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Abstract

Glucose-stimulated insulin secretion (GSIS) in pancreatic islet -cells primarily relies on electrophysiological processes.
Previous research highlighted the regulatory role of KCNH6, a member of the Kv channel family, in governing GSIS through
its influence on f-cell electrophysiology. In this study, we unveil a novel facet of KCNH6's function concerning insulin
granule exocytosis, independent of its conventional electrical role. Young mice with f-cell-specific KCNH6 knockout (BKO)
exhibited impaired glucose tolerance and reduced insulin secretion, a phenomenon not explained by electrophysiological
processes alone. Consistently, islets from KCNH6-BKO mice exhibited reduced insulin secretion, conversely, the overex-
pression of KCNH6 in murine pancreatic islets significantly enhanced insulin release. Moreover, insulin granules lacking
KCNH6 demonstrated compromised docking capabilities and a reduced fusion response upon glucose stimulation. Crucially,
our investigation unveiled a significant interaction between KCNH6 and the SNARE protein regulator, Munc18-1, a key
mediator of insulin granule exocytosis. These findings underscore the critical role of KCNH6 in the regulation of insulin
secretion through its interaction with Munc18-1, providing a promising and novel avenue for enhancing our understanding
of the Kv channel in diabetes mechanisms.
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Introduction are purported to account for the repolarization of pancreatic

islet B-cell action potentials, and this has long been believed

Glucose-stimulated insulin secretion (GSIS) in pancreatic
islet B-cells is a tightly regulated process involving various
electrophysiological mechanisms, including depolarization
via K ,pp potassium channels and repolarization mediated by
voltage-dependent potassium (Kv) channels. Kv channels
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to be their major contribution to the regulation of insulin
secretion [1]. When B-cells are stimulated by high glucose
and cause membrane potential depolarization, the Kv chan-
nels open to mediate potassium outflow, repolarizes and
hyperpolarizes the membrane potential, and regulates insulin
secretion by mediating f cell excitability and intracellular
calcium concentration [2-4]. Recently, we reported one of
the Kv channels, KCNH6 (also called Kv11.2 or hERG2),
regulating insulin secretion through its electrical function by
studying a large four-generation family with monogenic dia-
betes [5]. We found that both patients with KCNH6 p.P235L
heterozygous mutation and KCNH6 mutant including P235L
knock in (KI) and KCNH6 global knockout (GKO) mice had
a phenotype from hyperinsulinemia to hypoinsulinemia and
diabetes [5]. Interestingly, to better investigate the function
of KCNH6 in pancreatic p cells, we generated KCNH6 8
cell-specific knockout (BKO) mice recently and found that
consistently exhibited a phenotype of impaired glucose toler-
ance and insulin secretion even before young age (less than
8 weeks) which was different from the phenotype of KCNH6
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GKO mice at early adulthood (less than 8 weeks) [5, 6], it
seems KCNH6 has some other roles in the regulation of
insulin secretion besides its electric function. Therefore, the
role of KCNHG6 in insulin secretion remains unclear.

In pancreatic B-cells, exocytosis plays a critical role
in cellular processes as the last step of insulin secretion.
Insulin secretory granule (ISG) exocytosis is triggered by
Ca”" influx after opening of voltage-dependent Ca®* chan-
nels (VDCCs) [7]. VDCC gating is regulated by changes in
membrane potential which is modulated mainly by ATP-
sensitive K* (K yrp) and voltage-gated K* (Kv) channels
[8, 9]. When pancreatic islet B-cells are exposed to high
glucose, K ,rp channels closure by high ATP concentration
results in membrane depolarization, activates VDCC open-
ing, and triggers insulin exocytosis [10]. Conversely, mem-
brane depolarization-induced Kv channels opening leads
membrane repolarization, VDCC closure, and termination
of insulin exocytosis [4]. In addition to Ca** influx, the exo-
cytosis of insulin granules is also regulated by the soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE) proteins and their binding partner Munc18 pro-
teins [11, 12]. The SNARE proteins, including syntaxin-1
(STX1), synaptosomal-associated protein 25 (SNAP25)
and synaptobrevin 2 (VAMP2), promote granule exocytosis
by forming a heterotrimeric complex [13, 14]. It has been
reported that Kv2.1 channel directly binds with syntaxin-1a
to regulate insulin exocytosis [15]. These reports support
the notion that Kv channels do not only regulate membrane
repolarization by modulating the ion channels but also
participate in the procedure of insulin granule exocytosis
through interaction with SNARE proteins.

As the binding partner of SNARE proteins, Munc18 pro-
teins are essential regulators of SNARE protein-mediated
vesicle docking or fusion events, acting as high-affinity bind-
ing partners for syntaxin proteins [11]. Three plasma mem-
brane-localized Munc18 proteins Munc18-1, Munc18-2, and
Munc18-3 are expressed in mammalian cells and have been
found to play specific roles in f cell insulin secretion and to
modulate glucose homeostasis. Depletion of any of these
proteins causes defective GSIS in mouse and human pan-
creatic islets, whereas overexpression of either Munc18-1
or Munc18-2 potentiates GSIS in human islets [16—18].
Conversely, down-regulation of Munc18 proteins has been
observed in pancreatic islets of insulin-resistant rats and
patients with T2D [19, 20], suggesting a positive associa-
tion between islet Munc18 expression and islet function in
both rodents and humans. Although the pivotal function of
these proteins in insulin secretion is irrefutable, the regula-
tory mechanism of SM proteins, especially their diminution
during T2D, remains ambiguous. Therefore, deciphering
the mechanism that regulates Munc18 proteins expression
or activity is of paramount importance to understand the
pathophysiology of T2D, paving the way for the generation
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of antidiabetic therapies. However, the relationship between
Munc18 proteins and Kv channels has not been clarified.

In this study, we explored a novel mechanism by which
KCNHB6 regulates f cell insulin exocytosis through interac-
tion with the exocytotic protein Munc18-1. We found that
young KCNHS6 f cell-specific knockout (KO) mice showed
impaired glucose tolerance and lower levels of serum insu-
lin. KCNH6 deficient B cells strongly reduced GSIS. Results
from electron microscopy and total internal reflection fluo-
rescence microscopy (TIRFM) suggested that KCNHG6 is
required for insulin vesicle docking and two modes of ISG
fusion. We further demonstrated that KCNH6 regulates f3
cell insulin secretion through interaction with exocytotic
proteins Munc18-1. Disruption of native KCNH6-Munc18-1
interaction by a KCNH6 3A mutant resulted in defective
glucose-stimulated insulin secretion, whereas restoration of
KCNH6 expression rescues impaired insulin secretion. Our
findings suggest that KCNH6/Munc18-1 complex plays a
key role in insulin exocytosis.

Materials and methods
Animal model and phenotypic characterization

C57BL/6J mice were purchased from Vital River Laborato-
ries (Beijing, China). The KCNH6 f-cell-specific knockout
(KCNH6-BKO) mice were generated as described previ-
ously [6]. The mice were housed at constant temperature
and humidity, with a 12 h light and dark cycle, and fed a
regular unrestricted diet. Only male mice and their tissues
and cells were phenotypically characterized in this study.
Phenotypic analyses of mice were performed as described
previously [21]. Animal experiments followed the national
ethical guidelines implemented by our Institutional Animal
Care and Use Committee and were approved by the Ethi-
cal Review Committee of the Institute of Zoology, Capital
Medical University, China.

Cell culture and glucose-stimulated insulin
secretion assay

MING cells [22] were cultured in high glucose Dulbecco's
modified Eagle's medium (DMEM) containing 15% fetal
bovine serum, 50 uM 2-mercaptoethanol and 1% penicil-
lin—streptomycin. Human embryonic kidney (HEK) 293A
cells (Cell Resource Center, Chinese Academy of Medical
Sciences, Beijing, China) were cultured in high glucose
DMEM containing 10% FBS and 1% penicillin—streptomy-
cin. Pancreatic islets were isolated from mice through injec-
tion of 500 units/mL collagenase solution (type XI; Sigma)
into the pancreatic duct, followed by mild shaking diges-
tion at 37 °C for 20 min, and isolated islets were manually
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selected under a dissecting microscope, as described else-
where [23]. Isolated islets were cultured overnight in RPMI
1640 medium containing 10% FBS and 1% penicillin—strep-
tomycin. After overnight recovery, islets were treated with
0.05% trypsin in PBS at 37 °C for 4 min, fully dispersed to
primary p-cells. All cells were cultured in a humidified incu-
bator with 95% air and 5% CO, at 37 °C. Glucose-stimulated
insulin secretion assay in MING cells and perifused islets
was performed as described previously [21]. For experi-
ments with pharmacologic treatments, 5 pM Berberine
(Sigma-Aldrich, St. Louis, MO, USA) was used as described
previously [6].

Subfractionation

Subcellular fractions of MING6 cells were performed on ice.
Plasma membrane (PM) proteins were isolated using the
MinuteTM Plasma Membrane Protein Isolation Kit (SM-
005, Invent Biotechnologies, Plymouth, MN, USA). To get
granules fraction, cells were scraped in 1 ml homogenization
buffer (20 mM HEPES, pH 7.4; 0.5 mM EDTA; 0.5 mM
EGTA; 250 mM sucrose and 1 mM dithiothreitol) containing
protease inhibitors (Roche). The cells were then disrupted
by 10 strokes through a 26 G needle. The cell homogenates
were centrifuged 900 Xg for 10 min to remove the nuclei
and unbroken cells. Post-nuclear supernatant was centrifu-
gated at 5500 xg for 15 min and then at 25000 Xg for 20 min
to pellet the granule fraction. The supernatant was further
centrifugated at 100,000 xg for 1 h to obtain the cytosolic
fraction (supernatant).

Antibodies and immunoprocedures

In these studies, our novel (noncommercial) polyclonal
antibodies against amino acids 20-38 (RKFEGQSRKFLI-
ANAQMEN) of the mouse KCNH6 protein (mKCNH6-Ab)
were conjugated with carrier protein KLH for immuniza-
tion of rabbits. This antibody was customized at PTM Bio-
labs (Hangzhou, China) and validated by enzyme-linked
immunosorbent assay and western blotting. The sources of
antibodies and their concentrations used are listed in Sup-
plementary Table 1. All Immunoprocedure experiments
were performed as previously described [24]. Islets or cells
were lysed in lysis buffer containing 20 mM Tris—HCI pH
7.5, 150 mM NaCl, 1 mM MgCl,, 10 mM EGTA, 1% Tri-
ton X-100, 1 mM PMSF and a complete protease inhibi-
tor cocktail (Roche). Protein samples from lysates were
separated by SDS-PAGE and then transferred to a polyvi-
nylidene difluoride membrane (Millipore). The membrane
was blocked with TBST (TBS plus 0.1% Tween-20) con-
taining 0.5% nonfat dried milk powder and then incubated
overnight at 4 °C with the primary antibody followed with
incubation of horseradish peroxidase-conjugated secondary

antibody (1:2000, Beyotime, China) for 1 h at room tem-
perature, and was washed five times. The immunoreactive
bands were detected using enhanced chemiluminescence
(Amersham Biosciences, USA) and an LAS-500 chemilu-
minescence detection system (GE Healthcare Bioscience,
USA). Optical density values of immunoreactive bands were
obtained using Image J software. For immunoprecipitation,
cell lysates were performed at 4 °C by incubation with pri-
mary antibody overnight, followed by the addition of Pro-
tein G-Sepharose 4F (GE Healthcare Bioscience) for 1 h or
by direct incubation with anti-hemagglutinin (HA) affinity
matrix beads (Roche Diagnostics) or anti-FLAG affinity gel
(Sigma-Aldrich) for 1 h. After being washed five times with
wash buffer containing 20 mM Tris—HCI pH 7.5, 150 mM
NaCl, 10% Glycerol, 0.1% TritonX-100, the immunopre-
cipitates were subjected to SDS-PAGE. For immunofluo-
rescence, primary p-cells cultured on poly-L-lysine-coated
35-mm glass base dishes (150680, Thermo, USA) were fixed
by 4% paraformaldehyde for 30 min at room temperature
and were permeabilized with 0.1% Triton X-100 in PBS
for 30 min, then blocked with PBS containing 1% bovine
serum albumin (BSA) for 30 min. The coverslips were incu-
bated with primary antibodies overnight at 4 °C, followed
by incubation of Alexa Fluor 488- or 568-conjugated sec-
ondary antibodies (Invitrogen, USA) for 1 h at room tem-
perature. After being washed five times with PBS, samples
were mounted using a mounting solution containing DAPI
(for nuclear staining) reagent (Beyotime, Shanghai, China).
Confocal imaging was performed using an FV-3000 (Olym-
pus) confocal laser scanning microscope equipped with a
100 X oil immersion objective lens (1.45 NA) and FV31S-
SW. The images were adjusted using FV31S-SW and Image
J software. Each image is representative of at least three
independent experiments.

DNA and RNA manipulation

Mouse KCNH6 and Munc-18-1 cDNAs were derived from
MING cells. Point and deletion mutants were generated using
a standard PCR-based mutagenesis strategy and were veri-
fied by DNA sequencing. The sequences of the primers used
are listed in Supplementary Table 2. These cDNAs were
subcloned into pcDNA3-HA, pcDNA3-FLAG vector (Invit-
rogen) or mCherry-C1 vector (Clontech) as described previ-
ously [24]. Insulin-EGFP was generated as described previ-
ously [25]. To generate recombinant adenoviruses, KCNH6
WT and KCNH6 R246A/T248 A/LL250A (3A) mutant were
inserted into pENTR-3C (Invitrogen) and were transferred
into pAd/CMYV by LR Clonase recombination (Invitrogen),
which co-produces red fluorescent protein (Cherry) to allow
identification of transfected cells. To express an exogenous
protein, HEK293A cells were transfected with the plasmids
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using Lipofectamine 3000 reagent (Invitrogen), whereas
MING cells were infected with adenoviruses.

RT-qPCR assay

Total RNA was extracted from islets using Trizol reagent
(Thermo Fisher Scientific, USA) following the instruc-
tions of the manufacturer. Next, the first-strand cDNA was
synthesized from an RNA template using SuperScriptIII
Reverse Transcriptase (Thermo Fisher Scientific). Subse-
quently, quantitative PCR reactions were performed using
TransStart Tip Green qPCR SuperMix (TransGen Biotech,
Beijing, China), cDNA template, and specific PCR primers.
Rplp0/36B4 acted as the housekeeping gene to normalize
the expression of other genes. The quantitative PCR primer
sequences were presented in Supplementary Table 3.

Intracellular calcium level measurement

Primary murine pancreatic -cells were plated on glass cov-
erslips and left in a humidified incubator for 24 h. Before the
imaging experiment, cells were loaded with 2 pM Fluo-4
AM (Dojindo, Japan) in a Krebs—Ringer bicarbonate buffer
(KRBB; 120 mM NaCl, 5 mM KCI, 24 mM NaHCO;, | mM
MgCl,, 2 mM CaCl,, 15 mM HEPES pH 7.4, 0.1% BSA)
with 2.8 mM glucose (low glucose) at 37 °C for 30 min,
then washed twice using low-glucose KRBB without Fluo4-
AM. Afterwards, cells were pre-incubated with low-glucose
KRBB for another 30 min and then were stimulated with
16.7 mM high-glucose KRBB. Experiments were performed
using a DeltaVision Ultra High Resolution Microscope
(GE, USA) with a 60 X objective. Fluo 4-AM was excited
at 488 nm and emission was collected at 525 nm. Sequen-
tial images of cells were recorded starting from 60 s before
stimulation at 5 s internals and analyzed using an Image J
software. The ratio of fluorescence change F/F0 was used
to reflect changes in intracellular Ca** levels, where F is
the observed fluorescence density, and FO is the average
value of baseline fluorescence density of the first 30 s before
stimulation.

Total internal reflection fluorescence microscopy

Isolated islets were dissociated into single cells by incuba-
tion with trypsin—~EDTA solution as described previously
[24]. The dispersed cells were cultured on poly-L-lysine-
coated 35-mm glass base dishes (150680, Thermo, USA)
for 2 days. A monolayer of the cells was infected with
adenovirus encoding enhanced green fluorescent protein
(EGFP)-tagged human preproinsulin and further cultured
for 2 days. TIRF microscopy was performed using an
inverted microscope Eclipse with a 1.49-numerical aper-
ture objective lens ApoTIRF100 X (Nikon). Images were
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acquired at 101 ms intervals with an electron multiplying
charge-coupled device camera iXon DU-897 (Andor Tech-
nology). The cells were preincubated for 30 min in low-
glucose KRBB at 37 °C, and after image recording for 30 s,
they were exposed to glucose stimulation for 20 min. The
stimulation was achieved by the addition of the same vol-
ume of twofold concentrated solution, resulting in a final
concentration of 25 mM glucose. Fusion events with a flash
were manually selected and assigned to one of three types:
residents, which are visible at least for 10 s before fusion;
visitors, which have become visible during stimulation
and remained visible for more than one consecutive frame
before fusion; and passengers, which are visible for less
than one frame (101 ms) before fusion [24]. The average
fluorescence intensity of individual vesicles was calculated
as described previously [24].

Transmission electron microscopy

Islets were fixed with 2.5% (vol/vol) glutaraldehyde with
Phosphate Buffer (PB) (0.1 M, pH 7.4), washed four times
in PB at 4 °C. Then islets were postfixed with 1% (wt/vol)
0OsO, and 1.5% (wt/vol) potassium ferricyanide aqueous
solution at 4 °C for 2 h, dehydrated through a graded
ethanol series (30, 50, 70, 80, 90, 100%, 100%, 5 min)
into pure acetone (2 X5 min). Samples were infiltrated
in a graded mixture (3:1, 1:1, 1:3) of acetone and SPI-
PONS812 resin (21 ml SPI-PON812, 13 ml DDSA and
11 ml NMA), then changed to pure resin. Finally, sam-
ples were embedded in pure resin with 1.5% BDMA and
polymerized for 12 h at 45 °C, 48 h at 60 °C. The ultrathin
Sections (70 nm thick) were sectioned with a microtome
(Leica EM UC6), double-stained by uranyl acetate and
lead citrate, and examined by a transmission electron
microscope (FEI Tecnai Spirit120kV). The number of
mature and immature secretory granules, cell size and the
distance from the plasma membrane to secretory granules
were manually counted and quantified using FIJI (ImageJ)
software [26]. A distance <200 nm from the center of the
granule to the plasma membrane was considered to be a
docked granule.

Patch-clamp experiments

Whole-cell patch-clamp experiments were performed as
previously described [5]. Data were collected using Patch-
Master v2 X 80 software. For recording KCNH6 channel
currents, transfected HEK293 cells were elicited by 3 s
depolarizing pulses ranging from — 60 to+ 60 mV and the
tail currents by 2 s repolarizing pulses to —40 mV. The bath
solution solution contains (in mM) NaCl 137, KCI 4, CaCl,
2, MgCl, 1, Glucose 10, HEPES 10 and was adjusted to
pH 7.3 with NaOH. The pipettes solution contains (in mM)
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KCI 130, MgATP 5, MgCl, 1, EGTA 5, HEPES 10 and was
adjusted to pH 7.3 with KOH.

Molecular docking

We used the HDOCK server (http://hdock.phys.hust.edu.cn/)
to carry out protein—protein molecular docking. HDOCK is
a powerful pipeline for integrated protein—protein docking,
which is based on a hybrid docking algorithm of template-
based modeling and ab initio-free docking to optimize the
adjustment of ligand [27, 28]. HDOCK performed rigid-
body docking using an FFTW-based hierarchical approach
by mapping the receptor and ligand molecules onto grids and
incorporated experimental information on protein—protein
binding sites and small-angle X-ray scattering during the
docking and post-docking processes and simplicity of use. In
this study, the 3D structures of KCNH6 (B1AR82_MOUSE)
and Munc18-1 (STXB1_MOUSE) were downloaded from
the AlphaFold Protein Structure Database (https://alphafold.
com/) [29]. We used KCNHS6 as a receptor and Munc18-1 as
a ligand, and submitted to the HODCK server with default
parameters. The output model with the highest score was
selected and visualized using the program PyMol (https://
pymol.org/2/).

Statistical analysis

All statistical analyses were conducted with the soft-
ware GraphPad Prism version 8.0 Data are presented as
means + SEM. Statistical significance was determined using
the Student # test and one-way ANOVA with a Tukey’s test.
A p value of <0.05 was considered significant.

Results

Young KCNH6-BKO mice showed impaired glucose
tolerance and decreased insulin secretion

Our previous study reported that KCNH6 global knockout
(GKO) mice exhibited early-stage hyperinsulinemia and
hypoinsulinemia in later adulthood [5]. Since KCNH6 was
widely expressed in metabolic-related organs [5, 6], to fur-
ther elucidate the function of KCNH6 in pancreatic f cells,
we used the Cre-LoxP recombinase system to generate pan-
creatic islet B-cell-specific KCNH6 knockout (BKO) mice
[6]. However, we found that KCNH6-BKO mice exhibited
severe phenotype of impaired glucose tolerance and insulin
secretion even at 8 weeks age which was different from those
of KCNH6 GKO mice [5, 6]. To confirm this phenotype, we
intended to investigate the phenotype of KCNH6-BKO mice
at an early age again. We first verified the lack of KCNH6 in
B-cells in KCNH6-BKO mice. The mRNA level of KCNH6

was significantly reduced in islets isolated from KCNH6-
PKO mice compared to age-matched control mice (Fig. 1A).
Loss of KCNH6 did not affect the mRNA expression level
of other KCNH channels and some important Kv chan-
nels (Figure S1). Meanwhile, immunofluorescence stain-
ing results proved the lack of KCNHG6 in insulin-produced
B-cells of KCNH6-BKO mice (Fig. 1B). Then, we analyzed
phenotypes of 6-weeks-old age-matched KCNH6-BKO and
control mice. The body weight of KCNH6-BKO mice and
WT mice showed no difference (Fig. 1C). Interestingly,
KCNH6-BKO mice exhibited impaired glucose tolerance
(Fig. 1D) and lower serum insulin concentrations (Fig. 1E)
after glucose loading which was different from those of
KCNH6 GKO mice [5]. Furthermore, KCNH6-BKO mice
had normal insulin sensitivity (Fig. 1F), which indicated
that the impaired glucose tolerance in KCNH6-BKO mice
was associated with a decrease in insulin secretion capacity.
To gain deeper insights into the involvement of KCNH6 in
insulin secretion, we conducted a glucose-stimulated insulin
secretion (GSIS) test using isolated islets from 6-week-old
KCNH6-BKO mice and control mice. A significant reduction
in insulin secretion was observed in the KCNH6-BKO islets
as compared to the control islets (Fig. 1G). This phenom-
enon of impaired insulin secretion from KCNH6-BKO islets
was consistently observed across KCNH6-BKO mice of dif-
ferent ages (Figure S2). Notably, the amplitude and time
course of the glucose-induced rise in the cytoplasmic Ca>*
concentration were similar between pancreatic f§ cells iso-
lated from control and KCNH6-BKO mice (Figure S3). We
next assessed the insulin-secretory ability of isolated islets
from 6-week-old KCNH6-BKO mice by perifusion analyses.
KCNH6 deficient islets showed a biphasic decreased glu-
cose-induced insulin secretion as compared to that of control
islets (Fig. 1H). The area under the curve showed that both
the first (1-5 min) and second phase (6—30 min) of insulin
secretion were significantly reduced in KCNH6 deficient
islets (Fig. 1I). These findings suggested that KCNH6-fKO
mice showed glucose intolerance and impaired insulin secre-
tion even at an early age, which is opposed to the phenotype
identified in GKO mice. Therefore, we hypothesized that
KCNH6 might have some other effect on insulin secretion
independent of electrophysiological processes.

KCNH6 was partially expressed on insulin granules
and promoted biphasic insulin secretion

Insufficient insulin release can result from abnormalities in f8
cell development, ISG biogenesis, insulin production, or exo-
cytosis. To distinguish between these possibilities, we first
investigated the localization of KCNHG6 through subcellular
fractionation (Fig. 2A and B). In addition to crude mem-
brane fraction (including plasma membrane and organelle
membrane) and cytosol fraction as described previously
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Fig.1 KCNH6-BKO mice showed impaired glucose tolerance and
decreased insulin secretion. A KCNH6 mRNA expression in WT
and KCNH6-BKO mouse islets (n=3). B Immunofluorescence stain-
ing for localization of insulin and KCNH6 expressed in WT and
KCNH6-BKO mouse islets. Nuclei were counterstained with DAPI,
which appears blue. KCNHS6 is in red, and insulin is in green. All
Bars in white are 20 pm in length. C Body weight (BW) compari-
son between WT and KCNH6-BKO mice. D Blood glucose levels and
area under the curve (AUC) during an intraperitoneal glucose toler-
ance test (IPGTT) (2 g glucose/kg bw) (n=38 for each). E Serum insu-
lin concentration and AUC to IPGTT. F Consecutive blood glucose

[5, 30], we newly found that KCNH6 was expressed in the
secretory granule fraction. Immunofluorescence staining fur-
ther confirmed this observation, showing that KCNH6 was
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levels and AUC during intraperitoneal insulin tolerance test (IPITT)
(0.75 units insulin/kg bw) (n=8 for control; n=_8 for KCNH6-fKO).
G Insulin secretion assay in WT and KCNH6-BKO islets (n=6). H,
I Approximately 30 islets from WT and KCNH6-BKO mice were
perfused with a low (2.8 mM) glucose concentration for 10 min fol-
lowed by a high (16.7 mM) glucose concentration for 30 min. H
The amount of secreted insulin was normalized to the total insulin
content. I First phase (0—5 min), second phase (6—-30 min) and total
insulin secretion (1-30 min) were calculated as the AUC. (n=4).
*p<0.05, ¥*p <0.01, #**p <0.001 by Student ¢ test

widely expressed in f§ cell including membrane, cytosol and
ISGs (Fig. 2C and D). Results from Total Internal Reflection
Fluorescence Microscopy (TIRFM) demonstrated significant
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Fig.2 KCNH6 was located on insulin granules and associated with
insulin granule fusion. A KCNH6 expression was examined in dif-
ferent cellular fractions of mouse f cells including insulin granules,
cytoplasm, and cell membrane fractions. Na—K-ATPase protein was
used as a marker for the cell membrane, Rab27a protein and insulin
content on the right side B were used as markers for insulin granules,
GAPDH protein was used as a marker for the cytoplasm. C Colocali-
zation of KCNH6 with insulin granules was examined using confo-
cal fluorescence microscopy (CFM). D Fluorescent intensity profiles
along the indicated line of KCNH6 and insulin are shown at right.
Arrows indicate the membrane (M) and granule (G) regions. Bar:

colocalization of KCNH6 and ISGs in close proximity to
the plasma membrane of the § cell (Fig. 2E). This observa-
tion strongly suggests that KCNH6 was partially expressed
on insulin granules and might have a direct impact on the

Insulin-EGFP

+ Insulin-EGFP
-=- Cherry-KCNH6

T T T 1
0 50 100 150
Time (ms)

10 pm. E Colocalization of KCNH6 with insulin granules near the
plasma membrane was examined using total internal reflection fluo-
rescence microscopy (TIRFM) in fixed pancreatic beta cells. Bar:
5 pm. F An example showing colocalization of Cherry-KCNH6 and
SGs (labelled by Insulin-EGFP) in living pancreatic f cells under
TIRFM. Bar: 5 pm. G Kymographs and corresponding time-lapse
relative fluorescence-intensity curves (green, Insulin-EGFP; red,
Cherry-KCNHG6) of fused insulin granules, white square indicated
fusion of ISG. Data shown are representative of three independent
experiments for each; R/ relative intensity

process of insulin secretion. This was also the case with
living B cells, in which Cherry-KCNH6 fluorescence colo-
calized with Insulin-EGFP fluorescence (Fig. 2F). We then
monitored ISG-associated KCNH6 fluorescence, we found
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that both green and red fluorescent spots displayed coinci-
dent mobility kinetics by recording the movement of Cherry-
KCNH6 and Insulin-EGFP under TIRFM (Fig. 2G). These
findings demonstrated that KCNH6 was abundant in ISGs
in pancreatic beta cells.

KCNH6 deficient diminished biphasic GSIS
by inhibiting resident and passenger type of insulin
granule exocytosis

Time-lapse imaging recordings under TIRFM in living
cells permit direct observation of the fusion events of secre-
tory granules, as well as analysis of the prefusion behavior
of fused granules. Since over 90% of the monolayer cells

derived from wild-type islets are B-cells [24], we employed
TIRF microscopy to monitor the exocytosis of ISGs labeled
with Insulin-EGFP just beneath the plasma membrane in
living B cells. On stimulation, single IG fusion events were
observed as flashes of fluorescence that rapidly dissipated in
a cloud-like diffusion pattern. These fused granules were cat-
egorized into residents, visitors, and passengers as described
previously (Fig. 3A and B) [24, 25]. Under basal state
(2.8 mmol/l glucose), the levels of punctuate fluorescence
indicating docked ISGs were not different between control
and KCNH6-BKO islet cells (Fig. 3C). However, upon high-
glucose stimulation (16.7 mmol/l), both residents and pas-
sengers contributed to first-phase GSIS and second-phase
GSIS respectively. The total number of fusion events during
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Fig.3 KCNH6 deficient B cells showed reduced biphasic insulin
exocytosis after glucose stimulation. A The primary pancreatic islet
B cells from mice expressing Insulin-EGFP were stimulated with
16.7 mmol/L glucose in KRBB solution. The images shown in the
figure represent typical examples of residents, visitors and passen-
gers. The bright white spots indicate the fusion of insulin granules
with the plasma membrane. B The relative fluorescence intensity for
each type of (A) was calculated in a 1 pmX 1 pm square around indi-
vidual vesicles at each time point before and after fusion. C Images
acquired through TIRFM were captured following a 30-min incu-
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bation of primary mouse pancreatic islet p cells expressing Insulin-
EGFP in 2.8 mmol/l glucose KRBB and statistical analysis of docked
granules (n=6). Bar: 5 pm. D-E Histogram of the three patterns of
fusion events from P cells expressing Insulin-EGFP stimulated with
16.7 mmol/l glucose KRBB: passenger (green bar), visitor (blue bar),
and resident (red bar) in control (D) and KCNH6 null (E) p-cells
(n=21). F-H Summary of the three patterns of fusion events in the
first phase (1-5 min) (F), second phase (6-20 min) (G) and total
fusion events (1-20 min) (H). *p <0.05, **p<0.01, ***p <0.001 by
Student ¢ test
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both the first and second phases of glucose stimulation was
significantly reduced in KCNH6-BKO f cells as compared
to control cells (Fig. 3D-H), which is consistent with the
result of the perifusion analysis. In the first-phase GSIS,
there was an obvious reduction of residents and passengers
from KCNHG6 deficient f§ cells (Fig. 3D-F). In second-phase
GSIS, there was a decline only in passengers from KCNH6
deficient f cells (Fig. 3D, E and G). This result suggests that
KCNHS6 depletion inhibits biphasic GSIS by reducing both
resident and passenger types of insulin granule exocytosis.

KCNH6 affected the replenishment of ISGs docked
to the PM in B cells after glucose stimulation

Although TIRFM is excellent at examining the behavior of
ISGs close to the plasma membrane (PM) within a range
of up to 100 nm, we wanted to expand our investigation to
assess the behavior of ISGs further inside the cytoplasm,
whether ISGs are adequate to replenish reduced docked ISGs
near the PM that have been depleted by glucose-stimulated
exocytosis. Specifically, we sought to determine whether
ISGs are effectively recruited to the PM to replenish the pool
of ISGs near the PM that may have been depleted during glu-
cose-stimulated exocytosis. To achieve this, we conducted
electron microscopy (EM) morphometric analysis of both
control and KCNH6-BKO f cells under basal conditions and
after stimulation with 16.7 mmol/l glucose. Under basal con-
ditions, there were no significant differences in cell size, ISG
numbers, and docked granule numbers between KCNH6-
BKO B cells and those of control p cells (Fig. 4A-E), which
aligned with the observations from the TIRFM analyses
(Fig. 3C). These findings indicate that KCNH6 does not play
a direct role in ISG biogenesis. We then examined the abil-
ity of ISGs to mobilize to the PM after glucose-stimulated
depletion of the docked ISGs in the releasable pool (RP).
With high glucose stimulation, it is expected that a reduced
number of docked granules in RP would be replenished to
facilitate insulin secretion [31]. Surprisingly, we found that
the number of docked granules in KCNH6-BKO f cells did
not exhibit the expected increase after stimulation, resulting
in a significant reduction compared to control B cells (Fig. 4F
and J). This suggests that KCNHG6 deficiency impairs the
proper docking of ISGs to the PM, consequently affecting
insulin secretion. Furthermore, the higher ISG numbers
observed in KCNH6-BKO B cells compared to control f cells
can be attributed to the accumulation of secretory granules
that are unable to undergo exocytosis due to the impaired
docking process (Fig. 4F-I). We further confirmed that the
mRNA expression levels of insulin biosynthesis-related
genes in islets from control and KCNH6-BKO mice were
not changed (Figure S4). These findings shed light on the
crucial role of KCNH6 in regulating ISG docking to the PM

to replenish depleted pools with glucose stimulation, high-
lighting its significance in the insulin secretion process and
providing valuable insights into the underlying mechanisms
of f cell dysfunction associated with KCNH6 deficiency.

KCNH6 interacted with Munc18-1 in murine
pancreatic 8 cells

To elucidate the molecular mechanisms underlying the
impaired insulin exocytosis observed in KCNH6-BKO
mice, we investigated the expression levels of key exocy-
totic proteins. We found that Munc18-1, the regulator of
the SNAREs, was expressed at significantly lower levels in
KCNH6-BKO islets (Fig. SA and B). Because Munc18-1
is a critical regulator of insulin granule exocytosis in pan-
creatic B cells [16] and because protein expression levels
often decline with loss of an interacting protein [24, 32],
we hypothesized that KCNH6 interacts with Munc18-
1. To explore this possibility, we expressed KCNH6 and
Munc18-1 in 293A cells to check the exogenous binding
activity between these two molecules. Co-immunoprecipi-
tation results showed that KCNH6 interacts with Munc18-1
(Fig. 5C). Additionally, we confirmed that KCNH6 forms
an endogenous complex with Munc18-1 in murine § cell
line MING cells (Fig. 5SD). KCNHG6 is a voltage-gated potas-
sium channel protein with two non-transmembrane domains
(residues 1-225 and residues 567-950) and one transmem-
brane domain (residues 226-566). The transmembrane
domain comprises six segments, including a pore-forming
loop essential for ion conduction and selectivity (Fig. SE).
To identify the binding regions of KCNH6 and Munc18-1,
we co-expressed each domain with Munc18-1 in HEK293A
cells. We observed that only the transmembrane domain
formed a complex with Munc18-1 (Fig. 5F). To further
explore the binding domain of KCNH6 with Munc18-1, we
narrowed down the fragment of the transmembrane domain
of KCNH6 and found that 226-300 residues could efficiently
bind Munc18-1 (Fig. 5G). Further analysis revealed that the
binding ability of residues 1-255 to Munc18-1 was sig-
nificantly stronger compared to residues 1-245, suggesting
that potential binding sites exist between residues 246255
(Fig. 5H). To identify the specific amino acid residues in
KCNHB6 that are involved in the interaction with Munc18-
1, we utilized the HDOCK web server to predict the pro-
tein—protein binding sites [33]. R246, T248, and L250 in
KCNH6 were identified as the most probable binding site
(Fig. 5I). According to this prediction, R246A/T248A/
L250A (3A) triple mutant of KCNH6 was generated. We
first proved that the 3A mutant diminished binding activity
to exogenous Munc18-1 in transfected 293A cells (Fig. 5J).
Then, we confirmed that the 3A mutant lost binding activity
to endogenous Munc18-1 in MING6 cells (Fig. 5K). Thus, the
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Islet-LG

Islet-HG

Fig.4 KCNHG6 affected replenishment of insulin granules docked to
the plasma membrane in islet after glucose load. A Insulin granule
morphology in Control and KCNH6-BKO f cells under 2.8 mmol/l
glucose KRBB (LG) condition (n= 18 for control from 3 mice; n=17
for KCNH6-PKO from 3 mice). Squares in the left panels are shown
at a higher magnification in the right panels. White arrowheads indi-
cate the granules of the reserve pool, whereas red arrows indicate
the granules of the docked pool. Bar, 1 pm. B-D Cell size (B), total
number of granules (C), and average granule density (D) in control
and KCNH6-BKO p cells under LG condition. E The percentage of
docked granules to total granules in control and KCNH6-KO f cells

R246A/T248A/L250A mutant of KCNHG6 specifically loses
binding activity to Munc18-1.
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under LG condition. A distance <200 nm from the center of the gran-
ule to the plasma membrane was considered to be a docked granule.
F Insulin granule morphology in control and KCNH6-BKO f cells
after 16.7 mmol/l glucose KRBB (HG) stimulation (n=17 for control
from 3 mice; n=17 for KCNH6-BKO from 3 mice). G-I Cell size
(G), total number of granules (H), and average granule density (I)
in control and KCNH6-BKO f cells after HG stimulation. J The per-
centage of docked granules to total granules in WT and KCNH6-KO
B cells after HG stimulation. ***p <0.01 by Student t test; n.s. means
not significant

KCNH6 translocated to the plasma membrane
upon glucose stimulation

To detect the distribution of KCNH6 WT or 3A mutant and
Munc18-1 or ISGs, immunostaining revealed that the 3A
mutant expressed in KCNHG6 null f cells did not colocalize
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Fig.5 KCNH6 bound with Munc18-1 in murine pancreatic § cells.
A Expression of insulin secretion-related proteins in pancreatic islets
of control and KCNH6-PKO mice as detected by western blot analy-
sis. B Statistical analysis of grayscale intensity values for protein
expression levels in A (n=3). C HEK293A cells were transfected to
co-express HA-Munc18-1 and FLAG-KCNH6. The cell lysates were
incubated with anti-HA beads, and the bound proteins and 1/50 vol-
ume of the reaction mixture were analyzed by immunoblotting with
anti-HA or anti-FLAG antibodies. The extra band (asterisk) is the
non-specific band. D MIN6 cells underwent immunoprecipitation
with anti-Munc18-1 antibody or control IgG for checking endog-
enous interaction between Muncl8-1 and KCNH6. The immuno-
precipitates, as well as 1:20 of the original lysates, were immunob-
lotted with anti-KCNH6 and anti-Munc18-1 antibodies. The IP with
anti-Munc18-1 antibody or anti-KCNH6 antibody, as well as 1/100
volume of the original lysates (Input), were analyzed by immunob-
lotting with the indicated antibodies. E Protein sequence diagram of
one of the four subunits of KCNH6 channels. F-H HEK293A cells
were transfected with HA-Munc18-1 and FLAG-KCNH6 truncated
mutants. The cell lysates were incubated with anti-FLAG beads, and

with Munc18-1 along the plasma membrane (Fig. 6A-C)
while the colocalization between KCNH6 3A mutant and
insulin remained unaffected (Fig. 6D-F), which indicated that
the KCNH6 3A mutant destroyed Munc18-1 binding activity
on the plasma membrane without affecting its localization on
ISGs. In addition, immunostaining revealed that Munc18-1
was mainly localized on the plasma membrane which was
similar as described elsewhere [34]. We checked again for the

the bound proteins and 1/100 volume of the reaction mixture as input
were analyzed by immunoblotting with anti-HA or anti-FLAG anti-
bodies. The extra band (asterisk) is the non-specific band. I Molecu-
lar docking result of KCNH6 and Munc18-1 performed by HDOCK.
KCNHS6 is displayed as a surface in green. Muncl8-1 is displayed
as a cartoon in orange. In the zoomed-in view of the docking result,
KCNHS6 is shown as a green cartoon, and Munc18-1 is represented
as an orange cartoon. Residues that are within a distance of less than
3.5 A between KCNH6 and Munc18-1 (R246, T248 and L250) are
illustrated as sticks. These residues are situated within the sequence
corresponding to the N-terminus and the TM1 domain and indi-
cated in the protein sequence diagram. J HEK293A cells were
transfected with HA-Munc18-1 and FLAG-KCNH6-WT or FLAG-
KCNH6 R246A/T248A/L250A (3A) mutants. The FLAG-immu-
noprecipitation were analyzed as in B. K MING6 cells were infected
with FLAG-KCNH6 WT or FLAG-KCNH6 3A mutant adenovi-
rus. The FLAG-immunoprecipitation were analyzed as in B. Data
shown are representative of three independent experiments for each;
*##%p <0.001 by Student ¢ test

distribution of Munc18-1 in murine pancreatic f§ cells with
ISGs, immunofluorescence image showed that Munc18-1
was mainly expressed and colocalized with insulin on the
plasma membrane (Fig. 6G). Next, we checked binding affinity
between KCNH6 and Munc18-1 in MING cells and found that
it was enhanced following high glucose stimulation (Fig. 6H
and I) since Munc18-1 on the plasma membrane is essential
for ISG docking and fusion [16, 21, 34, 35], we speculated that
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«Fig.6 KCNH6 move to plasma membrane after glucose stimulation.
A KCNH6-BKO pancreatic p-cells were infected with adenoviruses
encoding WT or 3A mutant KCNH6. They were coimmunostained
with mouse anti-Munc18-1 antibodies and rabbit anti-KCNH6 anti-
bodies. Bar: 10 pm. B Fluorescent intensity profiles along the indi-
cated line of KCNH6 and Munc18-1 are shown at right. Arrows indi-
cated the membrane (M) regions. C Colocalization was quantified
by Pearson’s correlation coefficient (n=10 cells from 2 mice each).
D KCNH6-BKO pancreatic B-cells were infected with adenoviruses
encoding WT or 3A mutant KCNH6. They were coimmunostained
with mouse anti-insulin antibodies and rabbit anti-KCNH6 antibod-
ies. Bar: 10 pm. E Fluorescent intensity profiles along the indicated
line of KCNH6 and insulin are shown at right. Arrows indicated the
granule (G) regions. F Colocalization was quantified by Pearson’s
correlation coefficient (n=10 cells from 2 mice each). G Distribution
of Munc18-1 and insulin granules was examined using confocal fluo-
rescence microscopy. Bar: 10 pm. H Immunoprecipitation (IP) and
immunoblotting were performed to examine the endogenous inter-
action between Munc18-1 and KCNH6 in MING6 cells under differ-
ent glucose concentrations (LG or HG). The cell lysates underwent
IP with anti-Munc18-1 antibody, followed by immunoblotting with
anti-Munc18-1 and anti-KCNH6 antibodies. I Statistical analysis of
grayscale intensity values for protein expression levels in H (n=3).
*p<0.05 by Student ¢ test. J-L KCNH6-BKO pancreatic p-cells
expressing Cherry-KCNH6 were incubated with 2.8 mmol/L glucose
KRBB (LG) for 30 min, then were stimulated with 16.7 mmol/l glu-
cose KRBB (HG). J The time-lapse fluorescence profiles of Cherry-
KCNH6 (red) upon docking were monitored by TIRFM, white
arrows indicated the docking events of Cherry-KCNH6. K KCNH6
null P-cells expressing Cherry-KCNH6 were incubated with LG
for 30 min followed by HG for another 30 min, and TIRFM images
of the same f-cells under LG and HG conditions respectively. Bar:
5 pm. L Relative fluorescence-intensity of (K) (n=6). **p<0.01
by one-way ANOVA. n.s. means not significant. M KCNH6 null
B-cells expressing Cherry-KCNH6 WT or 3A mutant were ana-
lyzed by TIRFM after coimmunostaining with Munc18-1 and RFP
antibodies. Bar: 5 pm. N Relative fluorescence-intensity of Cherry-
KCNH6 (n=10 from 3 mice each). O Colocalization was quantified
by Pearson’s correlation coefficient (n=10 cells from 3 mice each).
*p<0.05, #*p <0.01, ***p <0.001 by Student ¢ test

KCNHS6 positive granules to reach Munc18-1 on the plasma
membrane for regulating ISG docking and fusion after glu-
cose stimulation. To confirm our speculation, we examined
the dynamic expression of KCNH6 on the plasma membrane
with or without high glucose stimulation by TIRFM. We
found that KCNHG6 translocated from the cell interior to the
plasma membrane (Fig. 6J) and this phenomenon was only
occurred after high glucose stimulation but not low glucose
stimulation, because the fluorescent intensity of KCNH6 from
TIRFM analysis only increased after incubation of high glu-
cose, but not changed under low glucose condition (Fig. 6L).
Finally, we checked colocalization of KCNH6 and Munc18-1
on the plasma membrane after glucose stimulation by TIRFM
analysis. KCNHG6 colocalized with Munc18-1 on the plasma
membrane, however, expression of KCNH6 3A mutant on the
plasma membrane was very low and did not colocalized with
Munc18-1 (Fig. 6M-0), which indicated KCNH6 3A mutant
failed to dock to the plasma membrane because of disruption
of binding with Munc18-1. These findings suggested that

KCNHBS6 translocated to the plasma membrane upon glucose
stimulation and docking to the plasma membrane through
interaction with Munc18-1.

KCNH6 3A mutant failed to rescue impaired insulin
exocytosis from KCNH6 deficient f cells

Since KCNH6 is a Kv channel, to confirm whether the
KCNH6 3A mutation affects its ion channel function, we
first conducted KCNH6 current recordings in HKE293 cells
transfected with either the wild-type KCNH6 (KCNH6 WT)
or the KCNH6 3A mutant (KCNH6 3A). We found that
there was no significant difference in the KCNHG6 currents
observed between KCNH6 WT and KCNH6 3A (Figure S5),
indicating that the KCNH6 3A mutant retained its electri-
cal function. To investigate whether the interaction with
Munc18-1 is important for KCNH6’s promotion of insu-
lin granule exocytosis, we performed rescue experiments.
We introduced wild-type or 3A mutant KCNH6, as well as
control LacZ protein, into KCNH6-BKO islets to match the
level of endogenous KCNH6 in wild-type islets (Fig. 7A).
Our results showed that the wild-type KCNH6 restored GSIS
to levels comparable to those in control LacZ-expressing
islets, while the 3A mutant failed to restore insulin secretion
(Fig. 7B). We previously identified Berberine was a selective
inhibitor of KCNHG6 currents, to better understand whether
the KCNH6/Munc18-1 complex promoting insulin secre-
tion was independent of its electrical function, we analyzed
GSIS from islets treated with Berberine to block KCNH6
current. We found that Berberine did not affec binding activ-
ity between KCNH6 and Munc18-1 in f cells (Fig. 7C and
D), KCNH6 3A mutant showed decreased GSIS compared
with that of KCNH6 WT expressed islets (Fig. 7E), which
indicated that KCNH6 promoted GSIS through interaction
with Munc18-1 independent of its electrical function. In
addition, overexpression of KCNH6 WT or KCNH6 3A
mutant in MING6 cells showed similar results on GSIS as
in islets (Figure S6), since KCNH6 3A mutant unaffected
KCNH6 currents, this result again suggested that KCNH6
promoted GSIS through interaction with Munc18-1 inde-
pendent of its electrical function. We then performed rescue
experiments to examine whether defects in docking ability
from KCNH6-deficient B cells after glucose stimulation are
restored by the expression of exogenous KCNH6 under EM
(Fig. 7F-J). We found that KCNH6 WT restored impaired
docked ISGs in the KCNH6-deficient f cells, in contrast
to the expression of control LacZ (Fig. 7F and J). Impor-
tantly, the restoration of docked ISGs was not seen by the
expression of the KCNH6 3A mutant, which is specifically
defective in binding to Munc18-1 (Fig. 5). This result sug-
gested that KCNH6 promoted the docking of ISGs to the
plasma membrane after glucose stimulation through inter-
action with Munc18-1. Finally, to obtain specific evidence
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«Fig. 7 KCNH6 3A mutant failed to rescue impaired insulin exocyto-
sis from KCNH6 deficient f cells. A The control and KCNH6-BKO
islets were infected with adenoviruses encoding LacZ, KCNH6 WT
or KCNH6 3A mutant. After a 1-h infection, the islets were rinsed
and incubated for 48 h at 37 °C. The protein levels of KCNH6-3A
were matched to those of KCNH6-WT expressed in KCNH6-pKO
islets. B The control and KCNH6-BKO islets were infected with
adenoviruses with the condition described in A. The islets were pre-
incubated in 2.8 mmol/l glucose KRBB for 1 h and were incubated
in 2.8 mmol/l low glucose (LG) or 16.7 mmol/l high glucose (HG)
buffer for 1 h. Insulin levels secreted in the media and left in the cell
lysates were measured, and their ratios are shown (=6 from six
mice). *p < 0.05 by one-way ANOVA. C Immunoprecipitation (IP)
and immunoblotting were performed to examine the endogenous
interaction between Munc18-1 and KCNH6 in MING6 cells after
incubation with 10 pM Berberine for 1 h. The cell lysates under-
went IP with anti-Munc18-1 antibody, followed by immunoblot-
ting with anti-Munc18-1 and anti-KCNH6 antibodies. D Statistical
analysis of grayscale intensity values for protein expression levels in
C (n=3). n.s. means not significant. E KCNH6-fKO islets express-
ing KCNH6 WT or 3A mutant were stimulated with HG for 60 min
after incubation with 10 pM Berberine or vehicle for 1 h (n=6 cells
from 3 mice each). ***p<0.001 by Student 7 test. F Insulin granule
morphology in Control and KCNH6-BKO f cells under 16.7 mmol/l
glucose KRBB condition (n=26 for LacZ from 3 mice; n=26 for
WT from 3 mice; n=33 for 3A from 3 mice). Squares in lower pan-
els are shown at higher magnification in upper panels. White arrow-
heads indicate the granules of the reserve pool, whereas red arrows
indicate the granules of the docked pool. Bar, 1 pm. G-I Cell size
(G), total number of granules (H), and average granule density (I) in
control and KCNH6-BKO f cells under HG condition. J T The per-
centage of docked granules to total granules in WT and KCNH6-KO
P cells after HG stimulation. A distance <200 nm from the center of
the granule to the plasma membrane was considered to be a docked
granule. ¥**p <0.01 by one-way ANOVA. K TIRFM image of liv-
ing B-cells from KCNH6-BKO mice co-expressing FLAG-KCNH6/
mCherry and Insulin-EGFP. Bar: 5 pm. D TIRF microscopic analysis
of insulin granule exocytosis was performed as in Fig. 4 in KCNH6-
BKO B cells co-expressing Insulin-EGFP and LacZ, KCNH6-WT or
KCNH6-3A (R246A/T248A /L250A) mutant (n=15 cells from five
mice each). **p<0.01, *¥¥p<0.001 vs LacZ, #p<0.01 vs WT by
one-way ANOVA

on ISGs fusion, we conducted rescue experiments of insu-
lin exocytosis in monolayer -cells under TIRFM. KCNH6
WT or 3A mutant were introduced in KCNH6 null p-cells
(Fig. 7K) and were stimulated with high glucose. Our find-
ings demonstrated that KCNH6-BKO f-cells expressing
KCNH6 WT exhibited a significant increase in the number
of resident and passenger-type exocytic events in response
to glucose stimulation. In contrast, the introduction of the
KCNH6 3A did not result in such an increase (Fig. 7L).
These findings suggested that KCNHG6 regulates insulin exo-
cytosis through interaction with Munc18-1 independently of
its electrical function.

Discussion

In this study, we provided evidence that KCNH6 directly
promoted insulin exocytosis through its interaction with
Munc18-1. KCNH6 was localized on insulin granules and
translocated to the plasma membrane after glucose stim-
ulation, and then interacted with Munc18-1, the SNARE
binding partner, to induce subsequent docking and fusion
of insulin granules from the plasma membrane (Fig. 8).
Disrupting this native KCNH6-Munc18-1 interaction with
a KCNH6 3A mutant leads to impaired glucose-stimulated
insulin secretion. However, restoring KCNH6 expression
can rescue this deficiency in insulin secretion. These find-
ings indicate that KCNHG6 have additional effects on insulin
secretion beyond its electrical function.

We demonstrated KCNH6 was associated with ISG exo-
cytosis (Fig. 2G) and played a direct role in insulin exocyto-
sis of biphasic GSIS, as depletion of KCNHG6 in pancreatic
islets inhibited first- and second-phase GSIS (Fig. 1G-I)
and, on TIRFM, was shown to be attributed to a reduction
of passengers (undocked ISGs) [24] in first- and second-
phase GSIS (Fig. 3D-H) and reduction of residents (pre-
docked ISGs) [24] in first-phase GSIS. KCNH6 augments
insulin granule exocytosis in p-cells through its interaction
with Munc18-1. Firstly, Munc18-1 as a SNARE binding
partner has been proven to regulate secretory vesicles dock-
ing and fusion [16, 35]. Secondly, triggering release after
glucose stimulation enhanced KCNH6 binding to Munc18-1
(Fig. 6H-I). Thirdly, disruption of the Munc18-1 binding
ability by the KCNH6 3A mutant almost completely abol-
ished KCNH6-dependent facilitation of exocytosis (Fig. 7L).
Thus, KCNH6-Munc18-1 complex played an important role
in insulin exocytosis. Further work will be required to full
elucidate the molecular mechanism of ISG fusion especially
for passenger-type fusion.

In addition to its role in insulin granule exocytosis,
KCNH6-Munc18-1 complex was also important for ISGs
from the cell interior to the plasma membrane to replenish
reduced docking ISGs after glucose stimulation, which are
required after high-frequency or sustained stimulation. We
showed that KCNH6-deficient caused a docking defect of
ISGs from the cell interior to the PM after a 30-min glucose
stimulation (Fig. 4). This resulted in a reduced passenger
type of fusion and consequently reduced capacity to sustain
second-phase GSIS. However, at basal condition, ISGs in
KCNH6-null p-cells were able to eventually get to the PM,
explaining the similar number of docked ISGs compared to
control cells. Our data showed KCNH6 3A mutant failed to
restore a reduced number of docked ISGs after glucose stim-
ulation (Fig. 7F-J), indicating that this role in ISG docking to
the PM through interaction with Munc18-1 since Munc18-1
was found to regulate secretory vesicles replenishment [36,
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Fig.8 KCNH6 promoted insulin exocytosis through interaction with
Munc18-1 in pancreatic f cells. Proposed model of KCNH6 promot-
ing insulin exocytosis through the interaction of Munc18-1 in p cells.
KCNH6 was localized on insulin secretory granules and mediated
their docking and fusion to the plasma membrane after glucose stimu-
lation through interaction with Munc18-1, which is independent of its
electrical function

37]. Thus, KCNH6 binding with Munc18-1 might act in
concert to replenish insulin ISGs to supply the RRPs after
glucose-stimulated depletion. This could partially explain
why the depletion of KCNH6 had such significant effects on
passenger-type ISGs. Taken together, our results support a
major role for KCNH6 in docking ISGs to the PM required
to sustain secretion with continued stimulation.

Kv channels were purported to account for the repolari-
zation of pancreatic islet f-cell action potentials, and this
has long been believed to be its major contribution to the
regulation of insulin secretion. Among likely contributors,
the KCNH6 has been found as a major Kv currents in rodent
and human  cells [5], although one or more other channels
also contribute in rodents and humans [38, 39]. Inhibition
or knockout of f cell KCNH6 prolongs the action potential,
increases intracellular Ca** and insulin secretion of rodent
islets [5, 6]. This suggests that KCNH6 acts as a negative
regulator of insulin secretion through its electrical function.
However, we found that KCNH6 was associated with insulin
granules exocytosis (Fig. 2G), increasing KCNH6 enhances
GSIS in MING cells and loss of KCNH6 induced impaired
abilities of docking and fusion from single j cells after glu-
cose stimulation, suggesting that KCNHG6 can also have a
positive regulatory effect on insulin secretion. Further, we
demonstrated that KCNH6 interacts with exocytotic SNARE
proteins binding partner Munc18-1, and colocalizes with it
around the plasma membrane, KCNH6 promoted ISG dock-
ing and fusion in f cells due to an interaction with Munc18-1

@ Springer

and this effect is lost upon disruption of KCNH6-Munc18-1
binding (Fig. 7). The ion-conducting and non-conducting
roles of KCNH6 in beta cells do not interfere with each
other. As a repolarizing potassium channel, antagonizing
KCNH6 enhances insulin secretion in a Ca?*-dependent
manner. Concurrently, KCNH6 also enhances insulin secre-
tion independently of its electrical function, through its
interaction with Munc18-1. This was confirmed by conduct-
ing a rescue experiment. The KCNH6 3A mutant which still
keeps electrical function failed to restore insulin secretion.
However, Berberine, a selective inhibitor of KCNHG6, did
not impact the interaction between KCNH6 and Munc18-1
(Fig. 7C-D) and remained capable of promoting insu-
lin secretion [6]. Meanwhile, after the closure of KCNH6
channels with Berberine, rescue 3A mutant in KCNH6 fKO
pancreatic islets showed impaired GSIS. These findings sug-
gested that KCNH6 played multiple roles in the regulation
of insulin secretion, for both regulation of electrical function
and modulation of exocytosis.

Finally, it should be noted that our previous data showed
that f§ cells from the early age of KCNH6 GKO mice showed
enhanced electrical activity, Ca>" responses and insulin
secretion [S5], which agrees with the role of KCNH6 as a
negative modulator of insulin secretion dependent on its
electrical function. However, we did not observe increased
insulin secretion in young KCNH6 KO mice (Fig. 1 and
Figure S2). This does not imply that KCNH6 operates dif-
ferently in KCNH6 GKO mice compared to KCNH6 fKO
mice. Firstly, similar to other potassium channel knockout
mice, the hyperinsulinemic phase in KCNH6 BKO mice are
notably brief and rapidly transitioning to a reduction in insu-
lin secretion within a few days after birth [40], which may
pose challenges in accurately capturing the hyperinsulinemic
phase in the KCNH6-BKO mice. Secondly, KCNH6 KO
islets means KCNHG6 f-cell specific deficient islet which
is completely different from KCNH6 GKO islets lacking
KCNHE6 in all kinds of cells in islets, since KCNH6 expres-
sion is not restricted to the B cell, differences in insulin
secretion between KCNH6 GKO and KCNH6 KO mice
could be due to KCNH6 deletion in other cell types of islets
and compensatory changes at these sites. Pancreatic a cells
play a crucial role in regulating insulin secretion [41, 42].
We found that KCNH6 is expressed in « cells (Fig. 1B),
which may modulate insulin release by influencing gluca-
gon secretion, potentially contributing to the divergent
insulin secretion phenotypes observed in KCNH6 GKO
and KCNH6 BKO mice. Thirdly, we recently found that
KCNHBS6 also regulates incretin secretion, the loss of KCNH6
enhanced incretin secretion, which might compensate for
impaired insulin secretion from KCNH6 GKO mice before
14 weeks. Thus, KCNH6 plays multiple roles in the regula-
tion of insulin secretion, serving both as a regulator of elec-
trical function and in the direct modulation of exocytosis.
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Interestingly, the KCNH6 KO mice phenotype are in part
consistent and partly inconsistent with human carriers of the
risk allele of KCNH6 [5]. This could be because heterozy-
gous mutations in KCNH6 don't impact its role in regulating
exocytosis in human pancreatic islet f§ cells. In future stud-
ies, we will gather additional clinical data and samples to
further investigate the function of KCNHG6 in human islets.
In conclusion, we demonstrated that KCNHG6 facilitates §
cell exocytotic responses by binding to Munc18-1, which is
independent of its conventional electrical role. Disruption of
interaction of KCNH6 and Munc18-1 impairs glucose-depend-
ent replenishment and reduces glucose-stimulated biphasic
exocytosis of ISGs. These findings provide a promising and
novel avenue for enhancing our understanding of the KCNH6
channel in diabetes mechanisms. Further research will be
required to determine the molecular mechanism of KCNH6
in insulin granule trafficking and in the fusion process itself.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-024-05134-1.

Acknowledgements We would like to thank Duo Duo, Qing Bian
and Xiang Zhang from Center for Biological Imaging (CBI), Institute
of Biophysics, Chinese Academy of Sciences, for technical support
with FV3000 confocal imaging and image analysis. We are grateful to
Xi-Xia Li, Xue-Ke Tan and Zhong-Shuang Lv for helping with elec-
tron microscopic sample preparation and taking electron microscopic
images at the Center for Biological Imaging (CBI), Institute of Bio-
physics, Chinese Academy of Science.

Author contributions Hao Wang, Qi Li, Ying-Chao Yuan, Xue-Chun
Han and Yong-Ting Cao performed experiments and analyzed data;
Hao Wang and Jin-Kui Yang designed experiments and supported the
study; Hao Wang, Qi Li and Jin-Kui Yang wrote the manuscript; Hao
Wang and Jin-Kui Yang supervised the research.

Funding This work was supported by grants from the National Natural
Science Foundation of China (82170809), Beijing Municipal Natural
Science Foundation (7232232) and Outstanding Young Talent Pro-
gram of Beijing Tongren Hospital (2021-YJJ-ZZL-006) to Hao Wang.
It was also supported by National Natural Science Foundation of China
(81930019) to Jin-Kui Yang.

Data availability All data are contained within the article.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest with the contents of this article. The authors have no relevant
financial or non-financial interests to disclose.

Ethics approval and consent to participate Animal experiments fol-
lowed the national ethical guidelines implemented by our Institutional
Animal Care and Use Committee and were approved by the Ethical
Review Committee of the Institute of Zoology, Capital Medical Uni-
versity, Beijing, China.

Consent for publication The authors consent to publishing this work.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Yan LZ et al (2004) Expression of voltage-gated potassium chan-
nels in human and rhesus pancreatic islets. Diabetes 53:597-607.
https://doi.org/10.2337/diabetes.53.3.597

2. MacDonald PE, Wheeler MB (2003) Voltage-dependent K(+)
channels in pancreatic beta cells: role, regulation and potential as
therapeutic targets. Diabetologia 46:1046—1062. https://doi.org/
10.1007/s00125-003-1159-8

3. Braun M et al (2008) Voltage-gated ion channels in human pan-
creatic p-cells: electrophysiological characterization and role in
insulin secretion. Diabetes 57:1618-1628. https://doi.org/10.2337/
db07-0991

4. Rorsman P, Ashcroft FM (2018) Pancreatic p-cell electrical activ-
ity and insulin secretion: of mice and men. Physiol Rev 98:117-
214. https://doi.org/10.1152/physrev.00008.2017

5. Yang JK et al (2018) From hyper- to hypoinsulinemia and dia-
betes: effect of KCNHG6 on insulin secretion. Cell Rep 25:3800—
3810. https://doi.org/10.1016/j.celrep.2018.12.005

6. Zhao MM et al (2021) Berberine is an insulin secretagogue target-
ing the KCNHG6 potassium channel. Nat Commun 12:5616. https://
doi.org/10.1038/341467-021-25952-2

7. Jacobson DA, Shyng S-L (2020) Ion channels of the islets in type
2 diabetes. ] Mol Biol 432:1326-1346

8. Shibasaki T, Sunaga Y, Seino S (2004) Integration of ATP,
cAMP, and Ca2+ signals in insulin granule exocytosis. Diabetes
53:559-562

9. MacDonald P, Wheeler M (2003) Voltage-dependent K+ channels
in pancreatic beta cells: role, regulation and potential as therapeu-
tic targets. Diabetologia 46:1046-1062

10. Komatsu M, Takei M, Ishii H, Sato Y (2013) Glucose-stimu-
lated insulin secretion: a newer perspective. J Diabetes Investig
4:511-516

11. Siidhof TC, Rothman JE (2009) Membrane fusion: grappling with
SNARE and SM proteins. Science 323:474—477. https://doi.org/
10.1126/science.1161748

12. Carr CM, Rizo J (2010) At the junction of SNARE and SM pro-
tein function. Curr Opin Cell Biol 22:488-495. https://doi.org/10.
1016/j.ceb.2010.04.006

13. Yoon T-Y, Munson M (2018) SNARE complex assembly and dis-
assembly. Curr Biol 28:R397-R401. https://doi.org/10.1016/j.cub.
2018.01.005

14. Gaisano HY (2017) Recent new insights into the role of SNARE
and associated proteins in insulin granule exocytosis. Diabetes
Obes Metab 19:115-123. https://doi.org/10.1111/dom.13001

15. Dai XQ et al (2012) The voltage-dependent potassium channel
subunit Kv2.1 regulates insulin secretion from rodent and human
islets independently of its electrical function. Diabetologia
55:1709-1720. https://doi.org/10.1007/s00125-012-2512-6

16. Oh E, Kalwat MA, Kim MJ, Verhage M, Thurmond DC (2012)
Munc18-1 regulates first-phase insulin release by promoting

@ Springer


https://doi.org/10.1007/s00018-024-05134-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2337/diabetes.53.3.597
https://doi.org/10.1007/s00125-003-1159-8
https://doi.org/10.1007/s00125-003-1159-8
https://doi.org/10.2337/db07-0991
https://doi.org/10.2337/db07-0991
https://doi.org/10.1152/physrev.00008.2017
https://doi.org/10.1016/j.celrep.2018.12.005
https://doi.org/10.1038/s41467-021-25952-2
https://doi.org/10.1038/s41467-021-25952-2
https://doi.org/10.1126/science.1161748
https://doi.org/10.1126/science.1161748
https://doi.org/10.1016/j.ceb.2010.04.006
https://doi.org/10.1016/j.ceb.2010.04.006
https://doi.org/10.1016/j.cub.2018.01.005
https://doi.org/10.1016/j.cub.2018.01.005
https://doi.org/10.1111/dom.13001
https://doi.org/10.1007/s00125-012-2512-6

86

Page 18 of 18

H.Wang et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

granule docking to multiple syntaxin isoforms. J Biol Chem
287:25821-25833. https://doi.org/10.1074/jbc.M112.361501

. Qin TR et al (2017) Munc18b increases insulin granule fusion,

restoring deficient insulin secretion in type-2 diabetes human and
Goto-Kakizaki rat islets with improvement in glucose homeosta-
sis. EBioMedicine 16:262-274. https://doi.org/10.1016/j.ebiom.
2017.01.030

Zhu D et al (2015) Munc18c mediates exocytosis of pre-docked
and newcomer insulin granules underlying biphasic glucose
stimulated insulin secretion in human pancreatic beta-cells. Mol
Metabol 4:418-426. https://doi.org/10.1016/j.molmet.2015.02.
004

Zhang W et al (2002) Down-regulated expression of exocytotic
proteins in pancreatic islets of diabetic GK rats. Biochem Bioph
Res Co 291:1038-1044. https://doi.org/10.1006/bbrc.2002.6555
Ostenson CG, Gaisano H, Sheu L, Tibell A, Bartfai T (2006)
Impaired gene and protein expression of exocytotic soluble N-eth-
ylmaleimide attachment protein receptor complex proteins in pan-
creatic islets of type 2 diabetic patients. Diabetes 55:435-440.
https://doi.org/10.2337/diabetes.55.02.06.db04-1575

Wang H et al (2011) Loss of granuphilin and loss of syntaxin-1A
cause differential effects on insulin granule docking and fusion. J
Biol Chem 286:32244-32250. https://doi.org/10.1074/jbc.M111.
268631

Miyazaki J et al (1990) Establishment of a pancreatic beta cell
line that retains glucose-inducible insulin secretion: special refer-
ence to expression of glucose transporter isoforms. Endocrinology
127:126-132. https://doi.org/10.1210/endo-127-1-126

Wang H et al (2023) The signaling protein GIV/Girdin medi-
ates the Nephrin-dependent insulin secretion of pancreatic islet 8
cells in response to high glucose. J Biol Chem. https://doi.org/10.
1016/j.jbc.2023.103045

Wang H et al (2020) Melanophilin accelerates insulin granule
fusion without predocking to the plasma membrane. Diabetes
69:2655-2666. https://doi.org/10.2337/db20-0069

Wang H et al (2013) The Rab27a effector exophilin7 promotes
fusion of secretory granules that have not been docked to the
plasma membrane. Mol Biol Cell 24:319-330. https://doi.org/
10.1091/mbc.e12-04-0265

Schindelin J et al (2012) Fiji: an open-source platform for biolog-
ical-image analysis. Nat Methods 9:676-682. https://doi.org/10.
1038/nmeth.2019

Yan Y, Zhang D, Zhou P, Li B, Huang S-Y (2017) HDOCK: a web
server for protein—protein and protein-DNA/RNA docking based
on a hybrid strategy. Nucleic Acids Res 45:W365-W373

Yan Y, Tao H, He J, Huang S-Y (2020) The HDOCK server for
integrated protein—protein docking. Nat Protoc 15:1829-1852
Tunyasuvunakool K et al (2021) Highly accurate protein structure
prediction for the human proteome. Nature 596:590-596. https://
doi.org/10.1038/s41586-021-03828-1

Lu J et al (2020) KCNH6 protects pancreatic f-cells from endo-
plasmic reticulum stress and apoptosis. FASEB J 34:15015-
15028. https://doi.org/10.1096/17.202001218R

@ Springer

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Dolai S et al (2016) Synaptotagmin-7 functions to replenish
insulin granules for exocytosis in human islet B-cells. Diabetes
65:1962-1976

Ajmal MR (2023) Protein misfolding and aggregation in pro-
teinopathies: causes mechanism and cellular response. Diseases.
https://doi.org/10.3390/diseases 11010030

Yan Y, Zhang D, Zhou P, Li B, Huang S-Y (2017) HDOCK: a web
server for protein-protein and protein-DNA/RNA docking based
on a hybrid strategy. Nucleic Acids Res 45:W365-W373. https://
doi.org/10.1093/nar/gkx407

Tomas A, Meda P, Regazzi R, Pessin JE, Halban PA (2008) Munc
18—1 and granuphilin collaborate during insulin granule exocyto-
sis. Traffic 9:813-832. https://doi.org/10.1111/j.1600-0854.2008.
00709.x

Mandic SA et al (2011) Munc18-1 and Munc18-2 proteins modu-
late beta-Cell Ca2+ sensitivity and kinetics of insulin exocytosis
differently. J Biol Chem 286:28026-28040. https://doi.org/10.
1074/jbc.M111.235366

Toonen RFG et al (2006) Munc18-1 expression levels control
synapse recovery by regulating readily releasable pool size. Proc
Natl Acad Sci USA 103:18332-18337. https://doi.org/10.1073/
pnas.0608507103

Nili U et al (2006) Munc18-1 phosphorylation by protein kinase C
potentiates vesicle pool replenishment in bovine chromaffin cells.
Neuroscience 143:487-500. https://doi.org/10.1016/j.neuroscien
¢e.2006.08.014

Jacobson DA et al (2007) Kv2.1 ablation alters glucose-induced
islet electrical activity enhancing insulin secretion. Cell Metabol
6:229-235. https://doi.org/10.1016/j.cmet.2007.07.010
Yamagata K et al (2011) Voltage-gated K+ channel KCNQI1 regu-
lates insulin secretion in MING6 f-cell line. Biochem Bioph Res Co
407:620-625. https://doi.org/10.1016/j.bbrc.2011.03.083
Seghers V, Nakazaki M, DeMayo F, Aguilar-Bryan L, Bryan J
(2000) Surl knockout mice. A model for K(ATP) channel-inde-
pendent regulation of insulin secretion. J Biol Chem 275:9270—
9277. https://doi.org/10.1074/jbc.275.13.9270

Moede T, Leibiger IB, Berggren PO (2020) Alpha cell regulation
of beta cell function. Diabetologia 63:2064-2075. https://doi.org/
10.1007/s00125-020-05196-3

Svendsen B et al (2018) Insulin secretion depends on intra-islet
glucagon signaling. Cell Rep 25:1127-1134.e1122. https://doi.org/
10.1016/j.celrep.2018.10.018

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1074/jbc.M112.361501
https://doi.org/10.1016/j.ebiom.2017.01.030
https://doi.org/10.1016/j.ebiom.2017.01.030
https://doi.org/10.1016/j.molmet.2015.02.004
https://doi.org/10.1016/j.molmet.2015.02.004
https://doi.org/10.1006/bbrc.2002.6555
https://doi.org/10.2337/diabetes.55.02.06.db04-1575
https://doi.org/10.1074/jbc.M111.268631
https://doi.org/10.1074/jbc.M111.268631
https://doi.org/10.1210/endo-127-1-126
https://doi.org/10.1016/j.jbc.2023.103045
https://doi.org/10.1016/j.jbc.2023.103045
https://doi.org/10.2337/db20-0069
https://doi.org/10.1091/mbc.e12-04-0265
https://doi.org/10.1091/mbc.e12-04-0265
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/s41586-021-03828-1
https://doi.org/10.1038/s41586-021-03828-1
https://doi.org/10.1096/fj.202001218R
https://doi.org/10.3390/diseases11010030
https://doi.org/10.1093/nar/gkx407
https://doi.org/10.1093/nar/gkx407
https://doi.org/10.1111/j.1600-0854.2008.00709.x
https://doi.org/10.1111/j.1600-0854.2008.00709.x
https://doi.org/10.1074/jbc.M111.235366
https://doi.org/10.1074/jbc.M111.235366
https://doi.org/10.1073/pnas.0608507103
https://doi.org/10.1073/pnas.0608507103
https://doi.org/10.1016/j.neuroscience.2006.08.014
https://doi.org/10.1016/j.neuroscience.2006.08.014
https://doi.org/10.1016/j.cmet.2007.07.010
https://doi.org/10.1016/j.bbrc.2011.03.083
https://doi.org/10.1074/jbc.275.13.9270
https://doi.org/10.1007/s00125-020-05196-3
https://doi.org/10.1007/s00125-020-05196-3
https://doi.org/10.1016/j.celrep.2018.10.018
https://doi.org/10.1016/j.celrep.2018.10.018

	KCNH6 channel promotes insulin exocytosis via interaction with Munc18-1 independent of electrophysiological processes
	Abstract
	Introduction
	Materials and methods
	Animal model and phenotypic characterization
	Cell culture and glucose-stimulated insulin secretion assay
	Subfractionation
	Antibodies and immunoprocedures
	DNA and RNA manipulation
	RT-qPCR assay
	Intracellular calcium level measurement
	Total internal reflection fluorescence microscopy
	Transmission electron microscopy
	Patch-clamp experiments
	Molecular docking
	Statistical analysis

	Results
	Young KCNH6-βKO mice showed impaired glucose tolerance and decreased insulin secretion
	KCNH6 was partially expressed on insulin granules and promoted biphasic insulin secretion
	KCNH6 deficient diminished biphasic GSIS by inhibiting resident and passenger type of insulin granule exocytosis
	KCNH6 affected the replenishment of ISGs docked to the PM in β cells after glucose stimulation
	KCNH6 interacted with Munc18-1 in murine pancreatic β cells
	KCNH6 translocated to the plasma membrane upon glucose stimulation
	KCNH6 3A mutant failed to rescue impaired insulin exocytosis from KCNH6 deficient β cells

	Discussion
	Acknowledgements 
	References


