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Munc18c mediates exocytosis of pre-docked and
newcomer insulin granules underlying biphasic
glucose stimulated insulin secretion in human
pancreatic beta-cells
Dan Zhu 1, Li Xie 1, Negar Karimian, Tao Liang, Youhou Kang, Ya-Chi Huang, Herbert Y. Gaisano*
ABSTRACT

Objective: Pancreatic beta-cells express three Munc18 isoforms. Much is known about the roles of Munc18a (pre-docked secretory granules-
SGs) and Munc18b (newcomer SGs and SGeSG fusion) in insulin exocytosis. Although shown to influence glucose-stimulated insulin secretion
(GSIS) in rodents the precise role of Munc18c in insulin SG exocytosis has not been elucidated. We here examined the role of Munc18c in human
pancreatic beta-cells.
Methods: Munc18c-shRNA/RFP lenti-virus (versus control virus) was used to knock down the expression level of Munc18c in human islets or
single beta-cells. Insulin secretion and granule exocytosis were measured by performing islets perifusion, single-cell patch clamp capacitance
measurements and total internal reflection fluorescence microscopy (TIRFM).
Results: Munc18c is most abundant in the cytosol of human beta-cells. Endogenous function of Munc18c was assessed by knocking down (KD)
its islet expression by 70% employing lenti-shRNA virus. Munc18c-KD caused reduction in cognate syntaxin-4 islet expression but not in other
exocytotic proteins, resulting in the reduction in GSIS in first- (by 42%) and second phases (by 35%). Single cell analyses of RFP-tagged
Munc18c-KD beta-cells by patch clamp capacitance measurements showed inhibition in both readily-releasable pool (by 52%) and mobiliza-
tion from the reserve pool (by 57%). TIRFM to assess single SG behavior showed that Munc18c-KD inhibition of first phase GSIS was attributed to
reduction in exocytosis of pre-docked and newcomer SGs, and second phase inhibition attributed entirely to reduction in newcomer SG fusion
(SGs that undergo minimal residence or docking time at the plasma membrane before fusion).
Conclusion: Munc18c is involved in the distinct molecular machineries that affect exocytosis of both predocked and newcomer SG pools that
underlie Munc18c’s role in first and second phases of GSIS, respectively.

� 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Exocytosis underlying secretion is essential for human biology, playing
a vital role in cellular processes as diverse as neurotransmission and
blood glucose metabolic control. Two protein families are key to
exocytosis: (1) Sec1p/Munc18 (SM) and (2) soluble N-ethylmaleimide-
sensitive attachment protein receptor (SNARE) proteins [1]. Secretory
granule (SG) exocytosis involves specific binding of vesicle(v)-SNARE
vesicle-associated membrane protein (VAMP) with the binary
cognate target membrane (t)-SNARE complex, composed of SNAP25/
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23 and syntaxin(Syn) proteins, to form the heterotrimeric SNARE core
complex [2]. Plasma membrane (PM)elocalized exocytotic syntaxins
are further regulated by SM proteins (Sec1/Munc18) that bind with
selectivity to cognate syntaxins. Both Munc18a and Munc18b bind
Syn-1, Syn-2 and Syn-3, whereas only Munc18c binds to and regu-
lates Syn-4 [3e5]. Whilst the essential function of these proteins is
irrefutable, their exact regulatory roles in membrane fusion remain
controversial and hotly pursued.
Whereas most cell types have one or two dominant Munc18s, all three
Munc18 isoforms are expressed in islet beta-cells. The best-
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characterized SM protein is synaptic Munc18a [1,6], with diverse roles
that include orchestrating SG docking and priming [7,8], chaperoning
and stabilizing Syn-1A at the PM [9], inducing activated conformation
of Syn-1A [10], and facilitating membrane fusion [11,12]. These
functions of Munc18a, elucidated in neurons, are likely conserved in
beta-cells to mediate exocytosis of predocked insulin SGs that underlie
first-phase secretion by its interaction with Syn-1A SNARE complex
(with SNAP25 and VAMP2) [11,12]. Recently, we reported that
Munc18b activated and induced the formation of Syn-3 SM/SNARE
complexes that mediated additional primary exocytosis as well as SGe
SG fusion in rat pancreatic beta-cells [13]. We subsequently showed
that Munc18b’s cognate SNARE complex consisted of Syn-3 [14] and
VAMP8 [15] in mediating exocytosis of newcomer SGs. Newcomer
SGs, unlike predocked SGs, undergo minimal residence or docking
time at the PM before fusion [15e17], which accounts for second-
phase GSIS in its entirety and a considerable portion of first-phase
GSIS.
Munc18c and cognate Syn-4 have been well studied to mediate GLUT4
vesicle translocation to PM and exocytosis in adipose tissue and
muscle and also some aspects of GSIS [18,19]. Optimal levels of
Munc18c play a pivotal role in maintaining peripheral insulin sensitivity
and glucose uptake [20]. A transgenic mouse model of Munc18c
protein overexpression in adipose, skeletal muscle, and pancreas,
exhibits peripheral insulin resistance resulting from impaired insulin-
stimulated glucose uptake and GLUT4 vesicle exocytosis, and
decreased GSIS [21]. Islets isolated from Munc18c (�/þ) heterozy-
gous knockout mice were selectively deficient in second-phase GSIS,
postulated to impact SG localization onto the PM and reduced Syn-4
availability for binding VAMP2 required to proceed to SG docking/
fusion [22]. More recent studies show that stabilization of Syn-4 at the
PM requires Munc18c’s binding to its N-terminal peptide, but its
basolateral targeting may be Munc18c-independent [23]. The precise
role of Munc18c in each of these SG transportation stages is yet to be
determined but likely involves Syn-4 activation and SG docking [24].
Another study suggests Munc18c, unlike Munc18a, binds not only t-
SNAREs but also v-SNAREs (several VAMPs) to promote trans-SNARE
zippering at the post-docking stage of the fusion reaction, thus
accelerating fusion kinetics [25].
In this study, we found that depletion of endogenous Munc18c with
consequent reduction of Syn-4 levels in human islet beta-cells
reduced exocytosis of predocked and newcomer SGs in first-phase
GSIS and newcomer SGs in second-phase GSIS. This is reminiscent
and redundant to Munc18a/Syn-1A SNARE complex’s role in pre-
docked insulin SGs and Munc18b/Syn-3 SNARE complex’s role in
newcomer SGs.

2. METHODS

2.1. Cell culture and lentivirus transduction
Human islets from institutional review board approved healthy donors
(with either written informed consent from the donor or the next of kin
obtained) were isolated and provided by the IsletCore (P. MacDonald) of
the University of Alberta, Canada; and its use approved by the Insti-
tutional Review Board at the University of Toronto. The islets were
dispersed into single cells using a Ca2þ/Mg2þ-free phosphate-
buffered saline (at 5 mmol/l EDTA) with 0.25 mg/ml trypsin at 37 �C
for 6 min with gentle shaking and then resuspended in enriched RPMI-
1640 media containing 5 mmol/l D-glucose. The resulting cell sus-
pensions were plated on glass coverslips and allowed to adhere
approximately 48 h before experiments with 10% FBS and penicillin/
streptomycin at 37 �C in an atmosphere of 5% CO2. Control (scrambled
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shRNA) and Munc18c shRNA lenti-viruses (CACCTTGGTGTTCC-
CATTGTT) are from GenTarget Inc (GenTarget Inc, San Diego, CA, USA).
Human islets or single cells were transduced with lenti-control/RFP or
lenti-Munc18c shRNA/RFP for 48 h. Cellular entry of viral particles after
transduction was determined by RFP expression observed by epi-
fluorescence imaging on Nikon TE2000U inverted microscopes when
performing the patch clamp and TIRF imaging studies.

2.2. Western blotting
Western blots of human pancreatic islets and Wistar rat brain (as
control) lysate samples were prepared and separated on 12e15%
gradient SDS-PAGE, transferred to nitrocellulose membrane and in-
dividual proteins identified by specific primary antibodies (Synaptic
Systems, Goettingen, Germany), unless otherwise indicated, against:
Munc18c (gift from D. Thurmond, Indiana University, Indiana), Syn-3,
Syn-4, SNAP25, SNAP23, VAMP2, VAMP8 (gift from W. Hong, Insti-
tute of Molecular and Cell Biology, Singapore) and tubulin (as loading
control). Protein bands were visualized by chemiluminescence (Pierce,
Nepean, ON, Canada). All of these antibodies have been validated and
used in similar experiments done in the current work as in our previous
reports [13,15].

2.3. Confocal microscopy
Samples (human single beta cells and C57BL/6 mouse beta cells) were
washed with PBS, fixed in 4% paraformaldehyde for 10 min, and
permeabilized in 0.2% Triton X-100 buffer for 10 min at room tem-
perature. After incubation (30 min) with blocking buffer (10% goat
serum), samples were incubated overnight at 4 �C with mouse anti-
insulin (1:200, Sigma Aldrich) or rabbit anti-glucagon (1:200, Dako
Diagnostics, Mississauga, ON, Canada), and coimmunostained with
rabbit anti-Munc18c (1:200, Synaptic Systems, Goettingen, Germany)
antibodies. Cells were washed with PBS, incubated with appropriate
secondary antibodies, and then mounted with fluorescent mounting
medium (Dako Cytomation, Carpinteria, CA, USA). Images were
examined using a Leica DMIRE2 inverted fluorescence microscope
(Leica Microsystems, Weitzlar, Germany) equipped with a Hamamatsu
Back-Thinned EM-CCD camera (Hamamatsu Corp., Bridgewater, NJ,
USA) and spinning disk confocal scan head. Data acquisition and
analysis were performed using Volocity software (PerkinElmer, Wal-
tham, MA, USA). In our experiments, we chose the 20X and 63X ob-
jectives and the 491, 561, and 638 nm lasers to excite the Fluorescein
isothiocyanate (FITC), Texas Red or RFP, and Cy5 dyes, respectively. All
the images were subjected to deconvolution to remove the background
noise.

2.4. Islet perifusion
Human islets were infected with lenti-control/RFP and lenti-Munc18c
shRNA/RFP for 48 h. Perifusion assays on human islets were per-
formed as reported previously [15], with secreted insulin determined
by a RIA kit (Linco, St Louis, MO, USA). Results are presented as insulin
secretion normalized to total insulin content.

2.5. Electrophysiology
Capacitance measurements were performed as previously reported
[26]. Briefly, patch electrodes were pulled from 1.5-mm thin-walled
borosilicate glass, coated close to the tip with orthodontic wax (But-
ler, Guelph, ON, Canada), and polished to a tip resistance of 2e3 MU
when filled with intracellular solution. For measurement of membrane
capacitance, the intracellular solution contains (in mmol/l): 125 Cesium
glutamate, 10 CsCl, 10 NaCl, 1 MgCl2, 5 HEPES, 0.05 EGTA, 3 MgATP,
and 0.1 cAMP (pH 7.2). The extracellular solution contains (in mmol/l):
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Figure 1: Munc18c is present in human islet beta-cells and alpha-cells and its expression is depleted by lenti-shRNA. (A) Representative confocal images show Munc18c
(green) is present in both insulin-containing beta-cells (red) and glucagon-containing alpha-cells (blue). Scale bars: 100 mm. (B) Representative confocal images show Munc18c is
abundant in the cell cytosol of human (top images, scale bars: 5 mm) and C57BL/6 mouse (bottom images; scale bars: 10 mm) beta-cells. (C) Triple labeling of lenti-Munc18c-
shRNA/RFP, Munc18c/FITC and insulin/Cy5 in dispersed human islet cells. Scale bars: 100 mm. (DeE) Western blotting analysis of lenti-Munc18c-shRNA/RFP-induced knockdown
of Munc18c expression in human islets. Representative blots of three separate experiments, where means � SEMs are shown in (E).

Original article
118 NaCl, 5.6 KCl, 1.2 MgCl2, 10 CaCl2, 20 tetraethylammonium
chloride, 5 HEPES, and 5 D-glucose (pH 7.4). Cm was estimated by the
Lindau-Neher technique, implementing the “Sine-DC” feature of the
Lock-in module (40 mV peak-to-peak and a frequency of 1 kHz) in the
whole-cell configuration. Recordings were conducted using an EPC10
patch clamp amplifier and the Pulse and X-chart software programs
(HEKA Electronik, Lambrecht, Germany). Exocytic events were elicited
by a train of ten 500-ms depolarization pulses from �70 mV to 0 mV.
All recordings were performed at 30 �C.

2.6. TIRFM and data analysis
Our TIRF microscope setup (Nikon, Toronto, ON, Canada) was con-
structed based on the prismless and through-the-lens configuration.
Briefly, a condenser coupling multiple lasers (440 nm, 488 nm,
543 nm) was attached to the back port of our Nikon TE2000U inverted
microscope, equipped with 60X oil immersion objective lens
(NA ¼ 1.49). We used a 488-nm beam to excite EGFP, and 488RDC
longpass dichroic and 525/50-nm band-pass emission filters. Images
were collected with a cooled 16-bit EM-CCD camera (Cascade 512,
Roper Scientific, Martinsried, Germany). The penetration depth of the
evanescent field (w100 nm) was aligned by measuring the incidence
angle of the 488-nm laser beam with a prism (n ¼ 1.5163). Images
were acquired at 5-Hz with a 100-ms exposure time. Fusion events,
indicated by abrupt brightening of neuropeptide Y (NPY)-EGFP fluo-
rescence, were manually selected as we previously reported in detail
[15,27]. Insulin granule mobilization and exocytosis were analyzed by
420 MOLECULARMETABOLISM4 (2015) 418e426 � 2015 The Authors. Published by Elsevier GmbH. Th
MatLab (MathWorks, Natickm, MA, USA), ImageJ (NIH, Bethesda, MD,
USA), Igor Pro (WaveMetrics, Portland, OR, USA) softwares. A mono-
layer of human islet beta cells were infected with adenovirus NPY-
EGFP and further cultured for 24e36 h before performing TIRFM.
Before image acquisition, cells were pre-incubated for 30 min in KRB
buffer containing 2.8 mmol/l glucose, and then were stimulated by
KRB buffer containing 16.7 mmol/l glucose or 50 mmol/l KCl. All re-
cordings were performed at 37 �C.

2.7. Statistical analysis
Data are presented as means � SEMs. Statistical comparisons were
performed using two-tailed Student’s unpaired t-test, Manne Whitney
test, one-way ANOVA or two-way ANOVA (SigmaStat. Systat Software
Inc. Chicago, IL, USA) and considered significant when P < 0.05.

3. RESULTS

3.1. Munc18c is present in human islet cells and its expression
was effectively depleted by lenti-shRNA
Confocal microscopy imaging showed that Munc18c is present in
dispersed human islet cells including all beta-cells and also all alpha-
cells (Figure 1A). Magnified images show Munc18c is abundant in the
cytosolic compartment in human and C57BL/6 mouse beta-cells with
small portions colocalized with insulin SGs (Figure 1B). To assess the
function of endogenous Munc18c, we employed lentivirus shRNA/RFP
to deplete endogenous Munc18c protein (Figure 1CeE). Western blots
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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showed that lenti-shRNA/RFP treatment depleted endogenous
Munc18c levels by 68% in human islets (Figure 1D,E). Of note, the
levels of cognate Syn-4 were reduced by 60%, whereas levels of
VAMP2, VAMP8 and non-cognate Syn-1A were not altered. The co-
ordinate reduction in Syn-4 with Munc18c depletion is not consistent
with previous a report in Munc18c heterozygous(�/þ) knockout mice
[22], probably due to the more severe knockdown of Munc18c
expression level in this study. Nonetheless, this is consistent with the
current thinking that Munc18 proteins chaperone and stabilize their
cognate syntaxins at their target membrane compartment [9]. When
performing triple labeling of lenti-Munc18c-shRNA/RFP, Munc18c/FITC
and Insulin/Cy5 in dispersed human islet-cells, lenti-Munc18c-shRNA/
RFP infection depleted Munc18c in majority of human beta-cells
(82.4% of all cells in average), and only a small residual Munc18c
(weak Munc18c signal) was left in some RFP-positive beta-cells
(Figure 1C). Therefore, single RFP-positive beta-cells exhibited near-
total depletion of Munc18c, which is ideal for single cell analysis of
Munc18c secretory function.

3.2. Munc18c depletion in human islets reduced biphasic GSIS
To examine the function of endogenous Munc18c on biphasic GSIS,
human islets were transduced with lenti-control/RFP or lenti-
Munc18c-shRNA/RFP, and GSIS assessed by islet perifusion assay.
Basal insulin secretion in response to low glucose was similar.
Biphasic secretory pattern in response to high glucose (16.7 mmol/l)
was disrupted in Munc18c-KD islets with first-phase characteristic
transient burst of insulin release inhibited, and subsequent sustained
second-phase release also reduced (Figure 2A). Area under the curve
(AUC) analysis showed that Munc18c depletion resulted in 42%
reduction (Munc18c-KD: 2.48 � 0.16; control: 4.24 � 0.21;
Figure 2: Depletion of Munc18c in human islets causes reduction in first- and
second-phase GSIS. (A) Human islets infected with lenti-Munc18c-shRNA/RFP or
lenti-/RFP (control) were subjected to islet perifusion assays. (B) Area under the curve
(AUC) analysis of first-phase (8e21 min), second-phase (22e46 min) of GSIS. Basal
secretion was not significantly affected. **p < 0.01; ***p < 0.001; N ¼ 6.
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p < 0.001) in first-phase (8e21 min), 35% reduction (Munc18c-KD:
1.81 � 0.14; control 2.79 � 0.35; p < 0.01) in second-phase (22e
46 min) (Figure 2B). There is no difference in total insulin content
between control and Munc18c-KD islets (Munc18c-KD:
122.1 � 1.6 mg; control: 129.3 � 2.9 mg; p ¼ 0.07). This result
demonstrating that Munc18c depletion in human islets causing
moderate reduction of both first- and second-phase GSIS suggests that
first- and second-phase GSIS are mediated by both Munc18c-
dependent or -independent pathways.

3.3. Munc18c depletion reduced depolarizationeinduced
exocytosis of SGs from RRP and reserve pool
It was postulated that exocytosis of RRP and mobilization from reserve
pool correspond to first- and second-phase GSIS, respectively [28]. To
examine endogenous Munc18c function on insulin SG pools and
exocytotic kinetics, we performed patch clamp Cm measurement
using lenti-control/RFP- and Munc18c-shRNA/RFP-expressing human
beta-cells. Beta-cells were identified by their large size with the
average of w10 mm as previously reported [29]. Insulin exocytosis
was elicited by a train of ten 500-ms depolarization pulses, with the
first two pulses approximating the size of RRP of primed and fusion-
ready SGs; and subsequent pulses estimating the rate of SG refilling
or mobilization from reserve pool(s) to RRP, where SGs are subse-
quently primed for fusion competence [30]. Cm increase in Munc18c-
KD cells was greatly inhibited at every depolarizing pulse from the 2nd
pulse to the 10th pulse (Figure 3A,B) compared with control cells, in
which the size of RRP (DCm1st-2nd pulse) was markedly reduced by
52% (Munc18c-KD: 5.33 � 1.24 fF/pF; control: 11.03 � 2.52 fF/pF;
p< 0.05; Figure 3C), and rate of SG refilling/mobilization was severely
reduced by 57% (Munc18c-KD: 9.14 � 2.24 fF/pF; control:
21.2 � 4.89 fF/pF; p < 0.05; Figure 3C). This result suggests that
Munc18c depletion greatly impairs depolarization-induced exocytosis
by affecting RRP and mobilization of SGs from reserve pool(s).

3.4. Munc18c depletion diminishes biphasic GSIS by inhibiting pre-
docked and newcomer SGs exocytosis
In order to visualize the spatio-temporal mobilization of populations of
SGs and single SG fusion dynamics, we employed time-lapse TIRFM to
monitor exocytosis of SGs tagged with NPY-EGFP. At basal unstimu-
lated state, punctate fluorescence, indicating docked SGs, were not
different between control (10.9 � 0.77/100 mm2) and Munc18c-KD
(10.5 � 0.56/100 mm2) beta-cells (Figure 4A,B). On stimulation, sin-
gle SG fusion events were observed as flashes of fluorescence that
rapidly dissipated in a cloud-like diffusion pattern. We verified that
fluorescence dissipation was not due to photobleaching [14,27].
Assessment of cumulative fusion events over time (Figure 4C) showed
much less fusion events during the 13 min stimulation in Munc18c-KD
beta-cells than control beta-cells. These exocytotic events, however,
were not uniform but could be categorized into three distinct modes of
exocytosis. ‘Pre-dock’ fusion mode refers to SGs that were already
docked onto PM for a period of time prior to stimulation (black in
Figure 4D,E). ‘Newcomer SGs’ were new SGs appearing de novo under
evanescent field after stimulation and then underwent exocytosis; and
appear in two distinct patterns as described previously [15,17,27,31].
‘No-dock’ newcomer SGs (white in Figure 4D,E) were newly recruited
by stimulation and immediately fused with PM (docking state of
<200 ms, the minimal interval between two consecutive frames).
‘Short-dock’ newcomer SGs (grey in Figure 4D,E) were those newly
recruited by stimulation, which first docked for some time varying from
seconds to minutes at the PM, then fused with PM. Beta-cells were
identified by their large size and response to the application of glucose.
n access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 421
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We assessed the pattern(s) of fusion events impacted by knockdown of
Munc18c with glucose stimulation. At 2.8 mmol/l glucose, there were
few spontaneous fusion events of mainly pre-docked SGs (black bars
in Figure 4D,E). With high-glucose stimulation (16.7 mmol/l), both pre-
docked and newcomers SGs had similar contributions to first-phase
GSIS, but newcomer SGs accounted for almost all of second-phase
GSIS. In first-phase GSIS, there was obvious inhibition of pre-docked
(control: 6.76 � 0.99, n ¼ 12 cells vs Munc18c-KD: 2.89 � 0.53
events/100 mm2, n ¼ 11 cells; p < 0.01) and no-docked (control:
6.47� 1.05 vs Munc18c-KD: 2.27� 0.52 events/100 mm2; p< 0.01)
newcomer SGs from Munc18c-KD cells (Figure 4DeF). In second-
phase GSIS, there was reduction in only no-docked newcomer SGs
(control: 5.33 � 1.41 vs Munc18c-KD: 1.72 � 0.62 events/100 mm2;
p < 0.05) (Figure 4DeF). Munc18c depletion therefore affects pre-
docked and newcomer SG fusion underlying first- and second-phase
GSIS in human islet beta-cells, consistent with the islet perifusion
(Figure 2) and Cm results (Figure 3).

3.5. Munc18c depletion causes reduction in exocytosis of
previously-docked SGs during high-Kþ stimulation
Munc18c depletion affecting both phases of GSIS in our study seems
inconsistent with a previous study showing heterozygous Munc18c-KO
mice islets affecting predominantly the second-phase GSIS [22]. Since
a major portion of first-phase GSIS is attributed to predocked SGs,
which are preferentially released by high-Kþ stimulation in the first few
minutes [28,32], we employed this protocol on Munc18c-KD human
beta-cells. Consistently, 50 mmol/l KCl triggered exocytosis of mainly
previously-docked (pre-docked) SGs (black bars) in the first few mi-
nutes from control and Munc18c-KD cells (Figure 5A,B). Here, there
was a 39% reduction in exocytosis in the first 3 min (Figure 5C)
accounted for mostly from a reduction of exocytosis of pre-docked SGs
in the Munc18c-KD cells, compared with control cells (summary
analysis in Figure 5D; 6.65� 1.55 events/100 mm2 in Munc18c-KD vs
Figure 3: Depletion of Munc18c in human beta-cells causes reduction in RRP and
positive) infected with lenti-control shRNA/RFP or lenti-Munc18c-shRNA/RFP. (A) Represe
0 mV. (B) Cumulative changes in cell capacitance normalized to basal cell membrane capa
Size of RRP (DCm1ste2nd pulse) and rate of SG mobilization (DCm3rde10th pulse). Values
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10.20 � 2.84 events/100 mm2 in Control). High-Kþ stimulation also
evoked a release of a small number of newcomer-no dock SG fusion
events (white bars, Figure 5A,B), that was much less than glucose
stimulation (Figure 4); and which was not significantly affected by
Munc18c-KD (Figure 5D). Newcomer short-dock SG fusion events was
seldom observed during the 3-minute of acquisition. These results
confirm that for high Kþ-induced exocytosis, initial docking of insulin
SGs on PM is required. More importantly, these results further
confirmed that Munc18c is involved in mediating exocytosis of
previously-docked SGs, which may be associated with its cognate
Syn-4-dependent pathway postulated to mediate first-phase GSIS in
addition to second-phase GSIS [18,33e35].

3.6. GLP-1 potentiation rescues the reduction of pre-docked SG
exocytosis but not that of newcomer SG fusion
With 10 nmol/L GLP-1 potentiation of high-glucose (16.7 mmol/L)
stimulation, all exocytotic events were amplified including predocked
and newcomer SGs in control and Munc18c-KD cells (Figure 6,
compared Figure 4) as we had reported before [15,27,36]. In these
GLP-1-treated human beta-cells, Munc18c depletion could still greatly
reduce the no-docked (control: 33.0 � 2.94 vs Munc18c-KD:
13.73 � 1.73 events/100 mm2; p < 0.01; n ¼ 10 cells for each)
newcomer SGs fusion (Figure 6C,D). However, pre-docked SGs fusions
were very similar between the two groups (Control: 11.52 � 1.52 vs
Munc18c-KD: 10.95 � 1.23 events/100 mm2). Thus, while GLP-1
potentiation amplified the recruitment of pre-docked and newcomer-
no dock SGs for exocytosis, GLP-1-activated cAMP/PKA pathways
could only fully rescue the pre-docked SGs exocytotic deficiency
caused by the Munc18c depletion. This result suggests that GLP-1
could activate an alternate Munc18c-independent pathway to over-
come the Munc18c deficiency. This may in part explain why first-
phase GSIS was less sensitive to the heterologous Munc18c deletion
in mice [22], wherein the level of Munc18c depletion (w50% in each
SG pool mobilization. Patch clamp Cm performed on single human beta-cells (RFP-
ntative recordings of exocytosis during a train of 500 ms depolarizations from �70 to
citance (fF/pF) in control (n ¼ 11 cells) and Munc18c-KD (n ¼ 12 cells) beta-cells. (C)
represent means � SEMs. *p < 0.05.
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Figure 4: Munc18c depletion inhibits biphasic GSIS by reducing pre-docked and no-docked newcomer SGs exocytosis. (A) TIRF images of docked insulin SGs in control
(top) or Munc18c-KD (bottom) human islet beta-cells. Scale bars, 2 mm. (B) Comparison of averaged SG densities before stimulation. (C) Normalized cumulative fusion events of
SGs per unit area from control and Munc18c-KD beta-cells. (D,E) Histograms of fusion events in first-phase (first 4 min stimulation) and second-phase (5e13 min) showing insulin
SG exocytosis dynamics caused by 16.7 mM glucose stimulation from lenti-control/RFP (D) and lenti-Munc18c-shRNA/RFP (E) -treated human beta-cells. Black, white and grey
bars indicate pre-docked, no-dock and short-dock newcomer SGs, respectively; Control: 12 cells; Munc18c-KD: 11 cells, expressed as means � SEMs. (F) Summary of the three
modes of fusion events in first (left) and second phases (right), shown as means � SEMs; *p < 0.05; **p < 0.01.
beta-cell) was much less than the near-total depletion of Munc18c in
the lenti-Munc18c-shRNA/RFP-infected human beta-cells in this study.
Another explanation is that GLP-1 signaling might prefer the Munc18a/
Syn-1A SNARE complex that likely has a more dominant effect on
predocked SGs capable of overcoming the Munc18c deficiency.
Second-phase GSIS, attributed almost entirely to newcomer SGs
fusion, remained sensitive to the Munc18c deficiency that could not be
rescued by GLP-1-activated pathways, supporting the study by D.
Thurmond’s group [22]. More work will be required to elucidate how
GLP-1-triggered cAMP and PKA signaling or their activated accessory
exocytotic molecules [37] distinctly affect Munc18c’s actions on pre-
docked SGs and their reduced effects on newcomer SGs.

4. DISCUSSION

In this study, we have illuminated in human beta-cells that Munc18c
acts on distinct SG pools to mediate biphasic GSIS. Depletion of
endogenous Munc18c employing lenti-shRNA/RFP in human pancre-
atic islets (Figure 1) inhibited GSIS in both first- and second-phase
(Figure 2), which is due to reduction in the RRP and mobilization
from the reserve pool (Figure 3). TIRFM illustrated that Munc18c-KD
inhibition of first-phase GSIS was attributed to reduction in exocy-
tosis of both pre-docked and newcomer (no-docked) SGs, and second-
phase inhibition was attributed to reduction in exocytosis of no-docked
newcomer SGs (Figure 4). Munc18c’s role in mediating pre-docked
SGs exocytosis was verified by employing high-Kþ stimulation
known to preferentially act on predocked SGs (Figure 5). Finally, we
found that GLP-1 potentiation can rectify the defective pre-docked SGs
fusion caused by Munc18c depletion, but cannot rescue the reduction
of newcomer SGs exocytosis induced by Munc18c-KD (Figure 6). We
conclude that Munc18c regulates exocytosis of both pre-docked and
MOLECULARMETABOLISM4 (2015) 418e426 � 2015 The Authors. Published by Elsevier GmbH. This is an ope
www.molecularmetabolism.com
newcomer SG pools underlying biphasic GSIS in human islet beta-
cells.
Distinct SM/SNARE complexes and regulators confer distinct exo-
cytoses [16]. The synaptic SM protein Munc18a (known also as
Munc18-1) acts to prime Syn-1A to form the SNARE complex with
SNAP25 and VAMP2 that mediates docking and fusion of SGs with the
PM [1,6]. These pre-docked SGs sit on the PM for a long time until
Ca2þ release is evoked to trigger exocytosis [1,6,28], accounting for
first-phase GSIS [1,6,28]. More recent work showed that primary
exocytosis is contributed by newcomer SGs [16,17,31], which in fact
exceeded pre-docked SGs in the overall GSIS [16]. Remarkably, these
newcomer SG are recruited to PM to undergo exocytosis with minimal
to no residence time on the PM [16,17]. We had identified the
exocytotic machinery mediating newcomer SGs [14,15,26,27], which
is a second SM/SNARE complex comprised of Munc18b, Syn-3,
VAMP8 and SNAP25. In that body of work, we showed that deple-
tion of endogenous Syn-3 [14] or VAMP8 [15] reduced newcomers
SGs; and when exogenously expressed, restored the deficient new-
comers SGs, without affecting predocked SGs.
Reduced protein and/or mRNA levels of key exocytotic syntaxins (Syn-
1A, Syn-4) and their cognate SM proteins (Munc18a, Munc18c) have
been reported in islets and skeletal muscle of diabetic and obese
human patients [38e40]. It has long been assumed that these SM
and syntaxins are faithful partners, Munc18c with Syn-4 and
Munc18a with Syn-1A. This is actually not the case as shown by two
studies, whereby both Munc18a and Munc18c were discovered to be
promiscuous in binding multiple syntaxin partners [25,34]. In the
Munc18c report that employed in vitro membrane fusion assays,
Munc18c could activate multiple t-SNARE pairs, including Syn-2/
SNAP23, Syn-3/SNAP23 and Syn-4/SNAP23 [25]; we supposed that
SNAP25 could be exchanged for SNAP23 in beta-cells. It is possible
n access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 423
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Figure 5: Munc18c depletion diminishes high-KD-evoked exocytosis of previously-docked insulin SGs. (A,B) Insulin SG exocytosis dynamics evoked by 50 mmol/l KCl
from control (A) and Munc18c-KD (B) human beta-cells. Black and white bars indicate pre-docked and newcomer SGs, respectively. Data from 10 cells for each group, expressed
as means � SEMs. (C) Normalized cumulative fusion events of SGs per unit area from control (black circles) and Munc18c-KD (white circles) beta-cells. (D) Summary of fusion
events from pre-docked and newcomer SGs in first- and second-phase after 50 mmol/l glucose stimulation. Values represent means � SEMs. *p < 0.05.

Figure 6: GLP-1-potentiated GSIS rescues only pre-docked SGs exocytosis. (A,B) Insulin SG exocytosis dynamics caused by 16.7 mmol/l glucose and 10 nmol/l GLP-1 from
lenti-control/RFP and lenti-Munc18c-shRNA/RFP-treated human beta-cells. Data obtained from 10 cells for each, and expressed as means � SEMs. (C) Normalized cumulative
fusion events of insulin SGs per unit area from control (black circles) and Munc18c-KD (white circles) human beta-cells. (D) Summary of fusion events from pre-docked SGs and
newcomer SGs after 16.7 mmol/l glucose and 10 nmol/l GLP-1 stimulation. Values represent the means � SEMs. **p < 0.01.
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that Munc18c actions on newcomer SGs could be attributed to its
possible binding and activation of Syn-3 shown to mediate newcomer
SG recruitment and fusion [22], a function redundant to Munc18b
[12]. Whereas Munc18c activation of Syn-4 prefers VAMP2 to form
the SNARE complex that mediates exocytosis of predocked SGs [13],
Munc18c/Syn-4 complex could also potentially assemble with VAMP8
as well described to occur in pancreatic acini to mediate exocytosis at
the basolateral PM [41]; and through VAMP8 mediate newcomer SG
exocytosis [15]. A very recent study demonstrated that Doc2b may act
as a PM scaffold for Munc18c and Munc18a to dock on to form a
macromolecular complex, to perhaps then promote their respective
SNARE complex assemblies in pancreatic beta-cells [42]. Much
further work will be required to dissect these and other possibilities
on how distinct Munc18c-activated molecular machineries mediate
the recruitment and/or exocytosis of both predocked and newcomer
SGs. To this end, Munc18c was found to be rather different from
Munc18a in its ability to directly bind VAMPs and to activate syntaxins
without undergoing the initial step of binding syntaxins in the inactive
‘closed’ conformation that prevents fusion [20]. Furthermore, while
Munc18a- and Munc18b-activated SNARE complexes seem to prefer
predocked and newcomer SGs, respectively [reviewed in ref. 35],
Munc18c-activated exocytotic machineries are capable of acting on
both SG pools. Taken together, restoring or even overexpressing
Munc18c into diabetic islets could be a new and preferred avenue to
treat type-2 diabetes in effectively rescuing both first- and second-
phase GSIS.
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