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Abstract

De novo variants in KCNQ2 cause neonatal onset developmental and epileptic
encephalopathy (KCNQ2-DEE; Online Mendelian Inheritance in Man #613720),
most often by loss-of-function in vitro effects. In this study, we describe a neona-
tal onset DEE proband carrying a recurrent de novo KCNQ?2 variant (c.794C>T;
p-A265V) affecting the pore domain of KCNQ2-encoded Kv7.2 subunits. Whole-
cell patch-clamp measurement in a mammalian heterologous expression system
revealed that, when compared to wild-type Kv7.2 channels, channels containing
Kv7.2 A265V subunits displayed (1) reduced maximal current density; (2) de-
creased voltage-dependence of activation; and (3) an unusual inactivation pro-
cess, with a 50% current reduction during 1-2-s depolarizing pulses at voltages
>0mV. These effects were proportional to the number of mutant subunits incor-
porated in heteromeric channels, being overall less dramatic upon coexpression
with Kv7.2 or Kv7.2+Kv7.3 subunits. These results reveal current inactivation
as a novel pathogenetic mechanism for KCNQ2-DEE caused by a recurrent
variant affecting a critical pore residue, further highlighting the importance of
in vitro functional assessment for a better understanding of disease molecular
pathophysiology.
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1 | INTRODUCTION

The KCNQ2 gene encodes for Kv7.2 voltage-gated po-
tassium (K*) channel subunits contributing to the
M-current (Igy), a subthreshold, slowly activating,
and noninactivating current that reduces neuronal ex-
citability and causes spike frequency adaptation.'?
Heterozygous KCNQ2 pathogenic variants cause a broad
phenotypic spectrum of mostly neonatal onset epilep-
sies; these range from self-limited familial neonatal
epilepsy (SLFNE) to severe sporadic cases of develop-
mental and epileptic encephalopathy (KCNQ2-DEE)
most often caused by de novo missense variants. When
studied in vitro, most disease-causing variants reduce
Kv7.2 function, prompting loss-of-function (LoF) ef-
fects.® A correlation exists between the extent of in vitro
functional impairment and the clinical disease severity;
SLFNE-causing variants mostly induce milder LoF ef-
fects when compared to DEE-causing pathogenic vari-
ants.> The molecular mechanisms responsible for the
decrease in Iy function by disease-causing KCNQ2 vari-
ants are heterogeneous and include changes in subunit
expression levels caused by transcriptional and transla-
tional impairment, as well as dysfunction(s) in ion per-
meation, selectivity, gating, and regulation by critical
endogenous proteins or cofactors (phosphatidylinositol
4,5-bisphosphate in particular).z’4 Most notably, distinct
molecular pathomechanism(s) are triggered by different
disease-causing variants; therefore, functional analysis
of novel and recurrent KCNQ2 mutations is crucial for a
better understanding of the disease pathophysiology and
to identify the most appropriate pharmacological inter-
vention. We herein describe a DEE proband carrying a
recurrent de novo KCNQ2 variant (A265V) affecting the
Kv7.2 pore domain and reveal current inactivation as a
novel pathogenetic LoF mechanism for the disease.

2 | MATERIALS AND METHODS
2.1 | DNA extraction and genetic
screening

Written informed consent for genetic analyses was ob-
tained from the patient and her parents. Genomic DNA
was extracted from peripheral-blood lymphocytes using
standard procedures. For next generation sequencing
(NGS) analyses, a Customized Clinical Panel (Agilent)
targeting 5228 genes and covering approximately 17 Mb
was used. An in silico panel of 400 genes related to epi-
lepsy and DEE (list available upon request) was filtered
for bioinformatic analysis. For each gene, the coding re-
gions, 25bp in each of the intronic boundaries, and the
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promoters were analyzed. The average coverage at 50X
was 95%. NGS data were filtered using a software pipe-
line developed in-house, based on the human reference
genome version hgl9/GRCH37. Variants were classified
following currently available guidelines.” Variant valida-
tion and parental segregation were performed by standard
Sanger sequencing.

2.2 | Mutagenesis and heterologous
expression

The c.794C>T (p.A265V) mutation was engineered in
human KCNQ2 cDNA cloned in pcDNA3.1 by quick-
change mutagenesis.® Chinese hamster ovary (CHO)
cells were transiently transfected using Lipofectamine
2000 with various cDNA amounts and ratios of KCNQ2,
KCNQ2 A265V, and KCNQ3, according to the experimen-
tal protocol. Total cDNA was kept at 3 pg in the transfec-
tion mixture. A plasmid encoding for the Enhanced Green
Fluorescent Protein (pEGFP; Clontech) was used to iden-
tify transfected cells.

2.3 | Whole-cell electrophysiology

CHO whole-cell currents were recorded with the patch-
clamp technique using previously described voltage pro-
tocols, solutions, and analysis methods.*” To measure
activation and inactivation kinetics, as well as voltage
dependence of activation and inactivation, currents were
elicited with 1.5-s depolarizing steps ranging from —80 mV
to +20/4+30mV in 10-mV increments, followed by an iso-
potential step at 0mV.® Conductance values were obtained
from G=I/(V—V,,), where I is the peak current during
the test depolarization (V), and V,,, is the potassium re-
versal potential. Data were normalized to maximum
peak conductance (G,,,,) and fit to the following form
of a two-state Boltzmann distribution: G/G,,,=(1+exp
(Vi,—W)/k), where V, is the half-activation potential, V'
is the test potential, and k is the slope factor. Activation
kinetics were measured by fitting the activation current
trace at 0mV from the beginning of the depolarizing step
until the peak, using a single exponential function to ob-
tain 7, values.”® Inactivation kinetics were measured by
fitting the current trace from the peak until the end using
a single exponential function, thus obtaining ;,,., values.’
Finally, the extent of inactivation was calculated by divid-
ing current values at the end of the depolarizing step by
the peak values.®® The recovery from the inactivation of
Kv7.2 A265V currents was determined using a double-
pulse protocol in which a first pulse to +20 mV (I;) was fol-
lowed, after 100 ms (with 250-ms increment intervals), by
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a second depolarizing pulse to the same potential (I,). The
interpulse voltages were: —60mV, —80mV, and —100mV.
The extent of recovery from inactivation was calculated
from the I,/I, ratio as a function of time and voltage; these
data were then fitted with a single exponential function to
obtain 7,...°

2.4 | Statistics

Data are expressed as mean + SEM. When comparing two
independent groups, the unpaired ¢-test was applied. For
multiple groups comparison, a mixed-effects model was
used for repeated measures followed by Sidak multiple
comparison test. The robust regression outlier test (Q=10)
was performed to identify possible outliers. Statistical sig-
nificance was accepted if p <.05.

3 | RESULTS
3.1 | Clinicogenetic features of the
proband

The proband (Patient 1 in Table 1) is currently a
21-month-old female, born at 37 weeks of gestation from
healthy Caucasian nonconsanguineous parents. Starting
from the second day of life, she exhibited multiple daily
focal motor seizures resistant to phenobarbital, leveti-
racetam, and pyridoxine but responsive to carbamazepine.
The electroencephalogram (EEG) pattern was discontinu-
ous, with a burst of theta activity intermixed by sharp
waves, especially over the centrotemporal leads of both
hemispheres, separated by asymmetrical periods (3-7s)
of marked generalized voltage attenuation. At 18 months
of life, an assessment by Griffiths Mental Developmental
Scales-IIT showed a developmental quotient of 50
(<1* percentile), with an equivalent age of 10months,
suggestive of a global developmental delay. A sleep EEG
showed epileptic abnormalities over the right frontocen-
trotemporal leads spreading to the anterior regions of
the contralateral hemisphere. At present, the patient is
seizure-free on a drug-combined regimen of carbamaz-
epine (36 mg/kg/day) and phenobarbital (1.4 mg/kg/day),
as detailed in Table 1. Trio genetic testing revealed a het-
erozygous de novo KCNQ2 missense variant (c.794C>T;
p-A265V), affecting a residue in the extracellular portion
of the S;-S¢ linker of the Kv7.2 subunit. This residue is
highly conserved among Kv7 subunits, but not in other
channel families (Figure 1A). The Kv7.2 A265V variant
is highly recurrent,"''® but no in vitro functional assess-
ment has ever been carried out; thus, electrophysiological
assays were deemed necessary.

3.2 | Functional analysis: Homomeric
channels

Currents carried by heterologously expressed Kv7.2 chan-
nels, similarly to native Iy,,"” display a rather negative
activation threshold (~—50mV), slow activation and de-
activation kinetics, and lack of inactivation.”® When com-
pared to Kv7.2, currents from Kv7.2 A265V homomeric
channels activated around similar threshold voltages, but
displayed faster activation kinetics (z,), reduced maximal
current density, a rightward shift in activation gating, and
an unusual decrease during the depolarizing pulse, reach-
ing a steady-state value at approximately 50% of the peak
(Figure 1C-G, Table S1); this latter phenomenon is con-
sistent with open-state inactivation, namely, a decreased
stability of the open state, which relaxes toward a noncon-
ductive inactivated state during prolonged activating stim-
uli. Analysis of the voltage-dependence of the occupancy
of this inactivated state revealed a midpoint potential (V)
of —54+2mV and a slope value (k) of 8+1 (n=13). As for
most inactivating K* currents,® the extent and kinetics of
the recovery from the inactivated state in Kv7.2 A265V cur-
rents were also voltage-dependent, being faster and more
complete at hyperpolarized potentials (—100mV) and
slower and less complete at more depolarized membrane
potentials (—60mV; Table S1, Figure S1A,B). Homomeric
Kv7.2 channels are highly sensitive to blockade by ex-
tracellular application of tetraethylammonium (TEA), a
nondehydratable analogue of K. A slight decrease
in blocking efficacy by .3mmol-L™' TEA was observed in
mutant channels (the percent of blockade was 52% + 3%
vs. 68% =+ 3% for Kv7.2 A265V and Kv7.2 channels, respec-
tively; p<.05), possibly because of their smaller current
amplitude. However, no change was observed in Kv7.2
A265V current inactivation kinetics before and after
TEA exposure; the inactivation time constant (z;,,..) was
239+ 21ms and 224 +35ms before and after TEA expo-
sure, respectively (p >.05; Table S1). Similarly, no change
in Kv7.2 A265V current inactivation kinetics was observed
when the extracellular K* concentration was raised from
5 to 15mmol-L™" (z;,,., =291 +29ms, p>.05 vs. controls;
Table S1).

3.3 | Functional analysis: Heteromeric
channels

The A265V mutation found in Patient 1 as well as in all
previously described cases (Patients 2-6; Table 1) occurred
in heterozygosity. Moreover, native Iy, in adult neurons
is mainly formed by heteromeric assembly of Kv7.2 and
Kv7.3 subunits, the latter encoded by the KCNQ3 gene.17
Therefore, the functional consequences of the A265V
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FIGURE 1 Localization and functional characterization of the Kv7.2 A265V variant. (A) Alignment of the amino acid sequence within

the Ss—S, region of the indicated channels. The position of the A265 residue in a Kv7.2 subunit is indicated by an arrow. The regions in

yellow correspond to the pore helix and the beginning of S6. The boxed area corresponds to the selectivity filter (SF). (B) Kv7.2 structure

(Protein Data Bank code: 8J05) of Ss, S, and the intervening linker, including the pore domain from two opposite subunits; the other two

subunits present in functional tetrameric channels have been removed for clarity. The A265 side-chain atoms are shown as spheres. (C)

Macroscopic currents from Kv7.2 and Kv7.2 A265V channels, in response to the indicated voltage protocol (scale: 200 pA, 200 ms). (D)

Superimposed and normalized current traces of Kv7.2 (black) and Kv7.2 A265V (dark green) channels at +20mV (time scale: 200 ms). (E)

G/V curves for the indicated channels; conductance (G) values at each potential (V) were calculated by dividing the peak current values by

the K* equilibrium potential. (F) Maximal current density at 0mV recorded from cells transfected with the indicated cDNAs. (G) Percent of

inactivation at +20mV in the current carried by the indicated channels (same as panel E). *p <.05 versus respective control.

variant when mutant subunits were expressed in hetero-
meric channels together with Kv7.2 (1:1 cDNA ratio) and/
or Kv7.2 and Kv7.3 subunits (.5:.5:1 cDNA ratio) were
also investigated. When compared to Kv7.2, currents from
CHO cells coexpressing Kv7.2 A265V and Kv7.2 subunits
were slightly but not significantly decreased in their maxi-
mal size (Figure 1F), although their activation was shifted
toward more positive potentials (Table S1). In addition,
when compared to that of homomeric Kv7.2 A265V chan-
nels, the extent of current inactivation upon coexpression
of Kv7.2 A265V +Kv7.2 subunits was reduced to almost
half (Figure 1G), and the currents showed slower inactiva-
tion kinetics (Table S1). When compared to Kv7.2 +Kv7.3
heteromers, currents recorded from cells coexpressing
Kv7.2 A265V+Kv7.2+Kv7.3 subunits showed (1) a de-
creased maximal size (Figure 1F), (2) a right-shifted V,,

(Table S1; Figure S1C,D), (3) a relative size of the inac-
tivating component smaller than that observed in homo-
meric Kv7.2 A265V- or Kv7.2+Kv7.2 A265V-expressing
cells (Figure 1G), and (4) a non-statistically significant
trend toward faster activation rates (Table S1).

4 | DISCUSSION

The herein described proband (Patient 1in Table 1) showed
drug-resistant daily seizures starting in the first days of
life, discontinuous EEG, and neurodevelopmental delay,
all phenotypic characteristics suggestive of KCNQ2-DEE,
an etiology-specific syndrome recently classified by the
International League Against Epilepsy.'® Genetic investi-
gation revealed a heterozygous de novo variant (A265V)
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in the KCNQ2 gene, confirming the diagnosis. The Kv7.2
A265V variant is highly recurrent; it has been previously
found in five patients, all showing phenotypic features
consistent with KCNQ2-DEE (Table 1),''™*'> as well as
in three KCNQ2-DEE individuals for whom no detailed
phenotypic information is available.'*'® Moreover, one
additional KCNQ2-DEE patient (Patient 4 in Weckhuysen
et al.?%) carried the A265P substitution, suggesting that
A265 is a mutational hotspot for KCNQ2-DEE.

Our functional analysis revealed that the A265V vari-
ant prompts remarkable LoF effects in Kv7.2 channels,
confirming that most KCNQ2-DEE variants markedly de-
crease channel function.®* When compared to Kv7.2 chan-
nels, currents from homomeric Kv7.2 A265V channels
display a reduced maximal density, right-shifted activa-
tion gating (requiring more depolarized voltages to open),
and a unique inactivated state. Although these functional
effects are clearly consistent with an LoF in vitro phe-
notype, current carried by Kv7.2 A265V channels also
display faster activation rates, a result consistent with a
gain-of-function (GoF) effect.

Notably, the extent of current inactivation prompted
by the Kv7.2 A265V variant is proportional to the aver-
age number of mutant subunits present in tetrameric
channels, namely four for Kv7.2 A265V homomers, two
for Kv7.2 A265V +Kv7.2 heteromers, and one for Kv7.2
A265V +Kv7.2+Kv7.3 heteromers. This phenomenon is
likely to have relevant pathophysiological impact for Iy,
the molecular composition of which is dynamic and flex-
ible, with most adult neurons expressing Kv7.2+Kv7.3
heteromers, whereas others express Kv7.2 and Kv7.3 ho-
momers as a function of developmental stage, brain area,
cell type, subcellular region, and disease state.*"**

Several inactivation mechanisms occur in voltage-
dependent K* channels.® For instance, Shaker-type Kvl
channels display a fast inactivation process (zj,,e Of a
few milliseconds) in which a cytoplasmic domain of ei-
ther the channel or an accessory subunit plugs the open
pore to interrupt ion flux via a “ball-and-chain” mecha-
nism; given the location of the inactivation particle at the
N-terminal end of the channel, such inactivation mecha-
nism is commonly referred to as “N-type inactivation.”*
Notably, no inactivating particle is present in Kv7 chan-
nels, thus the noninactivating characteristics of Igy. In
other K* channels, or upon removal of the inactivating
particle in N-type inactivating channels, slower “P-type”
or “C-type” inactivation processes (7, from hundreds of
milliseconds to seconds) were revealed®>%; during such
slower transitions, ion flow is restricted by conformational
changes of the selectivity filter located near the extracellu-
lar side of the pore,*” as recently confirmed by structural
(cryoelectron microscopic) data.”® A hallmark of C-type
inactivation is the ability of extracellular cations, such as
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K* ions or TEA, to compete with C-type inactivation.?’
Notably, the A265 residue is positioned away (18.8A)
from the Kv7.2 selectivity filter (Figure 1B), and applica-
tion of .3mmol-L™" TEA, or increasing the extracellular
K* concentration from 5 to 15mmol-L™" did not modify
the inactivation rate; both these observations suggest that
the A265V substitution triggers a different, noncanoni-
cal (non-N-type, non-C-type) inactivation mechanism.
Further investigation is needed to better delineate the at-
omistic basis for the described functional features.

In conclusion, the recurrent A265V variant in Kv7.2
is associated with a severe phenotype of KCNQ2-DEE
and, when expressed in vitro, shows functional charac-
teristics of a “mixed” LoF/GoF, with unusual inactivation
features never described before. This observation empha-
sizes the importance of the functional analysis of novel
and recurrent KCNQ2 mutations and expands the rep-
ertoire of mutation-induced functional changes causing
KCNQ2-DEE. Kinetics and extent of inactivation of ion
channels are major determinants of their specific physi-
ological functions®’; the noninactivating properties of Iy
are essential for the dampening role exerted by this con-
ductance on neuronal excitability and firing frequency.
Therefore, current inactivation prompted by the Kv7.2
A265V variant likely reduces spike-frequency adaptation,
leading therefore to an overall enhancement of neuronal
excitability; on the other hand, the faster current activa-
tion kinetics conferred by the A265V variant, by reduc-
ing/delaying action potential firing and facilitating action
potential repolarization, would decrease neuronal excit-
ability. Thus, further work is required to investigate the
functional consequences of this variant in distinct neuro-
nal subpopulations.
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