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Gain-of-Function Mutations in KCNN3 Encoding
the Small-Conductance Ca®"-Activated K™ Channel
SK3 Cause Zimmermann-Laband Syndrome

Christiane K. Bauer,* Pauline E. Schneeberger,? Fanny Kortlim,? Janine Altmiiller,34
Fernando Santos-Simarro,> Laura Baker,© Jennifer Keller-Ramey,” Susan M. White,8.°
Philippe M. Campeau,'© Karen W. Gripp,® and Kerstin Kutschez*

Zimmermann-Laband syndrome (ZLS) is characterized by coarse facial features with gingival enlargement, intellectual disability (ID),
hypertrichosis, and hypoplasia or aplasia of nails and terminal phalanges. De novo missense mutations in KCNHI and KCNK4, encoding
K" channels, have been identified in subjects with ZLS and ZLS-like phenotype, respectively. We report de novo missense variants in
KCNN3 in three individuals with typical clinical features of ZLS. KCNN3 (SK3/KCa2.3) constitutes one of three members of the
small-conductance Ca®"-activated K™ (SK) channels that are part of a multiprotein complex consisting of the pore-forming channel
subunits, the constitutively bound Ca?* sensor calmodulin, protein kinase CK2, and protein phosphatase 2A. CK2 modulates Ca**
sensitivity of the channels by phosphorylating SK-bound calmodulin. Patch-clamp whole-cell recordings of KCNN3 channel-expressing
CHO cells demonstrated that disease-associated mutations result in gain of function of the mutant channels, characterized by increased
Ca”* sensitivity leading to faster and more complete activation of KCNN3 mutant channels. Pretreatment of cells with the CK2 inhibitor
4,5,6,7-tetrabromobenzotriazole revealed basal inhibition of wild-type and mutant KCNN3 channels by CK2. Analogous experiments
with the KCNN3 p.Val450Leu mutant previously identified in a family with portal hypertension indicated basal constitutive channel
activity and thus a different gain-of-function mechanism compared to the ZLS-associated mutant channels. With the report on
de novo KCNK4 mutations in subjects with facial dysmorphism, hypertrichosis, epilepsy, ID, and gingival overgrowth, we propose to
combine the phenotypes caused by mutations in KCNH1, KCNK4, and KCNN3 in a group of neurological potassium channelopathies
caused by an increase in K™ conductance.

Introduction

Zimmermann-Laband syndrome (ZLS [MIM: 135500]) is a
rare developmental disorder characterized by facial dys-
morphism with bulbous nose and thick floppy ears,
gingival enlargement, intellectual disability (ID) with or
without epilepsy, hypoplasia or aplasia of terminal pha-
langes and nails, hypertrichosis, joint hyperextensibility,
and hepatosplenomegaly.' In a proportion of subjects
with ZLS, de novo missense variants in KCNH1 (MIM:
603305) has been identified.> At the same time, heterozy-
gous KCNHI missense variants have been reported in
individuals with Temple-Baraitser syndrome (TBS [MIM:
611816]) which shows considerable phenotypic overlap
with ZLS.® With the identification of additional KCNHI-
mutation positive individuals, the great clinical variability
became apparent;”” however, a core phenotype of severe
ID, neonatal hypotonia, hypertelorism, broad nasal tip,
wide mouth, nail aplasia or hypoplasia, a proximal im-
planted and long thumb, and long great toes was
defined.” KCNHI encodes the Eagl (Kv10.1) channel
which belongs to the ether-a-go-go family of voltage-gated
K" channels. KCNH1 channels show the typical K, mem-

brane topology, with the six transmembrane domains S1
to S6, a pore lining loop between S5 and S6, and the cyto-
plasmic C- and N-terminal domains.'’ Electrophysiolog-
ical studies demonstrated a shift in the activation
threshold to more negative potentials and slower deactiva-
tion for the KCNH1 mutant channels compared to
wild-type KCNH1 indicating a gain-of-function effect for
ZLS- and TBS-associated KCNHI missense variants.”®
Recently, two different de novo missense mutations in
KCNK4 (MIM: 605720), encoding a two-pore-domain K"
channel (K2P), have been reported in three subjects with
a consistent phenotype of facial dysmorphism, hypertri-
chosis, epilepsy, developmental delay/ID, and gingival
overgrowth (acronym FHEIG syndrome).''’ KCNK4 (or
TRAAK) belongs to the TRAAK/TREK subfamily of lipid-
and mechano-sensitive K2P channels.'” The mutant chan-
nels KCNK4414244P10 and KCNK441217251 showed a higher
maximal basal activity compared to the wild-type and
could not be stimulated further by mechanical stimuli
and arachidonic acid, indicating an activating effect of
the two disease-associated amino acid substitutions.
The clinical features of the KCNK4-related condition are
reminiscent of ZLS and TBS,'' providing evidence for a
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Subject 3 c.1049G>A / p.(Gly350Asp)

Figure 1.

Clinical Features of the Three Individuals with a De Novo KCNN3 Variant

(A and B) Subject 1 at age 5 (A) and 46 years (B). He has long and coarse face, bulbous nose and full lips.

(C) At the age S years, he had marked gingival enlargement.

(D and E) He has aplastic nails of thumbs and 5" fingers and hypoplastic nails of 2" to 4" fingers (D). All toes show nail aplasia (E).
(F-H) Subject 2 at age 3 (F and H) and 5 years (G). Her face is coarse, and she has a broad nasal base, tip, and bridge.

(I'and J) She has triphalangeal and long thumbs, and her halluces are also long. She has severe nail hypoplasia of the thumbs and mild
nail hypoplasia of 2" to 5™ fingers (I). Great toes show nail aplasia and all other toes extreme hypoplasia of nails (J).

(K-M) Subject 3 at age 2.5 (K) and 5.5 (L and M) years. Note broad nasal tip and bridge, long philtrum, and long eye lashes.

(N and O) She has hypoplastic nails of 2°¢ to 5 fingers that is most severe on 5 fingers (N). All toe nails are hypoplastic (O).

channelopathy caused by hyperactivation of K* channels
from different subfamilies, including KCNH1 and KCNK4.

Here, we report the identification of dominantly acting
missense mutations in KCNN3 (MIM: 602983) in three sub-
jects with the major clinical features of ZLS and significant
clinical overlap with KCNH1- and KCNK4-related disorders.
KCNNS3 codes for one of three members of the small-conduc-
tance Ca®"-activated K* channels (SK channels) that are
widely expressed in the nervous system and important for
regulating somatic excitability. SK channels are voltage in-
dependent and gated by submicromolar intracellular Ca**
concentrations.'* KCNN3/SK3 and KCNN2/SK2 channels
are part of large multiprotein complexes consisting of the
pore-forming channel subunits, the constitutively bound
Ca?* sensor calmodulin (CaM), protein kinase CK2, and
protein phosphatase 2A (PP2A).'*"'® Binding of Ca*" ions
to CaM opens SK channels.'® CK2 and PP2A further modu-
late Ca®" sensitivity of the channels by phosphorylating or

dephosphorylating SK-bound CaM."*'® Our electrophysio-
logical data provide evidence that the disease-associated
KCNN3 mutations increase the Ca*" sensitivity of SK3 chan-
nels leading to faster and more complete activation of the
mutant channels. Together with the phenotypes associated
with activating KCNHI and KCNK4 alleles, the KCNN3-
related disorder belongs to a channelopathy characterized
by DD/ID, coarse face, gingival hyperplasia, and/or nail
hypo- or aplasia and caused by dysregulated K* channels.

Material and Methods

Study Approval

Informed consent for genetic analyses was obtained from all sub-
jects, and genetic studies were performed clinically or as approved
by the Institutional Review Boards of the respective institution.
Permission to publish photographs was provided for all subjects
shown in Figure 1.
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Whole-Exome Sequencing and Sequence Data Analysis
Subject 1

Whole-exome sequencing (WES) was performed on genomic DNA
extracted from leukocytes of subject 1 and his healthy parents by
the Cologne Center for Genomics (CCG, Cologne, Germany):'’
DNAs were subjected to the standard protocol SureSelectXT Auto-
mated Target Enrichment for Illumina paired-end multiplexed
sequencing using the Bravo automated liquid handling platform
(Agilent). Enrichment was carried out using the SureSelect Human
All Exon V6 Kit (Agilent). Each captured library was then loaded
and sequenced on the HiSeq 4000 platform (Illumina). Variant
analysis was performed as previously described.'®" Briefly, the
workflow of the Genome Analysis Toolkit (GATK)?! recommended
by the developers was applied. Afterward, variants were function-
ally annotated and compared to those documented in publicly
accessible genetic variant databases (dbSNP138, 1000 Genomes,
and ExAC) using AnnoVar (v2015-03-22).>* Only private (absent
in public database) and rare (with a minor allele frequency
<0.5% and not present in the homozygous state in public data-
bases or the parents) exonic and intronic variants at exon-intron
boundaries ranging from —40 to +40 were retained. The KCNN3
variant c.1306A>T predicting the amino acid change p.Ser436Cys
(according to mRNA reference sequence GenBank: NM_002249.6)
was confirmed to be de novo by Sanger sequencing.

Subject 2

WES in the proband was performed using SureSelect Exon Capture
v4 (Agilent) and paired-end sequencing on a HiSeq2500 (Illu-
mina). The data output of the Illumina sequencer Hiseq2500
FASTQ files were converted by the CASAVA v1.8 software (Illu-
mina) and the sequences aligned to the reference human genome
(GRCh37) with the Burroughs-Wheeler algorithm (BWA), fol-
lowed by a local alignment for indels with the Broad Institute
Genome Analysis Tool Kit (GATK). Duplicated sequences were
removed with the tool Picard. The identification of variants was
made with the GATK Unified Genotyper module and then anno-
tated with Annovar. Exome variants were filtered for coding and
splicing variants with a minor allele frequency of <0.5% in the
Exome Variant Server. After analyzing the exome for known dis-
ease genes involved in disorders with an overlapping phenotype
and finding no candidate, the candidate gene KCNN3 was dis-
cussed between K.K. and PM.C., and Sanger sequencing of the
variant ¢.805A>G (p.Lys269Glu) in healthy parents using stan-
dard techniques demonstrated it to be de novo.

Subject 3

Using genomic DNA from the proband and parents, the exonic re-
gions and flanking splice junctions of the genome were captured
using the Clinical Research Exome kit (Agilent Technologies) or
the IDT xGen Exome Research Panel v1.0. Massively parallel
(NextGen) sequencing was done on an Illumina system with
100 bp or greater paired-end reads. Reads were aligned to human
genome build GRCh37/UCSC hgl19 and analyzed for sequence
variants using a custom-developed analysis tool. Additional
sequencing technology and variant interpretation protocol has
been previously described.”® The general assertion criteria for
variant classification are publicly available on the GeneDx ClinVar
submission page.

Plasmids and Mutagenesis

Human KCNN3 (GenBank: NM_002249.6) in pEGFP-N1 was a
kind gift from Prof. Dr. Stephan Grissmer (Institute of Applied
Physiology, Ulm University). The coding region of KCNN3 was

amplified and the PCR product was cloned into pENTR/D-TOPO
vector (ThermoFisher) according to the manufacturer’s
protocol. The mutations c.805A>G, ¢.1049G>A, ¢.1306A>T, and
¢.1348G>C were introduced by using the Quik Change II Site
Directed Mutagenesis Kit (#200523; Agilent) according to manu-
facturer’s instructions. Subsequently, these constructs were used
for transferring the coding region into GATEWAY-compatible
destination vectors pRKS5-Myc-D3-DEST, pMT2SM-HA-DEST,
and pcDNA3-DEST with the Gateway LR Clonase II Enzyme
Mix (#11791; Invitrogen). CALM3 (encoding CaM; GenBank:
NM_005184.3) in pEYFP (EYFP-hCaM) was a gift from Emanuel
Strehler’* (Addgene plasmid #47603) and was used directly for
transfection. pZW6 (CK2a-HA) and pZW12 (Myc-CK2p) were a
gift from David Litchfield®® (Addgene plasmids #27086 and
#27088) and were used either directly for transfection (pZW12)
or as a template (pZW6) for cloning the coding region of CK2a
into pFLAG6-N3 with the In-Fusion HD Cloning Kit (Takara) ac-
cording to the manufacturer’s protocol. All constructs were regu-
larly sequenced for integrity.

Co-immunoprecipitation

HEK293T cells (CRL-3216; ATCC) were cultured and transiently
transfected as described previously.?® For detection of phosphory-
lated CaM, cells were incubated with PBS or PBS+/+ (PBS supple-
mented with 0.9 mM CaCl,, 0.52 mM MgCl,, and 0.16 mM
MgSO,) for 30 min at 37°C before lysis. Cells were lysed in ice-
cold co-immunoprecipitation buffer (IP buffer) (120 mM NaCl,
50 mM Tris/HCl [pH 8], 0.5% Nonidet P40, 1 mM EDTA, or
10 uM CacCl,; as indicated in the respective experiment, and sup-
plemented with complete Mini Protease Inhibitors and PhosSTOP
[Roche]), and cell lysates were clarified by centrifugation for
10 min at 4°C. After taking a total cell lysate control (input), super-
natants were transferred to 20 pL. GFP-Trap A beads (Chromotek)
or 30 pL Pierce anti-c-Myc Magnetic Beads (ThermoFisher Scienti-
fic) and incubated for 2 h at 4°C under rotating conditions. Precip-
itates were collected by repeated centrifugation and washing with
lysis buffer (2,500 x g; 2 min; 4°C) or with a magnetic stand and
washing under rotating conditions at room temperature for
3 min. After final washing, beads were resuspended in 4Xx sample
buffer (33% glycerol, 80 mM Tris-HCI [pH 6.8], 0.3 M DTT, 6.7%
sodium dodecyl sulfate, 0.1% bromophenol blue) and the super-
natant was subjected to SDS-PAGE and immunoblotting.

Western Blot Analysis

Protein extracts were separated on SDS-PAGE under denaturing
conditions and transferred to PVDF (polyvinylidene fluoride)
membranes. Membranes were blocked with 5% non-fat dry milk
in TBST or 5% bovine serum albumin (BSA) in TBST followed by
incubation with the indicated primary antibody overnight at
4°C and by horseradish peroxidase (HRP)-linked secondary anti-
bodies at room temperature for 1 h. Chemiluminescent western
blots were digitally imaged using a ChemiDoc MP (Bio-Rad).

Antibodies

The following primary antibodies and dilutions were used: rabbit
polyclonal anti-phospho Calmodulin Thr79+Ser81 antibody
(1:500; ab194526; Abcam), mouse monoclonal anti-FLAG horse-
radish peroxidase (HRP)-coupled antibody (1:40,000; A8592; clone
M2, Sigma-Aldrich), mouse monoclonal purified anti-GFP Epitope
Tag antibody (1:5,000; #902601; clone B34; BioLegend), rat mono-
clonal anti-HA HRP-coupled antibody (1:5,000; #12013819001;
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clone 3F10; Roche), mouse monoclonal anti-Myc HRP-coupled
antibody (1:5,000; #1814150; clone 9E10; Roche), and mouse
monoclonal anti-a-Tubulin antibody (1:10,000; #T9026; clone
DM1A4; Sigma-Aldrich). The following secondary antibodies and di-
lutions were used: sheep anti-mouse IgG HRP-coupled antibody
(1:10,000; #NA931V; GE healthcare) and donkey anti-rabbit IgG
HRP-coupled F(ab’), fragment (1:5,000; #NA9340V; GE healthcare).

Data Analysis and Statistics of Biochemical Experiments
Band intensities of immunoblots were determined using the
Image Lab v6.0 software (Bio-Rad). Quantitative data are presented
as the mean = standard deviation (SD) performed by GraphPad
prism8 software (Instat, GraphPad Software). For biochemical ex-
periments shown in Figures S1 and S2, statistical analysis was per-
formed by using one-way analysis of variance ANOVA followed by
a Dunnett post hoc test for multiple comparison. For biochemical
experiments shown in Figure S8, differences between two groups
were analyzed with an unpaired t test. A p value of less than
0.05 was considered statistically significant (*p < 0.05). F values
and degrees of freedom are provided.

Electrophysiology

For heterologous expression of KCNN3 channels, Chinese ham-
ster ovary (CHO) cells were transfected with a wild-type (WT) or
mutant human KCNN3 cDNA construct (in pcDNA3-DEST; Invi-
trogen) and a plasmid expressing EGFP (pEGFP-N1; Clontech)
using LipofectAMINE 2000 (Invitrogen). Final concentration
of the channel plasmid was 0.8 pg/mL (standard) or 4 pg/mL
(“ATP” experiments). Patch-clamp experiments were performed
1 to 2 days after CHO cell transfection using the conventional
whole-cell configuration of the patch-clamp technique. In addi-
tion, some data were recorded with the cell-attached configura-
tion. The external Ringer solution contained 140 mM NacCl,
5 mM KCl, 0.8 mM MgCl,, 1 mM CaCl,, 2.5 mM EGTA,
5 mM glucose, and 10 mM HEPES; pH adjusted to 7.4 with
NaOH. The nominal free Ca** concentration of the external
solution amounted to 50 nM. All given nominal free Ca®>* con-
centrations were calculated with the Maxchelator program
Ca-Mg-ATP-EGTA Calculator, V1.0, NIST database #46 v8. The
“standard” pipette solution with a nominal free Ca®>* concentra-
tion of 1 uM (see also Fanger et al.”’®) contained 130 mM K*
aspartate, 2.08 mM MgCl,, 8.55 mM CaCl,, 10 mM EGTA,
and 10 mM HEPES. The “4 mM ATP” pipette solution with a
nominal free Ca®" concentration of 300 nM contained
130 mM K* aspartate, 4 mM MgCl,, 6.346 mM CaCl,, 10 mM
EGTA, 10 mM HEPES, and 4 mM Na,-ATP (added prior to
use). The pH of the pipette solutions was adjusted to 7.2 with
KOH yielding a final K™ concentration of about 160 mM. Exper-
iments were performed at 20°C-22°C. External solutions
with the membrane-permeable casein kinase 2alpha inhibitor
TBB (4,5,6,7-tetrabromobenzotriazole; sc-202830; Santa Cruz
Biotechnology) were freshly prepared before application using
stocks of 10 mM TBB dissolved in DMSO and stored at —20°C;
the final bath concentration of TBB was 5 uM.

Patch pipettes had resistances of 3.6 to 4.0 MQ when filled with
the standard low chloride solution. The access resistance in the
whole-cell configuration was mostly in the range of 5 to 6 MQ.
If possible, series resistance was compensated for by at least 70%
and no leak subtraction was performed. Data were corrected on-
line for a liquid junction potential of about —13 mV for an aspar-
tate-based solution. An EPC-9 patch clamp amplifier was used in

combination with the PATCHMASTER stimulation and data acqui-
sition software (HEKA Elektronik).

Data Analysis of Electrophysiology Experiments
Patch-clamp data processing was performed with FITMASTER
(HEKA), Excel (Microsoft Corp.), and Sigmaplot 11.0 (Systat Soft-
ware). Whole-cell membrane currents recorded with a voltage
ramp protocol were analyzed with respect to current amplitudes
at 0 mV ramp potential, determined as mean value between —4
and +4 mV ramp potential. The time course of current ampli-
tudes at 0 mV after establishment of the whole-cell configuration
was traced with voltage ramps applied every S s. The time of the
first measurement was defined as t = 5 s. Two parameters served
to characterize the time course of KCNN3 channel activation up
to a first saturation of current amplitudes. (1) The current ampli-
tude determined at t = 10 s relative to the current amplitudes at-
tained after (the first) saturation of KCNN3 currents. Since WT
and KCNN3 p.Val450Leu mutant channels tended to show var-
iably delayed further changes in current amplitudes, the period
up to the first saturation of current amplitudes was defined as
1% phase of channel activation. (2) The time to reach at least
70% of the maximal current amplitude within the 1°' phase of
channel activation. In addition, the reversal potential was
measured, since high K™ conductance shifts the reversal poten-
tial to the K" equilibrium potential and a reduced seal resistance
is indicated by a drop in the reversal potential (change to less
negative values). The value of the reversal potential was deter-
mined as the ramp potential with the first reversal from inward
to outward current. In the cell-attached mode, conductance
values were determined as I/V slope between —88 and —72 mV
ramp potential. Whole-cell experiments were performed in two
separate main sets to enable closely parallel experiments on
WT and mutant KCNN3 channels with identical batches of cells
and solutions. In the first set of whole-cell experiments (WT,
p-Lys269Glu, and p.Gly350Asp KCNN3 channels), 1 s voltage
ramps (160 mV/s) were used, and in the second set of experi-
ments (WT, p.Ser436Cys, and p.Val450Leu), 100-ms voltage
ramps (160 mV/0.1 s) were mostly used, since the steepness of
the voltage ramp was found to have only marginal effects on
the shape of the recorded currents. The effect of acute applica-
tion of the CK2 inhibitor TBB on WT and mutant KCNN3
channels was determined as ratio of current amplitudes at
0 mV, It / lcontror, Where Irgp is the maximal current amplitude
measured within 150 s after TBB application and I.onio is the
current amplitude just before TBB application. The period of
150 s represents a compromise between missing possibly delayed
TBB effects and mistakenly attributing spontaneously occurring
increases in Ca** sensitivity to the TBB effect.

Experimental data are presented as boxplot (Cleveland method;
boxes indicate the 25% to 75% range, whiskers the 10/90 percen-
tiles, and points the 5/95 percentiles; the median is shown as line).
5/95 percentiles are missing if n < 10, with n representing the
number of experiments from different cells. Statistical testing
was performed with Sigmaplot 11.0 and Sigmaplot 13.0 using a
significance level a of 0.05. Differences between two groups were
analyzed with the Wilcoxon-Mann-Whitney test. For compari-
sons of three groups, the Kruskal-Wallis test (ANOVA on ranks)
was used with post hoc Dunn’s test to identify the significantly
differing groups. If significant differences were found between
channel mutants and WT data, the individual significance level
was determined with the Wilcoxon-Mann-Whitney test.
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Results

Identification of De Novo KCNN3 Missense Mutations in
Three Subjects with a Phenotype Resembling ZLS

We investigated a 46-year-old male (subject 1) with the
clinical diagnosis of ZLS. He had mild to moderate intellec-
tual disability, a long and coarse face with a bulbous nose,
marked gingival enlargement, hypoplasia of the distal pha-
langes of hands and feet, aplasia or hypoplasia of finger
and toe nails, and moderate hypertrichosis from birth
(Figure 1 and Table 1). Sanger sequencing of KCNH1 and
ATP6V1B2 did not reveal a sequence variant of pathogenic
relevance (data not shown). Analysis of trio WES data was
performed according to an X-linked, autosomal-recessive,
and autosomal-dominant inheritance model, the latter
with a de novo mutation in subject 1. We identified the de
novo variant ¢.1306A>T in KCNN3 predicting the amino
acid change p.Ser436Cys (Figure 2, Tables 1 and S1). The
variant was absent in dbSNP138, 1000 Genomes Project,
Exome Variant Server, and EXxAC and gnomAD browsers
(Table S1), and de novo occurrence was confirmed by Sanger
sequencing. Through an international collaboration and
GeneMatcher,*° we identified two additional individuals
with a de novo event in KCNN3 (Figure 1). In subject 2
the missense variant c.805A>G (p.Lys269Glu) and in sub-
ject 3 the non-synonymous change ¢.1049G>A
(p-Gly350Asp) were detected (Tables 1 and S1); both vari-
ants were confirmed to be de novo by Sanger sequencing.
Trio WES in subjects 1 and 3 did not reveal additional de
novo variants; the single whole exome in subject 2 did
not allow for filtering de novo variants. Subjects 2 and 3
were 4.5 and 5.5 years old, respectively, and shared a
phenotype including coarse facial features, developmental
delay, hypotonia, short distal phalanges, hypoplasia/
aplasia of nails on hands and feet, and patent ductus arte-
riosus suggestive of ZLS (Figure 1 and Table 1). Besides
coarse facial features, we specifically noticed a broad nasal
tip and triangular nostrils in the three subjects (Figures 1A,
1B, 1F, 1G, and 1K). The two variants had not been re-
ported in EXAC and gnomAD (Table S1). All three pathoge-
nicity prediction algorithms predicted the three KCNN3
amino acid substitutions p.Lys269Glu, p.Gly350Asp, and
p-Ser436Cys to have a damaging impact on protein func-
tion (Table S1). The three affected residues are evolution-
arily highly conserved in orthologs, and two amino acids
(glycine 350 and serine 436) are invariant in KCNNI,
KCNN2, and KCNN4, three other members of the KCNN
family (Figure 2A). With a Z score of 4.18, KCNNS3 is intol-
erant to functional genetic variation,”' further indicating a
pathogenic role of the KCNN3 variants in the affected indi-
viduals. Four members of a published family, a father and
three children, carried the heterozygous KCNN3 variant
€.1348G>C (p.Val450Leu) and were diagnosed with idio-
pathic non-cirrhotic portal hypertension (INCPH). Testing
of the affected father’s healthy parents showed the variant
to be de novo in the father. The authors speculated that

specific KCNN3 variants may affect endothelial vasoregula-
tion in the portal vein, hepatic artery, or sinusoids and play
a pathogenic role in INCPH. However, electrophysiological
studies have not been performed to investigate the effect of
the p.Val450Leu change on KCNN3 channel function.*”

Identified KCNN3 Mutations in Relation to Structure-
Function of KCNN Channels

The three SK family members share the typical serpentine
transmembrane topology with six transmembrane do-
mains and cytosolic N and C termini (Figure 2B)."?
Recently, the structure of the human homotetrameric
KCNN#4 channel in closed and activated states has been
determined by cryo-electron microscopy.”” Based on this
available structure (KCNN4 in the Ca?*-free state), we ob-
tained the presumed structure of KCNN3 shown in
Figure 2B. The ion channel pore is formed by transmem-
brane helices S5 and S6 and surrounded by membrane-
embedded helices S1 to S4. The S4-S5 linker consists of
two o helices, S45A and S4sB (Figure 2B). S45A binds CaM,
but only the N-terminal lobe of CaM.?” The C-terminal
end of the SK4 channel forms three helices: HA and HB,
the two intracellular helices which constitutively bind
the C-lobe of CaM, are oriented almost parallel to the
membrane, and the HC helices of four channel subunits
are located at the center (Figure 2B).?” The three amino
acid residues mutated in individuals with a ZLS-like pheno-
type (p.Lys269Glu, p.Gly350Asp, and p.Ser436Cys) are
located close to each other in the cytoplasmic space
(Figure 2B). Lys269 is located in the N terminus of
KCNN3 (Figures 2A and 2B). Mutation of lysine to alanine
at position 121 in SK2/KCNN2 (lysine 120 in KCNN2 and
lysine 269 in KCNN3 in Figure 2A) has been shown to
increase the deactivation time constant and to cause a
left-shift in the Ca®' sensitivity of the KCNN2 mutant
channel.'* Accordingly, we hypothesized that the
p-Lys269Glu change may similarly increase the apparent
Ca®" sensitivity of the KCNN3 mutant channel. Glycine
350 in KCNNS3 is analogous to glycine 92 in KCNN4 and
located in the cytoplasmic linker between S2 and S3 (Fig-
ures 2A and 2B). In KCNN4, the cytosolic portion of the
S2 helix is in direct contact with CaM; whether glycine
92 is important for the contact between S2 of KCNN4
and CaM is not known.?” Serine 181 in KCNN4, which cor-
responds to serine 436 in KCNN3, is located in the S;sA
helix (Figures 2A and 2B) and in direct contact with the
CaM N-lobe pocket. By mutating serine 181 in KCNN4,
the proposed interaction between the S4sA helix and the
CaM N-lobe and its role in KCNN4 channel opening has
been demonstrated.”” Together, structural data from
KCNN4 imply that the three KCNN3 amino acid substitu-
tions identified in ZLS-affected individuals are located at
structurally and functionally relevant positions and may
have an impact on KCNN3 channel gating. The valine-
to-leucine change at position 450 previously identified in
a family with INCPH?? affects a highly conserved amino
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Table 1. Clinical Features of Subjects with a Heterozygous KCNN3 Missense Variant

Subject # 1 2 3 Published Family (Koot et al.>?)
Mutation (NM_002249.6; ¢.1306A>T (p.Ser436Cys) c.805A>G (p.Lys269Glu)  c.1049G>A ¢.1348G>C (p.Val450Leu)
NP_002240.3) (p.Gly350Asp)
Exon 3 1 3 3
Origin de novo de novo de novo de novo inherited
Nationality white (Australian) white (Spanish) white (USA) unknown
Sex M F F M M F F
Age® 46y 435y 55y 37y 10y ly 2y
Birth weight (SD) 3,800 g (42 wks) (0) 3,800 g (38 wks) (+1.5) 3,392 g (39 wks) (0) ND ND ND ND
Birth length (SD) ND 52 cm (+0.7) 50.8 cm (+0.4) ND ND ND ND
OFC birth (SD) 36 cm (—0.1) 38 cm (+2.9) 35 cm (—0.4) ND ND ND ND
Weight® (SD) 95.7 kg (+2) 15.5 kg (—0.9) 30.7 kg (+2.4) ND ND ND ND
Height® (SD) 172 cm (-1.3) 99 cm (—1.7) 113 cm (+0.2) ND ND ND ND
OFC?* (SD) 57.5 cm (+0.3) 52 cm (+1.3) 52.9 cm (+1.7) ND ND ND ND
DD/ID mild to moderate ID DD with walking DD with walking ND mild pervasive ND ND
independently at 2 y; first independently at 18 mo; developmental
words with 2.5 y; attends  limited spoken language; disorder
nursery; difficulties in attends school with a
gross motor coordination  personal aide
Tonus normal hypotonia low tone centrally; ND ND ND ND
increased tone in lower
extremities and toe
walking
Seizures no no no ND ND ND ND
EEG ND normal largely normal ND ND ND ND
MRI scan ND normal normal ND ND ND ND
Hearing normal normal evoked potential; normal ND ND ND ND

sometimes complains of
hyperacusis

(Continued on next page)
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Table 1. Continued

Subject # 1 2 3 Published Family (Koot et al.>?)
Eye findings normal wears glasses due to elevated optic disc ND ND ND ND
hypermetropia bilaterally without

cupping; OCT showed
normal retinal nerve fiber

layer
Craniofacial long and coarse face; coarse face; slightly prominent and ND ND ND ND
dysmorphism bulbous nose (several plagiocephaly; thick lower cupped ears; very long eye
reduction surgeries); full vermillion; broad nasal lashes; very broad nasal

lips; high arched palate tip; thick alae nasi; broad tip; long philtrum
nasal base and bridge;
narrow forehead

Gingival enlargement marked (several surgical mild no ND ND ND ND
reductions)
Skeletal abnormalities of  short fingers and toes; short distal phalanges; hands: bilateral ND ND ND ND
hands and feet hypoplasia of distal short 1% metacarpal; long contractures, distal digital
phalanges of hands and thumbs and halluces; hypoplasia; fingers very
feet triphalangeal thumbs; tapered; thumbs grossly
clinodactyly normal; feet: toes

essentially normal
appearing; radiographs of
hands: dysmorphic and
hypoplastic distal
phalanges, pronounced
anomalies involving 5
fingers and thumbs;
radiographs of toes: distal
phalanx of great toes is
shortened and
dysmorphic; punctate
distal ahalanges in middle
and 4™ toes; no distal
phalanges seen in the 2"¢
and 5" toes

Aplastic or hypoplastic hands: aplastic nails of hands: severe nail hand: hypoplastic nails of ND ND ND ND
nails thumbs and 5 fingers; ~ hypoplasia of the thumb  2"-5' fingers; mostly
hypoplastic nails of and mild hypoplasia of strikingly on 5'" fingers;
2nd_4™ fingers; feet: 2n4_5™ fingers; feet: nail  feet: hypoplastic nails of
aplastic nails of all toes aplasia of the hallux and  all toes
extreme hypoplasia of
an_sth toe
Scoliosis no dorso-lumbar kyphosis no ND ND ND ND

(Continued on next page)
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Table 1. Continued
Subject # 1 2 3 Published Family (Koot et al.>?)
Hypertrichosis moderate hypertrichosis  thick eyebrows; mild very long eye lashes; very ND ND ND ND
on trunk and limbs since  synophrys; prominent mild facial hypertrichosis
birth eyelashes; low anterior with synophrys
hairline; thick hair
Liver findings liver function normal; liver function normal; liver enzymes normal INCPH: splenomegaly; INCPH: INCPH: INCPH: hepatomegaly;
abdominal ultrasound abdominal ultrasound portal hypertension; hepatomegaly and hepatosplenomegaly;  portal hypertension;

Other anomalies

shows features consistent
with fatty liver disease

inguinal hernia repair;
parental concern
regarding memory loss in
fourth decade of life but
no documented cognitive
regression; episode of
possible psychosis aged 43
which was treated with
anti-psychotic medication

normal

patent ductus arteriosus
(surgically corrected at 4

patent ductus arteriosus
(closed spontaneously);

mo); right supernumerary bifid uvula

nipple; unexplained
polycythemia

no signs of cirrhosis,
portal vein thrombosis
or Budd-Chiari

segmental portal
vein thrombosis;
prominent portal

syndrome hypertension
pneumococcal ND
peritonitis at

agely

portal hypertension;
no signs of cirrhosis;
portal vein thrombosis
or Budd-Chiari
syndrome

pneumococcal
sepsis at age 7 mo

no portal vein
thrombosis or signs
of cirrhosis

ND

Abbreviations: DD, developmental delay; F, female; ID, intellectual disability; INCPH, idiopathic non-cirrhotic portal hypertension; M, male; mo, months; ND, no data; OCT, optical coherence tomography; OFC, occipito-
frontal head circumference; wks, weeks; y, years.

At last examination




A Lys269Glu Gly350Asp Ser436Cys Val450Leu
H. sapiens 257 KANKRKNONIGYKLGHRRA 275 .. 344 LFVIDNGADDWRI 356 .. 429 FTDASSRSTIGALNKINFNTREVMKTLMTI 457
P. troglodytes 267 KANKRKNQNIGYKLGHRRA 285 .. 354 LFVIDNGADDWRI 366 .. 439 FTDASSRSIGALNKINFNTREVMKTLMTI 467
C. lupus 237 KANKRKNQNIGYKLGHRRA 255 .. 324 LEVIDNGADDWRI 336 .. 409 FTDASSRSIGALNKINENTREVMKTLMTI 437
KCNN3| B. taurus 247 KANKRKNQNIGYKLGHRRA 265 .. 334 LEVIDNGADDWRI 346 .. 419 FTDASSRSIGALNKINFNTREVMKTLMTI 447
M. musculus 258 KANKRKNQNIGYKLGHRRA 276 .. 345 LEFVIDNGADDWRI 357 .. 430 FTDASSRSIGALNKINFNTREVMKTLMTI 458
R. norvegicus 258 KANKRKNQNIGYKLGHRRA 276 .. 345 LEVIDNGADDWRI 357 .. 430 FTDASSRSIGALNKINENTREVMKTLMTI 458
D. rerio 284 KAPKRKNQNIGYKLGHRRA 302 .. 371 LEVIDNGADDWRI 383 .. 456 FTDASSRSIGALNKVHENTREVMKTLMTI 484
KCNN1| H. sapiens 80 QRASGKPSNVGHRLGHRRA 98 .. 167 LFMVDNGADDWRI 179 .. 252 FTDASSRSIGALNKITENTREVMKTLMTI 280
KCNN2| H. sapiens 108 KSSKKKNQNIGYKLGHRRA 126 .. 195 LFMVDNGADDWRI 207 .. 280 FTDASSRSIGALNKINFNTRFVMKTLMTI 308
KCNN4| H. sapiens 12~ e LRRRKR 17 .. 86 LFMTDNGLRDWRV 98 .. 174 LLNASYRSIGALNQVRFRHWEVAKLYMNT 202
S,sA-helix S,5B-helix
B
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Figure 2. KCNNS3 Structure and Partial Protein Sequence Alignments of SK Family Members and KCNN4

(A) Partial amino acid sequence alignment of human KCNN3 (GenBank: NP_002240.3) with orthologs and paralogs (KCNN1 [GenBank:
NP_002239.2], KCNN2 [GenBank: NP_067627.2], and KCNN4 [GenBank: NP_002241.1]) shows evolutionary conservation of the
mutated residues (highlighted in red) between species and within the human KCNN family. Amino acid residues forming the linker-
helices S45A and S4sB are shaded in gray and are underlined. Amino acid residues with important functions are indicated by colored
triangles: red, possible activation of CK2;'* light orange, interaction with calmodulin; yellow, intermonomeric interaction; dark orange,
intramonomeric interaction.?” For the alignment the following protein sequences were used: Homo sapiens (GenBank: NP_002240.3),
Pan troglodytes (GenBank: XP_003308520.2), Canis lupus (GenBank: XP_547563.2), Bos taurus (GenBank: XP_003585876.1), Mus muscu-
lus (GenBank: NP_536714.2), Rattus norvegicus (GenBank: NP_062188.2), Danio rerio (GenBank: XP_001921794.2), Homo sapiens KCNN1
(GenBank: NP_002239.2), KCNN2 (GenBank: NP_067627.2), and KCNN4 (GenBank: NP_002241.1). Alignment was generated using
MUSCLE v3.8.?® Lysine 121 in KCNN2 reported by Allen et al.'* corresponds to lysine 120 in KCNN2 according to the reference number
GenBank: NP_067627.2 used here.

(B) KCNN3 is a homomeric tetramer; the schematic structure of two opposing monomers (yellow and brown) is shown. The three-
dimensional structure of the KCNN3 monomer was obtained by means of homology modeling with the web-based service SWISS-
MODEL.?” The crystallographic structure of KCNN4 in the Ca®*-free state (PDB: 6CNM) at 3.4 A resolution was used as a template.”’
Each subunit comprises six transmembrane helices (S1 to $6), one pore domain (P1) constituting the selectivity filter, two linker-helices
(S45A and S45B), and three intracellular helices (HA, HB, and HC). The pore of the KCNN3 tetramer is formed by helices S5 and S6 and is
extended by helix HC of each subunit. Locations of mutated residues are indicated by colored dots; the color code for each amino acid
substitution is provided on the right. Potassium ions are highlighted as black dots.

acid residue in the S45sB helix (Figure 2A). In KCNN4, S45B
interacts with S6 from the same and a neighboring subunit
to ensure inter-subunit connectivity. Lysine 197 and aspar-
agine 201 in S4sB of KCNN4 are important for these inter-
and intramonomeric interactions (Figure 2A),%’ suggesting
that the KCNN3 substitution p.Val450Leu (corresponding
to valine 195 in S4sB of KCNN4) at the interface between

S4sB and S6 helices may destabilize the connectivity
between the subunits. To assess this, we performed
co-immunoprecipitation experiments with HEK293T cells
ectopically expressing wild-type Myc-tagged KCNN3
and either of the four HA-tagged mutant channel subunits.
While complex formation between KCNN3 wild-type and
the three ZLS-associated KCNN3 mutants was comparable
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to that of KCNN3 wild-type channel subunits among
themselves (Figure S1), the amount of co-IPed KCNN3
Val450Leu mutant channel subunit with Myc-KCNN3
wild-type was significantly reduced by ~23% (Figure S1).
These data suggest that the four mutations do not have a
major impact on KCNN3 subunit interaction, although
p-Val450Leu seems to have a slightly negative impact on
subunit connectivity.

A prerequisite for functional SK channels is their constitu-
tive CaM binding.'® To analyze the effect of the mutations
on the interaction of KCNN3 with CaM, we co-expressed
HA-tagged wild-type KCNN3 or one of the four mutant
channels in HEK293T cells with EYFP-CaM, precipitated
EYFP-CaM in IP buffer containing 10 uM CaCl, and de-
tected the channel in the immunoprecipitates (Figure S2).
Wild-type and the four mutant KCNN3 channels were effi-
ciently co-immunoprecipitated with CaM (Figure S2), sug-
gesting that the disease-associated KCNN3 mutations,
including p.Val450Leu, do not significantly affect complex
formation between the K" channel and CaM.

Functional Expression and Differences between
Wild-Type and Mutant KCNN3 Channel Activation

The impact of the different KCNN3 mutations, including
p.Val450Leu, on Ca®'-induced channel activation was
investigated by heterologous expression in the mammalian
CHO cell line. Electrophysiological experiments were per-
formed in intact cells in the whole-cell configuration of
the patch-clamp technique using a near physiological K*
gradient. K* channel activation was traced by applying
voltage ramps every 5 s. The wild-type (WT) and all mutant
KCNN3 channels were activated by the delivery of Ca®" via
the patch pipette demonstrating functional expression of all
KCNN3 channels (Figure 3A). The time course of channel
activation after access to the cell interior varied considerably,
not only for an individual KCNN3 channel type, but also
between WT channels and the three KCNN3 mutants
p-Lys269Glu, p.Gly350Asp, and p.Ser436Cys, which ex-
hibited a significantly faster saturation of K™ current ampli-
tudes. The relative current levels attained after 10 s (I;o ) and
the time needed toreach 70% of the current amplitude at the
first apparent saturation of channel activation (t;qo,) were
used for statistical analysis of the course of channel activa-
tion (Figures 3B-3D). Also, p.Val450Leu channels showed
significantly increased I, s values, whereas the decrease in
the median t;g, compared to WT data failed to reach signif-
icance in the ANOVA statistical analysis (p = 0.053) due to
the significantly greater effect of the p.Ser436Cys mutation
(Figures 3Cand 3D). Consequently, the direct comparison of
p-Val450Leu with WT t;q, data yielded a significant differ-
ence (p = 0.006; Mann-Whitney test). For each channel
type, the saturating current levels varied considerably, and
even the distribution of current amplitudes determined for
WT channels differed between the two sets of experiments.
Lower WT current amplitudes in the second set of
experiments were associated with significant differences
compared to the current levels of p.Ser436Cys and

p-Val450Leu mutant channels (Figure S3). Experiments
with prolonged recording time revealed further prominent
changes in the activation level of WTand p.Val450Leu chan-
nels where the last recorded current amplitudes always
exceeded the first saturation level (Figure S4). These “late”
or “delayed” changes in current amplitude may result from
changes in the apparent Ca”*" sensitivity of the KCNN3
channels, which might be elicited by washout of cytosolic
substances like ATP. Similarly, a faster time course of the
initial channel activation after breakthrough to the whole-
cell configuration is expected to mirror a higher apparent
Ca”* sensitivity.**

Effects of CK2 Inhibition on the Course of KCNN3
Channel Activation and Current Amplitudes

The Ca®" sensitivity of SK channels depends on the degree
of CK2-dependent phosphorylation of channel-bound
CaM.'*'® Therefore, we investigated the effect of CK2 in-
hibition on WT and mutant KCNN3 channels. As shown
in Figures 4A and 4B, pre-incubation of the cells with the
membrane-permeable CK2-specific inhibitor 4,5,6,7-tetra-
bromobenzotriazole (TBB) drastically accelerated channel
activation, resulting in median I,¢ s values above 90% for
WT, p.Gly350Asp, p.Ser436Cys, and p.Val450Leu channels
(all p < 0.001 compared to the corresponding control
values). The time course of p.Lys269Glu KCNN3 channel
activation was also significantly accelerated (median I;q
in TBB: 87.2%, control: 1o s = 34.1%; p < 0.001). These
data revealed basal inhibition of wild-type and mutant
KCNN3 channels by CK2 in intact cells and suggest that
CK2-dependent regulation of Ca®" sensitivity is preserved
in all KCNN3 mutants investigated.

Paralleling the similarity in the faster channel activation
in the presence of TBB, current amplitudes measured for
these highly Ca®"-sensitive KCNN3 channels did not differ
significantly between WT and mutant channels (Figures 4B
and 4C). For WT channels, the median current amplitude
measured after TBB pre-incubation significantly exceeded
the corresponding control values (series 1: p = 0.007; series
2:p < 0.001; control values given in Figure S3) determined
after the first saturation of current amplitude. For
p-Val450Leu channels, the increase in median current
amplitude (in TBB versus control) was not significant (p
= 0.054), and the other three channel mutants showed
no significant change in current amplitude (data in Figures
4C and S3). Remarkably, pre-incubation with TBB was
unable to eliminate the very high variability in maximal
current amplitudes observed for each channel type
(Figure 4C), suggesting that the number of functional
membrane-inserted KCNN3 channels differed consider-
ably between the recorded cells. This could be due to
fast KCNN3 channel internalization and recycling
mechanisms.**?°

In another series of experiments, TBB was applied after
saturation of channel activation. For all mutant channels,
the response to CK2 inhibition was significantly impaired
compared to the effects of TBB application on WT
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Figure 3. Functional Expression of Wild-Type (WT) and Mutant KCNN3 Channels in CHO Cells Reveals Differences in the Course of

Channel Activation

Whole-cell recordings were performed on CHO cells heterologously expressing wild-type (WT), p.Lys269Glu (K269E), p.Gly350Asp
(G350D), p.Ser436Cys (5436C), or p.Val450Leu (V450L) KCNN3 channels. To achieve intracellular low Ca®* levels, cells were incubated
in Ringer solution with strongly reduced (nominal 50 nM) Ca®*" concentration at least 10 min prior to the recordings. The pipette
solution contained a nominal free Ca®>* concentration of 1 pM.

(A) After establishing the whole-cell configuration and flooding the cells with Ca**, K* currents of increasing amplitudes were recorded
during voltage ramps which were applied every 5 s, demonstrating the functional expression of the WT KCNN3 channel and all four
channel mutants. The I/V plots show an overlay of subsequently recorded current traces till saturation of current amplitudes. As indi-
cated in the left plot, the vertical bar always applies to 1 nA.

(B) Time course of relative current amplitudes at 0 mV ramp potential. Data correspond to the exemplary current traces shown in (A)
(same color code); currents were normalized to the respective maximal current amplitudes. The dotted red lines indicate the two param-
eters used to characterize and analyze the time course of increasing KCNN3 channel activation: the relative current amplitude I, deter-
mined at t = 10 s, and the time to reach at least 70% of the maximal current amplitude. Experiments were performed in two sets, each
comparing WT channels with two different channel mutants (see Material and Methods).

(C and D) Boxplots of the relative current amplitude I, (C) and the time to reach at least 70% of the maximal current amplitude (D).
Whiskers indicate the 10/90 percentiles, and points the 5/95 percentiles. Numbers of experiments are shown in parentheses. Testing for
significant differences between median values of groups of one set was performed with the Kruskal-Wallis test (ANOVA on ranks) with
post hoc Dunn’s test to identify the significantly differing groups. If significant differences were found between channel mutants and
WT data, the individual significance level determined with the Wilcoxon-Mann-Whitney test is indicated (**p < 0.01, ***p < 0.001).

channels (Figure 5). The magnitude of the TBB effect on
WT KCNN3 channels ranged from a complete lack of fast
current increase (observed in a few cells from both sets
of experiments) to about 80-fold potentiation of current
amplitudes (2 experiments in set 2).

channels concerning the time course of channel activa-
tion in whole-cell experiments and the impaired response
to acute TBB application, we simulated current ampli-
tudes of SK channels with various ECs, values of apparent
Ca®" sensitivity (Figure S5 and Supplemental Note).
Comparison of experimental and theoretical data sug-
gests an about 4-fold increase in apparent Ca®" sensitivity
of the ZLS-associated mutant channels compared to

Simulations of KCNN3 Channel Activity Enable a
Quantification of Apparent Ca”" Sensitivity

In order to provide a quantitative interpretation of the
significant differences between WT and mutant KCNN3

WT channels in intact cells. Median values obtained for
WT KCNN3 experiments agree well with simulations
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Figure 4. Fast KCNN3 Channel Activation in the Presence of the CK2 Inhibitor TBB

Wild-type (WT), p.Lys269Glu (K269E), p.Gly350Asp (G350D), p.Ser436Cys (5436C), and p.Val450Leu (V450L) KCNN3 whole-cell cur-
rents were elicited with voltage ramps from —110 mV to +50 mV with a time interval of 5 s. The pipette solution contained a nominal
free Ca** concentration of 1 uM. Prior to the whole-cell recordings, cells were incubated for at least 5 min in Ringer solution containing
the membrane-permeable CK2 inhibitor TBB (5 uM).

(A) As shown for an experiment on WT channels, activation of KCNN3 channels after gaining access to the cell interior was very fast in
the continued presence of TBB, resulting in almost maximal current amplitudes upon application of the first voltage ramp. Top: I/V plot
with an overlay of current traces elicited by voltage ramps applied every 5 s after whole-cell access. Bottom: time course of the related
current amplitude at 0 mV ramp potential.

(B) Boxplots of the relative current amplitude I, determined 10 s after establishment of the whole-cell configuration. Currents were
normalized to the maximal current amplitude recorded during the course of the respective experiment.

(C) Boxplots of the maximal current amplitude at 0 mV ramp potential. Whiskers indicate the 10/90 percentiles and points the 5/95
percentiles. Numbers of experiments are shown in parentheses. Statistical analysis with the Kruskal-Wallis test (ANOVA on ranks) yielded

no significant differences between groups.

using ECso values around 1.2 pM, whereas median
values obtained for the three ZLS-associated KCNN3
mutants are well described by calculations with an ECs
value of 0.3 pM (Figures S5B and S5C and Supplemental
Note).

The median course of channel activation determined for
the KCNN3 channel mutant p.Val450Leu suggests only a
slightly increased Ca®" sensitivity compared to WT chan-
nels with ECsq values around 0.8 uM (Figure S5C). Remark-
ably, the simulations do not describe the initially elevated
current values of the p.Val450Leu KCNN3 mutant
(Figure 3B). The significantly higher I, s values compared
to WT channels (see Figure 3C) point to a small basal activ-
ity of p.Val450Leu channels independent of Ca®". This
assumption is supported by additional measurements per-
formed with intact cells in the cell-attached configuration
which suggested a low level of constitutive p.Val450Leu
channel activity with resting levels of intracellular Ca*"
(Figures S6A and S6B). In contrast, WT KCNN3 channels
and even highly Ca*"-sensitive p.Lys269Glu channels
seem to be almost exclusively in the closed state in intact
cells with resting low Ca*" levels (Figure S6C), which is

consistent with simulated channel activity at the start of
whole-cell configuration (Figure S5B, t = 0).

Effects of the KCNN3 p.Lys269Glu Mutation on CK2
Activity

Findings in KCNN2 channels'* suggested an impaired acti-
vation of channel-bound CK2 for the KCNN3 mutant
p-Lys269Glu. Nevertheless, basal channel inhibition in
intact cells by CK2 was demonstrated by significant effects
of TBB pre-incubation. Given the assumed high Ca*"
sensitivity of all three ZLS-associated KCNN3 mutants,
the observed lack of response to acute TBB application of
the p.Lys269Glu mutant cannot serve as a proof of dimin-
ished sensitivity to CK2, since highly Ca**-sensitive SK
channels should be almost maximally activated at the
time of TBB application (Figure S5 and Supplemental
Note). Previously, the Ca®" sensitivity of KCNN2 channels
was found to be decreased by applying high Mg-ATP for a
few minutes to the cytoplasmic side of the membrane to
stimulate CK2 activity."> Therefore, we tested the effect
of high Mg®" and ATP concentrations in the pipette solu-
tion on WT and p.Lys269Glu channel activation
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Figure 5. KCNN3 Channel Mutants Show an Impaired Response
to Acute TBB Application

Wild-type (WT), p.Lys269Glu (K269E), p.Gly350Asp (G350D),
p-Ser436Cys (5436C), and p.Val450Leu (V450L) KCNN3 whole-
cell currents were elicited with voltage ramps from —110 mV to
+50 mV with a time interval of 5 s. The pipette solution contained
anominal free Ca?* concentration of 1 pM. The CK2 inhibitor TBB
(5 uM) was bath-applied after the first saturation of current
amplitudes.

(A) Example of the TBB effect on WT KCNN3 channels, illustrating
a fast and sustained increase in current amplitude measured at
0 mV ramp potential.

(B) The effect of TBB application was measured as fold current in-
crease in a time window of 150 s starting after TBB application (for
details, see Material and Methods). Relative current amplitudes
(It / lcontrol) are presented as boxplots (whiskers indicate the
10/90 percentiles and points the 5/95 percentiles; the median is
shown as line). All mutant channels exhibited a significantly
smaller response to TBB compared to WT KCNN3 channels. Please
note the logarithmic scale of the TBB effect and the high vari-
ability of the TBB effect on WT channels. To test for significant
differences between groups, the Kruskal-Wallis test was used
with post hoc Dunn’s test to identify the significantly differing
groups. Individual significance levels of differences between
channel mutants and WT data were determined with the
Wilcoxon-Mann-Whitney test (*p < 0.05, **p < 0.01). Numbers
of experiments are shown in parentheses.

(Figure S7). Similar to experiments without ATP in the
pipette, p.Lys269Glu channels showed a significantly
faster initial channel activation than WT channels (Figures
S7A-S7C). In contrast to the sustained activation of
p-Lys269Glu channels, WT currents were only transiently
activated, resulting in significantly smaller relative current
amplitudes 5 min after establishing the whole-cell config-
uration (Figure S7D). Considering the effects of high
Mg-ATP on KCNN2/SK2 channels,' the transient nature
of WT channel activation could be explained by ATP-
induced CK2 activation followed by channel-bound
CaM phosphorylation leading to a decrease in Ca*" sensi-

tivity of KCNN3. The sustained activation of KCNN3
p-Lys269Glu channels may point to a lower ability of the
mutant channel to stimulate CK2 activity.

To address the question of whether diminished CK2
activity leads to reduced CaM phosphorylation and
thereby to an increase in Ca*" sensitivity of the KCNN3
p-Lys269Glu channel, we co-expressed HA-tagged KCNN3
wild-type or the p.Lys269Glu mutant together with EYFP-
CaM and both the catalytic o (FLAG-tagged) and the regula-
tory B subunit (Myc-tagged) of CK2*® in HEK293T cells.
Before lysis, cells were incubated in PBS without Ca®" or
PBS with Ca?" for 30 min, the latter to enable activation
of KCNN3 channels. To determine the amount of phos-
phorylated CaM, we precipitated EYFP-CaM in IP buffer
with or without Ca®*" and detected phosphorylated CaM
in the immunoprecipitates. We detected no differences in
the amount of phosphorylated CaM upon co-expression
of wild-type or the KCNN3 p.Lys269Glu mutant in the
absence or presence of Ca*" (Figures SSA-S8D).

Discussion

In this work, we provide genetic and functional evidence
that de novo gain-of-function mutations in KCNN3 leading
to increased Ca®" sensitivity of the encoded mutant chan-
nel are implicated in ZLS, similar to monoallelic activating
mutations in KCNH1.> Simulations of KCNN3 channel ac-
tivity enabled a quantification of our functional whole-cell
data and suggested an about 4-fold increase in apparent
Ca®" sensitivity of the ZLS-associated KCNN3 mutant
channels compared to WT channels in intact cells.

Possible Mechanisms Underlying Enhanced Ca®"
Sensitivity of ZLS-Associated KCNN3 Mutant Channels
We can envision different mechanisms for the mutations
enhancing the Ca*" sensitivity of the KCNN3 channel.
The mutation affecting lysine 269 (p.Lys269Glu) is located
in the KCNN3 N terminus. The N terminus of KCNN2 con-
tains the CK2 binding site and a cluster of positively
charged residues, including lysine 121."* Phosphorylation
of CaM by CK2 causes a shift in the Ca*" sensitivity toward
an apparently lower sensitivity and speeds up channel
deactivation.'® Therefore, the observed left-shift in the
apparent Ca>" sensitivity of KCNN2 K121A channels sug-
gested a role of Lys121 in activation of channel-bound
CK2.'"" The N-terminal region of KCNN2 required for
CK2 binding is highly homologous in KCNN3, and
Lys121 in KCNN2 corresponds to Lys269 in KCNN3.
Similar to KCNN2 K121A channels, the increase in Ca%*
sensitivity of the KCNN3 p.Lys269Glu mutant channel
suggests that replacement of a positively charged residue
with a negatively charged one at this position may nega-
tively influence the activity of KCNN3-bound CK2 and
thereby indirectly regulate Ca*" sensitivity and channel
gating. Our biochemical data, however, did not reveal
diminished CaM phosphorylation upon expression of
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KCNN3 p.Lys269Glu mutant channels in the absence or
presence of Ca®". These findings may suggest that lysine
269 in KCNN3 (and possibly also lysine 121 in KCNNZ2)
is not critically involved in modulating channel-bound
CK2 activity and other mechanisms likely account for
increased Ca®" sensitivity of the respective KCNN3 and
KCNN2 mutant channels.

According to the KCNN4 channel structure,”’ the two
mutated residues Gly350 and Ser436 are located at contact
sites between the KCNN3 channel and CaM, with glycine
350 located in the S2-S3 linker and serine 436 in the S45A
helix. The S4-S5 linker and especially serine 181 (serine
436 in KCNN3) in the S4sA helix have been shown to be
crucial for the Ca*"-dependent activation of KCNN4.”’ If
the gating mechanism of KCNN4 and KCNN3 is identical,
the KCNN3 mutations p.Gly350Asp and p.Ser436Cys may
stabilize the interaction of the S2-S3 or the S4-S5 linker
with the CaM-binding domain of the channel or directly
with CaM to increase the Ca®" sensitivity of the channel.
In KCNN2, the p.Val407Phe mutation in the intrinsically
disordered fragment (Glu404-Met412) of the C-terminal
end also caused an increase in the Ca®' sensitivity of
the channel. This amino acid change has been proposed
to enhance hydrophobic interactions between the
C-terminal CaM binding domain and the S4-S5 linker of
the channel,”” a mechanism that may be similar to the
effect of the p.Gly350Asp and p.Ser436Cys amino acid
substitutions in KCNN3.

Dominantly acting missense mutations in KCNN4 have
been reported in hereditary xerocytosis, a congenital hemo-
lytic anemia characterized by primary erythrocyte dehydra-
tion.***%3? Among the three KCNN4 mutations linked to
hereditary xerocytosis, p.Arg352His is in the CaM-binding
(CaMB) domain and p.Val282Met and p.Val282Glu affect
the same residue in the pore-forming transmembrane
segment S6. All three KCNN4 mutations result in a gain of
function,*® but the KCNN4 mutant p.Arg352His has been
analyzed in more detail using patch-clamp experi-
ments.*****? Interestingly, similar to the ZLS-associated
KCNN3 mutations reported here, KCNN4 p.Arg352His ex-
hibited an increased Ca*" sensitivity combined with in-
creases in current density and faster activation during
whole-cell experiments. It has been speculated that the mu-
tation, which removes a positive charge in the CaMB
domain, modifies the interaction with CaM resulting in a
more active channel.”® Taken together, different gain-of-
function mutations in both KCNN3 and KCNN4 can lead
to enhanced Ca*" sensitivity of the encoded channels;
however, due to the complex modulation of SK channels
by their binding partners CaM, CK2, and PP2A, elucidation
of the underlying pathophysiological mechanisms requires
more extensive studies in the future.

Physiological Determinants of KCNN3 Ca®" Sensitivity in
Intact Cells

In our KCNN3 WT experiments, potentiation of maximal
current amplitudes by acute TBB application as well as

the time course of channel activation during intracellular
Ca®" loading were well described by a major population
of channels with ECs, values of apparent Ca*" sensitivity
around 1.2 pM—with or without an initial state of
even lower Ca®" sensitivity (Supplemental Note and
Figure S5C). ECsg values around 1.2 uM are similar to pub-
lished data on KCNN2 channels with CaM phosphorylated
by CK2,'* and indeed, CHO cells exhibit high endogenous
CK2 sensitivity.”' Delayed changes in WT KCNN3 current
amplitudes observed during prolonged stable whole-cell
recordings likely mirror changes in Ca®" sensitivity. Start-
ing with the physiological intracellular environment of
an intact cell, the concentration of important cytosolic fac-
tors change during the course of the experiments. For
example, in addition to calmodulin phosphorylation,
binding of phosphatidylinositol-4,5-bisphosphat (PIP2)
to KCNN3 might affect its Ca®" sensitivity, because PIP2
has recently been shown to act as a cofactor in Ca*"
-dependent KCNN2 channel gating, and PIP2 binding to
the KCNN2 channel is hampered by high CK2 activity.*”
A washout of ATP not only reduces CK2 activity, but leads
to decreased PIP2 levels in the membrane due to PIP2
dephosphorylation.** Thus, complex cell-intrinsic regula-
tion of the Ca*" sensitivity of SK channels impedes exper-
imental determination of physiologically significant ECsq
values.

The KCNN3 Mutation p.Val450Leu Associated with
Portal Hypertension

We characterized not only the effects of the three ZLS-
associated KCNN3 mutations, but also those of the
p-Val450Leu change identified in a family with portal hy-
pertension.>” In contrast to the three ZLS-associated
mutants, the KCNN3 p.Val450Leu mutant channel
showed only a slight increase in the apparent Ca*" sensi-
tivity. Nevertheless, our data demonstrate a basal constitu-
tive activity of the p.Val450Leu mutant channel with very
low Ca®" levels. This finding indicates a different gain-of-
function mechanism of the KCNN3 p.Val450Leu mutation
compared to the KCNN3 p.Lys269Glu, p.Gly350Asp, and
p-Ser436Cys variants and explains why different muta-
tions underlie the two non-overlapping KCNN3-associated
human diseases.

The KCNN3 p.Val450Leu mutation is located in the S45sB
helix that interacts with S6 from the same and a neigh-
boring subunit in KCNN4 channels, and a conformational
change in the $4-S5 linker upon Ca**-dependent binding
of the CaM N-lobe has been suggested to open the channel
pore.”’ It is possible that the p.Val450Leu mutation exerts
a qualitatively similar effect on the KCNN3 channel pore,
even in the absence of Ca®", resulting in constitutive chan-
nel activity.

How could a small basal activity of KCNN3 p.Val450Leu
channels cause portal hypertension? Intrahepatic vascular
obstruction and increased splanchnic blood flow have
been suggested to explain portal hypertension.** Whether
KCNN3 activity is required for endothelial vasoregulation
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in the portal vein, hepatic artery, or sinusoids is not yet
known. However, K" efflux through ion channels has
been shown to regulate liver cell metabolism. In hepatoma
cells, metabolic stress leads to opening of SK channels that
is beneficial for cell recovery. However, sustained release of
K" would impair transmembrane cation gradients and may
cause enhanced stress in liver cells.*® In line with this,
increased KCNN4 expression was identified in fibrotic liver
tissue and activated hepatic stellate cells.*® By inhibiting
KCNN4 channel activity in bile duct ligated rats, portal
perfusion pressure could be reduced.*® Together, these
data suggest an important role of Ca”**-dependent K*
channels in the homeostasis of liver cells. Sustained basal
K* conductance, as observed for the KCNN3 p.Val450Leu
mutant channel, may stress liver cells and lead to portal
hypertension and/or liver fibrogenesis.

Increased KCNN3 Channel Function or Expression
Negatively Affects Cognitive Function

KCNN3 expression is high in specific regions of the brain,
such as the hippocampus, amygdala, and thalamus,*” and
most dopamine-containing cells express KCNN3.*® In neu-
rons, KCNN3 is involved in the regulation of excitability
and firing patterns, neurotransmitter release, and synaptic
plasticity."**”** Increased KCNN3 expression in the
hippocampus of aged mice contributes to deficits in
hippocampus-dependent memory tasks.’’ Although
absence of Kcnn3 did not cause obvious phenotypic anom-
alies in mice,”! conditional Kcnn3-deficient mice showed
altered emotional behavior and selective cognitive de-
fects.>>? Similarly, Kcnn3-overexpressing mice presented
with deficits in long-term potentiation in the hippocam-
pus and impairment of recognition memory>* as well as
reduction in higher cognitive abilities.>> These findings
demonstrate balanced K* channel activities to be critical
for normal neurodevelopment and cognition in mice.
Cognitive effects of abnormal K™ channel function also
occur in humans (this work, Kortiim et al.,®> Simons
et al.,® and Bauer et al.'"). Further, our in vitro data showing
increased KCNN3 channel function due to dominantly
acting missense mutations in ZLS-affected individuals
with mild to moderate intellectual disability underscore
the postulated inverse correlation between KCNN3
conductance and high cognitive functions.>*> Accordingly,
by normalizing KCNN3 conductance through pharmaco-
logical treatment, cognitive function may improve in indi-
viduals with KCNN3 gain-of-function mutation.

Possible Biological Mechanisms Underlying Clinical
Features in Subjects with KCNN3 or KCNH1 Mutation
Besides cognitive impairment, clinical features of ZLS-
affected subjects include distal digital hypoplasia with
aplastic or hypoplastic nails and terminal phalanges. The
proposed vascular origin for distal digital hypoplasia
should be considered in light of KCNN3's role in endothe-
lium-mediated vasodilation.”>>” The combined function
of KCNN3 and KCNN4 channels translates endothelial

Ca®" dynamics into changes in vascular tone and blood
pressure.”’ ®° KCNN3’s activity in vascular endothelial
cells is highly localized and required to hyperpolarize
endothelial cells resulting in smooth muscle cell relaxation
and subsequent vascular dilation.*®*” In mesenteric
arteries from spontaneously hypertensive rats, endothelial
KCNN3 channel activation and downstream hyperpolariz-
ing pathways were compromised, likely causing an
increased vascular tone and elevated blood pressure.®!
These data suggest that local activity of KCNN3 is required
in subspaces of endothelial cells to regulate vascular
flow.>®>” It is tempting to speculate that during critical
stages of human embryonic development, excessive sus-
tained K* conductance due to significantly increased
Ca”" sensitivity of mutant KCNN3 channels leads to exag-
gerated arterial vasodilation, thereby strongly increasing
the capillary hydrostatic pressure and causing edema.
Vascular ruptures and/or tissue damage in critical phases
of organogenesis may result in distal digital hypoplasia in
subjects with gain-of-function KCNN3 mutations.
Different endothelial functions of KCNN3 and KCNN4
could explain why gain-of-function mutations in KCNN4
and KCNN3 do not converge on the same phenotype in
the respective individuals: while acetylcholine-induced
vasodilation strongly involves KCNN4, shear stress- and
muscular contraction-induced vasodilation mainly de-
pends on KCNN3 channel activation.*®¢2

The possible link between vascular dilation and distal
digital hypoplasia is further supported by specific terato-
genic effects of antiepileptic drugs.®*®* Morphological
anomalies of the “hydantoin syndrome” like digital hypo-
plasia have striking similarities with those observed in ZLS-
affected individuals.®® Experiments mainly performed on
pregnant rats and rabbits elucidated a common mecha-
nism by which certain anticonvulsants,®® vasodilators,®”
and hypoxic events®® induce similar digital anomalies.
When applied to the pregnant rats and rabbits during a
critical phase of organogenesis, e.g., development of the
limb plates, these procedures resulted in (hypoxia-
induced) blood vessel dilation, edema, hemorrhage, and
finally necrosis of the most distal digital areas in the
fetuses.’” Although no data on endothelial expression of
KCNN3 in the developing vascular system exist, its impor-
tant role in vasodilation suggests that human embryos
with gain-of-function KCNN3 mutations are at risk for
vascular damage during limb development resulting in
distal digital hypo- or aplasia. Interestingly, the genetically
heterogenous Adams-Oliver syndrome was initially re-
ported to have a vascular origin,®” and more recent data
link vascular anomalies to dysregulation of cilia-mediated
signaling (see below).”""?

KCNHI, another gene mutated in ZLS,” plays a role in
cell cycle control and proliferation.”*”* KCNH1 expression
occurs during the transition from the G2 phase to
mitosis.”> At the G2/M transition, the cell’s cilium is disas-
sembled, a prerequisite for mitosis.”” KCNH1 localizes to
the base of the primary cilium during G2/M transition.
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Depletion of KCNH1 causes significant reduction in cilia
resorption and delay in proliferation. Conversely, exoge-
nous expression of wild-type KCNH1 in primary mouse
embryonic fibroblasts (MEFs) of Kcnhl knockout mice
reduced the fraction of cells with primary cilia, and the
ZLS-associated KCNH1 mutant p.Leu352Val further
reduced the cilia frequency.”” The authors hypothesized
that KCNH1 hyperactivity due to activating mutations in-
duces skeletal and nail malformations through altering
signaling pathways involved in morphogenesis.”””® A
similar mechanism was postulated for Ellis-van Creveld
syndrome, which includes nail dysplasia and skeletal
anomalies. The proteins encoded by EVC and EVC2
localize to the base of cilia and promote hedgehog
signaling. Loss of EVC or EVC2 disturbs transmission of
the cilia-mediated hedgehog signal.””®° Interestingly, the
sonic hedgehog pathway is hyperactive in Kcnh1 knockout
MEFs.”” Cell cycle-dependent expression and a function of
KCNN3 in cell cycle progression have not been identified,
making it necessary to further investigate the role of SK
family members in the cell cycle and/or primary cilium
disassembly.

KCNH1-, KCNK4-, and KCNN3-Related Disorders Define a
Subgroup of K™ Channelopathies

With the identification of gain-of-function mutations in
KCNN3, we propose to combine the phenotypes associated
with mutations in KCNH1, KCNK4, and KCNN3 in a
subgroup of neurological potassium channelopathies char-
acterized by DD/ID, coarse facial features, and gingival hy-
perplasia as common findings and epilepsy, hypertrichosis,
and nail aplasia or hypoplasia as variable manifestations.
This group of disorders is associated with an increase in
K" conductance, especially evident at negative membrane
potentials. Most often, this effect results in more negative
resting membrane potentials silencing excitable cells.
Nevertheless, excessive sustained K™ conductance may
also result in cellular K* depletion and an increase in inter-
stitial K* concentration with a depolarizing effect (e.g., on
neurons) or a hyperpolarizing effect (e.g., on vascular
smooth muscle cells) on neighboring cells. Further studies
are required to characterize the effects of increased K*
conductance on the different tissues and cells in subjects
with the disease-relevant mutations.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.04.012.
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