In this study, we describe a patient with a KCNQ2
pathogenic variant, p. Gly281Arg, located within
the pore K+-selectivity filter. Patch–clamp analysis
revealed that this pathogenic variant causes a loss of
function, and helped us in directing an antiepileptic
treatment.

Materials and methods

The medical history of a patient with severe neonatal
epileptic encephalopathywas recorded. Diagnosis was
reached by performing whole-exome sequencing. The
effect of the protein altering variant was assessed in
Chinese hamster ovary (CHO) cells by patch-clamp
studies, in order to aid in directing drug therapy.

Molecular and bioinformatics studies

DNAwas extracted from peripheral blood after written
legal consent, according to the Ethical Committee of

the Sheba Medical Center, IRB 7786-10. Trio whole-
exome sequencing was performed at the Center for
Human Genome Variation, Duke University School of
Medicine, Durham, North Carolina, USA, as a part of a
research project endeavouring genetic diagnosis of
119 patients with various neuro-metabolic phenotypes
[24]. The coding regions were extractedwith the 65-Mb
Illumina TruSeq Exome Enrichment Kit (Illumina, San
Diego, CA), and sequenced using the HiSeq 2000
platform (Illumina Inc, San Diego, CA, USA). The
resulting reads were aligned to the reference genome
(GRCh37/hg19) using the Burrows-Wheeler Alignment
(BWA-0.5.10) [24]. Variants were referred to based on
UnifiedGenotyper of the Genome Analysis Toolkit
(GATK-1.6–11) and annotated with SnpEff-3.3 (Ensembl
73 database) [24]. The effect of protein-altering variants
was assessed using different prediction tools: Poly-
Phen2 (http://genetics.bwh.harvard.edu/pph2) [25],
SIFT (http://sift.jcvi.org) [26], MutationTaster [27], and
Condel (http://bbglab.irbbarcelona.org/fannsdb) [28].
Deleterious variants, filtered according to inheritance
(de novo heterozygous, double heterozygous, homo-
zygous) were prioritized according to phenotype
utilizing VarElect within GeneCards (PMID:22155609)
[24] and confirmed with Sanger sequencing.
The structural homology modelling of KCNQ2
was performed with the automatic Swiss Model
(https://swissmodel.expasy.org/interactive) using the
target sequence of human KCNQ2 (ACCESSION
NP_742105) and the template file structure of human
KCNQ1 (6UZZ).

Mutagenesis and electrophysiological studies

Site-directed mutagenesis was generated by PCR
amplification of human KCNQ2 cDNA, using PCR-
based Quikchange Site-Directed Mutagenesis (Strata-
gene). The p.Gly281Arg mutant cDNA clone was
verified by DNA sequencing of the whole vector.
CHO cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 2 mM
glutamax (Gibco), 10% foetal bovine serum and
antibiotics, and incubated at 370C in 5% CO2. Cells
were seeded on poly-L-lysine-coated glass coverslips
in a 24-multiwell plate, and transiently transfected with
Transit LT1-Transfection Reagent (Mirus). The pIRES-
CD8 vector was co-transfected as a transfection
identification surface marker. Recordings were per-
formed 40 hours after transfection, using the voltage-
clamp configuration of the whole-cell patch-clamp
technique, as previously described [29]. Transfected
cells were visualized using anti-CD8 antibody-coated
beads. Data were sampled at 5 kHz and low-pass
filtered at 2 kHz (Axopatch200B amplifier with
pclamp10 software and a 4-pole Bessel low pass filter,
Molecular Devices). The patch pipettes were pulled
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from borosilicate glass (Warner Instrument Corp) with
a resistance of 3-7 MV, and filled with: 130 mM KCl,
5 mM Mg ATP, 5 mM EGTA, 10 mM HEPES, pH 7.3
(adjusted with KOH), and sucrose was added to adjust
osmolarity to 290 mOsmol. The external solution
contained: 140 mM NaCl, 4 mM KCl, 1.2 mM MgCl2,
1.8 mM CaCl2, 11 mM glucose, 5.5 mM HEPES, pH 7.3
(adjusted with NaOH), and sucrose was added to
adjust osmolarity to 310 mOsmol. Data analysis was
performed using the Clampfit program (pClamp10,
Axon Instruments), Microsoft Excel and Prism 5.0
(GraphPad). Conductance (G) was calculated as G = I/
(V-Vrev). G was then normalized to the maximal
conductance. Activation curves were fitted to a single
Boltzmann distribution according to G/Gmax = 1/{1+
exp[(V50-V)/s], where V50 is the voltage at which the
current is half-activated and s is the slope factor. All
data were expressed as mean� sem (standard error of
the mean). Statistically significant differences were
assessed by unpaired t test for two samples assuming
unequal variances for comparing between wild-type
(WT) and mutant channels, and by paired t-test of the
means for comparing the effect of RTG before and
after its application in the same cell. For electrophysi-
ological experiments, RTG (HCl) was purchased from
Alomone labs (Jerusalem).

Results

Case summary

The patient, a seven-year-oldmale, was born to healthy
unrelated parents after an uneventful pregnancy. The
mother reported increased uterine contractions,
retrospectively attributed to presumed intrauterine
seizures. Tonic-autonomic seizures, manifesting as
tonic stiffening with hypoventilation and cyanosis,
started on the first day of life, and were initially
unresponsive to phenobarbitone at 20 mg/kg, and
thereafter to phenytoin at 20 mg/kg. Over the next few
months, in addition to tonic seizures, focal-onset
clonic seizures (awareness unknown) also appeared,
manifesting as episodes of jerking in alternate limbs,

lasting for a few minutes. Despite treatment with
levetiracetam at 40 mg/kg, valproic acid at 30mg/kg,
carbamazepine at 20 mg/kg, topiramate at 10 mg/kg
and clonazepam at 0.1 mg/kg, he had hundreds of
seizures per day. Towards one year of age, he was
started on the ketogenic diet and oral diazepam was
added unsuccessfully. At three years of age, during
severe seizure exacerbation due to a febrile illness,
potassium bromide at 40 mg/kg was added. Though a
20% reduction with bromide salts was observed, the
drug was discontinued due to technical difficulties.
Towards three years of age, he was on six antiseizure
drugs (phenobarbitone, valproic acid, carbamazepine,
topiramate, clonazepam, and oral diazepam) and the
ketogenic diet, with no significant change in seizure
frequency. Neurological examination at this age
revealed severe hypotonia with absent deep tendon
reflexes, optic atrophy and preserved head circumfer-
ence. Brain MRI showed progressive hypomyelination
and atrophy, raising a suspicion of a peroxisomal
disorder (figure 1A, B). Initial EEG (performed at
another institution; data unavailable) was reported
as a burst-suppression pattern and evolved to a high-
amplitude disorganized background with continuous
multifocal spikes (figure 1C). The patient underwent
extensive metabolic evaluation, which was negative.
He never reached any developmental milestones, had
blindness and was placed in an institution for infants
with profound intellectual disability.

Molecular diagnosis

At three years of age, whole-exome sequencing
revealed a heterozygous de novo pathogenic mis-
sense variant p.Gly281Arg in the KCNQ2 gene, which
encodes the Kv7.2 voltage-gated potassium channel.
The pathogenic variant is located within the pore
region, in a phylogenetically highly conserved motif,
TVGYG, corresponding to the K+ ion selectivity filter
(figure 1E, F; black arrow). The mutation substitutes
glycine -a small, neutral amino acid- for the large,
positively charged arginine, within the region respon-
sible for binding K+ ions. The mutation is therefore
predicted to give rise to a non-functional channel.

& Figure 1. Brain imaging, electroencephalography and illustration of the p.Gly281Arg mutation. (A, B) Axial
T2 brain MRI at four months (A) and 16 months (B) showing progressive atrophy and hypomyelination. C, D)
Double banana montage of EEG recordings (70 mV amplitude). (C) High-amplitude disorganized
background with abundant high-voltage multifocal spikes at three years of age, before treatment. (D)
Low-amplitude asymmetric background (with left flattening) and right temporal slow spike-and-wave
activity at five years of age, after treatment. (E) Illustration of the structure of the Kv7.2 channel;
transmembrane domains 1-4 represent the voltage sensor domain and domains 5-6 form the pore; within the
pore, the ion permeability filter motif is presented in red. (F) Structural modelling of glycine 281 (black
arrow) in the selectivity filter of two opposed Kv7.2 subunits.
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KCNQ2 channels are activated by the opener drug,
RTG. A conserved tryptophan residue in the pore-
forming S5 helix of RTG-sensitive KCNQ channels
(KCNQ2 Trp236, KCNQ3 Trp265) is known to be
essential for RTG effects. Since the binding site
(Trp236) of the channel opener, RTG, is located in
the S5 segment, downstream of the p.Gly281Arg
mutation, we assumed that RTGwould not be effective
in increasing K+ current through the mutant channel,
therefore treatment with this drug would be useless.

Electrophysiological studies

We introduced the p.Gly281Arg mutation into human
KCNQ2 cDNA and transfected CHO cells. No func-
tional current could be recorded in cells expressing
homomeric KCNQ2pGly281Arg (KCNQ2G281R) channels
(table 1). When the KCNQ2G281R mutant was co-
expressed at a 1/1 ratio with wild-type KCNQ2WT,
functional currents were observed. However, their
densities were significantly much lower than the
expected 50% for KCNQ2 homotetramers: at
+30 mV, KCNQ2WT/KCNQ2G281R=24 � 5 pA/pF (n=12)
and KCNQ2WT/WT homotetramers=153 � 25 pA/pF
(n=10); (unpaired t-test; p<0.01) (table 1, figure 2A-E).
These data suggest that the pore mutant KCNQ2G281R

exerts a dominant-negative effect on the current
density of KCNQ2WT channels. The mutant subunit
did not significantly affect the voltage dependence of
activation: V50 = -21.3 � 0.7 mV, s = 6.6 � 0.6 mV for
KCNQ2WT/KCNQ2G281R (n=12) and V50 = -24.8 �

0.5 mV, s = 9.5 � 0.5 mV for KCNQ2WT (n=10) (table
1, figure 3A, B).
Next, we examined the impact of the mutant subunit
on the allelic context of co-expression with the
KCNQ3WT, KCNQ2WT and KCNQ2G281R subunits at 1/
1/1 ratio (each at 0.5 mg/well). Under these conditions,
the current density for the mutant heterotetramer still
remained lower than that of the wild-type: at +30 mV,
KCNQ3WT/KCNQ2WT/KCNQ2G281R=158 � 62 pA/pF
(n=12) vs. KCNQ2WT/KCNQ3WT=242 � 67 pA/pF
(n=12) (two-tailed unpaired t-test; p<0.05) (table 1,
figure 2F-I). These results confirm the dominant-
negative impact of the mutant subunit KCNQ2G281R.
The mutant did not significantly affect the voltage
dependence of activation of the heteromeric complex:
V50 = -30.4 � 0.7 mV, s = 7.6 � 0.6 mV for KCNQ3WT/
KCNQ2WT/KCNQ2G281R (n=12) and V50 = -25.4 �
1.0 mV, s = 6.9 � 0.9 mV for KCNQ2WT/KCNQ3WT

(n=12) (table 1, figure 3C, D).
Thereafter, we examined the ability of RTG to enhance
current generated by wild-type and mutant homote-
tramers and heterotetramers. RTG (5 mM)produced no
effect on current with the non-functional homomeric
KCNQ2G281 channel, as expected (table 1), but exerted
a potent opening activity with homomeric KCNQ2WT

channels by significantly increasing the current, 5 �
0.8-fold, at -40 mV (figure 2A, 3E) (n = 10, two-tailed
paired-test; p< 0.01) and producing a -31.5-mV left-shift
in voltage dependence of channel activation (n=10,
two-tailed paired-test; p< 0.01) (table 1, figure 3A).
Despite the loss-of-function effect exerted by the

~Table 1. Current density and voltage-dependence parameters of KCNQ2WT and mutant KCNQ2G281R in different
combinations of KCNQ3WT with or without retigabine

Channel tetramer composition Current density at+30 mV
pA/pF

n V50 (mV) Slope s (mV) n

KCNQ2WT 153 � 25 10 -24.8 � 0.5 9.5 � 0.5 10

KCNQ2WT + RTG 207 � 34 10 -56.3 � 2.6 8.1 � 1.5 10

KCNQ2G281R 0 � 0 7 ND ND 7

KCNQ2G281R+RTG 0 � 0 7 ND ND 7

KCNQ2WT/KCNQ3WT 242 � 67 12 -25.4 � 1.0 6.9 � 0.9 12

KCNQ2WT/KCNQ3WT +RTG 164 � 46 12 -49.5 � 2.0 6. 2 � 1.7 12

KCNQ2WT/KCNQ2G281R 24 � 5 12 -21.3 � 0.7 6.6 � 0.6 12

KCNQ2WT/KCNQ2G281R +RTG 24 � 7 12 -38.0 � 1.2 7.7 � 1.1 12

KCNQ3WT/KCNQ2WT/KCNQ2G281R 158 � 62 12 -30.4 � 0.7 7.6 � 0.6 12

KCNQ3WT/KCNQ2WT/ KCNQ2G281R+RTG 159 � 53 12 -51.3 � 1.1 5.0 � 1.0 12

n: number of cells; ND: not determined.
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& Figure 2. Potassium currents with mutant vs. wild-type heteromers (KCNQ2WT/KCNQ3WT, KCNQ2WT/
KCNQ2G281R and KCNQ3WT/KCNQ2WT/KCNQ2 G281R) and effect of RTG. (A) Whole-cell currents with WT
KCNQ2 in transfected CHO cells in the absence (control) and presence of 5mM RTG (representative of 10
experiments). Cells were held at -90 mV and stepped for 0.5 seconds, from -80 mV to +30 mV, with 10 mV
increments and repolarized at -60 mV. (B) Current density-voltage relationship for WT KCNQ2 in the
absence (control) and presence of 5 mM RTG (n = 10). (C) Whole-cell currents with KCNQ2WT/KCNQ2G281R

(representative of 12 experiments). (D, E) Current density-voltage relationship for KCNQ2WT/KCNQ2G281R in
the absence (control) and presence of 5 mM RTG (n=12) (D) as well as for WT KCNQ2 (n=12) and KCNQ2WT/
KCNQ2G281R (n=10) (E). (F) Whole-cell currents with WT KCNQ2/KCNQ3 in the absence (control) and
presence of 5 mM RTG (representative of 12 experiments). (G) Current density-voltage relationship for
KCNQ2/KCNQ3 in the absence (control) and presence of 5 mM RTG (n=12). (H) Whole-cell currents
for KCNQ3WT/KCNQ2WT/KCNQ2 G281R channels in the absence (control) and presence of 5 mM
RTG (representative of 12 experiments). (I) Current density-voltage relationship for KCNQ3WT/
KCNQ2WT/KCNQ2 G281R channels in the absence (control) and presence of 5 mM RTG.
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mutated subunit KCNQ2G281, RTG (5 mM) produced a
significant hyperpolarizing shift of -16.7 mV and
-20.9 mV, respectively, in the voltage dependence of
activation of KCNQ2WT/KCNQ2G281R and KCNQ3WT/
KCNQ2WT/KCNQ2 G281R channels (n=12, two-tailed
paired t-test; p<0.01) (table 1, figure 3B, D). RTG also
increased the respective currents by 4.8 � 1-fold and
8.4� 2.6-fold at -40 mV (n = 12, two-tailed paired t-test;
p<0.01) (figure 3F, H). For comparison, RTG (5 mM)
produced a left-shift of -24.1 mV in the voltage
dependence of activation of KCNQ2WT/KCNQ3WT

channels (table 1, figure 3C) (V50 = -25.4 � 1.0 mV, s
= 6. 9 � 0.9 mV [n=12] and V50 = -49.5 � 2.0 mV, s = 6. 2
� 1.7 mV [n=12], in the absence and presence of RTG,
respectively) (n=12, two-tailed paired t-test; p<0.005).
At -40 mV, RTG increased the current with KCNQ2WT/
KCNQ3WT by 18.3 � 3.3-fold (n=12, two-tailed paired t-
test; p<0.001) (figure 3D).

Treatment

Ensuing the positive effect that we observed on patch-
clamp analysis, at four years of age, treatment with RTG
(Trobalt

1

) was instituted off-label, according to ap-
proval for compassionate use, since the drug was not
approved for treatment in this age group. The dosage
was gradually increased over three weeks, up to
15 mg/kg (50 mg*3). There was no existing formulation
for children, hence tablets were crushed and adminis-
tered per gastrostomy tube. Blood levels could not be
monitored, since there are no available clinical tests.
Three months into therapy, seizure burden decreased
from about 100/day to 4-5/day (over 90% reduction).
We reduced concomitant drug therapy from four
antiepileptic drugs (phenobarbitone, topiramate, clo-
nazepam, and oral diazepam) and the ketogenic diet,
to two antiepileptic drugs (topiramate and phenobar-
bitone) and stopped the ketogenic diet. EEG recording
(figure 1D) showed improved background and de-
creased epileptiform activity. Though seizure burden
decreased significantly, there were no developmental
milestones acquired nor improvement in visual ability.
On neurological examination, there was a subjective
impression of improvement in general well-being,
alertness and muscle tone. There were no perceived
side effects, such as blue skin discolouration or urinary
retention.
Unfortunately, after two years of treatment, Trobalt

1

was withdrawn from the market due to side effects
(https://www.epilepsysociety.org.uk/news/epilepsy-
drug-trobalt-RTG-to-be-discontinued-14-09-2016#.
WdnQn8IUnIU). Two months after withdrawal, there
was a 50% increase in seizure frequency (from 10
seizures/day to 20 seizures/day). No EEG recording was

performed after RTG termination. Partial improvement
in seizure control was achieved by adding the sodium
channel blocker, lacosamide.

Discussion

Pathogenic variants in the KCNQ2 gene, a subunit
encoding for the voltage-gated potassium channel-
Kv7.2, cause neonatal epilepsies with variable outcome
[10, 30-32] (RIKEE database: www.rikee.org). Mostly,
genotype-phenotype correlations are described based
on clinical presentation, without systematic support
from electrophysiological data. However, several
patch-clamp studies have established a correlation
between clinical severity and degree of functional
impairment, especially for mutations located in
regions crucial for channel functioning [12-16].
Kv7.2, similar to other voltage-gated potassium chan-
nels, comprises a voltage sensor, a pore and a S4-S5
linker, which couples voltage sensor movement to the
passage of K+ ions through the pore [1]. The K+
channel pore comprises a narrow ion passage, highly
evolutionarily conserved from bacteria to humans,
which confers selectivity to K+ ions in the channel [1].
Mutations located within the K+ selectivity filter have
been occasionally described in the literature in
children with epilepsy [30, 31, 33-35].
In this study, we describe a seven-year-old boy with
early epileptic encephalopathy (Ohtahara syndrome)
bearing a missense pathogenic variant (p.Gly281Arg)
located within the KCNQ2 K+-selectivity filter. We
predicted this mutation to be highly deleterious to
channel function, since the mutation leads to a
substitution of a small, neutral amino acid (glycine)
by a large positively charged amino acid (arginine)
within the narrowest region of the pore responsible
for passage of the positively charged K+ ions (figure 1E).
Although, we cannot totally exclude issues associated
with trafficking, we suggest that this pore mutation
results in a non-functional subunit, in which the
selective coordination of dehydrated K+ ions, exerted
by oxygen atoms from the main carbonyl chain of
amino acids located in the filter (GYG), is not achieved,
leading to pore collapse. Indeed, the clinical disease of
this infant was extremely severe, with morbidity
starting already in utero, hypomyelination on MRI
resembling a peroxisomal disorder, and pharmacore-
sistant seizures which responded to low-dose RTG
(15 mg/kg). Located in a highly conserved motif, the
same variant has been described previously several
times. Weckhuysen et al. briefly described two
patients bearing the same mutation; in particular,
Patient M in this study [30] presented with very similar
symptoms to those of our patient, with intrauterine
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seizures, hypomyelination and a positive response to
high-dose RTG at 40m g/kg. In a study by Olson et al.,
two of 33 patients with early-onset epileptic encepha-
lopathy and burst-supression harbored the p.
Gly281Arg mutation [34]. Recently, Gomes-Perez
et al. described a patient with severe pharmacoresitant
early-onset epileptic encephalopathy who passed
away at the age of 14 months, but was not treated
with RTG [35]). Pisano et al. described an infant with a
milder neonatal epileptic encephalopathy associated
with a different amino acid substitution at the same
site, p.Gly281Trp; seizures were responsive to early
treatment with sodium channel blockers [31]. The
better clinical outcome of this patient compared to
that of ours may have been due to a less extreme
dominant-negative effect of the p.Gly281Trp variant.
The aim of this study was to characterize the
biophysical effects of this predicted highly pathogenic
variant, in order to direct potential targeted therapy
with RTG. As expected, no functional current could be
recorded in cells expressing homomeric KCNQ2G281R,
indicating a complete loss of function. However, co-
expression with the wild-type subunit, as a hetero-
dimer or heterotetramer, revealed an additive domi-
nant-negative effect on current density. Our data is
in line with that of Peters et al. who demonstrated
that p.Gly279Ser mutation in the filter motif in an
animal knock-in model caused marked dominant-
negative current suppression [36]. A recent study by
Gomis-Peres et al. revealed similar results with
a dominant-negative effect in a child with the same
p.Gly281Arg variant [35]. In this context, we suggest
that the dominant-negative nature of the pore
mutation, p.Gly281Arg, implies an ability of the non-
functional subunit to randomly associate with normal
subunits KCNQ3WTor KCNQ2WT to form various
heterotetramers.
Prior to starting targeted therapy, we doubted that
channel openers would be effective due to the non-
functional nature of the -mutant channel and the
dominant-negative effect on heteromeres. Although
RTG had no effect on the homomeric mutant
KCNQ2G281R, RTG produced a significant increase in
current with heteromeres (KCNQ2WT/KCNQ2G281R and
KCNQ3WT/KCNQ2WT/KCNQ2 G281R) (table 1, figure 3).
Our results provide a plausible functional explanation
for the positive outcome of seizures with RTG
treatment in our patient and a patient from the study
of Weckhuysen et al. [25]. Regrettably, in our study,
treatment was started after four years of age, and
despite a 90% reduction in seizure frequency, no
significant improvement was achieved in develop-
mental milestones. We can only speculate that with
treatment instituted in the first year of life, we might
have been able to significantly improve developmental
outcome, as communicated by Pisano et al. [31].

Unfortunately, RTG (Trobalt
1

) has been recently
discontinued in 2017 (https://www.epilepsysociety.
org.uk/news/epilepsy-drug-trobalt-RTG-to-be-discon-
tinued-14-09-2016#.WdnQn8IUnIU) due to safety
issues as it may cause a blue discolouration of the
skin and eye abnormalities, as well as sedative effects.
A Phase 3 trial, repurposing RTG (XEN496) as a targeted
therapy for children with KCNQ2-related develop-
mental and epileptic encephalopathy, has recently
started (ClinicalTrials.gov: NCT04639310). In addition,
promising RTG analogues with improved safety
properties are also currently under active investigation
[37].
Kv7 openers are targeted therapies in KCNQ2-related
epilepsies. Patch-clamp analysis should not be a
requirement prior to institution of therapy, but can
be very useful in predicting response to therapy. One
should be aware that whilst RTGmight control seizures
in cases with loss-of-function mutations, seizure
exacerbation is to be expected with gain-of-function
mutations [11]. However, electrophysiological studies
are time-consuming and expensive, prompting future
development of alternative methods (e.g. computer-
ized functional modelling, automated patch-clamp
analysis, and machine-learning algorithms based on
large databases) to predict the effect of ion channel
mutations. &

Supplementary material.
Summary slides accompanying the manuscript are
available at www.epilepticdisorders.com.
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TEST YOURSELF

(1) Are functional studies important in predicting the effect of potassium channel openers in cases with KCNQ2
mutation?

(2) Are potassium channel openers useful in cases with KCNQ2 complete loss-of-function mutations (non-
conducting channels)?

(3) Does age at onset of treatment affect outcome?

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com.
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