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Abstract

Objective: To further clarify genotype:phenotype correlations associated with

variants in KCNC1 encoding the voltage-gated potassium (K+) channel subunit
Kv3.1 and which are an emerging cause of a spectrum of neurological disease

including intellectual disability, isolated myoclonus, progressive myoclonus epi-

lepsy, and developmental and epileptic encephalopathy. Methods: We describe

the clinical and genetic characteristics of a series of three patients with de novo

heterozygous missense variants in KCNC1 associated with nonspecific develop-

mental delay/intellectual disability and central hypotonia without epilepsy or

ataxia. All three variants lead to amino acids alterations with mild predicted

differences in physicochemical properties yet are localized to the S6 pore region

of the Kv3.1 protein between the selectivity filter and PXP motif important for

K+ channel gating. We performed whole-cell voltage clamp electrophysiological

recording of wild-type versus variants in a heterologous mammalian expression

system. Results: We demonstrate a prominent leftward (hyperpolarized) shift in

the voltage dependence of activation and slowed deactivation of all variants in

the clinically defined series. Interpretation: Electrophysiological recordings are

consistent with a gain of K+ channel function that is predicted to exert a loss

of function on the excitability of Kv3-expressing high frequency- firing neurons

based on the unique electrophysiological properties of Kv3 channels. These

results define a clinical-genetic syndrome within the spectrum of KCNC1-

related neurological disorders.

Introduction

Potassium (K+) channels are critical determinants of neu-

ronal excitability via setting the resting membrane poten-

tial and mediating repolarization of the action potential.1

Variants in many K+ channel genes have been associated

with epilepsy.2 K+ channels exhibit broad molecular and

genetic diversity and are organized into families and sub-

families based on DNA sequence similarities, with the

voltage-gated K+ channels (Kv) representing the largest

family.3 Previously identified missense variants in the Kv3

subfamily member gene KCNC1 encoding the K+ channel

subunit Kv3.1 act via loss of function (LoF) at the level

of the ion channel and are associated with a spectrum of

neurological dysfunction including isolated nonprogres-

sive myoclonus, nonspecific developmental delay/intellec-

tual disability (ID), progressive myoclonus epilepsy type 7

(EPM or PME7), and developmental and epileptic

encephalopathy (DEE), including a case of epilepsy of

infancy with migrating focal seizures.4–9 However, geno-

type–phenotype correlation remains unclear. Kv3.1 is one

of four members of the Kv3 subfamily of voltage-gated

K+ channels (Kv3.1–3.4), which contribute to high-

frequency firing in specific subsets of neurons throughout

the nervous system based on unique biophysical proper-

ties, including a depolarized voltage dependence of activa-

tion, fast activation kinetics, and rapid deactivation,

relative to other Kv channels.10,11
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Here, we describe a category of KCNC1 neurological

disease characterized by nonspecific developmental delay/

ID and gross motor impairment without epilepsy, associ-

ated with KCNC1 variants that exhibit a unique and pre-

viously unreported biophysical abnormality of gain of

function (GoF) at the ion channel level. Whole-cell volt-

age clamp electrophysiological recordings of K+ channels

formed by disease-associated variants in a heterologous

mammalian cell line revealed a left (hyperpolarized) shift

in the voltage-dependence of activation and slowed deac-

tivation. These effects are predicted to exert a loss of

function effect on Kv3-expressing fast-spiking neurons in

the brain.

Methods

Study subjects, genetic testing, and variant
interpretation

Patients were enrolled in a study approved by the Institu-

tional Review Board of The Children’s Hospital of

Philadelphia (#15-12226). Informed consent for participa-

tion was provided by each patient’s parents as all patients

were minors.

Patient 1 was a female born at term without issue. An

electroencephalogram performed at age 2 months to eval-

uate episodes of paroxysmal arm jerking was without

electrographic correlate but showed occasional sharply

contoured waveforms at C3 and Cz during sleep. Neuro-

logical examination revealed apparent sensory nystagmus

and concern for cortical visual impairment. An MRI of

the Brain performed at age 5 months to evaluate nystag-

mus was normal. Ophthalmologic examination demon-

strated mildly pale optic nerves but normal anterior and

posterior chambers; an electroretinogram and an ocular

coherence tomography were normal. A repeat EEG at age

6 months was normal. By age 1 year, the patient could

roll over, prop sit, and sit without support, but exhibited

nystagmus, axial hypotonia, and weakness with limited

antigravity movement. At age 18 months, the patient

remained non-ambulatory, but could roll supine-to-prone

and prone-to-supine and maintain a seated position for

2–3 min; she could grasp and bring objects to the mid-

line. She smiled responsively and giggled, and expressive

language included nonspecific consonant sounds but no

words. She did not track or follow with concern for corti-

cal visual impairment. There was no history of seizure.

Trio whole genome sequencing identified a de novo

heterozygous variant in KCNC1 c.1300G>C (p.Val434-

Leu), which is not present in the Exome Aggregation

Consortium (ExAC) or genome Aggregation Database

(gnomAD; http://gnomad.broadinstitute.org) and has a

corresponding CADD score of 26.8.12 This variant is

localized to the S6 pore of the protein and converts the

small hydrophobic amino acid valine to the slightly larger

leucine, with a Grantham score of 32.

Patient 2 was a male born at term without issue. Cen-

tral hypotonia was noted at age 3 months. He walked

independently at age 23 months. At first evaluation at age

3 years, gait remained unsteady and he was unable to run

or jump but could ascend or descend stairs while holding

a railing. He had an extensive vocabulary and could speak

in full sentences, but speech was difficult to understand.

There was no nystagmus, tremor or myoclonus, or sei-

zure. An MRI of the Brain was normal; EEG has not been

performed. Trio whole exome sequencing identified a de

novo heterozygous variant in KCNC1 c.1294G>A
(p.Val432Met), which is not present in the Exome Aggre-

gation Consortium (ExAC) or genome Aggregation Data-

base (gnomAD; http://gnomad.broadinstitute.org) and has

a corresponding CADD score of 27.6. This variant is

localized to the S6 pore of the protein and converts the

small hydrophobic amino acid valine to the slightly larger

sulfur containing methionine associated with a Grantham

score of 21.

Patient 3 was a female born at 32 and 4/7 weeks gesta-

tion without complications. Early mild gross motor devel-

opmental delay was initially attributed to prematurity; she

walked at age 20 months corrected age. The patient was

enrolled in speech therapy at age 2 years due to speech/

language delay. There was no history of nystagmus, tre-

mor, ataxia, or prior seizure. Neurological examination

performed most recently at age 5 years and revealed mild

central hypotonia. Trio whole exome sequencing to evalu-

ate the cause of developmental delay identified a de novo

heterozygous variant in KCNC1 c.1290G>A (p.Met430Ile),

which is not present in the Exome Aggregation Consor-

tium (ExAC) or genome Aggregation Database (gnomAD;

http://gnomad.broadinstitute.org) and has a correspond-

ing CADD score of 26.9. This variant is localized to S6

pore converts the hydrophobic sulfur containing

methionine to the smaller isoleucine associated with a

Grantham score of 10.

All identified variants were interpreted according to the

American College of Medical Genetics and Genomics

standards and guidelines for the interpretation of

sequence variants.

Plasmid preparation, cell culture and
transfection

A cDNA plasmid encoding human KCNC1 (reference

sequence NM_001112741.2) and identified variants were

synthesized and subcloned into a pCAG plasmid. HEK-

293T cells (ATCC, CRL-3216) were grown at 37°C and 5%

CO2 DMEM supplemented with 10% heat-inactivated fetal
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calf serum and 1% penicillin–streptomycin in 35 mm

dishes. Cells were transfected with 0.1 lg of pCAG.EGFP

and 0.2 lg of either wild-type (WT) or variant hKCNC1

cDNA using PolyFect transfection reagent (QIAGEN; Ger-

manton, MD) according to the manufacturer’s instruc-

tions. Twenty-four hours after transfection, cells were

trypsinized and seeded at low density and single GFP-

positive cells were identified for patch-clamp experiments.

Electrophysiology

Whole-cell patch clamp biophysical experiments were per-

formed at room temperature using an Axopatch 200B

amplifier (Molecular Devices, Sunnyvale, CA) in an extra-

cellular Tyrode’s solution consisting of the following:

150 mM NaCl, 2 mM KCl, 1.5 mM CaCl2, 2 mM MgCl2,

10 mM HEPES and 10 mM glucose; pH was adjusted to

7.4 with NaOH. Intracellular solution contained, in mM:

125 KCl, 25 KOH; 1 CaCl2, 2 MgCl2, 4 Na2-ATP, 10

EGTA, 10 HEPES, with pH adjusted to 7.2 with KOH

and osmolarity to 305 mOsm/L with sucrose.

Patch pipettes were fashioned from thin-walled borosil-

icate glass (Harvard apparatus, Holliston, MA) and fire-

polished (Zeitz) to a resistance of 1.7–2.5 MΩ in the

whole cell configuration. Voltage errors were reduced via

series resistance compensation. Currents were filtered at

2 kHz by a low-pass Bessel filter and digitized at 30 kHz.

Data were acquired with pClamp 11 and analyzed with

Clampfit (Axon Instruments, San Jose, CA). Transient

potassium currents were measured by performing 100 ms

step depolarizations to between �85 and +55 mV in

increments of 5 mV from a holding potential of

�120 mV, and the current–voltage relation was con-

structed; this was followed by a 100 ms pulse to �40 mV

to facilitate measurement of tail current. Activation con-

ductance was normalized, plotted against voltage, and fit

with a Boltzmann function to determine V1/2 of activa-

tion. Kinetics of deactivation was calculated via a single

exponential fit of the decay of the tail current.

All recordings and data analysis (below) were per-

formed blind to experimental group.

Data analysis

Data for electrophysiological parameters was obtained

from at least n = 10 cells from multiple transfections.

Data were analyzed using custom Matlab scripts, Clampfit

11 (Molecular Devices), and Sigma Plot 11 (Systat Soft-

ware, Inc., San Jose, CA). Results are presented as the

mean � standard error of the mean (SEM) and statistical

significance was established using the p value calculated

from a one-way analysis of variance (ANOVA), with sig-

nificance established at p < 0.05.

Results

A single-center series of patients with
KCNC1 variants and nonspecific
developmental delay without epilepsy

We identified three patients with nonspecific global devel-

opmental delay without epilepsy found to have de novo

heterozygous variants in KCNC1 via genome-wide

sequencing analysis that localized to a five amino acid

extent at the C-terminal end of the S6 transmembrane

segment of the Kv3.1 protein (see Patients, Materials, and

Methods). All three patients exhibited mild–moderate

speech/language and gross motor developmental delay

and central hypotonia with onset in the first year of life.

Two of the three patients were ambulatory at time of last

follow up. One of three patients had nystagmus.

Electrophysiological properties of identified
KCNC1 variants

To investigate the mechanistic basis of the association

between the clinical features described above and the

seemingly minor missense variants in the region of amino

acid residues 430–434 of the Kv3.1 protein, we expressed

wild-type (WT) and disease-associated KCNC1 variants in

a heterologous cells system (HEK-293T cells) for voltage-

clamp electrophysiological recording.

All variants were recorded as outward non-inactivating

delayed rectifier currents via depolarizing steps from

�120 mV (Fig. 1A). We found no difference in peak cur-

rent density (measured at +40 mV; normalized to cell

capacitance, as pA/pF) (Fig. 1A; Table 2). Peak current

(at +40 mV) is: for Kv3.1-WT, 1564 � 211 pA/pF

(n = 11); for Kv3.1-p.Met430Ile, 1143 � 196 pA/pF

(n = 9; p < 0.001 vs. Kv3.1-WT via one-way ANOVA

with post-hoc correction for multiple comparisons using

Dunn’s multiple comparison test); for Kv3.1-

p.Val432Met, 1736 � 257 pA/pF (n = 11; p < 0.001 vs.

Kv3.1-WT); and for Kv3.1-p.Val434Leu, 1578 � 145 pA/

pF (n = 11; p < 0.001 vs. Kv3.1-WT). There was a large

leftward (hyperpolarized) shift in the voltage dependence

of activation (Fig. 1B). The voltage at half-maximal acti-

vation (V1/2) was: for KCNC1-WT, +20.2 � 0.6 mV

(n = 11); KCNC1-p.Met430Ile, 3.2 � 1.9 mV (n = 6;

p < 0.001 vs. WT via one-way ANOVA with post-hoc

correction using Dunn’s multiple comparison test);

KCNC1-p.Val432Met, �0.8 � 1.7 mV (n = 13;

p < 0.001); and KCNC1-p.Val434Leu, �4.1 � 3.3 mV

(n = 11; p < 0.001).

Rapid deactivation kinetics is hypothesized to be a crit-

ical biophysical feature whereby Kv3.1 subunits facilitate

high-frequency firing. Deactivation was assessed via a

ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 113

J. Clatot et al. KCNC1 Gain of Function



single exponential fit to the decay of the tail current upon

return to �40 mV (Fig. 1A,C,D). The time constant (s)
of deactivation was: for KCNC1-WT, 3.9 � 0.2 ms

(n = 11); KCNC1-p.Met430Ile, 9.1 � 1.1 ms (n = 9;

p = 0.001 vs. WT via one-way ANOVA with post-hoc

correction using Dunn’s multiple comparison test);

KCNC1-p.Val432Met, 45.2 � 8.4 ms (n = 4; p = 0.001);

and KCNC1-p.Val434Leu, 28.9 � 19 ms (n = 4;

p = 0.001).

It was also noted that HEK-293T cells expressing vari-

ant KCNC1 exhibited a hyperpolarized resting membrane

potential of: for KCNC1-WT, �38.8 � 2.4 mV (n = 5);

KCNC1-p.Met430Ile, �85.7 � 3.5 mV (n = 3; p < 0.001

vs. WT via one-way ANOVA with post-hoc correction

using Dunn’s multiple comparison test); KCNC1-

p.Val432Met, �75.6 � 2.3 mV (n = 6; p < 0.001); and

KCNC1-p.Val434Leu, �83.4 � 2.6 mV (n = 9; p < 0.001)

(Table 2).

As Kv3 channels are tetrameric assemblies of Kv3 sub-

units and patients with KCNC1-related disorders will har-

bor one WT and one variant copy, we tested the effect of

the identified variants on the properties of heteromeric

channels composed of Kv3.1-WT and variant subunits via

co-transfection at a 1:1 ratio. This experiment largely

recapitulated the results obtained with variants alone

(Fig. 2; Table 2).

Discussion

A single-center series of KCNC1 variants
with nonspecific developmental delay
without epilepsy

Here, we report detailed clinical and genetic data on three

patients with nonspecific global developmental delay/intel-

lectual disability and central hypotonia without epilepsy

found to have de novo variants in KCNC1. Whole-cell volt-

age clamp analysis of K+ channels formed by wild-type ver-

sus variant Kv3.1 subunits in a heterologous systems

revealed a clear GoF at the level of the ion channel for all

three variants, including a left/hyperpolarized shift in the

voltage dependence of activation and slowed deactivation

kinetics, which will lead to increased K+ conductance due

to activation at more hyperpolarized voltages and slowing

of current decay following channel activation, respectively.

Co-expression of each of the three variants with WT Kv3.1

essentially reproduced the results obtained with the vari-

ants alone, suggesting a dominant effect of the variant on

heteromeric Kv3 channels. This work establishes a new

clinical-genetic-electrophysiological phenotype within the

KCNC1-related neurological disorders. This clinical entity

can be distinguished from other KCNC1-related neurologi-

cal disorders, including that due to the recurrent variant

Figure 1. Biophysical properties of novel KCNC1 gain of function variants. Wild-type (WT) or gain of function variants were expressed in HEK-

293T cells and outward delayed-rectifier potassium currents were recorded via whole-cell voltage clamp. (A) Representative examples of recording

from of Kv3.1-WT, Met430Ile, Val432Met and Val434Leu. Arrow in WT indicates the tail current upon return from the test potential to �40 mV.

(B) Voltage-dependence of activation presented as current density normalized to peak IK for each variant. (C) Voltage dependence and peak cur-

rent density of tail currents. (D) Time constant of activation (left) and deactivation (right) at +40 mV.
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KCNC1-p.Arg320His (exhibiting moderate LoF, with

decreased conductance and dominant-negative effect of the

variant on tetrameric Kv3.1-containing channels) and asso-

ciated with EPM7, and KCNC1-Ala421Val (exhibiting sev-

ere LoF) associated with DEE.

All three variants described here are located within five

amino acid residues of one another in the Kv3.1 protein

(between residues 430 and 434) and represent amino acid

changes associated with only mild alterations in physico-

chemical properties. Interestingly, there are zero nonsyn-

onymous gnomAD variants localized to S6 of Kv3.1,

further supporting the deleterious effect of even minor

physicochemical changes in this region. These three resi-

dues are located between the selectivity filter and the con-

served PXP motif in S6 (PVP in Kv3 subunits); the PXP

motif which forms a “kink” that has been shown to be

important for gating of K+ channels13 and the identified

variants could decrease the stability of the closed state

and favor channel opening. Recent publication of the

cryo-EM structure of human Kv3.1 provides unprece-

dented insight into the mechanism of gating of Kv3 chan-

nels.14 The Met430 residue has been shown to contribute

to ion conduction and regulate Kv3.1 pore stability as

mutation of this residue to a lysine induces channel

flicker,15 while the cryo-EM structure reveals that the

Met430 residue in S6 forms a intersubunit sulfo-aromatic

interaction with the F345 residue in S5 of adjacent sub-

units. Why the variant KCNC1-p.Ala421Val located

slightly more proximal – and which also converts between

two small amino acids with hydrophobic side chains –
instead produces a profound LoF (and the more severe

DEE) remains unclear.

A limitation of the present study is the small number

of patients in the series and the relative young age of the

patients. While none of the patients has a history of sei-

zures/epilepsy, only one underwent EEG (Table 1) and

hence we cannot definitely rule out the presence of EEG

abnormalities in sleep or wake. Future studies may pro-

vide additional information as to the full clinical spec-

trum associated with KCNC1 GoF variants, such as

whether ataxia and/or epilepsy appear with age.

Proposed mechanisms of KCNC1-related
neurological disorders

Kv3.1 is selectively expressed in fast-spiking neurons through-

out the brain including parvalbumin-positive GABAergic

interneurons (PV-INs) of neocortex, hippocampus, and basal

Figure 2. Biophysical properties of KCNC1-WT co-expressed with KCNC1 variants. WT and variants were co-transfected in a 1:1 ratio and expressed

in HEK-293T cells, and outward delayed-rectifier potassium currents were recorded via whole-cell voltage clamp. (A) Representative examples of

recording from of Kv3.1-WT, WT + Met430Ile, WT + Val432Met and WT + Val434Leu. (B) Voltage-dependence of activation presented as current

density normalized to peak IK for each group. (C) Voltage dependence and peak current density of tail currents. (D) Time constant of activation (left)

and deactivation (right) at +40 mV. Note that each WT:variant combination exhibits similar results to variant alone in Figure 1.
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ganglia nuclei, and is also prominently expressed in the retic-

ular thalamic nucleus as well as granule cells of the cerebellum

and in the deep cerebellar nuclei.16–18 Kv3.1 expression over-

laps with that of Kv3.2; Kv3 channels in PV-INs are likely

heteromultimers of Kv3.1 and Kv3.2 subunits, which are elec-

trophysiologically near-identical and possess biophysical

properties unique among ion channels that facilitate high-

frequency firing, including a depolarized voltage dependence

of activation relative to other members of the Kv family and

rapid kinetics of activation and deactivation with lack of inac-

tivation.10,11 Prior work has demonstrated LoF of varying

degrees of severity at the level of the ion channel with a

dominant-negative effect mediated by the tetramerization of

voltage-gated K+ channels. Hence, while exhibiting GoF at

the ion channel level, our prediction is that changes observed

for these Kv3.1 variants act via LoF at the level of neurons, as

suggested previously for the EPM7-associated KCNC1-

p.Arg320His variant.7

The prominent left-shift in voltage dependence of acti-

vation observed here is predicted to lead to channel

recruitment during the rising phase of the action poten-

tial and counteract inward sodium current, leading to

impaired high-frequency firing; slowed deactivation kinet-

ics will render it such that K+ current does not com-

pletely deactivate between successive action potentials in a

high-frequency train, which will lead to accumulation of

K+ conductance and a progressive increase in the inter-

spike interval, leading to impaired high-frequency firing.

Such effects would be predicted to impair fast-spiking of

PV-INs and lead to decreased GABAergic inhibition in

cerebral cortex circuits. This in turn may underlie devel-

opmental delay/ID and risk of epilepsy in this clinical-

genetic series, while dysfunction of Kv3.1-expressing neu-

rons in cerebellum may underlie hypotonia and gross

motor developmental delay. Mice lacking Kcnc1 (Kcnc1�/

� mice) exhibit motor dysfunction but not epilepsy19

while deletion of KCNC1 in human is associated with ID

without seizures/epilepsy.9 Hence, the GoF effect observed

here may ultimately exert a more mild effect on the

excitability of Kv3.1-expressing neurons than dominant

Table 1. Clinical features of patients in the study.

Patient Patient 1 Patient 2 Patient 3

Variant c.1300G>C (p.Val434Leu) c.1294G>A (p.Val432Met) c.1290G>A (p.Met430Ile)

Inheritance De novo De novo De novo

Age at symptom

onset (current age)

2 months (18 months) 3 months (3 years) 2 years (5 years)

First sign/symptom Nystagmus Hypotonia Gross motor delay (walked

at age 20 mo)

Developmental delay Moderate–severe Mild–moderate Mild

Central hypotonia Yes Yes Yes

Seizures/epilepsy No No No

Ataxia No Mild gait ataxia No

Myoclonus None None None

Progression None None None

Other Nystagmus None None

EEG C3/Cz sharps during sleep Not performed Not performed

MRI brain Normal Normal Not performed

Table 2. Biophysical properties of wild-type and variant KCNC1.

Group n

Peak current

density

(+40 mV) Tail current

(�40 mV)

Voltage

dependence

of activation

(V1/2) Slope factor

Time constant

of activation

Time constant

of deactivation

Resting

membrane

potential (Vm)

pA/pF mV k t (ms) t (ms) mV

WT 11 1564 � 211 -2 � 2 20.2 � 0.6 0.034 � 0.001 0.59 � 0.06 3.9 � 0.2 �38.8 � 2.4

Met430Ile 9 1143 � 196 134 � 28*** 3.2 � 1.9*** 0.021 � 0.001*** 0.46 � 0.05 9.1 � 1.1*** �85.7 � 3.5***

Val432Met 16 1736 � 257 270 � 53*** �0.8 � 1.7*** 0.023 � 0.001*** 0.57 � 0.09 45.2 � 8.4*** �75.6 � 2.3***

Val434Leu 11 1578 � 145 204 � 59*** �4.1 � 3.3 0.02 � 0.002*** 0.44 � 0.05 39.6 � 8.8*** �83.4 � 2.6***

WT + Met430Ile 11 811 � 69* 125 � 23*** 0.3 � 1.6*** 0.021 � 0.001*** 0.43 � 0.05 9.1 � 0.6*** �81.0 � 2.7***

WT + Val432Met 6 1321 � 346 126 � 20*** 5.8 � 1.1*** 0.021 � 0.001*** 0.40 � 0.07 17.1 � 3.2*** �63.2 � 2.5***

WT + Val434Leu 7 1794 � 319 233 � 42*** �0.4 � 1.9*** 0.022 � 0.001*** 0.38 � 0.06 23.1 � 7.7*** �86.0 � 2.0***

*p < 0.05; **p < 0.01; ***p < 0.001; vs. WT via one-way ANOVA with post-hoc correction via Dunn’s test.

116 ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

KCNC1 Gain of Function J. Clatot et al.



negative-acting LoF variants associated with more severe

clinical entities along the spectrum of KCNC1-related

neurological disorders (such as EPM7 and DEE). Future

work in experimental neuronal systems will be required

to further address this issue.

Conclusion

In summary, we have established a syndrome of develop-

mental delay/intellectual disability associated with central

hypotonia without myoclonus or early-onset epilepsy due

to de novo heterozygous GoF variants in KCNC1. The

mechanism whereby variants in KCNC1 lead to disease at

the level of neurons and circuits remains to be estab-

lished, as does the underlying basis of the clinical spec-

trum observed for KCNC1-related neurological disorders.
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