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SNAP25 is a core protein of the SNARE complex, which mediates stimulus-dependent se-
cretion of insulin from the pancreatic β cells. SNAP23 is a SNAP25 homolog, however, the
functional role of SNAP23 in the exocytic secretion of insulin is not known. Therefore, in
the present study, we investigated the functional role of SNAP23 in the insulin secretory
pathway. Our results demonstrated that over-expression of SNAP23 inhibited the secretion
of insulin from the INS-1 cells. Conversely, SNAP23 depletion increased insulin secretion.
Mechanistically, overexpression of SNAP23 decreased SNARE complex formation by block-
ing the binding of SNAP25 to STX1A. The full-length SNAP23 protein with the N-terminal and
C-terminal SNARE binding domains was required for competition. Moreover, SNAP23 serine
95 phosphorylation plays a crucial function in insulin secretion by enhancing the interaction
between SNAP23 and STX1A. The present study presents a new pathway regulating insulin
secretion. Therefore, SNAP23 may be a potential therapeutic target for diabetes mellitus.

Introduction
SNARE proteins regulate the release of neurotransmitters, insulin, and other secretory proteins by me-
diating the fusion of secretory vesicles with the plasma membranes of the target cells [1–11]. The mem-
brane fusion is facilitated by the formation of a quaternary complex between Sec1/Munc18-like (SM), two
t-SNARE proteins (syntaxin and SNAP), and the v-SNARE protein, VAMP [12–14].

The three different types of secretory granules (SGs) involved in glucose-stimulated insulin secretion
(GSIS) are as follows: (1) pre-docked SGs: the SGs are already anchored on the plasma membrane (PM)
under basal conditions and are secreted upon nutritional stimulus; (2) newcomer SGs: the SGs are not
anchored on the PM or are only temporarily anchored on the PM under basal conditions; and (3) SG-SG
fusion [15–22]. In the pre-docked SGs, SNAP25 is required for the formation of SNARE complex through
interaction with Munc18a, STX1A, and VAMP2. SNARE complex mediates fusion of pre-docked insulin
SGs within a rapidly releasable pool; the formation of new SGs is mediated by the interactions between
SNAP25, Munc18b, STX-3, and VAMP8 proteins; SG-SG fusion has not been investigated extensively and
accounts for approximately 3% of the total insulin secretion [23–25].

Approximately 60 SNARE proteins have been reported in mammalian cells [26]. SNARE proteins
demonstrate unique expression patterns in the organs, intracellular localization, and SNARE complex
partners [27–30]. SNAP23 is a SNAP25 homolog that is expressed in a variety of exocrine and endocrine
cells and participates in the exocytosis process [31–34]. SNAP23 is implicated in the exosomal secretory
process in hepatocellular carcinoma, secretion of zymogen granules from the pancreatic exocrine cells,
and secretion of pre-stored inflammatory mediators from the mast cells [35–37]. In the present study, we
investigated the functional role of SNAP23 in the secretion of insulin from pancreatic β cells.
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Results
SNAP23 overexpression inhibits secretion of insulin from the pancreatic
β cells
We first investigated the role of SNAP23 in the secretion of insulin from the pancreaticβ cells. Therefore, SNAP23 was
overexpressed in the INS-1 rat pancreatic β-cell line using lentiviral vectors. Insulin secretion was measured in the
control and SNAP23-overexpressing INS-1 cells after stimulation with 2.8 and 16.7 mM glucose for 30 min. Insulin
secretion was significantly reduced in the SNAP23-overexpressing INS-1 cells compared with the corresponding con-
trols (Figure 1A,B). In contrast, SNAP23 knockdown increased insulin secretion from INS-1 cells stimulation with
2.8 and 16.7 mM glucose (Figure 1C,D). SNAP23 protein level unchanged in 2.8 and 16.7 mM glucose stimulation
condition (Figure 1E). Freshly isolated mouse islets were effectively infected with lentivirus carrying GFP-SNAP23
and then stimulated by 16.7 mM glucose. Again, the SANP23 overexpression significantly inhibited insulin secretion
in islets (Figure 1F). SNAP23 overexpression also reduced insulin secretion from INS-1 cells treated with 4.7 and 30
mM KCl (Figure 1G). Furthermore, immunofluorescence data showed co-localization of SNAP23 with insulin in the
INS-1 cells stimulated with 2.8 and 16.7 mM glucose (Figure 2). These findings suggested that insulin secretion from
β cells was inhibited by SNAP23 overexpression.

SNAP23 inhibits insulin secretion by blocking the binding of SNAP25 to
STX1A
Based on the amino acid sequence, SNAP23 is 59% identical to SNAP25 [38]. Furthermore, SNAP23 interacts with
several Qa-SNAREs, including syntaxin-1a [39]. Moreover, SNAP-23 interacts with R-SNAREs such as VAMP8 [40].
This suggested that SNAP23 may competed with SNAP25 for binding to the SNARE complex proteins. To test this
hypothesis, we simultaneously transfected 293T cells with GFP-tagged SNAP23 and mCherry-tagged SNARE pro-
teins (STX1A, VAMP8, Complexin I, and Snapin), and performed pull-down experiments with GST-tagged SNAP25.
Western blot results demonstrated that SNAP23 overexpression reduced the interaction between SNAP25 and STX1A
(Figure 3A,B). However, SNAP23 did not influence the interaction between SNAP25 and VAMP8, Complexin I, or
Snapin (Figure 3C–H). These findings suggested that SNAP23 inhibited insulin secretion by competing with SNAP25
for binding to STX1A.

Full-length wild-type SNAP23 is required for inhibiting insulin secretion
Next, we transfected the INS-1 cells with GFP-tagged deletion constructs of SNAP23 to determine the specific do-
mains of SNAP23 that regulate insulin secretion. INS-1 cells were transfected with full-length WT SNAP23 (amino
acids 1–210), SNAP23 with only N-terminal SNARE motif and linker region (amino acids 1–148), SNAP23 with only
linker region and C-terminal SNARE motif (amino acids 76–210), and SNAP23 with only C-terminal SNARE mo-
tif (amino acids 148–210) (Figure 4A). ELISA analysis showed that insulin secretion was not reduced in the INS-1
cells transfected with the SNAP23 (76–210) mutant, but significantly reduced in the INS-1 cells transfected with
the SNAP23 (1–148) mutant (Figure 4B). The overexpression efficiency of various SNAP23 mutants is shown in
Figure 4C. Both SNAP23 SNARE motifs showed the ability to interact with STX1A, but the interaction of STX1A was
stronger with the N terminal SNARE motif compared with the C-terminal SNARE motif (Figure 4D,E). Furthermore,
only the full-length SNAP23 competed with SNAP25 for binding STX1A (Figure 4F,G).These results demonstrated
that the full-length SNAP23 was required for inhibiting the interaction of SNAP25 with STX1A. Deletion of any one
domain in SNAP23 abrogated its efficacy in competing with SNAP25.

Serine 95 phosphorylation is required for inhibition of insulin secretion
by SNAP23
The phosphorylation of serine 95 in SNAP23 by IKK2 is critical for platelet exocytosis [41]. Therefore, we examined
if phosphorylation of serine 95 in SNAP23 was required for insulin secretion by mutating the serine (S) amino acid
to alanine (A) (SNAP23 S95A) or aspartate (D) (SNAP23 S95D) to abrogate or activate phosphorylation (Figure 5A).
Insulin secretion was higher in the INS-1 cells overexpressing SNAP23 S95A and significantly decreased in INS-1 cells
overexpressing the SNAP23 S95D mutant (Figure 5B). The overexpression efficiency of SNAP23 phosphorylation mu-
tants is shown in Figure 5C. Furthermore, SNAP23 S95D mutant protein showed strong co-localization with insulin
compared with the SNAP23 S95A mutant (Figure 5D). Moreover, the interaction between STX1A and SNAP23 S95D
was significantly higher compared with the SNAP23 S95A mutant (Figure 6A–E). However, the interactions of STX3,
VAMP2, and VAMP8 with the SNAP23 S95D mutant protein were unaffected (Figure 6B–E). SNAP23 S95D protein
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(D)

Figure 1. SNAP23 overexpression inhibits insulin secretion in the rat pancreatic β cells

(A) INS-1 cells were infected with lentiviruses carrying GFP-Vector or GFP-SNAP23 constructs for 48 h. The transfected cells were

treated with 2.8 mM glucose in KRBH buffer for 1 h. Then, the cells were stimulated with 16.7 mM glucose in KRBH buffer for

30 min. The insulin content in the supernatants were assessed by ELISA. (B) Western blotting analysis of total cellular protein

extracts from (A) for SNAP23, insulin, and tubulin. (C) ELISA results show insulin concentrations in the supernatant of INS-1 cells

infected with lentiviruses carrying KO-Vector or KO-SNAP23 constructs, incubated with 2.8 mM glucose in KRBH buffer for 1 h, and

subsequently stimulated with 2.8 or 16.7 mM glucose in KRBH buffer for 30 min. (D) Western blotting analysis of total cellular protein

extracts from (C) for SNAP23, insulin, and tubulin. (E) INS-1 cells treated with medium, 2.8 or 16.7 mM glucose in KRBH buffer for

6 h. (F) ELISA results show insulin concentrations in the supernatant of mouse islets infected with lentiviruses carrying GFP-Vector

or GFP-SNAP23 constructs for 48 h, incubated with 2.8 mM glucose in KRBH buffer for 1 h, and subsequently stimulated with 16.7

mM glucose in KRBH buffer for 30 min. (G) ELISA results show insulin concentrations in the supernatant of INS-1 cells infected

with lentiviruses carrying GFP-Vector or GFP-SNAP23 constructs for 48 h, incubated with 2.8 mM glucose in KRBH buffer for 1 h,

and subsequently stimulated with 4.7 or 30 mM KCl in KRBH buffer for 30 min; n=3, *P<0.05, **P<0.01.
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Figure 2. SNAP23 co-localizatize with insulin in the INS-1 cells

Representative confocal fluorescence microscopy images show immunofluorescence labeling of insulin with a fluorescence-con-

jugated antibody (red) in the GFP-Vector- and GFP-SNAP23-expressing INS-1 cells that were incubated with 2.8 mM (top two

lines)or 16.7 mM glucose in KRBH buffer for 30 min.

also strongly inhibited the interaction between SNAP25 and STX1A (Figure 6F,G). These findings demonstrated that
SNAP23 S95 phosphorylation was essential for the release of insulin from the pancreatic β cells.

T102 and S120 phosphorylation sites are not involved in the inhibition of
insulin secretion by SNAP23
We also analyzed the roles of the T102 and S120 phosphorylation sites in the regulation of insulin secretion by SNAP23
through mutation of threonine (T) to alanine (A) at position 102 (T102A) and S to A at position 120 (S120A) (Figure
7A,B). We did not observe any differences in the insulin secretion rates between INS-1 cells overexpressing SNAP23
T102A and SNAP23 T102D after stimulation with 16.7 mM glucose for 30 min (Figure 7C). However, SNAP23 S120A
increased insulin secretion compared with the control, whereas, SNAP23 S120D did not show any difference in the
insulin secretion rates compared with the control (Figure 7D). The overexpression efficacy of the SNAP23 phospho-
rylation mutants are shown in Figure 6E,F. Furthermore, T102D and S120D mutations did not alter the interaction
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Figure 3. SNAP23 inhibits secretion of insulin by blocking the binding of SNAP25 to STX1A

(A,C,E,G) Western blotting analysis shows the results of the pull-down assay. 293T cells were co-transfected with SNAP23 and

STX-1A (A), SNAP25 (C), Complexin1 (E) and VAMP8 (G) for 48 h. Then, total cell extracts were prepared and STX1A, SNAP25,

Complexin 1, and VAMP8 using GST-SNAP25 or GST-SNAPIN (C). (B,D,F,H) The normalized histogram plots show the relative

expression levels of STX-1A, SNAPIN, Complexin 1, and VAMP8 proteins compared with the corresponding controls using the

ImageJ software; n=3, **P<0.01. ns: no significance.
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Figure 4. Full-length SNAP23 is required for inhibiting insulin secretion from the INS-1 cells

(A) The domain map of SNAP23 indicates the N-terminal domain (amino acids 9-75) and C-terminal domain (amino acids: 149–207).

The truncated SNAP23 mutants were constructed by deleting specific domains of SNAP23 as indicated. (B) ELISA results show the

insulin concentrations in the supernatants of INS-1 cells infected with lentiviruses carrying vectors with WT or truncated SNAP23

constructs for 48 h followed by incubation with 2.8 mM glucose in KRBH buffer for 1h and subsequent stimulation with 16.7 mM

glucose in KRBH buffer for 30 min. (C) Western blotting assay results show the levels of GFP-tagged SNAP23 proteins (WT or

truncated) and tubulin in total protein cell extracts from (B). (D) 293T cells were co-transfected with GFP-tagged WT or truncated

SNAP23 constructs and mCherry-STX 1. The lysates were directly immunoblotted or immunoprecipitated with the antibody against

mCherry followed by immunoblotting with the anti-GFP antibody. (E) The normalized histograms show the relative levels of co–

precipitated truncated SNAP23 proteins against the WT SNAP23 protein as control. (F) Pull-down assay results show the levels

of GFP-tagged WT or truncated SNAP23 proteins. 293T cells were co-transfected with GFP-tagged WT or truncated SNAP23

constructs and mCherry-STX 1A. GST-SNAP25 was used to pull down STX1A from the total protein extracts. (G) The normalized

histograms show the levels of STX-1A protein pulled down from 293T cells co-transfected with the GFP-tagged vector control or

GFP-tagged WT or truncated SNAP23 constructs using the ImageJ software; n=3, *P<0.05, **P<0.01.
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Figure 5. SNAP23 S95 phosphorylation is essential for suppressing insulin secretion

(A) The sequence alignment of the WT and phosphorylation mutants (S95A/S95D) in the linker region of SNAP23. (B) ELISA results

show the insulin concentrations in the supernatants of INS-1 cells infected with lentiviruses containing constructs with SNAP23 WT,

SNAP23 S95A, or SNAP23 S95D. The cells were incubated with 2.8 mM glucose in the KRBH buffer for 1 h followed by stimulation

with 16.7 mM glucose in the KRBH buffer for 30 min. (C) Representative western blots show the levels of GFP-SNAP23 (WT or

S95A or S95D) and tubulin in the total protein extracts from (B). (D) Representative images from confocal fluorescence microscopy

show the expression and localization of GFP-SNAP23, GFP-SNAP23 S95A, and GFP-SNAP23 S95D in the INS-1 cells stimulated

with 16.7 mM glucose in the KRBH buffer for 30 min. The cells were labeled with fluorescence-conjugated antibody against insulin

(red); n=3, *P<0.05.

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

7

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/43/5/BSR
20222594/945985/bsr-2022-2594.pdf by guest on 19 April 2024



Bioscience Reports (2023) 43 BSR20222594
https://doi.org/10.1042/BSR20222594

Figure 6. S95 phosphorylation enhanced the interaction between SNAP23 and STX1A

(A–D) 293T cells were co-transfected with lentiviruses containing constructs with GFP-SNAP23 WT or GFP-SNAP23 S95A, or GF-

P-SNAP23 S95D and mCherry-STX1A (A), mCherry-STX3 (B), mCherry-VAMP2 (C), or mCherry-VAMP8 (D). The cell lysates were

directly immunoblotted or immunoprecipitated with the anti-mCherry antibody and then blotted with the anti-GFP antibody. (A) The

normalized histograms show the levels of co-precipitated STX1A, STX3, VAMP2, and VAMP8 proteins in cells co-transfected with

GFP-SNAP23 S95A, GFP-SNAP23 S95D, or GFP-SNAP23 WT (control) using the ImageJ software. (B) The results of pull-down

assay with STX1A. 293T cells were co-transfected with GFP-SNAP23 WT, GFP-SNAP23 S95A, or GFP-SNAP23 S95D, and mCher-

ry-STX1A. The cell extracts were prepared and STX1A was pulled down using GST-SNAP25. (C) The normalized histograms show

the levels of SNAP23 protein pulled down in cells co-transfected with GFP-SNAP23 S95A, GFP-SNAP23 S95D, or GFP-SNAP23

WT (control) using the ImageJ software; n=3, *P<0.05.
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Figure 7. T102 and S120 phosphorylation does not inhibit insulin secretion by SNAP23

(A,B) The sequence alignment shows the SNAP-23 WT protein and the SNAP23 phosphorylation mutants (T102A/T102D,

S120A/S120D) in the linker region. (C,D) ELISA results show the insulin levels in the supernatants from INS-1 cells infected with

lentiviruses containing constructs with GFP-SNAP23 WT, GFP-SNAP23 T102A and GFP-SNAP23 T102D (C), and GFP-SNAP23

S120A and GFP-SNAP23 S120D (D). The cells were incubated with 2.8 mM glucose in the KRBH buffer for 1 h followed by stim-

ulation with 16.7 mM glucose in the KRBH buffer for 30 min. (E,F) Western blots show the expression levels of GFP-SNAP23 WT,

GFP-SNAP23 T102A, GFP-SNAP23 T102D, GFP-SNAP23 S120A, GFP-SNAP23 S120D, and tubulin in the total protein extracts

from (C,D). (G,H) 293T cells were co-transfected with GFP-SNAP23 WT, GFP-SNAP23 T102A, GFP-SNAP23 T102D (G) or GFP-S-

NAP23 S120A and GFP-SNAP23 S120D (H) and mCherry-STX 1A. The lysates were directly immunoblotted or immunoprecipitated

with the anti-mCherry antibody and then blotted with the anti-GFP antibody. (I,J) The normalized histograms show the levels of

the co-precipitated SNAP23 protein in the GFP-SNAP23 WT (control), GFP-SNAP23 T102A, GFP-SNAP23 T102D, GFP-SNAP23

S120A, GFP-and SNAP23 S120D groups using the ImageJ software; n=3.
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between STX1A and SNAP23 (Figure 7G–J). These findings suggested that T102 and S120 phosphorylation did not
significantly alter the insulin secretion rates from the pancreatic β cells.

Discussion
Diabetes mellitus is a highly prevalent metabolic disorder with serious long-term effects on human health. It is caused
by higher glucose levels in blood because of defective insulin production by the pancreatic β cells. Long-term hyper-
glycemia is associated with multi-organ damage [42]. Since SNAP23 and SNAP25 both form similar SNARE com-
plexes, it is postulated that SNAP23 played a regulatory role in the secretion of insulin from the pancreatic β cells.
The present study overexpressed SNAP23 in the INS-1 pancreatic β-cell line and demonstrated that SNAP23 reduced
insulin secretion. This suggested a critical regulatory role for SNAP23 in insulin secretion.

Furthermore, this study investigated the mechanism through which SNAP23 regulated insulin secretion. SNAP25
interacted with STX1A, to form a SNARE complex that fuses insulin granules with cell membranes [25].The re-
sults showed that SNAP23 competed with SNAP25 for binding to STX1A. Both SNARE-binding motifs of SNAP23
interacted with their partner SNARE protein, STX1A. However, presence of a single SNARE motif was unable to
disrupt the formation of a fully functional SNAP25-SNARE complex. This partially explained that observation that
the full-length wild-type SNAP23 was required for competitive inhibition of SNAP25 binding to STX1A. However,
the present study did not observe any competition between SNAP23 and SNAP25 for binding to VAMP8, another
component of the SNARE complexes.

A previous study demonstrated that mutant SNAP25 S187E enhanced insulin secretion in the INS-1 cell line [43].
SNAP-23 homolog is phosphorylated at Ser-95 by PKC. Our study showed that the non-phospho-mimetic mutant,
SNAP23 S95A, enhanced insulin secretion. However, the phospho-mimetic mutant, SNAP23 S95D, reduced insulin
secretion in the INS-1 cells. The present study further demonstrated that phosphorylation at two other sites, T102
and S120, did not participate in the regulation of insulin secretion in the INS-1 cells. We did not observe any differ-
ences in the insulin secretion rates between the T102D and T102A mutants of SNAP23. However, S120A increased
insulin secretion but S120D did not affect insulin secretion compared with the wild-type control. This demonstrated
that S95 phosphorylation was functionally important for insulin secretion by the pancreatic β cells. Mechanistically,
phosphorylation of SNAP23 at Ser95 improved the interaction with STX1A and showed stronger ability to compete
with SNAP25. However, T102D and S120D did not alter the interaction between STX1A and SNAP23. The role of
SNAP23 Ser-95 requires further investigations in diabetes mellitus and other human diseases because numerous ki-
nases, such as PKC, are activated under pathological and physiological conditions.

The fusion of insulin secretory granules plays a critical role in the maintenance of insulin homeostasis. The present
study unravels further mechanistic evidence regarding the formation of SNARE complexes and suggests a potential
role for SNAP23 in the pathogenesis of diabetes mellitus. Therefore, SNAP23 can be a potential therapeutic target in
diabetes. A previous study by Kunii et al. reported that a small compound called MF286 prevented SNARE complex
formation and increased insulin secretion in mice after GSIS by selectively binding to SNAP23 [32]. Further investi-
gations are necessary to unravel the various roles of SNAP23 in the exocrine and endocrine secretory pathways.

Materials and methods
Cell culture
The INS-1 rat pancreatic β-cell line and the 293T cell line were purchased from ATCC. INS-1 cells were cultured
in RPMI 1640 medium supplemented with 10% FBS, 1 mM sodium pyruvate, and 50 mM β-mercaptoethanol in a
humidified incubator at 37◦C and 5% CO2. 293T cells were cultured in DMEM medium supplemented with 10% FBS
in a humidified incubator at 37◦C and 5% CO2.

Plasmids for overexpression
The mCherry vector was used to clone STX1A (mCherry-STX1A), Complexin1 (mCherry-Complexin1), and
VAMP8 (mCherry-VAMP8) cDNAs. The rat SNAP23 cDNA was cloned into the GFP-C1 vector or pCDH-GFP vec-
tor to generate GFP-tagged SNAP23. PCR-based mutagenesis was used to generate SNAP23 domain-defective and
phosphorylation-defective mutants.

CRISPR/Cas9 mediated gene knockout
SNAP23-deficient INS-1 cells were generated using CRISPR/Cas9 system as previously described [44]. sgRNA se-
quence (5-GGAAAGCACAAGGAGAATCC-3) was used for disrupting the expression of SNAP23 in INS-1 cells.
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Western blotting
Total cellular protein extracts were prepared by lysing cells in the RIPA buffer and protease inhibitor cocktail fol-
lowed by centrifugation at 12000 rpm for 15 min at 4◦C to obtain the supernatants. The total protein concentra-
tions of samples were estimated using the BCA assay kit. Equal amounts of protein extracts were electrophoresed
on a 10–15% dodecyl sodium polyacrylamide gel (SDS-PAGE). The separated proteins were transferred on to the
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA). The membranes were blocked with 5% nonfat
milk at room temperature for an hour. Then, the membranes were incubated overnight at 4◦C with primary antibodies
against SNAP23 (Proteintech,Cat 10825-1-AP), Tubulin (Proteintech,cat 66031-1-Ig), insulin(ABclonal, cat A19066),
GFP (Proteintech,cat 66002-1-Ig), and mCherry (Proteintech, cat 26765-1-AP). The membranes were washed with
phosphate-buffered saline with Tween-20 (PBST) and incubated with the HRP-conjugated secondary antibody in
PBST for 1 h at room temperature. The blots were then developed with ECL (Pierce, Thermo Fisher Scientific). The
protein bands were quantified using the ImageJ software.

Confocal immunofluorescence microscopy
Cells were fixed for 30 min at room temperature in 4% paraformaldehyde. Then, the cells were washed three times with
cold PBS for 3 min each at room temperature and incubated with blocking solution (5% BSA in PBS) for 1 h at room
temperature. The cells were permeabilized with 0.1% Triton X-100 for 10 min and incubated overnight with primary
antibodies at 4◦C. The cells were rinsed with permeabilization buffer and then incubated with fluorescent-tagged
secondary antibodies. The immunolabeled cells were mounted on slides and photographed using a Carl Zeiss LSM5
EXITER laser scanning confocal microscope.

Immunoprecipitation
293T cells were co-transfected with GFP-SNAP23 and mCherry-STX1A vectors to generate stable cell lines to study
the interaction between SNAP23 and STX1A. The cell lysates were immunoprecipitated with anti-mCherry antibod-
ies. 293T cells were homogenized on ice in 500 μl of NP-40 buffer (1% NP-40, 150 mM NaCl, 50 mM Tris Base,
1% Triton X-100) and a complete protease cocktail. The supernatant protein extract was incubated with 5 μg of
anti-mCherry antibodies at 4◦C for 2 h. For immunoprecipitation, 50 μl magnetic beads were washed three times
with PBS buffer and incubated with cellular protein extract samples for 3 h at 4◦C with constant rotation. Then, the
beads were pelleted down by centrifugation, washed, resuspended in 40 μl of SDS sample loading buffer, denatured
at 95◦C for 6 min, and analyzed by Western blotting as previously described.

ELISA assay for estimating insulin levels
INS-1 cells were first pre-incubated with Krebs-Ringer bicarbonate buffer (KRBH; pH 7.4; 114 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.16 mM MgSO4, 0.5 mM MgCl2, 2.5 mM CaCl2, 0.25% BSA, and 20 mM HEPES) containing
2.8 mM glucose for 1 h. Then, the cells were incubated with KRBH buffer containing 16.7 mM glucose for 30 min. The
cell supernatants were collected and analyzed using ELISA kits for Insulin estimation (ImmunoDiagnostics Limited,
China) according to the manufacturer’s instructions. For the secretion of insulin in vitro, the pancreas was digested
with collagenase P (Roche), then the islets were taken by hand under a dissection microscope. The freshly isolated
mouse islets were cultured in RPMI medium containing 10% FBS, 2 mM glutamine for 24 h and then infected by
lentivirus for another 48h. Following GSIS, incubation medium was detected by ELISA assay as described above.

The package and concentration of Lentivirus
293T cells were co-transfected with pCDH-GFP, pmd2g, Pxpax. After 48–72 h of transfection, the supernatant is
collected and filtered with a 0.45μm filter (Millipore). Lentivirus followed by centrifugation with Ultracel-100 regen-
erated cellulose membrane (Millpore) at 5000 rpm for 15 min at 4◦C to obtain the concentrate.

Statistical analysis
The statistical data is reported as mean +− SEM. The statistical differences between groups was estimated using
two-tailed Student’s t-test or among multiple groups using two-way ANOVA. P<0.05 was considered statistically
significant.

Data Availability
Materials and raw data are available from the authors upon request
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