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Functional characterization and in vitro pharmacological
rescue of KCNQ2 pore mutations associated with epileptic
encephalopathy
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and Zhao-bing Gao

Mutations in the KCNQ2 gene encoding Ky7.2 subunit that mediates neuronal M-current cause a severe form of developmental and
epileptic encephalopathy (DEE). Electrophysiological evaluation of KCNQ2 mutations has been proved clinically useful in improving
outcome prediction and choosing rational anti-seizure medications (ASMs). In this study we described the clinical characteristics,
electrophysiological phenotypes and the in vitro response to KCNQ openers of five KCNQ2 pore mutations (V250A, N258Y, H260P,
A265T and G290S) from seven patients diagnosed with KCNQ2-DEE. The KCNQ2 variants were transfected into Chinese hamster
ovary (CHO) cells alone, in combination with KCNQ3 (1:1) or with wild-type KCNQ2 (KCNQ2-WT) and KCNQ3 in a ratio of 1:1:2,
respectively. Their expression and electrophysiological function were assessed. When transfected alone or in combination with
KCNQ3, none of these mutations affected the membrane expression of KCNQ2, but most failed to induce a potassium current
except A265T, in which trace currents were observed when co-transfected with KCNQ3. When co-expressed with KCNQ2-WT and
KCNQ3 (1:1:2), the currents at 0 mV of these mutations were decreased by 30%-70% compared to the KCNQ2/3 channel, which
could be significantly rescued by applying KCNQ openers including the approved antiepileptic drug retigabine (RTG, 10 uM), as well
as two candidates subjected to clinical trials, pynegabine (HN37, 1 uM) and XEN1101 (1 uM). These newly identified pathologic
variants enrich the KCNQ2-DEE mutation hotspots in the pore-forming domain. This electrophysiological study provides a rational
basis for personalized therapy with KCNQ openers in DEE patients carrying loss-of-function (LOF) mutations in KCNQ2.

Keywords: developmental and epileptic encephalopathy (DEE); KCNQ2 pore mutations; retigabine (RTG); pynegabine (HN37);

XEN1101; electrophysiology

Acta Pharmacologica Sinica (2023) 44:1589-1599; https://doi.org/10.1038/s41401-023-01073-y

INTRODUCTION

The M-current is a voltage-gated potassium current characterized
by subthreshold activation, slow activation kinetics, and lack of
inactivation, involved in regulating neuronal excitability by limiting
repetitive firing during long-lasting depolarizing inputs [1, 2]. KCNQs
encoding for Ky7 subunits are the molecular entity mediating
M-current [3], and the Ky7.2 subunit encoded by the KCNQ2
predominantly contributes to the molecular composition, forming
heteromeric channels with Ky7.3 (KCNQ3) throughout the central
nervous system [4, 5]. Due to the prominent role in maintaining
physiological neuronal excitability, pathogenic variants in KCNQ2
account for a wide spectrum of early-onset human epileptic
disorders, ranging from self-limited familial neonatal epilepsy
(SeLFNE; OMIM: 121200) to developmental and epileptic encepha-
lopathy (DEE7, KCNQ2-DEE; OMIM: 613720) [6-9]. Most SeLFNE
patients typically present seizures following a benign course with
spontaneous remission and good neurodevelopmental outcomes

[10, 11], while patients with KCNQ2-DEE face more severe
conditions. The primary clinical features of KCNQ2-DEE include
early-onset prominent and intractable tonic seizures with the burst-
suppression pattern or multifocal epileptic activity on electroence-
phalography (EEG), frontal lobe hypoplasia and basal ganglia or
thalamus hyperintensities on MRI in some cases, and moderate to
severe developmental impairment, presenting with severe intellec-
tual disability, language delay, stereotypical behaviors, autistic-like
features, and sleep disorder [9, 12-15]. Moreover, the develop-
mental problems of many KCNQ2-DEE patients were not resolved
even after controlling their seizures in early life, indicating
independent effects of KCNQ2 variants on developmental con-
sequences from seizures of KCNQ2-DEE, which traditional anti-
seizure drugs could not solve.

Functional KCNQ channels are formed by four subunits that
together form a central pore, and each has six transmembrane
segments (51-56) composed of a voltage-sensing domain (VSD;
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S1-54), a pore-forming domain (S5-S6), an N-terminal region, and
a long C-terminal region [16, 17]. Since hundreds of disease-
causing mutations in the KCNQ2 have been identified, the
possible genotype-phenotype correlations have been interpreted
by multiple groups from diverse perspectives [18-22], which
helped to translate findings from human genetics to effective
therapies [8, 9]. Pathogenic variants in KCNQ2-DEE are nearly
always missense resulting from single nucleotide substitutions,
which clustered in four hotspots known to be vital for channel
activity, including the S4 voltage-sensor, the pore, and two
intracellular C-terminal calmodulin-binding helices [23], affecting
the KCNQ2-forming channel function through multiple pathways
including not only the conductance and voltage dependence but
also the co-translational folding, subcellular localization and the
protein-protein interaction [24-26]. However, the epileptic phe-
notypes and neurodevelopmental outcomes of KCNQ2-DEE might
be primarily associated with the functional consequence of the
mutations on M-current in most situations [8, 20], and mutations
falling within different KCNQ2 gene positions can cause distinct
functional consequences and further contributing to disease
phenotypes.

In this study, we described the clinical characteristics of seven
patients diagnosed with KCNQ2-DEE and reported the functional
consequences of the five KCNQ2 mutations causing DEE to
determine whether these mutations residing in the pore domain
led to a similar electrophysiological abnormality. Furthermore, we
evaluated the effects of KCNQ openers in clinical trials, including
retigabine (RTG, trial number: NCT04639310 and NCT04912856),
XEN1101 (trial number: NCT03796962, NCT05614063, and
NCT05667142), and pynegabine (HN37, trial number:
CTR20201676 and CTR20222616), on the mutant channels to
assess their potential in treating these children with KCNQ2-DEE.

MATERIALS AND METHODS

Patients

Seven DEE patients with pore mutations of KCNQ2 were recruited
from the Chinese PLA General Hospital, Children’s Hospital of
Fudan university at Xiamen, and consulting room studio at Hao
Daifu Internet Hospital. Clinical data were collected, and the
results of electroencephalography (EEG) were reviewed by a
senior pediatric neurologist. Developmental and epileptic ence-
phalopathy was diagnosed and classified according to the
Commission on Classification and Terminology of the International
League Against Epilepsy (ILAE) [27, 28]. The protocol for obtaining
phenotype information on patients was approved by the ethics
committee of the Chinese PLA General Hospital, and informed
consent was obtained from the parents of the patients.

Mutagenesis

The <DNA constructs for human KCNQ2 (NM_172107.4) and
KCNQ3 (NM_004519.4) channels were subcloned into vector
pcDNAS5/FRT/TO or pcDNA3.1, respectively. The point mutations
were introduced into the KCNQ2 cDNA using the QuikChange Il kit
(Agilent Technologies, CA, USA), and verified by fully sequencing
(BGI Tech Solutions Co., Beijing, China).

Cell culture and transient transfection

Chinese hamster ovary cells (CHO) were cultured in DMEM/F12
(Gibco, CA, USA) supplemented with 10% fetal bovine serum
(Gibco, CA, USA) at 37°C in a 5% CO, incubator. For Western
blotting and patch-clamp experiments, cells were seeded in 35-
mm dishes and transfected the next day with appropriate
plasmids using Lipofectamine 2000 reagent (Invitrogen, CA,
USA). The plasmid of enhanced green fluorescent protein (EGFP)
was used as a transfection marker (400 ng), and total plasmids in
the transfection mixture were kept constant at 4000 ng. The
amount of transfected wild-type KCNQ2 (KCNQ2-WT) or mutant

SPRINGERNATURE

plasmid was 3600 ug per well for the expression of homomeric
channels; the amount of transfected KCNQ2-WT or mutant
plasmid was 1800 ng per well with KCNQ3 plasmid of 1800 ng
to mimic the expression of the heteromeric channel in homo-
zygotes; the amount of transfected KCNQ2-WT, KCNQ2-mutant,
and KCNQ3 were 900 ng, 900ng, and 1800 ng to mimic the
situation of patients (heterozygotes). A similar transfection
configuration (2000 ng KCNQ2-WT/mutant + 2000 ng KCNQ3)
was applied for Western blotting but without EGFP.

Membrane protein extraction and Western blotting

Membrane and cytoplasmic proteins were extracted from CHO
cells using the Mem-PER Plus Kit reagent (Thermo Scientific, MA,
USA). Protein concentration was measured by BCA Protein Assay
Kit (EpiZyme Biotechnology, Shanghai, China). Equal volumes and
amounts of proteins were loaded with 15 well 10% SDS-PAGE gels
(EpiZyme Biotechnology, Shanghai, China) and transferred onto
nitrocellulose membranes using wet transfer at 200 mA/4 °C for
2h. Membranes were blocked in blocking buffer (5% BSA
dissolution in TBST) for 2 h and incubated with antibodies (Cell
Signaling, MA, USA) against KCNQ2 (1:1000), B-actin (1:4000), or
Na-K ATPase (1:1000) at 4°C overnight. The nitrocellulose
membranes were washed with TBST three times (15 min each)
and incubated with anti-mouse IgG (1:10000) or anti-rabbit IgG
(1:10000) secondary antibodies for 2 h. After being washed with
TBST three times (15 min each), reactive bands were detected by
enhanced chemiluminescence (ECL, Monad, Wuhan, China) using
autoradiography films. Western blot band quantifications were
analyzed using the ImageJ software.

Whole-cell electrophysiology

Twenty-four hours after transfection, a whole-cell recording was
performed at room temperature using an Axoclamp 700B amplifier
and a Digidata 1550B (Molecular Devices, CA, USA). When filled with
pipette solution, the resistances of glass micropipettes were 3.0 to
5.0 MQ. The extracellular solution contained the following (in mM):
145 NaCl, 5 KCl, 2 CaCl, 1 MgCl, 10 HEPES, and 10 Glucose,
adjusted pH 7.4 with NaOH; the pipette solution contained the
following (in mM): 145 KCl, 1 MgCl,, 5 EGTA, 10 HEPES, and 5 ATP-
Mg, adjusted pH 7.4 with KOH. The membrane potentials were held
at —90 mV, then depolarized for 2 s from —90 to +60 mV with a 10-
mV increment. The tail current elicited at —120 mV was measured to
obtain a conductance-voltage (G-V) curve. Pynegabine (HN37),
XEN1101, and retigabine (RTG) were provided by Dr. Fa-jun Nan
(National Center for Drug Screening, Chinese Academy of Sciences,
Shanghai, China). ICA-069673 was purchased from MCE (MedChem-
Express, Shanghai, China).

Data analysis

Patch clamp data were processed using Clampfit 11.2 (Molecular
Devices, CA, USA) and then analyzed in GraphPad Prism 8
(GraphPad Software). Voltage-dependent activation curves were
fitted using the Boltzmann equation, G = Gin + (Gmax — Gmin) 7 (1
+ exp (V — V;,2)/S), where G,y is the maximum conductance, Gin
is the minimum conductance, V;, is the voltage for reaching 50%
of maximum conductance, and S is the slope factor. Activation
rates were measured in Clampfit using a single exponential
function: /= Ae~¥"+ C. Current density (expressed in pA/pF) was
calculated as peak K™ currents divided by cell capacitance. The
data are presented as the mean + SEM.

RESULTS

The five identified KCNQ2 mutations are associated with severe
clinical phenotype

The five KCNQ2 pore mutations (V250A, N258Y, H260P, A265T, and
G290S) were from seven patients diagnosed with KCNQ2-DEE
(Table 1). Of the seven patients, three were male, and four were
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Since patients carrying these KCNQ2 variants were all hetero-
zygous, we co-transfected these variants with KCNQ2-WT and
KCNQ3 ¢DNAs in a 1:1:2 ratio to mimic the heterozygous
genotype. All the KCNQ2 mutant subunits co-expressed with
KCNQ2-WT and KCNQ3 yielded much smaller currents than
KCNQ2/KCNQ3 channel (Table 2, Fig. 3). While the current density
of KCNQ2/3 was 182.1 + 10.6 pA/pF at 0 mV, the current densities
of V250A, N258Y, H260P, and G290S were suppressed by
~60%-70%, respectively to 66.8+17.7 pA/pF (V250A, P < 0.0001,
one-way ANOVA), 64.1 +£12.9 pA/pF (N258Y, P=0.0019, one-way
ANOVA), 57.1 £8.3 pA/pF (H260P, P <0.0001, one-way ANOVA),
and 713+21.5 pA/pF (G290S, P=0.0023, one-way ANOVA);
A265T suppressed the current density by 36%, to 114.9+26.5
pA/pF (A265T, P=0.09, one-way ANOVA) (Table 2, Fig. 3a, b, e),
which was in accordance with the results when co-expressed with
KCNQ3. Consistently, the channel conductances at all membrane
potentials in mutants were dramatically lower than that in the WT
channel (Fig. 3¢). For the voltage-dependence, no differences were
observed in V;,, of most mutant heteromeric channels compared
with WT KCNQ2/3 channel (—1.0+1.0mV), the V,,, values of
N258Y, H260P, A265T, and G290S were —13+£2.0mV,
—12+24mV, —09+£21mV, and —4.8+23mV, respectively.
Interestingly, the conductance-voltage (G-V) curve trended to a
leftward shift in V250A, and the V;,, value was left-shifted by
~12mV (Vq,,=-134+3.1, P=0.0003, one-way ANOVA) com-
pared with WT (Table 2, Fig. 3c, f). In addition, the activation time
constants were also analyzed, and no change was observed in
mutant heteromeric channels compared to the WT KCNQ2/3
channel except N258Y, which displayed a increased time constant
at OmV (Table 2, Fig. 3d, g). These data suggested a strong
dominant-negative effect of the five mutations.

Cell-surface protein expression levels of the pore mutations was
normal

We further evaluated whether the observed decrease in current
was caused by changes in the expression level of channel
proteins. The pathologic KCNQ2 variants were co-transfected
alone or with KCNQ3 into CHO cells in a 1:1 ratio, and Western
blotting studies were applied to analyze the cytosolic and
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membrane protein expression of KCNQ2. As shown in Fig. 4, the
mutant and KCNQ2-WT subunits expressed in the membrane were
more abundant than that in the cytoplasm; there was no
significant difference in the expression level on the cell membrane
between WT and mutants based on the quantitative results of the
Western blotting.

KCNQ openers rescued subthreshold current density in
heterozygous channels

According to previous reports, some KCNQ2 LOF mutations could
be rescued by KCNQ openers in the homomeric configuration
[8, 29-31]. However, the five mutations in this study did not
conduct KCNQ current even after applying KCNQ openers,
including RTG and its analogs (HN37, and XEN1101) and ICA-
069673, which bind to a different binding site from RTG [32-34]
(Supplementary Figs. S2-S5). Since most patients with KCNQ2
encephalopathy carry a heterozygous mutation, we evaluated the
ability of KCNQ openers in clinical trials (RTG, HN37, and XEN1101)
to rescue the function of mutations in the heteromeric config-
uration. RTG was used at a concentration of 10 uM (near the ECy,
concentration), while the two candidates subjected to clinical
trials, XEN1101 and HN37, were used at a concentration of 1 uM
based on their >10-fold improved potency compared to RTG in
the previous results [31, 33]. The KCNQ2/3 currents were
significantly increased when the cells were exposed to RTG (10
pM), HN37 (1 uM), or XEN1101 (1 pM) (Table 2, Supplementary
Figs. S2-54). However, no significant current could be detected in
the cells expressing the four KCNQ2 mutations with KCNQ3 in a
ratio of 1:1 when exposed to KCNQ openers at the same
concentration, except A265T, of which the current when co-
expressed with KCNQ3 increased about 1.5-, 3.9-, and 2.7-folds by
applying RTG, HN37, and XEN1101, respectively (Table 2, Supple-
mentary Figs. S2-54). When KCNQ openers were applied to the
five variants co-expressed with WT KCNQ2, and KCNQ3 ¢DNAs in a
1:1:2 ratio, the heteromeric currents at 0 mV of the five mutations
were significantly increased, the V;, of the five mutants
was shifted leftward significantly, and the activation time constant
values (TaUactivation) Were significantly decreased at membrane
potentials of —10 to 60mV (Table 2, Fig. 5). These data
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Fig.3 The pore mutations caused dominant-negative effects on the KCNQ2/3 heteromeric channels. a Representative current traces of the
heteromeric channels. b Current density-voltage plots. ¢ Conductance-voltage relationships generated by normalizing the tail current to the
peak tail current of KCNQ2-WT. d Tau,ctivation from —10mV to +60 mV. e Current densities at 0 mV, f V;,,, and g Tauactivation at 0 mV of
heteromeric channels. Statistically significant differences are presented as: *P < 0.05, **P < 0.01, ***P < 0.001 versus Q2 + Q3.

causing DEE. We found that all these mutations lead to
nonconducting channels when transfected alone; LOF effects
were retained even in heteromeric channels when co-transfected
with KCNQ3 or with KCNQ2 and KCNQ3 subunits. In addition, we
evaluated the pharmacological sensitivity of these mutated
channels to KCNQ openers, including an approved antiepileptic
drug RTG and two candidates subjected to clinical trials HN37 and
XEN1101. We found that the heteromeric mutant currents, when
co-expressed with the WT KCNQ2 and KCNQ3 at a ratio of 1:1:2,
could be rescued by KCNQ openers, suggesting affected children
might get potential benefit from KCNQ openers for both seizure
control and development rescue.

New and previously reported KCNQ-DEE hotspots in the pore-
forming domain

The mutations in this work affected five positions at the pore-
forming region of KCNQ2, while three of them, V250A, A265T, and
G290S, have currently been uploaded to the ClinVar database
(https://www.ncbi.nlm.nih.gov/clinvar/) without functional evalua-
tion [12, 13, 35], the two mutations, H260P, and N258Y are

Acta Pharmacologica Sinica (2023) 44:1589-1599

reported for the first time in this study. The A265 residue has been
reported to change to V, P, and T in the database or previous
work, and the channel function of A265P has been evaluated
before [8, 35]; the A265P failed to conduct potassium current
without affecting the membrane expression when expressed
alone, and the co-expression partially rescued the impairment
with KCNQ3, similar to the electrophysiological abnormalities of
A265T in this study, and this mild functional impairment might be
related to the milder phenotypes of the two patients (patients 5
and 6). The G290 residue has been reported to change to V, D, and
S in the database or previous work [13, 35], and the channel
function of G290D has been assessed previously [8]; the G290D
failed to conduct potassium current when expressed alone, and
this impairment was retained even when co-expressed with
KCNQ3, consistent with the electrophysiological abnormalities of
G290D in this study. The N258 residue has been reported to
change to K and S in the database or previous work, and the
channel function of N258S has been estimated earlier [30]; the
N258S only conducted a small potassium current, and the
membrane expression was dramatically reduced when expressed
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alone, and the channel function was partially rescued by the co-
expression with KCNQ3, different from the electrophysiologic
abnormalities of N258Y reported here. In addition, the V250
residue has been reported to change to V, P, and T in the
database. The various substitutions of the same residue make
these residues hotspots for KCNQ2-DEE. Interestingly, H260 was
the only non-conserved one among the five residues, and the
corresponding residue in other KCNQ family members was a
negatively charged E or D, suggesting the residue charge at this
position was not important for maintaining the conformation of
the KCNQ selectivity filter; in ClinVar database, a change to a Y was
reported to be associated with KCNQ2-DEE, and the change from
the H to a P or Y might impair the structure around the GYG, even
though the residue was not conserved.

KCNQ2-DEE mutations located in the pore domain usually induce
a loss of function

KCNQ2 epilepsy-causing variants can be classified according to
diverse parameters, including location, function, and related
clinical phenotypes. Generally, it is considered that missense
mutations found in KCNQ2-related epilepsy cases were mainly
located in several hotspots, including the S4 voltage sensor, the
pore, and the calmodulin-binding helix. According to the channel
function, the missense mutation can be divided into LOF or gain
of function (GOF), and the LOF effects can be further divided into
haploinsufficiency or dominant-negative effects. Furthermore, the
correlations between the genotypes and the phenotypes in the
KCNQ channel have been focused on for a long time. Generally,
the affected characteristics of these mutations can be predicted
by their location. For example, pathogenic mutations in KCNQ2
VSD typically affect the voltage dependence of activation; while
the majority, including R207W and R213W, causes a depolarizing
shift of the G-V curve, the minority fraction induces a GOF and
allows the channels to be more easily opened by voltage, and
almost all known pathogenic KCNQ2 GOF mutations are located in
the VSD [36-38]. Epilepsy-causing mutations were also densely
distributed in the pore-forming domain of KCNQ2, and these
mutations always lead to a LOF by impairing transmembrane
potassium conduction [8, 21, 39]; a recent work by Wu et al. [40]
revealed a similar distribution pattern in deafness-related KCNQ4
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mutations, characterizing the function of KCNQ4 missense
mutations on a large scale. In consistence with this point, all five
pore mutations in this study affected the current density of the
KCNQ2 channel in both homomeric and heteromeric patterns, and
most of them did not influence the voltage dependence except
V250, which is located in the S5 that accepted the conformational
changes from the voltage-sensing S4.

Application of KCNQ openers as a precision therapy in KCNQ2-
related epilepsy

Genetic diagnosis and electrophysiological function analysis
facilitate the understanding of genotype-phenotype correlation
in KCNQ2-DEE and contribute to the implementation of precision
therapy in KCNQ2-DEE using KCNQ openers. Retigabine, the first
marketed KCNQ opener as anti-seizure medication (ASM), was well
tolerated and potentially beneficial against KCNQ2-DEE when
started early [23, 41], consistent with the fact that certain variants
with LOF mutation can be fixed using KCNQ channel agonists
in vitro [29, 42]. Thus, although RTG has been withdrawn due to
side effects like skin discoloration, its proprietary pediatric
formulation has received Orphan Drug Designation for treating
seizures associated with KCNQ2-DEE from the FDA because of the
irreplaceable therapeutic effects of KCNQ channels opener
(XEN496, trial number. NCT04639310 and NCT04912856). How-
ever, multiple cases of neonatal epilepsy due to KCNQ2 GOF
mutation have also been reported so far, and these patients
cannot benefit from KCNQ opener, which may exacerbate their
epileptic phenotypes [23]. In addition, when KCNQ2 mutations are
coincidentally located in the determinants of KCNQ opener action,
or when mutations cause a total loss of function of the potassium
current, the effects of KCNQ opener would be attenuated or even
abolished, suggesting the limitation of KCNQ opener usage in the
treatment of KCNQ2-related epilepsy [43, 44]. Fortunately, KCNQ2
encoding Ky7.2 subunit heterodimerizes with Ky7.3 in the
physiological condition, and the heteromeric Ky7.2/3 channel
conducts a potassium current ~10 times larger than the Ky7.2
homomer. Moreover, most patients with KCNQ2 encephalopathy
carry a heterozygous mutation; thus, the pharmacological
responses in the condition when mutation co-expressed with
KCNQ2 WT and KCNQ3 (1:1:2 ratio) may better represent the
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therapy response. In this study, although the five mutations did
not conduct KCNQ current even after applying KCNQ openers, the
mutant currents were significantly activated by RTG, HN37, or
XEN1101 when co-expressed with KCNQ2 WT and KCNQ3 in a
ratio of 1:1:2, regardless of the non-conductance when expressed
alone. These results suggest that the KCNQ2 encephalopathy
patients with LOF mutation might potentially benefit from KCNQ

Acta Pharmacologica Sinica (2023) 44:1589-1599

opener, consistent with previous work by Nissenkorn et al. [41], in
which a patient carrying a LOF benefited from the application
of RTG.

In conclusion, our study described the clinical characteristics,
electrophysiological phenotypes, and response to KCNQ openers
in vitro of five newly identified KCNQ2 pore mutations from
patients diagnosed with KCNQ2-DEE. These pore mutations
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caused LOF effects, and the current impairment was retained even
when co-expressed with WT KCNQ2 and KCNQ3, which could be
rescued by the KCNQ openers.
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