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Abstract

KCNMAI1 encodes the large-conductance Ca?t- and voltage-activated K* (BK) potassium channel a-subunit, and pathogenic
gain-of-function variants in this gene have been associated with a dominant form of generalized epilepsy and paroxysmal
dyskinesia. Here, we genetically and functionally characterize eight novel loss-of-function (LoF) variants of KCNMA1.
Genome or exome sequencing and the participation in the international Matchmaker Exchange effort allowed for the
identification of novel KCNMA1 variants. Patch clamping was used to assess functionality of mutant BK channels. The
KCNMA1 variants p.(Ser351Tyr), p.(Gly356Arg), p.(Gly375Arg), p.(Asn449fs) and p.(Ile663Val) abolished the BK current, whereas
p-(Cys413Tyr) and p.(Pro805Leu) reduced the BK current amplitude and shifted the activation curves toward positive
potentials. The p.(Asp984Asn) variant reduced the current amplitude without affecting kinetics. A phenotypic analysis of the
patients carrying the recurrent p.(Gly375Arg) de novo missense LoF variant revealed a novel syndromic neurodevelopmental
disorder associated with severe developmental delay, visceral and cardiac malformations, connective tissue presentations
with arterial involvement, bone dysplasia and characteristic dysmorphic features. Patients with other LoF variants
presented with neurological and developmental symptoms including developmental delay, intellectual disability, ataxia,
axial hypotonia, cerebral atrophy and speech delay/apraxia/dysarthria. Therefore, LoF KCNMA1 variants are associated with
a new syndrome characterized by a broad spectrum of neurological phenotypes and developmental disorders. LoF variants

of KCNMA1 cause a new syndrome distinctly different from gain-of-function variants in the same gene.

Introduction

The large-conductance Ca?*- and voltage-activated K+ (BK)
channel is a tetramer consisting of four a-subunits encoded
by the KCNMA1 gene on chromosome 10g22.3. Each o-subunit
spans 1236 amino acids and has an estimated molecular weight
of 138 kDa (1-3). The a-subunit contains seven transmembrane
domains (S0-S6) atits N terminus and a large C-terminal domain
comprising of two RCK domains (regulator of conductance of
K domains RCK1 and RCK2) responsible for calcium sensing
through a high-affinity Ca?* binding site (2,3). The S4 domain
acts as the voltage sensor, and a region between S5 and S6
serves as the pore (2,3). The BK channel has a tetrameric
structure composed of four pore-forming a-subunits, in which
the four RCK1-RCK2 tandems form the ‘gating ring’ structure
that is believed to interact with the voltage-sensing region,
leading to the opening of the pore (2,3). The BK channel can be
allosterically activated by both changes in the membrane voltage
(voltage-dependent activation pathway) and intracellular
[Ca?*] concentration (calcium-dependent activation pathway)
(2,3). The physiological properties of BK channels are further
influenced by the interaction of their a-subunits with optional
auxiliary subunits such as f1-4 subunits or y1-4 subunits (2,3).
The BK channel is expressed in many organs and tissues,
including the postnatal central nervous system (2,3). It plays
a pleiotropic role in many physiological processes, such as in

the repolarization of the membrane potential, the control of
neuronal excitability, neurotransmitter release, the control of
smooth muscle tone, the tuning of hair cells in the cochlea and
in innate immunity (4-8). Recently, the BK channel was found to
be involved in the maintenance, migration and differentiation
of mesenchymal stromal cell populations and in the SH-SY5Y
neuroblastoma cell cycle and proliferation (9,10).

In 2005, BK channel abnormalities were linked to human
disease for the first time through the identification of a KCNMA1
gain-of-function mutation, which causes a coexistent syndrome
of generalized epilepsy and paroxysmal dyskinesia (GEPD) (1).
By genome-wide linkage analysis of a large family with 13
affected individuals and through subsequent DNA sequence
analyses, Du et al. (1) had found the p.(Asp434Gly) pathogenic
variantin KCNMA1, which co-segregated with GEPD in the family.
Patch-clamping studies showed that the p.(Asp434Gly) mutation
increased the BK current by enhancing channel activation
and increasing the calcium sensitivity of the BK channel (1).
Recently, Li etal. (11) identified a de novo KCNMA1 variant
p-(Asn995Ser) in two independent patients who presented with
epilepsy but not with paroxysmal dyskinesia. The p.(Asn995Ser)
variant also increased the BK current by enhancing the BK
channel activation through increases in the single-channel
open probability and single-channel open dwell time. How-
ever, the variant did not alter the calcium sensitivity of the
channel (11). As both p.(Asp434Gly) and p.(Asn995Ser) variants
enhance the BK channel current and activation, they elicit a
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Figure 1. Identification and electrophysiological characterization of a recurrent de novo KCNMA1 variant p.(Gly375Arg) in the transmembrane segment S6 of the BK
channel. (A) Pedigree of three families with genotyping data for the KCNMA1 variant p.(Gly375Arg) showing the de novo nature of the variant. The affected male
and females are shown as filled squares or circles. Normal individuals are shown as empty symbols. (B) Schematic structure of the BK channel. The location of
the p.(Gly375Arg) variant is indicated by an arrow. (C) The p.(Gly375Arg) variant occurs at an evolutionally conserved amino acid residue. (D) Electrophysiological
characterization of the p.(Gly375Arg) variant. Representative macroscopic currents of WT and p.(Gly374Arg) mutant BK channels from inside-out patch experiments in

the presence of 10 um Ca?t using the protocol indicated at the top (n = 6-10/group).

gain-of-function effect (1,11). Tabarki et al. (12) reported two
Saudi sisters with epilepsy, developmental delay and severe
cerebellar atrophy carrying a homozygous 1 bp duplication
[c.2026dupT, p.(Tyr676Leufs*7)] in KCNMAI1. The variant was
seen once in the Exome Aggregation Consortium (EXAC)
database but was absent from the Genome Aggregation Database
(gnomAD). No functional studies of the variant were performed.
Zhang et al. (13) reported two Chinese boys with paroxysmal
non-kinesigenic dyskinesia and developmental delay without
generalized epilepsy but de novo heterozygous p.(Glu884Lys) and
p-(Asn1053Ser) variants in KCNMAI, respectively. Functional
studies of these variants were not performed. Li etal. (11)
reported three additional KCNMA1 variants p.(Lys518Asn),
p.(Asp656Ala) and p.(Asn1159Ser) in three unrelated patients
with divergent epileptic phenotypes. However, functional
studies established the variants as benign polymorphisms,
indicating the necessity of functional characterization of
KCNMA1 variants for accurate variant classification.

Here, we report both genetic and functional analyses of eight
novel KCNMA1 variants, including six de novo variants, which
were detected in eight unrelated patients and two compound
heterozygous variants found to be present in one patient.
Electrophysiological data suggest that all variants act through
a loss-of-function (LoF) mechanism. Therefore, this study
expands the mutational spectrum of KCNMA1-related disorders
and describes a new clinical entity elicited by the recurrent
LoF variant p.(Gly375Arg). This new syndrome is associated
with developmental delay, visceral and cardiac malformations,
epilepsy, connective tissue symptoms with arterial involvement,
bone dysplasia and characteristic dysmorphic features in
three independent patients. Furthermore, this research offers
comprehensive functional analyses of the largest cohort of BK
channel LoF variants and reveals the novel pathogenic potential
of KCNMA1 LoF variation in human disease.

Results

Identification of a new syndrome associated with a
recurrent de novo missense variant in KCNMA1

Exome sequencing identified a de novo KCNMA1 missense vari-
ant [NM_002247.3: c.1123G>A, p.(Gly375Arg)] in three unrelated
families (Fig. 1A). The p.(Gly375Arg) variant is located in the S6
transmembrane domain of the BK channel (Fig. 1B) and occurs
at an amino acid residue, which is highly conserved among
different species during evolution (Fig. 1C). This variant is absent
from gnomAD and has a single submission as a VUS (variant
of uncertain significance) in both ClinVar (RCV000623526.1) and
the denovo-db database (denovo-db.gs.washington.edu, sample
DDD4K.008888, associated with developmental disorder). Patch-
clamping experiments revealed that the p.(Gly375Arg) variant
abolishes the function of the BK channel and blocks generation
of potassium current (Fig. 1D), suggesting a LoF effect of this
variant.

The p.(Gly375Arg) variant was first identified in a 2-year-
old boy (Patient 1 in Table 1 and Supplementary Material, Fig.
S1) presenting with a polymalformation syndrome characterized
by severe developmental delay, visceral and cardiac malforma-
tions, connective tissue symptoms with arterial involvement,
generalized seizures and dysmorphic features including coarse
facial features, macroglossia with two-lobed tongue, gingival
hypertrophy, synophrys, hypertelorism, down-slanting palpebral
fissures, broad nasal root, thin superior lip, wide mouth with
downturned corners, everted lower lip, frontal hemangioma,
mild hirsutism and skin infiltrations. Strabismus and vertical
nystagmus were also noted at clinical examinations (Table 1).
At the age of 3 years and 4 months, his sitting position was
still unstable/unsteady. He could walk some steps with support,
the tone progressively improved, the sleep quality was better
after amygdala and adenoid surgery improved babbling at the
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same time. There was no feeding difficulty. At the age of 3 years
and 6 months, snoring recurrence, decreased vocal production
and tonsil hypertrophy led to another amygdala and adenoid
surgery. In the post-surgery period, it was not possible to remove
ventilation support due to severe laryngomalacia. Five days after
the surgery, he presented with degradation of respiratory func-
tions, occlusive syndrome and oligo-anuria. Palliative measures
were established in accordance with parent’s choice and after
approval of the local ethics committee. He deceased at the sixth
day after surgery.

Similar clinical features were observed in a second unrelated
patient (Patient 2 in Table 1 and Supplementary Material, Fig. S1),
who was previously identified to carry the same p.(Gly375Arg)
variant by singleton exome sequencing by the same diagnostic
laboratory. Subsequent Sanger sequencing revealed the de novo
occurrence of this variant also in Patient 2. She is a 27-year-
old female patient, who has been followed since birth for
developmental delay, intellectual disability (ID), speech delay,
severe axial hypotonia, mild cerebellar and cerebral atrophy
identified by magnetic resonance imaging (MRI), absence
epilepsy, megalocornea, intestinal atresia and malrotation,
patent ductus arteriosus and dysmorphic features (Table 1).
Patients 1 and 2 have undergone multiple imaging studies
[X-rays, computer tomography (CT) scans and brain MRIs] during
their clinical care, which show generalized bone thickening,
sclerosis and dysplasia, bowel loop dilatation during episodes
of intestinal pseudoobstruction, and dilatation, ectasia and
tortuosity of large and medium-sized arteries in both individuals
(Table 1; Supplementary Material, Fig. S2). A medical record
review of Patient 2 identified additional clinical symptoms such
as chronic Staphylococcus epidermidis bacteremia and frequent
fevers. A CT scan at age 26 years documented hepatomegaly
(20 cm), splenomegaly (17 cm) and several vertebrae collapses
(Table 1; Supplementary Material, Fig. S2). A cardiac ultrasound
at age 26 years measured an enlarged ascending aorta diameter
of 38-39 mm with no evidence of an infectious endocarditis
(Table 1). Through the international Matchmaker Exchange
initiative (14), we identified one additional unrelated female
patient bearing the same de novo p.(Gly375Arg) variant who
presented with an overlapping phenotype (Patient 3 in Table 1;
Supplementary Material, Fig. S1). Together, these data suggest
that this recurrent de novo p.(Gly375Arg) LoF variant of KCNMA1
is associated with a multiple malformation syndrome.

De novo variants in the pore domain also abolish BK
channel function

Two additional de novo missense variants, p.(Ser351Tyr) and
p-(Gly356Arg), were identified in the pore domain of the BK
channel (Fig. 2A and B). Patient 4, who carries the p.(Ser351Tyr)
variant, is a 10-year-old female patient with ataxia, tremor,
apraxia, hypertelorism, bilateral medial deviation of the distal
phalanges of the third finger and lateral deviation of the toes
(Table 1; Supplementary Material, Fig. S3). Brain MRI did not
detect any structural abnormalities in this individual. She is not
affected by seizures or paroxysmal dyskinesia (Table 1). Patient
5 carries the p.(Gly356Arg) variant and is a 12-year-old male
affected by mild cognitive delay, axial hypotonia, ataxia and
dysarthria (Table 1). Serial MRI detected cerebellar atrophy. The
patient does not exhibit epilepsy.

Both p.(Ser351Tyr) and p.(Gly356Arg) variants occur at amino
acid residues, which are highly conserved among different
species and are located in a motif important for the selectivity
for potassium (Fig. 2C). Patch-clamp recordings showed that BK

channels with either p.(Ser351Tyr) or p.(Gly356Arg) variants fail
to elicit any potassium current under voltage stimulus ranging
from —160 mV-160 mV (Fig. 2D). These data suggest that the
p-(Ser351Tyr) and p.(Gly356Arg) variants are also LoF variants.

Electrophysiological characterization of compound
heterozygous variants p.(Asn449fs) and p.(Cys413Tyr)
identified in a patient

We identified two compound heterozygous variants in a patient
(Patient 6 in Table 1). Both, the maternally inherited missense
variant p.(Cys413Tyr) and the frameshift variant p.(Asn449fs),
which is inherited from the father, are located in the C-terminal
RCK1 domain (Fig. 3A and B) important for the regulation of K
conductance. The patient presented with multiple congenital
abnormalities, developmental delay, ID, axial hypotonia, ataxia,
generalized mild cerebral atrophy documented by MRI and stra-
bismus (Table 1). Both parents are clinically asymptomatic at
the present time. The p.(Cys413Tyr) variant occurs at an amino
acid residue, which is highly conserved among different species
during evolution (Fig. 3C), and markedly reduces the amplitude
of the BK current and shifts the G-V curve to the positive voltage
direction by 38 mV at the 10 pm calcium concentration (Fig. 3D).
The mean macroscopic current amplitude of the p.(Cys413Tyr)
mutant channel was much smaller than that of the wild-type
(WT) channels (n=11 for mutant and n=6 for WT) (Fig. 3D). Thus,
the p.(Cys413Tyr) variant is also a LoF variant that inhibits the
function of the BK channel substantially. To test the calcium
dependency of the p.(Cys413Tyr) mutant channel, we further
analyzed the G-V relationship at 1 pm and nominal 0 um calcium
concentrations and found that the G-V curves of the mutant
channels also shifted to the positive voltage direction by 26.2 mV
and 33.7 mV, respectively (Fig. 3D). Thus, the p.(Cys413Tyr) vari-
ant likely reduces the activation and macroscopic current ampli-
tude of the BK channel significantly at calcium concentrations
ranging from nominal 0 pM-10 pm.

The frameshift variant p.(Asn449fs) did not elicit any potas-
sium current under the voltage stimulus from —160 mV-160 mV
at a 10 pum calcium concentration (Fig. 3D). These data suggest
that the p.(Asn449fs) variant is also a LoF variant.

De novo variant p.(Ile663Val) in the RCK1 domain
abolishes the function of the BK channel

KCNMA1 variant p.(Ile663Val) was identified in a female patient
(Patient 7) who suffers from developmental delay, ID, axial
hypotonia, ataxia and strabismus (Table 1). The variant was
found to occur de novo and is located in the RCK1 domain of the
BK channel (Fig. 4A and B). This substitution occurs at an amino
acid residue, which is highly conserved among different species
during evolution (Fig. 4C). Patch-clamp recordings showed that
p-(Ile663Val) mutant BK channels failed to elicit any potassium
current under the voltage stimulus from —160 mV-160 mV
(Fig. 4D). Interestingly, western blot analyses revealed that the
p-(Ille66Val) mutated BK channel moved much slower than the
WT or other mutant channels through the gel (Fig. 4E). The 3D
structure of the BK channel shows that the amino acid Ile663
is a hydrophobic residue buried inside the structure. Thus, the
substitution of isoleucine by valine at codon 663 may alter the
3D structure of the BK channel dramatically, which may explain
the altered migration pattern on the western blot. These data
suggest that the p.(Ile663Val) variant is a functional variant,
which leads to LoF of the BK channel.
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Figure 2. Identification and electrophysiological characterization of KCNMA1 variants p.(Ser351Tyr) and p.(Gly356Arg) in the pore region of the BK channel. (A) Pedigree
structure and genotyping data for each KCNMA1 variant showing the de novo nature of the variants. (B) Schematic structure of the BK channel with the two variants
indicated by arrows. (C) The two variants occur at an evolutionarily conserved amino acid residues. (D) Electrophysiological characterization of the two variants.
Representative macroscopic currents of WT and mutant BK channels with p.(Ser351Tyr) and p.(Gly356Arg) from inside-out patch experiments in the presence of 10 um
Ca?* using the protocol indicated at the top (n=6-10/group).
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Figure 3. Identification and electrophysiological characterization of compound heterozygous KCNMA1 variants p.(Asn449fs) and p.(Cys413Tyr) found in a patient.
(A) Pedigree structure of the family and genotyping data for two KCNMA1 variants. The affected male is shown as a filled square. Individuals with uncertain phenotype or
without medical examination are shown as slashed symbols. (B) Schematic structure of the BK channel with the two variants in the RCK domains indicated with arrows.
(C) The Cys413 residue occurs at an evolutionarily conserved amino acid residue. (D) Electrophysiological characterization of variants p.(Asn449fs) and p.(Cys413Tyr).
Representative macroscopic currents of WT and mutant BK channels with p.(Asn449fs) and p.(Cys413Tyr) variants from inside-out patch experiments in the presence
of 10 1M Ca?t using the protocol indicated at the top. G-V curves of WT and p.(Cys413Tyr) mutant BK channels at nominal 0 pm Ca?*t, 1 pm Ca?t and 10 pm Ca?*. All
G-V curves are fitted by Boltzmann function (solid lines) with V; 5 and slope factor at nominal 0 pm Ca?t [149.0+9.5mV,17.94 1.9 for WT and 182.7 + 5.2 mV, 19.4 4+ 2.0
for p.(Cys413Tyr)], at 1 pm Ca?*t [120.7+£11.2 mV, 14.7 + 3.4 for WT and 146.9 + 12.6 mV, 14.2 + 2.5 for p.(Cys413Tyr)] and at 10 pm Ca?t [31.7+4.1 mV, 13.2+ 1.3 for WT
and 70.24+9.6 mV, 12.6 + 2.0 for p.(Cys413Tyr)]. The data are presented as mean + SD (n=6-11/group).
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Figure 4. Identification and electrophysiological characterization of KCNMA1 variant p.(Ile663Val) in the RCK1 domain of the BK channel. (A) Pedigree structure and
genotyping data for KCNMA1 variant p.(lle663Val) showing the de novo occurrence of the variant. (B) Schematic structure of the BK channel with the location of variant
p.(lle663Val) indicated by an arrow. (C) The p.(Ile663Val) variant occurs at an evolutionarily conserved amino acid residue. (D) Electrophysiological characterization of
variant p.(Ile663Val). Representative macroscopic currents of WT and p.(Ile663Val) mutant BK channels from inside-out patch experiments in the presence of 10 pm
CaZt using the protocol indicated at the top (n = 12-15/group). (e) Western blot analysis showing that variant p.(Ile663Val) altered the mobility of the BK channel through

SDS-polyacrylamide gels. Tubulin was used as a loading control.

De novo variants in the RCK2 domain markedly reduce
the amplitude of the BK current

Two KCNMAI1 variants were identified at two evolutionarily
highly conserved amino acid residues in the RCK2 domain
of the BK channel (Fig. 5A-C). KCNMA1 variant p.(Pro805Leu)
was found de novo (Fig.5A) in a male patient (Patient 8)
presenting with severe speech delay, development delay, ID,
apraxia and abnormal cerebral MRI (Table 1). The p.(Pro805Leu)
variant markedly reduces the amplitude of the BK current
(Fig. 5D). A western blot analysis showed that p.(Pro805Leu)
significantly reduced the expression level of the BK channel
(Fig. SE). Moreover, the p.(Pro805Leu) variant shifts the G-V curve
to the positive voltage direction (Fig. 5D) similar to p.(Cys413Tyr).
Thus, the p.(Pro805Leu) variant is also a LoF variant.

KCNMA1 variant p.(Asp984Asn) is also a de novo variant
(Fig. 5A), which was identified in a male patient (Patient 9)
affected with non-syndromic moderate ID, severe language
impairment, pharmacoresistant multifocal epilepsy but without
paroxysmal dyskinesia (Table 1). The p.(Asp984Asn) variant
occurs at an amino acid residue, which is highly conserved
among different species during evolution (Fig. 5C). Patch-clamp
recordings showed that the p.(Asp984Asn) variant markedly
reduces the activation of the BK channel by decreasing the
mean macroscopic current amplitude of BK potassium current
(Fig.5D). In contrast to the p.(Cys413Tyr) and p.(Pro805Leu)
variants, the p.(Asp984Asn) variant does not alter the G-V curves
(Fig. 5D). These data suggest that the p.(Asp984Asn) variant is a
variant that leads to LoF of the BK channel.

Discussion

In this study, we identified and characterized eight LoF
variants of KCNMAI, including p.(Ser351Tyr) and p.(Gly356Arg)
in the pore region; p.(Gly375Arg) in the S6 transmembrane

domain; p.(Asn449fs), p.(Cys413Tyr) and p.(Ile663Val) in RCK1,
and p.(Pro805Leu) and p.(Asp984Asn) in RCK2. None of the
variants have previously been reported in public databases
such as the ExAC, gnomAD, 1000Genomes and Exome Variant
Server. The p.(Gly375Arg) variant was reported once as VUS
in ClinVar and in the denovo-db database (denovo-db.gs.
washington.edu). All eight variants showed profound effects
on BK channel function exerting their effects through a LoF
mechanism (Fig. 1-5). This study presents in-depth functional
electrophysiological characterization of the largest cohort of LoF
variants identified in the BK channel to date. The deleterious
effects of the eight identified variants on the BK channel suggest
that the affected amino acid residues are indeed critical to
the structure and function of the BK channel. In addition,
the observed impairments of the BK channel function in the
patch-clamping experiments on missense variants in RCK1
[p.(Cys413Tyr) and p.(lle663Val)] as well as in RCK2 [p.(Pro805Leu)
and p.(Asp984Asn)] suggest that both domains (RCK1 and RCK2)
are critical to the generation and conductance of BK potassium
currents.

Among patients with LoF variants in the BK channel, six
patients shared the clinical features of ID and developmental
delay, four individuals presented with ataxia and axial hypotonia
and three affected were found to have cerebral atrophy (Table 1).
These neurological and developmental abnormalities may be
related to the roles of BK channels in calcium influx and
neurotransmitter release. The etiology of ID mainly involves four
biological functions, including (1) presynaptic vesicle cycling and
transport, (2) cytoskeleton dynamics, (3) cell-adhesion and trans-
synaptic signaling and (4) protein degradation and turnover
(15). Specifically, presynaptic vesicle cycling and transport
determines the amount of neurotransmitter release and affects
the electrical signal transmission across synapses. On rapid
timescales, which are relevant to information processing, the
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Figure 5. Identification and electrophysiological characterization of KCNMA1 variants p.(Pro805Leu) and p.(Asp984Asn) in the RCK2 domain of the BK channel. (A)
Pedigree structure and genotyping data for KCNMA1 variants p.(Pro805Leu) and p.(Asp984Asn) showing the de novo nature of the variants. (B) Schematic structure of
the BK channel with the location of the two variants p.(Pro805Leu) and p.(Asp984Asn) indicated by arrows. (C) The p.(Pro805Leu) and p.(Asp984Asn) variants occur
at an evolutionally conserved amino acid residue. (D) Electrophysiological characterization of variants p.(Pro805Leu) and p.(Asp984Asn). Representative macroscopic
currents of WT and mutant BK channels with variants p.(Pro805Leu) and p.(Asp984Asn) from inside-out patch experiments in the presence of 10 um Ca2t using the
protocol indicated at the top (n=12-15/group). Top right panel: the G-V curves of WT and p.(Pro805Leu) mutant BK channels are shown at nominal 0 pm Ca?t, 1 um
Ca?t and 10 pM Ca?*. The G-V curves are fitted by Boltzmann function (solid lines) with V4,9 and slope factor at nominal 0 pm Ca2t [195.6+ 15.8 mV, 25.0+ 2.5 for
WT and 238.2+ 7.9 mV, 17.4 4 2.9 for p.(Prog05Leu)], at 1 pm Ca2t [124.9+ 15.3 mV, 13.5+3.1 for WT and 173.1+12.9 mV, 15.2 + 3.3 for p.(Prog05Leu)] and at 10 um Ca?t
[27.4+6.3mV, 14.7 £ 2.1 for WT and 60.5+ 9.6 mV, 15.4 2.2 for p.(Pro805Leu)]. The data are presented as mean =+ SEM (n =7-18/group). Bottom left panel: the G-V curves
of WT and p.(Asp984Asn) mutant BK channels are shown at 10 pm Ca2™ and fitted by Boltzmann function (solid lines) with Vy/, and slope factor at 10 pm Ca?t [41.2+
10.5 mV, 13.54+ 1.9 for WT and 41.9+ 12.6 mV, 13.7 + 1.7 for p.(Asp984Asn)]. The data are presented as mean + SEM (n=7/group). (e) Western blot analysis showing the

significant effect of variant p.(Pro805Leu) on the BK channel expression level (P=0.0081, n=3/group). Tubulin was used as a loading control.

release of neurotransmitters is predominantly determined by
the shape, frequency and pattern of presynaptic action poten-
tials (16). Action potential duration is an especially important
determinant of neurotransmitter release and the amount of
presynaptic calcium influx, which translates approximately into
the fourth power to the release magnitude (16). Modulation of
action potential duration thus represents a precise and powerful
mechanism to control and regulate neurotransmitter release,
which is primarily controlled by the activity of voltage-gated K+
channels (16). Furthermore, BK channels are among the major
determinants of action potential duration during repetitive
activity in central neurons, owing to their activation being both
voltage and calcium regulated (17). In addition, BK channels are
responsible for the repolarization of the action potential (17). LoF
of BK channels can slow the repolarization process and prolong

the action potential duration, which may increase the calcium
influx and neurotransmitter release. Therefore, we hypothesize
that the molecular pathogenesis of ID associated with BK
channel LoF variants is mediated by abnormal neurotransmitter
release.

It is also noteworthy that pathogenic CRBN variants associ-
ated with mild to severe ID (18,19) were thought to play a role in
the assembly and surface expression of the BK channel (20,21).
These pathomechanistic links underscore the association of
KCNMA1 LoF variants to ID, which can also easily be observed
in the clinical presentation of the described individuals in this
study.

Five of the eight patients with LoF variants in the BK channel
also shared clinical features of speech delay/dysarthria/apraxia
and strabismus. These findings may implicate a role of the BK
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channel in neuronal control of speech and extraocular muscles
or in developmental abnormalities of the same and other mus-
cles. Collectively, the clinical data from the eight patients suggest
aremarkable phenotypic variability associated with LoF variants
of the BK channel. The patients carrying the p.(Gly375Arg)
missense variant located in the transmembrane segment S6
present with a particularly severe phenotype including recurrent
episodes of intestinal pseudoobstruction, arterial dilations and
tortuosities as well as bone thickening and dysplasia. No other
obvious genotype-phenotype correlation could be established
between the location of variants and the presenting clinical
features. The additional manifestations associated with the
p-(Gly375Arg) variant could be attributed to the role of BK
channels in tissues other than neurons. For instance, LoF of
the BK channel was found to decrease the ability of proliferation
and mineralization of osteoblasts through decreased expression
of osteoblast differentiation marker genes (22). Moreover, the
BK channel is also involved in smooth muscle physiology.
It regulates the resting membrane potential through its
activation by Ca?" and hyperpolarizes plasma membranes as
it does in neurons. Thus, BK channels regulate neuronal and
smooth muscle excitabilities by limiting cell depolarization
and contractions (23). In line with this, the BK channel is
found to be a target of flavonoid naringenin, accounting for its
relaxant effect on rat colonic smooth muscle contractility (23).
The observed arterial dilation could be explained by KCNMA1
expression in smooth muscle cells of the aorta (24) and its
involvement in blood pressure control, although existing data
are spare (25). Subsequently, other organs in which smooth
muscle cell function plays a major role may be affected as
well. For instance, BK channels were found to also be crucial
for urinary bladder function by controlling its filling-emptying
cycle (26).

We noticed a high phenotypic heterogeneity among patients
carrying KCNMA1 LoF variants (Table 1), which may be caused by
variable expressivity, reduced penetrance or by the longitudinal
evolution of the clinical phenotype and of different clinical
features. Moreover, the p.(Asn449fs) frameshift variant was
inherited from the healthy father (Fig. 3A) and thus appears
to be a hypomorphic allele, which on its own is unlikely to be
sufficient to cause a clinical phenotype and therefore has to
occur in combination with another hypomorphic LoF variant [in
our patient p.(Cys413Tyr)] to elicit a clinical presentation. These
data are consistent with a previous report, which described two
affected sibs with an autosomal recessive disorder consisting
of generalized hypotonia, severe delayed milestones and
myoclonic seizures beginning at 12 months of age. The seizures
in those siblings were responsive to therapy in one and evolved
to a Lennox-Gastaut pattern in the other. Brain MRI showed
non-progressive severe cerebellar atrophy, vermis atrophy (more
pronounced in the superior part) and slight paucity of the
periventricular white matter in (12). A homozygous frameshift
variant p.(Tyr676Leufs*7) was identified in the two sibs, but no
functional studies were performed (12). As the heterozygous
parents of these two affected sibs were healthy, the frameshift
variant p.(Tyr676Leufs*7) only causes clinical disease in a
homozygous but not in a heterozygous state. This raises
an interesting possibility of a different pathophysiological
mechanism between predicted truncating and haploinsufficient
variants and missense variants. It is however also possible that
some KCNMA1 missense LoF variants confer a higher degree of
penetrance by a dominant negative mechanism by impacting
multiple subunits and binding proteins of the BK channel
a-subunit (2,20).

Interestingly, some of the clinical features associated with
the p.(Gly375Arg) variant are reminiscent of Zimmermann-
Laband syndrome (ZLS), which is characterized by facial dysmor-
phism with gingival enlargement, hypoplasia or aplasia of nails
and terminal phalanges, hypertrichosis, join hyperextensibility,
hepato (spleno) megaly and ID with or without epilepsy and
caused by heterozygous de novo gain-of-function mutations in
the voltage-gated K+ channel Eagl (Kv10.1) encoded by the
KCNH1 gene (27). The clinical features shared by ZLS and the
syndrome described here to be associated with the p.(Gly375Arg)
variant suggest existing interplay between Kv10.1 and BK
channels in tissues where both contribute to the regulation of
potassium homeostasis and current in response to stimuli.

The KCNMA1 gene appears to harbor some hotspots for recur-
rent de novo variants. In particular, the p.(Gly375Arg) LoF variant
described in this study occurred de novo in three independent
patients (Table 1). We previously reported another de novo variant
in KCNMA1, p.(Asn995Ser), which is a gain-of-function variant
identified in two independent patients affected with epilepsy
without paroxysmal dyskinesia (11).

Of note, KCNMA1 knockout (KO) mice present with several
abnormalities, including ataxia, weak grip, hearing loss, circa-
dian imbalances and urinary bladder incontinence (28-31). In
addition, a recent study reported slower weight gain for KCNMA1
KO mice compared with WT littermates after weaning. Moreover,
the body composition determined by quantitative magnetic
resonance indicated a higher fat proportion in KCNMA1 KO mice
compared with WT littermates (32). Ataxia and weak grip in
the KCNMA1 KO mice are reminiscent of the ataxia and axial
hypotonia identified in four patients with KCNMA1 LoF variants,
particularly in Patient 6 (Table 1) and in the patient carrying
compound heterozygous pathogenic variants (12). Following this
study, it would be interesting to determine whether KCNMA1
KO mice also express other phenotypes present in our cohort
affecting cognition/behavior, development and oral, ocular and
other muscle function. Other phenotypic abnormalities such as
intestinal pseudoobstruction, bone dysplasia, aortic and arterial
dilations and tortuosities should be looked for in the KO mouse
model.

BK channel-associated disease may be amenable to BK
channel activators as BK channel LoF variants are found to
abolish or markedly reduce the potassium current. Isoprimaric
acid, for instance, is a BK channel activator that was found
to enhance non-spatial memory in mice with Alzheimer’s
disease and restore the basic synapse transmission and long-
term potentiation (3,33). BK channel opener BMS-205352 was
found to restore hippocampal glutamate homeostasis and treat
abnormalities in social recognition and interaction, non-social
anxiety and spatial memory in FMR1 KO mice (34). BMS-205352
was also found to restore impaired habituation associated with
some psychiatric disorders (35). Evaluation of the therapeutic
potential of these compounds and other BK channel activators
in appropriate KCNMA1 animal models and eventually in human
patients with LoF variants of BK channels would be of clinical
interest. Similarly, strategies aimed to increase the function or
activity of the WT allele of KCNMA1 in heterozygous carriers
by enhancing trafficking of the WT allele to the cell surface or
its stability could have therapeutic potential. Obviously, gene
therapy to correct the disease-causing variants using various
technologies such as CRISPR-Cas9-based gene editing may also
be considered for treatment of patients with LoF variants in BK
channels.

In summary, we identified and functionally characterized
eight different LoF variants in the BK channel [p.(Ser351Tyr),



p-(Gly356Arg), p.(Gly375Arg), p.(Asn449fs), p.(Cys413Tyr), p.(Ile66
3Val), p.(Pro805Leu) and p.(Asp984Asn)] affecting nine patients
and demonstrated that impairment of BK channel function is
associated with a variable phenotypic presentation ranging from
ID and developmental delay alone to ataxia, axial hypotonia,
apraxia/dysarthria/speech delay, cerebral atrophy, strabismus
and dysmorphism. Our report substantially expands the spec-
trum of clinical phenotypes and diseases associated with BK
channel variants.

Materials and Methods
WES, WGS and study subjects

Whole exome sequencing (WES) and data analyses were per-
formed as previously described (37-39). Whole genome sequenc-
ing (WGS) was performed using the Illumina HiSeq X sequencing
platform with an average 40x coverage (37-39). Sequence vari-
ants were uploaded to a custom analysis software application
called Codicem for interpretation. Observed variants of interest
were confirmed using an orthogonal sequencing technology
[Sanger (dideoxy) sequencing]. The p.(Ser351Tyr) variant was
identified by WGS while all other KCNMA1 variants were identi-
fied by WES. All KCNMA1 variants were annotated based on the
GenBank transcript NM_002247.3. This study was approved by
the Institutional Review Board (IRB) on Human Subject Research
at the Cleveland Clinic, the Ethics Committee on Human Subject
Research at Huazhong University of Science and Technology and
other local IRBs. Written informed consent was obtained from
all study subjects according to the appropriate IRB policies. The
study abides by the Declaration of Helsinki principles.

Plasmids and mutagenesis

The expression plasmid for FLAG-tagged KCNMA1 (GenBank
accession number U23767), KCNMA1-pcDNA3.1, was described
previously (11). Mutations were generated in the KCNMAI-
pcDNA3.1 plasmid using polymerase chain reaction-based site-
directed mutagenesis and verified by direct DNA sequence
analysis as described by us previously (40,41).

Cell culture and transfection

HEK?293T cells were cultured on coverslips in 24-well plates with
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Gaithersburg,
MD) supplemented with 10% fetal bovine serum (Gibco, Gaithers-
burg, MD) at 37°C and 5% CO,. HEK293T were co-transfected
with either the WT or mutant KCNMA1 expression plasmid and
the pEGFP-N1 plasmid using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). The transfected cells showing a green EGFP signal
(marker for successful transfection) were selected for patch-
clamp recordings.

Western blot analysis

HEK?293T cells were transfected with either the WT or mutant
KCNMAL1 expression plasmid as described above, lysed and used
for western blot analysis using an anti-FLAG antibody (MBL,
Woburn, MA) as described previously (36).

Patch-clamp recording

Electrophysiological experiments were performed using a patch-
clamping work station with a Multiclamp 700B amplifier and a

Human Molecular Genetics, 2019, Vol. 28, No. 17 | 2949

1440A Digital Analog Converter (Axon Instruments, San Jose, CA).
All data was collected using the Pclamp software as described
(1,11,40). Recorded data were analyzed with Clampfit (Axon
Instruments, San Jose, CA), Origin 8.5 and SigmaPlot (SPSS)
software programs as described previously (1,11,40). Patch-
clamp recordings were carried out 24 h after transfection. The
experiments were performed at room temperatures (22-25°C).
After a G2 seal was established, the pipette was moved to
drag the patch from the cell membrane. All recordings were
carried out with inside-out configuration. The patch pipettes
were made of borosilicate glass capillaries and pulled with a P-
97 instrument (Sutter Instrument, Novato, CA). The resistances
of the patch pipettes were 3-5 M2 when filled with the pipette
solution. The recordings were digitized at 50 kHz and low-pass-
filtered at 5 kHz. During the recordings, solutions with different
concentrations of calcium were applied onto the patches
by gravity via a perfusion pipette containing eight solution
channels. The solutions used for patch clamping included the
following:
Pipette solution containing the following (in mwm): 160
MeSO;K, 2 MgCl, and 10 HEPES.
Nominal 0 uM Ca?* solution containing the following (in mm):
160 MeSOsK, 5 EGTA and 10 HEPES.
1 pM Ca?t solution containing the following (in mm): 160
MeSOs;K, 5 EGTA, 3.25 CaCl, and 10 HEPES.
10 pm Ca?t solution containing the following (in mwm): 160
MeSOs;K, 5 HEDTA, 2.988 CaCl, and 10 HEPES.

Statistical analysis

A two-tailed Student’s t-test was used for determination
of statistically significant differences. Data are shown as
mean +standard deviation (SD) or meanz+standard error of
mean (SEM) as noted in the text. A P-value of 0.05 or less was
considered to be statistically significant.

Supplementary Material

Supplementary Material is available at HMG online.
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