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VAMP4 regulates insulin levels by targeting
secretory granules to lysosomes
Min Li1,2,5,6, Fengping Feng1, Han Feng1, Pengkai Hu1,4, Yanhong Xue1, Tao Xu1,2,3,4, and Eli Song1,4

Insulin levels are essential for the maintenance of glucose homeostasis, and deviations lead to pathoglycemia or diabetes.
However, the metabolic mechanism controlling insulin quantity and quality is poorly understood. In pancreatic β cells, insulin
homeostasis and release are tightly governed by insulin secretory granule (ISG) trafficking, but the required regulators and
mechanisms are largely unknown. Here, we identified that VAMP4 controlled the insulin levels in response to glucose
challenge. VAMP4 deficiency led to increased blood insulin levels and hyperresponsiveness to glucose. In β cells, VAMP4 is
packaged into immature ISGs (iISGs) at trans-Golgi networks and subsequently resorted to clathrin-coated vesicles during
granule maturation. VAMP4-positive iISGs and resorted vesicles then fuse with lysosomes facilitated by a SNARE complex
consisting of VAMP4, STX7, STX8, and VTI1B, which ensures the breakdown of excess (pro)insulin and obsolete materials and
thus maintenance of intracellular insulin homeostasis. Thus, VAMP4 is a key factor regulating the insulin levels and a
potential target for the treatment of diabetes.

Introduction
Insulin is a key hormone responsible for the maintenance of
glucose homeostasis, and aberrant variations in the insulin
levels are believed to cause pathoglycemia or diabetes (Rorsman
and Braun, 2013). In insulin-producing and insulin-releasing
pancreatic β cells, the insulin amount is balanced by the bio-
synthesis, degradation, and secretion of insulin (Campbell and
Newgard, 2021; Uchizono et al., 2007; Wicksteed et al., 2003),
and the last two processes are achieved by intracellular traf-
ficking of insulin secretory granules (ISGs; Hou et al., 2009;
Vakilian et al., 2019). ISGs are derived from TGNs, where newly
produced proinsulin and other cargoes are packaged into im-
mature ISGs (iISGs; Davidson, 2004; Steiner et al., 2009), and
iISGs then undergo a maturation process and transition to ma-
ture ISGs (mISGs) ready to release insulin upon stimulation
(Howell and Bird, 1989; Suckale and Solimena, 2010). The mat-
uration process involves multiple steps and is essential for the
insulin quantity and quality. During maturation, iISGs are
gradually acidified, resulting in the cleavage of proinsulin into
mature insulin and C-peptide by prohormone convertases
(Cheng et al., 2015; Malide et al., 1995; Martin et al., 1994;
Naggert et al., 1995; Orci et al., 1986); to refine their granule
size and contents, iISGs undergo a series of dynamic and

complicated membrane remodeling processes, including ho-
motypic fusion and resorting of undesired materials in a
clathrin-coated vesicle (CCV)–dependent manner (Arvan and
Castle, 1998; Du et al., 2016; Turner and Arvan, 2000;
Wendler et al., 2001); and to maintain the optimal number of
granules, some iISGs directly fuse with lysosomes for degra-
dation (Rorsman and Renstrom, 2003).

In β cells, the total insulin amount and the number of insulin
granules are tightly governed in response to physiological de-
mands (Hinke et al., 2004; Rorsman and Renstrom, 2003). To
maintain intracellular insulin homeostasis and ensure precise
insulin release, excess (pro)insulin is packaged into iISGs and
delivered to lysosomes for subcellular degradation via autoph-
agy and/or crinophagy (Halban, 1991; Halban and Wollheim,
1980; Lee et al., 2019; Orci et al., 1984; Riahi et al., 2016;
Schnell et al., 1988). Under normal conditions, crinophagy has
been identified as a major pathway for direct fusion of secretory
granules with lysosomes as a means of rapid elimination of
unused secretorymaterials from the cytoplasm inmultiple types
of secretory cells, including exocrine, endocrine, and neuroen-
docrine cells (Csizmadia and Juhasz, 2020). Although crinoph-
agy was described >50 yr ago (Smith and Farquhar, 1966), we
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know little about this biological process. Particularly, in β cells
the physiological significance of crinophagy remains unclear
and the molecules that control this pathway are largely un-
known. Rab7 interacting lysosome protein reportedly binds with
ISG-associated Rab26 to direct ISGs for lysosomal degradation by
interacting with lysosome-associated Rab7 (Zhou et al., 2020).
Rab3 mutation in β cells enhances the lysosomal degradation of
insulin granules (Marsh et al., 2007; Regazzi et al., 1996a;
Yaekura et al., 2003). However, other protein machinery and
molecularmechanisms required for crinophagy in β cells remain
to be identified.

SNARE proteins play vital roles in mediating membrane fu-
sion. The recognition of v-SNAREs on vesicles and t-SNAREs on
the target membrane determines the specificity of membrane
fusion (Chen and Scheller, 2001; Dingjan et al., 2018; McNew
et al., 2000). Vesicle-associated membrane protein 4 (VAMP4), a
v-SNARE protein, is predominantly located at TGNs and is also
present on the plasma membrane, endosomes, and lysosome-
related compartments (Rizzoli et al., 2006; Steegmaier et al.,
1999; Tran et al., 2007). VAMP4 has been reported to partici-
pate in TGN-to-endosome anterograde transport via assembly
with STX6 in PC12 cells (Steegmaier et al., 1999) and mediate
endosome-to-TGN retrograde trafficking by complexing with
STX16, VTI1A, and STX6 in nonsecretory cells (Hirata et al.,
2015; Mallard et al., 2002), as well as controlling the probabil-
ity of synaptic vesicle release via its targeting to endolysosomes
in neurons (Ivanova et al., 2021). Additionally, VAMP4 is in-
volved in the homotypic fusion of early endosomes by forming a
SNARE complex with STX12, VTI1A, and STX6 and lipid droplet
fusion by complexing with STX5 and SNAP23 (Bostrom et al.,
2007; Brandhorst et al., 2006). In pituitary AtT-20 cells, VAMP4
is reportedly sorted from secretory granules along with syn-
aptotagmin IV during membrane remodeling, as determined by
biochemical experiments, and is proposed as a putative inhibitor
of granule maturation (Eaton et al., 2000; Littleton et al., 1999).
However, in pancreatic β cells, the dynamics, function, and
molecular mechanism of VAMP4 involved in insulin granule
trafficking and, in particular, the physiological roles of VAMP4
have not yet been clarified.

Here, using VAMP4 knockout mice, we revealed that VAMP4
deficiency causes increased insulin in the blood, accumulated
intracellular (pro)insulin, and elevated insulin release in pan-
creatic β cells. Further experiments showed that VAMP4 localized
to iISGs and was resorted to CCVs during granule maturation, and
VAMP4-positive iISGs and resorted vesicles subsequently fused
with lysosomes facilitated by a SNARE complex composed of
VAMP4, syntaxin7 (STX7), syntaxin8 (STX8), and VTI1B on ly-
sosomes. The fusion of iISGs with lysosomes promotes excess
(pro)insulin degradation to control the intracellular insulin
quantity and insulin release. The fusion of VAMP4-positive re-
sorted vesicles with lysosomes degrades undesired granule car-
goes, including prohormone convertase PC1 and PC2. Our data
identified VAMP4 as a new regulator for controlling insulin levels
and elucidated the molecular mechanisms of VAMP4 involved in
insulin granule trafficking for the maintenance of intracellular
insulin homeostasis in pancreatic β cells, providing the molecular
basis that the absence of VAMP4 is beneficial for blood glucose

control and that VAMP4 could be a potential target for the
treatment of diabetes.

Results
VAMP4 KO mice exhibit hyperresponsiveness to glucose due
to increased blood insulin
We generated a mouse model with global knockout of the Vamp4
gene (hereafter named VAMP4 KOmice) using the CRISPR/Cas9
technique (Fig. 1 A). VAMP4 was completely deleted in islets and
primary pancreatic β cells isolated from these KO mice (Fig. 1, B
and C). The VAMP4 KOmice were viable and fertile and showed
a slight nonsignificant reduction in body weight (Fig. 1 D), and
no other obvious phenotypes with respect to feeding, mating
performance, or overall behaviors were observed. Our analysis
of the blood glucose profiles after the intraperitoneal adminis-
tration of glucose revealed that male VAMP4 KO mice showed
significantly enhanced glucose tolerance compared with the WT
mice 15 min after high glucose stimulation (Fig. 1 E and Fig. S1
A), while the blood insulin level gradually increased in the KO
mice and showed a significant increase 30 min after glucose
administration (Fig. 1 F and Fig. S1 B). The VAMP4 KO mice
performed normally in the insulin tolerance test (ITT; Fig. 1 G
and Fig. S1 C) and exhibited normal random blood glucose
(Fig. 1 H). These results indicate that VAMP4 KO mice exhibit
hyperresponsiveness to glucose due to elevated blood insulin.

To explore the reasons for the increased release of insulin
upon glucose stimulation in mice, we examined the pancreas
and pancreatic islets of the VAMP4 KOmice. The morphology of
the pancreas and the distribution and density of islets in the KO
mice showed no obvious abnormalities (Fig. 2, A and C). The
results from the quantification indicated that the area ratio of
islets to the pancreas was slightly elevated in the KO mice
(Fig. 2 D). The morphology and distribution of β cells and α cells
inside islets were similar between the WT and KO mice (Fig. 2
B). Furthermore, the ratio of β cells to islet cells, the ratio of β
cells to α cells, and the density of β cells or α cells in islets
showed no significant difference between the WT and KO mice
(Fig. 2, E–H). Interestingly, the mean levels of insulin were
notably increased in the KO mice (Fig. 2 I), whereas the mean
levels of glucagon showed no obvious difference between the
two groups of mice (Fig. 2 J). These results suggest that the
VAMP4 KO mice exhibit increased insulin levels in pancreatic β
cells and unchanged glucagon levels in α cells.

VAMP4 deficiency causes increases in the intracellular (pro)
insulin and insulin release
To validate the observed increase in the insulin levels in β cells
and investigate why ablation of VAMP4 enhances the insulin
levels at the body and cell levels, we used primary pancreatic β
cells isolated from VAMP4 KO mice and VAMP4 gene-edited
INS-1 cells to study the cellular mechanism. First, we analyzed
the cellular distribution and expression of insulin and pro-
insulin in single primary β cells by immunofluorescence as-
says. Quantification revealed that the levels of proinsulin and
insulin were 14% and 23% higher in the KO mice, respectively
(Fig. 3, A–D). We then generated a Vamp4 knockout (VAMP4

Li et al. Journal of Cell Biology 2 of 18

VAMP4 facilitates membrane fusion on lysosomes https://doi.org/10.1083/jcb.202110164

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/221/10/e202110164/1437966/jcb_202110164.pdf by guest on 05 D

ecem
ber 2025

https://doi.org/10.1083/jcb.202110164


KO) INS-1 cell line and a Vamp4 knockdown (VAMP4 KD) INS-1
cell line using the CRISPR/Cas9 technique (Fig. S2, A–C). As
determined by immunofluorescence staining of mixed cultured
WT and VAMP4 KO INS-1 cells, proinsulin and insulin ex-
hibited greater accumulation in the KO cells than in the
WT cells (Fig. 3 E), and a fluorescence intensity analysis dem-
onstrated that the proinsulin and insulin levels were 4.5-fold
and 1.7-fold higher in the KO cells than in the WT cells, re-
spectively (Fig. 3, F and G). Additionally, the ratio of proinsulin to
total insulin (proinsulin and insulin) was significantly increased in
theKO cells, indicating greater accumulation of immature proinsulin
than mature insulin in the absence of VAMP4 (Fig. 3 H). Using
ELISAs to accurately determine the intracellular amount of insulin

and proinsulin, we obtained similar results: both the proinsulin and
insulin levels were increased and the ratio of proinsulin to total
insulin was elevated in the KO and KD cells compared with the
WT cells (Fig. S2, D–F). We further rescued VAMP4 expression in
the KO cells and observed that the increase in proinsulin and in-
sulin exhibited efficient recovery (Fig. S2 G). To assess whether the
increased insulin level is due to increased biosynthesis or reduced
degradation, we detected the mRNA level of the Ins gene and ob-
served no significant changes in the WT, KD, KO, and VAMP4
rescued INS-1 cells (Fig. S2 H), indicating that the increases in the
amounts of insulin and proinsulin were due to diminished sub-
cellular degradation rather than increased biosynthesis. These re-
sults indicate that VAMP4 deficiency increases the intracellular

Figure 1. VAMP4 KO mice exhibit hyperresponsiveness to glucose due to increased blood insulin levels. (A) Schematic diagram of strategies for the
generation of VAMP4 knockout mice, in which the region of Vamp4 exon 3 to exon 7 was deleted, using the CRISPR/Cas9 technique. The solid bars represent
ORFs, and the open bars represent UTRs. (B) Representative Western blot images showing the expression levels of VAMP4 in islets isolated from WT and KO
mice (n = 3 biological independent samples). GAPDH was used as the loading control. 20 μg of protein was loaded in each lane. (C) Representative confocal
images of VAMP4 staining (green) in primary β cells isolated fromWT and KOmice (n = 3 biological independent samples). The nuclei of the cells were stained
with DAPI (blue). Scale bars, 2 μm. (D) Body weight of male WT and KOmice (n = 6–9 mice per group). (E and F) GTT results (E) and blood insulin levels in the
GTT (F) of maleWT and KOmice at 14 wk of age for 2 g/kg bodyweight (n = 6–7 mice per group). (G) ITT results of maleWT and KOmice at 16 wk of age for 0.5
U/kg body weight (n = 6–7 mice per group). (H) Ad libitum blood glucose in maleWT and KOmice at the ages of 8 and 18 wk (n = 6–9 mice per group). The data
are presented as the mean ± SEM. *, P < 0.05. The statistical analyses were performed with two-tailed unpaired Student’s t test (D–H). Source data are
available for this figure: SourceData F1.
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amounts of proinsulin and insulin, specifically elevating the ratio of
proinsulin to total insulin, which suggests that VAMP4 ablation
leads to more proinsulin accumulation.

Next, we investigated whether the absence of VAMP4 changes
the release of insulin. We performed a glucose-stimulated insulin
secretion experiment to measure the insulin secreted from is-
lets isolated from mice. The islets from VAMP4 KO mice re-
leased more insulin upon stimulation with either 2.8 or
16.7 mM glucose than WT islets (Fig. 3 I). Similar results were
observed with VAMP4 KO and VAMP4 KD INS-1 cells, in which
the amount of secreted insulin increased under low or high

glucose stimulation, and the rescue of VAMP4 expression re-
covered this increase (Fig. 3 J and Fig. S2 I). These results indicate
that VAMP4 ablation caused not only the accumulation of in-
tracellular (pro)insulin but also an increase in insulin secretion.

VAMP4 deficiency results in increased PC1 and PC2 levels
To determine whether other granule cargoes show accumulation
similar to (pro)insulin under VAMP4 deficiency, we assessed the
amounts of PC1 and PC2, which are soluble granule cargoes
packaged into iISGs at TGNs and are key prohormone con-
vertases responsible for the conversion of proinsulin to insulin

Figure 2. VAMP4 KOmice show a normal pancreatic morphology but increased insulin levels. (A) Representative H&E staining of the pancreas fromWT
and KOmice at 14 wk of age. Scale bars, 500 μm. (B) Representative confocal images of costaining for insulin (red) and glucagon (green) in islets isolated from
WT and KO mice. The nuclei of cells were stained with DAPI (blue). Scale bars, 10 μm. (C and D) Islet-to-pancreas area percentage (D) and islet density in the
pancreas (C) fromWT and KOmice quantified by H&E staining of the pancreas shown in A. (E–H) The percentage of β cells among total cells (E), ratio of β cells
to α cells (F), and density of β cells (G) and α cells (H) in islets fromWT and KO mice were quantified by immunofluorescence staining, as shown in B. (I and J)
Quantification of the mean fluorescence intensity of insulin (I) and glucagon (J) in islets from WT and KO mice based on the immunofluorescence staining
results shown in B. The data used for the analysis in C–J were based on 20 islets counted per pancreas. n = 3, 1 female and 2 male mice at 14 wk of age.
Immunofluorescence images were captured by confocal microscopy with a 40× (NA = 1.30) oil objective at room temperature. The data are presented as the
mean ± SEM. ****, P < 0.0001. The statistical analyses were performed with two-tailed unpaired Student’s t test (C–J).
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(Cheng et al., 2015; Malide et al., 1995; Martin et al., 1994).
Western blot results showed that the PC1 and PC2 levels are
substantially increased in VAMP4-deficient cells, and the rescue
of VAMP4 expression recovered the accumulation (Fig. 4, A–D).
RT-PCR results showed that the mRNA levels of Pc1 and Pc2
exhibited no significant changes in WT, KD, KO, and VAMP4
rescued INS-1 cells (Fig. 4, E and F), which indicated that the
increase in the PC1 and PC2 levels is due to their degradation
rather than increased biosynthesis, similar to the results found

for (pro)insulin. These results demonstrate that VAMP4 defi-
ciency results in the accumulation of insulin granule cargoes,
including both core cargoes, such as insulin and proinsulin, and
soluble cargoes, such as PC1 and PC2.

No alterations of other VAMP proteins in the absence
of VAMP4
VAMP4 is a member of the vesicle-associated membrane protein
family, which has a similar structure and some of the members

Figure 3. VAMP4 deficiency causes increases in intracellular (pro)insulin and insulin release. (A–D) Maximum intensity projection images showing the
intensity of VAMP4 (green), proinsulin (red; A), and insulin (red; C) in β cells from WT and KO mice. Quantification of the proinsulin intensity (B) and insulin
intensity (D) in whole cells based on the images shown in A and C. The data in B and D are shown as the mean ± SEM (n = 50 and 70 cells from four biological
independent experiments, n = 4, 1 female and 3 male mice at 16 wk of age). Scale bars, 2 μm. (E–H) Representative confocal images costained for proinsulin
(gray), insulin (red), and VAMP4 (green; E) in WT and KO INS-1 cells. The proinsulin intensity (F), insulin intensity (G), and ratio of proinsulin to total insulin
(proinsulin and insulin; H) were quantified for maximum intensity projection based on the immunofluorescence staining data shown in E. Four sections of
WT cells and five sections of KO cells were analyzed from three biological independent samples. Scale bars, 5 μm. (I) Measurement of insulin secretion from
islets isolated fromWT and KOmice incubated for 1 h in 2.8 or 16.7 mM glucose. 50 islets were used in each experiment, and three biological experiments were
performed (n = 3, 1 female and 2 male mice at 16 wk of age). (J)Measurement of insulin secretion fromWT, KO, and rescued INS-1 cells incubated for 1 h in 2.8
or 16.7 mM glucose (n = 6 biological independent samples). The data are presented as the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P <
0.0001. The statistical analyses were performed with two-tailed unpaired Student’s t test (B, D, and F–I) and one-way ANOVA (J).
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have an overlapping subcellular localization and execute similar
functions (Advani et al., 1998; Feldmann et al., 2009). We
wondered whether other VAMP proteins would be altered because
of the VAMP4 deficiency.We performedWestern blot experiments
to determine the endogenous expression of several other VAMP
proteins in VAMP4-deficient cells. No significant differences in the
levels of VAMP2, VAMP7, and VAMP8 were observed in WT, KD,
KO, and VAMP4 rescued INS-1 cells, indicating no obvious alter-
ations of other VAMP proteins at the protein level (Fig. 4 G).
Therefore, the abnormal phenotypes found for the VAMP4 KO
mice or cells were specifically caused by the deletion of VAMP4.

VAMP4 localizes to iISGs and is resorted to CCVs during
granule maturation
To investigate why VAMP4 deficiency results in the accumula-
tion of granule cargoes and determine the molecular mechanism
of VAMP4 involved in granule trafficking, we first examined the
subcellular localization of VAMP4 in β cells. We used OptiPrep
density gradient centrifugation to enrich ISGs and other or-
ganelles from INS-1 cells and analyzed the distribution of
VAMP4 on different enriched fractions. The fractionation re-
sults showed that proinsulin was mainly distributed in fractions
2, 4, and 6, and insulin was increasingly expressed in fractions 6
and 8, which indicated that fractions 6 and 8 represented the
iISG and mISG fractions, respectively (Fig. 5 A). Interestingly,
VAMP4 was specifically distributed in fractions 2, 4, and 6
rather than fractions 8 and 10 (Fig. 5 A), indicating that VAMP4
localized to the early immature stages of ISGs and was not
present in mature ISGs. The expression of PC1 and PC2 was also
observed to be distributed mainly in fractions 2, 4, and 6 (Fig. 5

A), consistent with the findings from our previous ISG proteo-
mic analysis (Li et al., 2018). The expression of PC1, PC2, and
VAMP4 showed similar patterns in the cell fractions, suggesting
that they have the same trafficking route during membrane
remodeling in granule maturation. Collectively, these bio-
chemical results indicate that VAMP4 localizes to iISGs and is
absent in mISGs, which demonstrates the removal of VAMP4
from iISGs during granule maturation.

We then examined the dynamic subcellular localization of
VAMP4 by live-cell imaging. Using EGFP-tagged VAMP4 and
mCherry-tagged (pro)insulin to indicate VAMP4 and ISGs, we ob-
served that in the TGN region, VAMP4 was mainly displayed on the
surface of ISGs, and in peripheral regions, most VAMP4 was sepa-
rate from ISGs (Fig. 5, B and C; and Fig. S3, A and B). iISGs are de-
rived from TGNs and then are converted to mISGs during transport
from the Golgi to the periphery. Thus, the live-cell imaging results
suggested that VAMP4 localizes to iISGs but is absent in mISGs.
Intriguingly, we noted a few events dynamically showing that
VAMP4 was budded and removed from iISGs (Fig. 5 D and Video 1),
and we also observed that VAMP4-positive iISGs were coated with
clathrin (Fig. S3 C). During granule maturation, undesired granule
cargoes are resorted to CCVs and removed from iISGs bymembrane
remodeling (Bonnemaison et al., 2013). We propose that VAMP4 is
packaged into iISGs at TGNs and is subsequently resorted to CCVs
and removed from iISGs during granule maturation.

VAMP4-positive iISGs and resorted vesicles fuse with
lysosomes
To determine the trafficking destination of VAMP4-anchored
vesicles, we tested the colocalization of VAMP4 with several

Figure 4. VAMP4 deficiency leads to the accumulation of other granule cargoes. (A–D) Representative Western blot images showing the expression
levels of PC1 (A) and PC2 (C) in WT, KD, KO, and rescued INS-1 cells. The bar graphs show the expression levels of PC1 (B) and PC2 (D) quantified from three
independent Western blot results. Actin was used as a loading control. (E and F) RT–PCR analysis of the Pc1 (E) and Pc2 (F) mRNA levels in WT, KD, KO, and
rescued INS-1 cells. 18S ribosomal RNA was used as an internal control (n = 3 biological independent experiments). (G) Representative Western blot images
showing the expression levels of VAMP2, VAMP7, and VAMP8 in WT, KD, KO, and rescued INS-1 cells. Actin was used as the loading control. The data are
presented as the mean ± SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001. The statistical analyses were performed with one-way ANOVA (B and D–F). Source
data are available for this figure: SourceData F4.

Li et al. Journal of Cell Biology 6 of 18

VAMP4 facilitates membrane fusion on lysosomes https://doi.org/10.1083/jcb.202110164

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/221/10/e202110164/1437966/jcb_202110164.pdf by guest on 05 D

ecem
ber 2025

https://doi.org/10.1083/jcb.202110164


Figure 5. VAMP4 localizes to iISGs and is resorted to CCVs during granule maturation, and VAMP4-positive iISGs and resorted vesicles fuse with
lysosomes. (A) Representative Western blot images showing the expression levels of proinsulin, insulin, VAMP4, PC1, PC2, and LAMP1 in different cellular
fractions enriched by OptiPrep density gradient centrifugation (n = 3 biological independent experiments). (B) INS-1 cells were transfected with EGFP-tagged
VAMP4 (green) and Halo-tagged (pro)insulin (red) plasmids for 48 h under live-cell imaging. Scale bars, 5 μm. Enlarged diagrams of the Golgi (G) region and
peripheral (P) region are shown. Scale bars, 1 μm. (C) The percentage of VAMP4 localized on ISGs was higher in the Golgi region than in the peripheral region
based on the three-dimensional live-cell imaging data shown in B (n = 6 sections of WT cells and KO cells from three independent experiments). The data are
presented as the mean ± SEM. The statistical analyses were performed with two-way ANOVA. ****, P < 0.0001. (D) INS-1 cells were transfected with EGFP-
tagged VAMP4 (green) and mCherry-tagged (pro)insulin (red) plasmids for 48 h under live-cell imaging. The diagram and a snapshot of a consecutive event
showed that VAMP4 localized to the iISG surface and was removed from iISGs (indicated by arrows). (E) INS-1 cells were transfected with EGFP-tagged VAMP4
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organelles in INS-1 cells by live-cell imaging. We observed that
VAMP4 predominantly colocalized with lysosomes (Fig. 5 E).
Notably, we observed a few dynamic events which showed
VAMP4-labeled vesicles fused with LAMP1-labeled lysosomes
and diffused on the lysosomal membrane (Fig. 5 E and Video 2).
This result indicates that VAMP4-positive vesicles were trans-
ported to and fused with lysosomes. To investigate whether
VAMP4-positive iISGs could be directly transported to lyso-
somes, we performed live-cell imaging and analyzed the coloc-
alization of iISGs and lysosomes in INS-1 cells. We observed that
VAMP4 coated (pro)insulin-labeled ISGs partially colocalized
with lysosomes (Fig. 5 F and Fig. S3 D), and we captured a few
dynamic events showing that ISGs directly fused with lysosomes
(Fig. 5 F and Fig. S3 D and Video 3), indicating that VAMP4-
positive iISGs can directly fuse with lysosomes. Thus, we dem-
onstrated that both VAMP4-positive iISGs and resorted vesicles
fuse with lysosomes.

VAMP4 interacts with STX7, STX8, and VTI1B to form a SNARE
complex on lysosomes
Next, we deciphered the molecular mechanism as to how
VAMP4 mediates the fusion of iISGs and resorted vesicles with
lysosomes. As a v-SNARE, VAMP4 is supposed to spontaneously
interact with t-SNAREs to form a SNARE complex mediating
membrane fusion. To determine the VAMP4-associated t-SNAREs
on lysosomes, we first performed a literature search for the
t-SNAREs on lysosomes which belonged to the Qa, Qb, and Qc
SNAREs and had the potential to be the binding partners of
VAMP4 (Chen and Scheller, 2001; Dingjan et al., 2018; Feldmann
et al., 2009; Kreykenbohm et al., 2002; Prekeris et al., 1999; Wang
et al., 2017). Through preliminary exogenous immunoprecipita-
tion (co-IP) experiments, we focused on STX7, STX8, and VTI1B.
We then performed an in vitro GST pulldown assay to verify the
binding ability of VAMP4, STX7, STX8, and VTI1B, and the results
demonstrated that GST-tagged VAMP4 could pull down His-
tagged STX7, STX8, and VTI1B (Fig. 6, A and B). We further car-
ried out an endogenous co-IP experiment and identified that
VAMP4, STX7, STX8, and VTI1B could precipitate the others
(Fig. 6 C), indicating that they were all involved in a SNARE
complex in vivo. If this SNARE complex mediates the fusion of
VAMP4-anchored vesicles with lysosomes, it should localize
to the lysosomal membrane. We detected the complex in
isolated lysosomal fractions from INS-1 cells. The results
demonstrated that VAMP4, STX7, STX8, and VTI1B were
present in lysosomes (Fig. 6 D), and they could interact with
each other and form a complex, as determined by a co-IP assay
using lysosomal fractions (Fig. 6 E). These results indicated
that VAMP4, STX7, STX8, and VTI1B form a SNARE complex
on the lysosomal membrane.

To directly visualize the participation of VAMP4 in SNARE
complex assembly in vivo, we employed live-cell imaging using
the biomolecular fluorescence complementation (BiFC) approach.
The fluorescence signal was generated by the complementation of
nYFP-tagged VAMP4 and cYFP-tagged STX7 due to their close
proximity via the interaction between VAMP4 and STX7. For the
negative control, noncomplementation of nYFP-tagged VAMP4
and nYFP-tagged STX7 was observed (Fig. 6 F). Notably, com-
plemented YFP signals induced by VAMP4 and STX7 showed
good colocalization with LAMP1 or (pro)insulin, respectively.
Additionally, we detected the interaction of VAMP4 with STX8 or
VTI1B using the BiFC system and obtained similar results (Fig. 6,
G andH). The fractionation experiment results also demonstrated
that the distribution of VAMP4 and iISGs was highly consistent
with that of lysosomes (Fig. 5 A). Altogether, these results provide
direct evidence and demonstrate that VAMP4 associates with
STX7, STX8, and VTI1B to assemble a SNARE complex on lyso-
somes, including the contact regions of insulin granules and
lysosomes.

To further validate that VAMP4, STX7, STX8, and VTI1B
functionally work together and that their formed SNARE com-
plex is involved in the fusion of VAMP4-positive vesicles with
lysosomes, we knocked down STX7 and STX8 individually and
identified that a decrease in each of these proteins induces in-
creased insulin release under either 2.8 or 16.7 mM glucose
stimulation (Fig. S2, J–L), similar to the results found for VAMP4
KO cells (Fig. 3 J and Fig. S2 I). This result indicates that the
SNARE complex consisting of VAMP4, STX7, STX8, and VTI1B is
involved in maintenance of the insulin quantity.

VAMP4 facilitates the fusion of iISGs and resorted vesicles
with lysosomes to mediate granule cargo degradation
To further examine whether the VAMP4-involved SNARE
complex functionally contributes to the fusion of iISGs with
lysosomes, we analyzed fusion events in primary β cells of WT
and VAMP4 KO mice by EM. We observed that the number of
ISGs per β cell increased, but the cytoplasmic area of β cells
showed no significant change (Fig. 7 A; and Fig. S4, E and F);
thus, the ISG density was markedly enhanced in the VAMP4 KO
β cells (Fig. 7 C). We observed that the interaction between in-
sulin granules and lysosomes involvedmultiple stages, including
ISG-lysosome contact (Fig. 7 B Ι and Fig. S4 A), ISG-lysosome
fusion (Fig. 7 B II and Fig. S4 B), ISG-lysosome engulfment (Fig. 7
B III and Fig. S4 C), and ISG-lysosome degradation (Fig. 7 B IV
and Fig. S4 D). We analyzed the total events of ISG-lysosome
interactions and found that the number and density of ISG-
lysosome interactions were reduced (Fig. 7 D and Fig. S4 G)
and that the ratio of ISG-lysosomes to total ISGs was substan-
tially decreased in VAMP4 KO β cells (Fig. 7 E). Similarly, in

(green) and mCherry-tagged LAMP1 (red) plasmids for 48 h under live-cell imaging. The diagram and a snapshot of a consecutive event showed that VAMP4
fused with lysosomes and diffused on the lysosomal membrane (indicated by arrows), VPV, VAMP4-positive vesicle. (F) INS-1 cells were transfected with Halo-
tagged LAMP1 (green) and mCherry-tagged (pro)insulin (red) plasmids for 48 h under live-cell imaging. The diagram and a snapshot of a consecutive event
showed that (pro)insulin fused with lysosomes (indicated by arrows). Long-term live-cell imaging data were acquired using a Delta Vision OMX V3 systemwith
100× (NA = 1.40) in B and D–F. The data in D–F represent at least three biological independent experiments. Scale bars, 5 μm (D–F top) and 0.5 μm (D–F
bottom). Source data are available for this figure: SourceData F5.
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Figure 6. VAMP4 interacts with STX7, STX8, and VTI1B to form a SNARE complex on lysosomes. (A) GST and GST-tagged VAMP4 were purified by
Glutathione Sepharose beads, and His-tagged STX7, STX8, and VTI1B were purified by Ni beads from E. coli. The purified proteins were determined by
SDS–PAGE and Coomassie blue staining (n = 3 biological independent experiments). (B) RepresentativeWestern blot images showing the interaction of VAMP4
with STX7, STX8, and VTI1B determined by GST pulldown assay in vitro. His-tagged STX7, STX8, and VTI1B were immunoblotted (IB) with anti-His antibody,
and GST and GST-tagged VAMP4were immunoblotted with anti-VAMP4 antibody. GST protein was used as a negative control in the GST pulldown assay (n = 3
biological independent experiments). (C) The association of VAMP4, STX7, STX8, and VTI1B was detected by endogenous co-IP and immunoblotting with the
indicated antibodies. IgG was used as a negative control in the co-IP assay. 3% of cell lysates and 10% of the immunoprecipitates were loaded (n = 4 biological
independent experiments). (D) Representative Western blot images showing the expression levels of VAMP4, STX7, STX8, and VTI1B in the enriched lysosomal
fraction. 15 μg of protein was loaded in each lane (n = 3 biological independent experiments). (E) The association of VAMP4, STX7, STX8, and VTI1B on ly-
sosomes was detected by endogenous co-IP using enriched lysosomal fractions and immunoblotting with the indicated antibodies. IgG was used as a negative
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VAMP4 KO INS-1 cells, the colocalization of ISGs with lysosomes
was markedly decreased, as determined by live-cell fluorescent
imaging (Fig. 7, F and G). These results clearly demonstrated that
VAMP4 deficiency blocks the interaction and fusion of iISGs
with lysosomes and causes the accumulation of insulin granules
in cells, which strongly indicates that VAMP4 facilitates the
membrane fusion of insulin granules with lysosomes and sug-
gests that VAMP4 is a key regulator of the intracellular insulin
granule number.

We speculate that the fusion of iISGs with lysosomes pro-
motes the release of excess synthesized (pro)insulin into lyso-
somes for degradation and that the fusion of resorted vesicles
with lysosomes results in the dumping of undesired materials
into lysosomes for degradation. To test this hypothesis, we
treated cells with chloroquine, a lysosomal inhibitor (Mauthe
et al., 2018), and assessed the levels of intracellular proinsulin,
VAMP4, PC1, and PC2. The results showed that the proinsulin,
PC1 and PC2 levels, were increased in the WT and KO cells
(Fig. 7 H), consistent with the above described results (Fig. 4,
A–D and Fig. S2 G), and their levels increased with increases in
the chloroquine treatment time (Fig. 7 H and Fig. S4, H–J). The
rescue of VAMP4 expression in the KO cells reversed the in-
creases in the proinsulin, PC1, and PC2 levels (Fig. 7 H and Fig.
S4, H–J). These results indicated that the VAMP4 facilitated fu-
sion of iISGs and resorted vesicles with lysosomes mediate the
degradation of excess (pro)insulin to ensure maintenance of
intracellular insulin homeostasis and regulate the degradation of
undesired granule cargoes.

Discussion
Insulin is essential for the maintenance of body glucose ho-
meostasis, and deviations from normal levels lead to diabetes
(Roder et al., 2016). However, the cellular metabolic mechanism
controlling the insulin quantity and quality has not been fully
elucidated. In this study, we revealed a new regulator, VAMP4,
which participated in the control of the insulin levels in pan-
creatic β cells, and elucidated the molecular mechanisms of
VAMP4 involved in insulin granule trafficking for the mainte-
nance of intracellular insulin homeostasis. Briefly, VAMP4 KO
mice exhibit hyperresponsiveness to glucose due to increased
blood insulin levels in response to glucose challenge. VAMP4-
deficient pancreatic β cells show an accumulation of intracel-
lular (pro)insulin, an increase in insulin release, and an elevated
proportion of immature proinsulin. Mechanistically, in β cells
VAMP4 is packaged into iISGs at TGNs and partial VAMP4-
positive iISGs directly fuse with lysosomes via crinophagy.
VAMP4 can also be resorted to CCVs and removed from iISGs by
membrane remodeling during granule maturation, and VAMP4-

positive resorted vesicles subsequently fuse with lysosomes.
VAMP4 forms a SNARE complex with STX7, STX8, and VTI1B on
lysosomes and promotes the membrane fusion of iISGs and re-
sorted vesicles with lysosomes, ensuring the breakdown of ex-
cess (pro)insulin and obsoletematerials tomaintain intracellular
insulin homeostasis (Fig. 7 I and Fig. S5).

We found that in pancreatic β cells, VAMP4 facilitates the
fusion of iISGs with lysosomes via crinophagy. Crinophagy was
discovered 50 yr ago by an electron microscopic examination of
the lactotroph hormone-producing cells of the rat anterior pi-
tuitary gland (Smith and Farquhar, 1966). Since then, similar
tightly regulated catabolic processes have been identified to
regulate the secretory granule pool during the development of
various types of secretory cells, particularly in exocrine, endo-
crine, and neuroendocrine cells (Csizmadia and Juhasz, 2020).
However, the molecular mechanisms and physiological roles of
crinophagy are largely unknown. Csizmadia et al. recently
identified a SNAP receptor complex consisting of STX13,
SNAP29, and VAMP7 that was required for the fusion of secre-
tory granules with lysosomes in Drosophila salivary gland cells
(Csizmadia et al., 2018). This study revealed that a SNARE
complex composed of VAMP4, STX7, STX8, and VTI1B facilitated
the membrane fusion of insulin granules with lysosomes in
rodent pancreatic β cells. These results indicate that although
crinophagy is a conserved pathway from Drosophila to meta-
zoans, the protein machinery and molecular mechanisms re-
quired for the fusion of secretory granules and lysosomes in the
crinophagy pathway in different cell types of different species
are highly diverse and specific. Crinophagy is proposed to
maintain the optimal insulin granule number and insulin ho-
meostasis in β cells (Schnell et al., 1988). Our data demonstrate
that the VAMP4 facilitated fusion of iISGs and resorted vesicles
with lysosomes controlled the insulin quantity and quality in
cells and in mice, providing direct evidence that crinophagy is
related to whole-body glucose homeostasis. Hyperactive crin-
ophagy in β cells is suggested to contribute to type 2 diabetes,
which is characterized by insulin resistance, β cell dysfunction,
and low insulin release (Pasquier et al., 2019; Weckman et al.,
2014). We found that VAMP4 deficiency led to increases in the
intracellular and blood insulin levels, indicating that the absence
of VAMP4 is beneficial for blood glucose control and that
VAMP4 may be a novel candidate for a therapeutic strategy to
delay the onset or even prevent diabetes.

Previous studies from the Ricci group reported that under
starvation conditions, nascent insulin granules were predominantly
targeted to lysosomal degradation (termed starvation-induced
nascent granule degradation [SINGD]), and macroautophagy
was suppressed (Goginashvili et al., 2015; Pasquier et al., 2019).
This process prevents insulin release under fasting conditions,

control in the co-IP assay. 3% of the isolated lysosomal fraction and 10% of the immunoprecipitates were loaded (n = 3 biological independent experiments).
(F–H) INS-1 cells were transfected with nYFP-tagged VAMP4, cYFP-tagged STX7, and nYFP-tagged STX7 (F), cYFP-tagged STX8 and nYFP-tagged STX8 (G),
cYFP-tagged VTI1B and nYFP-tagged VTI1B (H), and mCherry-tagged LAMP1 and mCherry-tagged (pro)insulin plasmids for 48 h under live-cell imaging. The
interaction of nYFP-tagged VAMP4 with cYFP-tagged STX7, cYFP-tagged STX8, or cYFP-tagged VTI1B was detected by BiFC assay. The plasmids of nYFP-
tagged STX7, nYFP-tagged STX8, and nYFP-tagged VTI1B were used as a negative control. mCherry-tagged LAMP1 (red) and mCherry-tagged (pro)insulin (red)
represent lysosomes and iISGs, respectively. Scale bars, 5 μm (F–H) and 1 μm (insets in F–H). Source data are available for this figure: SourceData F6.
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Figure 7. VAMP4 facilitates the fusion of iISGs and resorted vesicles with lysosomes for granule cargo degradation. (A) Representative EM images of
pancreatic β cells fromWT and KOmice were captured at 100 kV and a magnification of 4,800×. Triangle: lysosome; asterisk: ISG; Nuc: nuclei. Scale bars, 2 μm.
(B) Region of interest in EM images of pancreatic β cells from WT mice showing that insulin granules and lysosomes exhibit multiple stages of interaction and
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and the degradation of nascent insulin granules generates
metabolites for cell survival to counter nutrient deprivation
(Goginashvili et al., 2015; Pasquier et al., 2019). Our study
demonstrates that under normal physiological conditions,
partial iISGs that contain VAMP4 directly fuse with lysosomes
for the degradation of excess (pro)insulin by forming a SNARE
complex consisting of VAMP4 and STX7, STX8, and VTI1B on
lysosomes. However, the function and molecular mechanism of
VAMP4 under starvation conditions are unclear and need to be
investigated in the future. Because SINGD is a special type of
crinophagy, we propose that VAMP4 may have the same
function in SINGD for the fusion of nascent insulin granules
with lysosomes. Therefore, under starvation conditions, as
more newly formed insulin granules fuse with lysosomes for
degradation, VAMP4 deficiency would cause more prominent
accumulation of insulin granules.

In cells, lysosomes act as a central degradation station by
establishing membrane contact sites with other organelles to
exchange contents (Lawrence and Zoncu, 2019; Luzio et al.,
2007). The fusion selectivity and specificity of lysosomes with
other organelles depend on the recognition of t-SNAREs on ly-
sosomes and v-SNAREs on vesicles (Jena, 2011). In this study, we
found that lysosomes fused with VAMP4-anchored iISGs and re-
sorted vesicles, and other scientists previously reported that lyso-
somes fused with late endosomes mediated by VAMP7 and with
autophagosomes facilitated by VAMP8 (Dingjan et al., 2018; Furuta
et al., 2010; Pryor et al., 2004). After budding from TGNs, nascent
iISGs contain multiple v-SNAREs, including VAMP2, VAMP3,
VAMP4, VAMP7, and VAMP8 (Xiong et al., 2017). During granule
maturation and membrane remodeling, different v-SNAREs are re-
organized or resorted into different staged granules or vesicles,
serving as the granule hallmark anddetermining the final destination
of granule fusion. The newly formed iISGs and resorted vesicles
contain VAMP4, which leads them to fuse with lysosomes by the
VAMP4 recognition of t-SNAREs, STX7, STX8, and VTI1B on lyso-
somes. Mature ISGs contain VAMP2, which facilitates the fusion of
mISGs with the plasma membrane by the VAMP2 recognition of
SNAP25/23 and STX1A on the plasma membrane to release insulin
(Eliasson et al., 2008; Regazzi et al., 1996b).

We not only identified the machinery involved in the fusion
of iISGs with lysosomes, but also demonstrated that VAMP4 was
resorted to CCVs from iISGs during granule maturation and
VAMP4-positive resorted vesicles subsequently fused with ly-
sosomes, which was also facilitated by the SNARE complex
composed of VAMP4 and STX7, STX8, and VTI1B. The fusion of

VAMP4-positive resorted vesicles with lysosomes promoted the
degradation of resorted vesicles carrying nonsecretory or un-
desired materials, such as PC1 and PC2. VAMP4 deficiency led to
abnormal accumulation of these undesired proteins. We also
found that in VAMP4 KO β cells, although the levels of both
proinsulin and insulin were increased, the ratio of proinsulin to
total insulin was significantly elevated, which indicates greater
accumulation of immature proinsulin than mature insulin,
suggesting an imbalance in the intracellular insulin quantity and
quality in the absence of VAMP4.

Material and methods
Antibodies and reagents
The following antibodies were used: rabbit anti-VAMP4 (Cat. no.
10738-1-AP; Proteintech), rabbit anti-STX8 (Cat. no. 12206-1-AP;
Proteintech), rabbit anti-STX7 (Cat. no. 12322-1-AP; Proteintech),
mouse anti-GAPDH (Cat. No. 60004-1-Ig; Proteintech), mouse
anti-actin (Cat. No. 66009-1-Ig; Proteintech), rabbit anti-glucagon
(Cat. no. 15954-1-AP; Proteintech), goat anti-mouse IgG HRP
conjugate (Cat. no. SA00001-1; Proteintech), goat anti-rabbit IgG
HRP conjugate (Cat. no. SA00001-2; Proteintech), rabbit anti-PC2
(Cat. no. 10553-1-AP; Proteintech), rabbit anti-PC1 (Cat. no.
ab220363; Abcam), rabbit anti-VTI1B (Cat. no. ab184170; Abcam),
rabbit anti-VAMP2 (Cat. no. ab181869; Abcam), rabbit anti-
VAMP8 (Cat. no. ab76021; Abcam), rabbit anti-insulin (Cat. no.
ab181547; Abcam), rabbit anti-VAMP7 (Cat. no. TA319712; Or-
iGene), mouse anti-LAMP1 (Cat. no. MA1-164; Thermo Fisher
Scientific), mouse anti-proinsulin (Cat. no. 2PR8-CCl-17; HyTest),
mouse anti-insulin (Cat. no. 8138; Cell Signaling Technology),
mouse anti-His Tag (Cat. no. YM3004; ImmunoWay), Alexa Fluor
405 goat anti-mouse (Cat. no. A-31553; Thermo Fisher Scientific),
Alexa Fluor 488 goat anti-rabbit (Cat. no. A-11008; Thermo Fisher
Scientific), Alexa Fluor 568 goat anti-mouse (Cat. no. A-11031;
Thermo Fisher Scientific), Alexa Fluor 647 donkey anti-mouse
(Cat. no. A-31571; Thermo Fisher Scientific), Janelia Fluor 646
HaloTag ligands (Cat. no. GA1110; Promega), and goat anti-guinea
pig IgG, TRITC (Cat. no. 106-025-003; Jackson). The following
reagents were used: RPMI 1640 medium (Cat. no. C22400500BT;
Thermo Fisher Scientific), FBS (Cat. no. 10091148; Thermo Fisher
Scientific), trypsin-EDTA (Cat. no. 25300054; Thermo Fisher
Scientific), penicillin–streptomycin (Cat. no. 15140122; Thermo
Fisher Scientific), β-mercaptoethanol (Cat. no. 21985023; Thermo
Fisher Scientific), sodium pyruvate (Cat. no. 11360088;
Thermo Fisher Scientific), Lipofectamine 3000 (Cat. no.

fusion. These stages include the following: (Ι) ISG-lysosome contact, (II) ISG-lysosome fusion, (III) ISG-lysosome engulfment, and (IV) ISG-lysosome degradation.
Images were captured at 120 kV and a magnification of 23,000×. Triangle: lysosome; asterisk: ISG. Scale bars, 0.5 μm. (C–E) The ISG density (C), density of the
ISG-lysosome interaction (D), and ratio of ISG-lysosome contact events to total ISGs (E) in WT and KO mice were quantified from the EM images shown in A.
Events from all stages of the ISG-lysosome interaction were included. (F)WT and KO INS-1 cells were transfected with mCherry-tagged (pro)insulin (red) and
Halo-tagged LAMP1 (green) for 48 h, and live-cell imaging was performed using the Delta Vision OMX V3 system with 100× (NA = 1.40). Scale bars, 5 μm (left)
and 1 μm (right). (G) The bar graph showing the quantified colocalization of LAMP1 and (pro)insulin from the data in F. 10 sections of WT cells and 12 sections of
KO cells were analyzed from three biological independent experiments. (H) Representative Western blot images showing the expression levels of VAMP4, PC1,
PC2, and proinsulin in WT, KO, and rescued INS-1 cells treated with 100 µM chloroquine for 0, 12, and 24 h. Actin was used as a loading control. (I) VAMP4
working model. The data used for the analysis in C–E were based on 25 β cells in two islets isolated from one WT male mouse and 24 β cells in three islets
isolated from two VAMP4 KO male mice. WT and VAMP4 KO mice were 16 wk of age. The data are presented as the mean ± SEM. ****, P < 0.0001. The
statistical analyses were performed with two-tailed unpaired Student’s t test (C–E and G). Source data are available for this figure: SourceData F7.
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L3000015; Thermo Fisher Scientific), HBSS (Cat. no. 14025076;
Thermo Fisher Scientific), PBS (Cat. no. 10010049; Thermo Fisher
Scientific), chloroquine (Cat. no. C6628; Thermo Fisher Scientific),
Pierce Protein A/Gmagnetic beads (Cat. no. 88802; Thermo Fisher
Scientific), radioimmunoprecipitation assay (RIPA) lysis and ex-
traction buffer (Cat. no. 89900; Thermo Fisher Scientific), TRIzol
reagent (Cat. no. 15596026; Thermo Fisher Scientific), OptiPrep
density gradient medium (Cat. no. D1556; Merck), collagenase P
(Cat. no. 11249002001; Merck), Pierce BCA Protein Assay Kit (Cat.
no. 23227; Thermo Fisher Scientific), EndoFree Mini Plasmid Kit
(Cat. no. DP118-02; Tiangen), Mouse Proinsulin ELISA Kit (Cat. no.
80-PINMS-E01; APLCO), Rat/Mouse Insulin ELISA Kit (Cat. no.
EZRMI-13K; Merck), Lysosome Isolation Kit (Cat. no. LYSISO1-
1KT; Merck), SuperRT cDNA Synthesis Kit (Cat. no. CW0741S;
CWBIO), Glutathione Sepharose beads (Cat. no. SA008005; Smart
Lifesciences), Ni-NTA agarose beads (Cat. no. 30210; Qiagen).

Mouse models
All animal experiments were performed according to institu-
tional guidelines and approved by the Animal Care Committee of
the Institute of Biophysics, Chinese Academy of Sciences.
C57BL/6J mice were maintained under a 12-h light–dark cycle in
a specific pathogen–free facility at 21–23°C. Healthy mice were
monitored through growth curves, random blood glucose tests,
and behavioral observations. The details of the mice (age, sex,
genotype, and number) used in the study are provided in the
appropriate figure legends. VAMP4 KO mice were generated
using CRISPR/Cas9-mediated genome engineering by Cyagen
Bioscience, Inc. The Vamp4 gene (GenBank accession number:
NM_016796.3) is located on chromosome 1 in themouse genome.
Single-guide RNA (sgRNA) targets were designed by the CRISPR
database (http://crispor.tefor.net/), and candidate targets with
the strongest score were selected. sgRNA 1 and sgRNA 2 targeted
the template and deleted the region of exon 3 to exon 7 by mi-
croinjection into mouse zygotes. The sequences (59–39) of sgRNA
1 and sgRNA 2were as follows: 59-GAAGAGCATTAGGTCCTAAC-
39 (sgRNA 1) and 59-ATAATGGCATGACTTGACTA-39 (sgRNA 2).
The gene primer sequences (59–39) used for identification of the
mouse genotype by PCR were as follows: Vamp4 forward 1, 59-
TCTTGGTTCATACCCTTCCTTCATC-39; Vamp4 reverse 1, 59-GCT
GTGTCTTGGGTGTGGCTGAG-39; and Vamp4 forward 2, 59-CAT
GTGAGAAGTAGAGAATTGGAC-39.

Cell lines
The INS-1 rat insulinoma cell line was cultured in RPMI 1640
medium supplemented with 10% FBS, 1% penicillin–streptomycin,
1% sodium pyruvate, and 0.5% β-mercaptoethanol. All cell lines
were maintained at 37°C in a 5% CO2 incubator and tested for
mycoplasma contamination. VAMP4 gene-edited cell lines were
generated using the CRISPR/Cas9 technique. The rat Vamp4 gene
(GenBank accession number: NM_001108856.1) is located on
chromosome 13, and the guide targets were designed by the
CRISPR database (http://crispor.tefor.net/). sgRNA was li-
gated into the pSpCas (BB)-2A-GFP vector and transfected
into INS-1 cells. The sequence (59–39) of the sgRNA was as
follows: 59-CTAAATGACGATGACGTCAC-39. GFP-positive cells
were sorted and cultured in 96-well plates by FACS. Single

clones were selected, expanded, and identified by genotype and
Western blot assays. The gene primer sequences (59–39) for the
PCR assay were as follows: Vamp4 forward, 59-GGAGTGGAG
CAAGAGTAGGTAGATAAAG-39, and Vamp4 reverse, 59-CCT
AAGTTTGGACCCTTGGCATCC-39.

Mouse islet isolation and culture
Mice were killed by cervical dislocation and perfused with col-
lagenase P at a concentration of 1 mg/ml in the mouse common
bile duct (Li et al., 2009). The perfused pancreas was digested in
a 37°C water bath for 15 min. After centrifugation, the pellets
were washed and suspended in HBSS. Islets were handpicked
under a microscope and cultured in RPMI 1640 medium sup-
plemented with 15% FBS and 1% penicillin–streptomycin over-
night at 37°C in a 5% CO2 incubator.

Primary mouse pancreatic β cell isolation and culture
Mouse pancreatic islets were obtained, cultured in RPMI 1640
medium overnight, and then rinsed twice with HBSS. The islets
were then dispersed to obtain single cells with 0.05% trypsin for
10 min at 37°C. The dispersed cells were collected by centrifu-
gation at 1,500× g for 10 min and resuspended in serum-
containing medium supplemented with 10% FBS and 1%
penicillin–streptomycin. The dispersed cells were plated onto
polylysine-coated coverslips and allowed to settle overnight at
37°C in a 5% CO2 incubator.

Glucose tolerance test (GTT)
The intraperitoneal GTT has been widely used for assessment of
blood glucose levels in vivo. Male mice were fasted overnight
and injected with glucose at 2 g/kg body weight. The blood
glucose levels in the tail vein were measured at 0, 15, 30, 60, and
120 min using a glucometer.

ITT
The intraperitoneal ITT has been widely used for the assessment
of insulin resistance in vivo. Malemice were fasted for 5–6 h and
injected with insulin (100 U/ml) at 0.5 U/kg body weight. The
circulating blood glucose levels in the tail vein were measured at
0, 15, 30, 60, and 120 min using a glucometer.

Body weight measurements
The body weight was measured every 2 wk starting at 7–17 wk
using a laboratory balance to establish the growth curve. Male
mice were weighed in the morning at 9 a.m., and the mice found
in an unusually nervous or agitated state were not measured.
After weighing, each mouse was placed in a new clean cage
along with its mates.

Blood biochemical analysis
100 μl of blood were collected in centrifuge tubes without
any anticoagulant, and the tubes were maintained in a
standing position for 20 min. Subsequently, the blood was
clotted and centrifuged at 3,000 rpm at room temperature
for 10 min. Serum was collected from clotted blood and
transferred to new centrifuge tubes for insulin concentra-
tion analysis.
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Glucose-stimulated insulin secretion assay
Isolated islets or INS-1 cells were cultured in RPMI 1640medium
in 12-well plates. The culture medium was changed to Krebs-
Ringer bicarbonate buffer (KRBB), pH 7.4, containing 129 mM
NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 1.2 mM
MgSO4, 5 mM NaHCO3, 10 mM Hepes, and 0.1% BSA. Islets or
INS-1 cells were equilibrated for 2 h in KRBB supplemented with
2.8mMglucose and then incubated for 1 h with KRBB containing
either 2.8 or 16.7 mM glucose. The supernatant was collected for
analysis of the secreted insulin levels using an insulin ELISA kit
following the manufacturer’s instructions. The islets or cells
were collected by centrifugation at 1,500 rpm for 10 min. The
level of insulin secretion from isolated pancreatic islets was
normalized to the cell number, and the level of insulin secretion
from INS-1 cells was normalized to the intracellular protein
content.

Immunohistochemistry analysis
Immunohistochemistry was performed according to a standard
protocol. Pancreases were isolated from the mice, fixed in 4%
PFA for 48–72 h at 4°C, and then transferred to 70% ethanol. The
pancreases were embedded in paraffin, and 5-µm slices were
obtained at 200-µm intervals from each pancreas. For the
morphological analysis of mouse islets, five slices from each
mouse were used for hematoxylin and eosin (H&E) staining and
scanned with a Leica CS2 system.

Immunofluorescence analysis
For immunofluorescence assay, pancreatic slices and cell sam-
ples were fixed in 4% PFA for 15 min, permeabilized with 0.1%
Triton X-100 for 10 min, and blocked with 5% BSA for 1 h at
room temperature. The samples were then incubated with 3%
BSA containing primary antibodies overnight at 4°C (anti-VAMP4
at 1:100 dilution, anti-insulin at 1:400 dilution, anti-glucagon at 1:
100 dilution, and anti-proinsulin at 1:100 dilution). The next day,
the samples were washed six times for 5 min each and incubated
with Alexa Fluor–labeled secondary antibody (1:200) containing
3% BSA for 1 h at room temperature. After washing, the samples
were dried and coverslipped with mounting medium containing
DAPI. All solutions and reagents were diluted in PBS at pH 7.4.

Construction of plasmids
The DNA fragments encodingmCherry andHalo were generated
by PCR and cloned into the AgeI-XbaI restriction sites of the
pEGFP-N1 vector. The DNA fragments of EYFP encoding the
N-terminal 1–154 amino acid residues (nYFP) and C-terminal
155–239 amino acid residues (cYFP) were generated by PCR
and cloned into the NheI-SacI restriction sites of the pEGFP-C1
vector (Hu et al., 2002; Tsugama et al., 2012). The DNA frag-
ments encoding VAMP4, STX7, STX8, and VTI1B were generated
by PCR and fused to the nYFP and cYFP vectors via the re-
striction sites EcoRI-BamHI. The DNA fragments encoding
VAMP4 were generated by PCR and cloned into the EcoRI-
BamHI restriction sites of the pEGFP-C1 vector. The DNA frag-
ments encoding LAMP1 were generated by PCR and cloned into
the KpnI-BamHI restriction sites of the pmCherry-N1 and pHalo-
N1 vectors. The DNA fragments encoding clathrin were

generated by PCR and cloned into the KpnI-Age1 restriction
sites of the pmCherry-N1 vector. The DNA fragments of pro-
insulin encoding the N-terminal 1–59 (B-C peptide) and
C-terminal 60–110 amino acid residues (C-A peptide) were
generated by PCR, fused with mCherry and Halo sequences
between the B-C and C-A peptides and cloned into the XmaI-
NotI restriction sites of the pEGFP-N1 vector. The following
primer sequences (59–39) were used for plasmid construction:
mCherry forward, 59-CCACCGGTCGCCACCATGGTGAGCAAG
GGCGAGGA-39, and mCherry reverse, 39-TCTAGAGTCGCGGCC
GCTACTTGTACAGCTCGTCCAT-59; Halo forward, 59-CTAGCT
AGCGCTACCGGTCGCCACCATGGCAGAAATCGGTACTGGC-39,
and Halo reverse, 39-CCGGAATTCGAAGCTTGAGCTCGAGAT
CTGAGTCCGGAGCCGGAAATCTCGAGCGTC-59; nYFP forward,
59-GCTAGCACCGGTCGCCACCATGGTGAGCAAGGGCGAG-39,
and nYFP reverse, 39-CTCGAGCTGTGGCTATGCTCCTGGCCA
TGATATAGACGTTGTGGC-59; cYFP forward, 59-GCTAGCACC
GGTCGCCACCATGGACAAGCAGAAGAACGGCATC-39, and cYFP
reverse, 39-CTCGAGCTGTGGCTATGCTCCTCTTGTACAGCTCG
TCCATGC-59; STX7 forward, 59-GAATTCTGCAGTCGACATGTC
TTACACTCCAGGAGTTGGT-39, and STX7 reverse, 39-GGATCC
TCAGTGGTTCAATCCCCATATGATGAGA-59; STX8 forward, 59-
GAATTCTGCAGTCGACATGGCACCGGACCCC-39, and STX8
reverse, 39GGATCCTCAGTTGGTCGGCCAGACTG-59; VTI1B for-
ward, 59-GAATTCTGCAGTCGACATGGCCTCCTCCGCC-39, and
VTI1B reverse, 39-GGATCCTCAATGGCTGCGAAAGAATTTGTA
GT-59; VAMP4 forward, 59-TCGAATTCTGCAGTCGACATGCCT
CCCAAGTTTAAGCGC-39, and VAMP4 reverse, 39-GCGGGATCC
TCAAGTACGGTATTTCATGACT-59; LAMP1 forward, 59-AAT
TCTCGCCACCATGGCGGCCCCGGGCGCCCGGCGGCCGCTGCTC-
39, and LAMP1 reverse, 39-GCGGGATCCCGGATGGTCTGATAG
CCCG-59; clathrin forward, 59-ACGGTACCATGGCCGAGTTGGA
TCC-39, and clathrin reverse, 39-GGCGACCGGTTTCAGTGCACC
AG-59; and insulin forward, 59-CCCGGGATCCGCCACCATGGC
CCTGTGGATGCG-39, and insulin reverse, 39-GTCGCGGCCGCT
CAGTTGCAGTAGTTCTCCAGTTGGT-59.

Fixed-sample fluorescence imaging
Images of the samples were captured at room temperature using
an FV 1200 laser scanning confocal microscope (Olympus). Im-
ages of the pancreatic sections were obtained with a 40× (NA =
1.30) oil objective, and cell sample images were acquired with a
60× (NA = 1.40) oil objective. ImageJ was used to analyze the
fluorescence intensity, the area of the islets, and the cell
numbers.

Live-cell fluorescence imaging
Deconvolution microscopy
INS-1 cells were cultured on glass-bottom dishes for 24 h and
then transfected with 2 µg of plasmids containing mCherry-
tagged LAMP1, Halo-tagged LAMP1, mCherry-tagged (pro)in-
sulin, mCherry-tagged clathrin, or EGFP-tagged VAMP4 using
Lipofectamine 3000. 48 h later, long-term live-cell imaging was
performed in RPMI 1640 medium at 37°C in an atmosphere with
5% CO2 using a Delta Vision OMX V3 system (GE Healthcare)
with a 100× (NA = 1.40) oil objective. Fluorescence images were
collected in the wide-field mode with an exposure time of 0.01 s
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and a 0.5-s interval between frames or no time-lapse for one
stack. The deconvolution images were analyzed and aligned
using softWoRx software (GE Healthcare). Vesicle tracking and
detection were performed using Imaris software (version 9.5,
Bitplane) according to the time points.

Super-resolution confocal microscopy
Live-cell imaging was performed using a Zeiss LSM 980 with
Airyscan (Carl Zeiss). 48 h after transfection of a plasmid combi-
nation of nYFP-tagged VAMP4 with nYFP-tagged STX7, cYFP-
tagged STX7, nYFP-tagged STX8, cYFP-tagged STX8, nYFP-tagged
VTI1B, or cYFP-tagged VTI1B, cells were imaged in RPMI 1640
medium at 37°C in an atmosphere with 5% CO2 using an 100×
(NA = 1.40) objective and immersion oil optimized for 30°C (Carl
Zeiss). Airyscan processing was performed using the Airyscan
module in ZEN software (Carl Zeiss).

Western blot analysis
Isolated islets or cell pellets were suspended in strong RIPA
buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1%
SDS, and 50 mM Trizma base, pH 8.0) containing protease in-
hibitor on ice for 30 min. Cell lysates were centrifuged at
15,000 rpm at 4°C for 15 min, and postnuclear supernatant
(PNS) was collected. The protein concentration was determined
using a BCA protein assay. Protein was adjusted to 20 mg per
sample and separated by 12% SDS–PAGE based on the molecular
weight. The protein sample was transferred to a 0.45-µm
polyvinylidine fluoride membrane and blocked with 5% nonfat
milk in TBST buffer (150mMNaCl, 0.1% Triton X-100, and 25mM
Trizma base, pH 7.6) for 1 h at room temperature. The membrane
was incubated with primary antibody overnight at 4°C, rinsed six
times for 5 min each, and probed with HRP-conjugated secondary
antibody (anti-mouse, anti-rabbit, or anti-pig) for 1 h at room
temperature. Most primary antibodies were diluted 1:1,000, and
the secondary antibodies were diluted 1:5,000. The target protein
signals were detected by enhanced chemiluminescence using an
imaging system (ChemiScope 6100 Touch, ClinX). The acquired
images were further processed with Adobe Photoshop CS6 and
analyzed using ImageJ.

Insulin granule enrichment
INS-1 cells were grown on 10-cm diameter dishes, harvested by
trypsin, and centrifuged at 1,500 rpm at 4°C for 10 min. Cell
pellets were suspended in 2 ml homogenization buffer (0.3 M su-
crose, 1 mM EDTA, 1 mM MgSO4, 10 mM MES-KOH, pH 6.5) sup-
plemented with protease inhibitor by nitrogen cavitation for 15 min
at 500psi on ice. Cell lysateswere centrifuged at 5,000 rpmat 4°C for
15 min, and PNS was collected and loaded on top of a discontinuous
Optiprep gradient composed of five layers (8.8, 13.2, 17.6, 23.4, 30%).
The samples were centrifuged at 10,000× g at 4°C for 135 min in an
SW40 tube. The enrichment fractions were collected and suspended
in strongRIPA buffer, and equal volumes of the fractionswere loaded
on 10% NuPAGE gels for Western blot assays.

Lysosome enrichment
Lysosome enrichment was performed using a lysosome isolation
kit according to the manufacturer’s recommended protocol.

Fresh cell pellets were suspended in 1× extraction buffer con-
taining protease inhibitor and homogenized in a Dounce ho-
mogenizer. Cell lysate was centrifuged at 1,500× g at 4°C for
15 min to remove nuclei. The PNS was centrifuged at 20,000× g
at 4°C for 20 min to obtain the crude lysosomal fraction.

Immunoprecipitation assay
The lysosomal fraction was suspended in 1× extraction buffer
containing 8 mM CaCl2 on ice for 20 min and then sonicated for
3 min. The cell lysate or lysosomal fraction was centrifuged at
15,000 rpm at 4°C for 15 min. The supernatant was collected in a
tube and incubated with primary antibody overnight at 4°C with
gentle rotation, and 100 μl of supernatant was saved as input.
The next day, prewashed protein A/G magnetic beads were
added to the tube for 1 h at 4°C. Themagnetic beads werewashed
five times with wash buffer (150 mM NaCl, 1 mM EDTA, 25 mM
Trizma base, pH 7.4). The beads were boiled with 1× SDS loading
buffer at 95°C for 10 min and analyzed by Western blot assay.

Protein expression and purification
The plasmids pET.MBP.3C.hVTI1B (1–204), pET.MEKTR.
3C.hSTX7 (1–236), pET.32 M.3C.hSTX8 (1–210), pGEX-6P-
1.hVAMP4 (1–115), and pGEX-6P-1 were a gift from Dr. Hong
Zhang. The recombinant protein was expressed in Trans-
etta(DE3) chemically competent cells and cultured in LB (1%
yeast extract, 1% tryptone, and 0.5% NaCl) medium at 37°C to
OD600 ≈ 1.0. To induce protein expression, 1 mM IPTG was
added, and the cells were continuously cultured overnight at 18
or 25°C with shaking at 200 rpm. The Escherichia coli cells were
collected by centrifugation at 4,000 rpm for 20 min. For pro-
tein purification, the collected cells were suspended in binding
buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and
1.8 mM KH2PO4, pH 7.4) containing a protease inhibitor cock-
tail and lysed bacterial spores by sonication and centrifuged at
10,000 rpm at 4°C for 30 min. The lysate (His-tagged STX7,
STX8, and VTI1B) supernatants were affinity purified with Ni-
NTA agarose beads, and the lysate (GST and GST-tagged
VAMP4) supernatants were affinity purified with Glutathione
Sepharose beads. The lysate and beads were incubated with
gentle rotation for 1 h at 4°C and then washed with binding
buffer. His-tagged bound proteins were eluted with binding
buffer containing 200 mM imidazole, and GST-tagged bound
proteins were eluted with binding buffer containing 10 mM
reduced glutathione and 1 mM DTT. The purified SNARE pro-
teins (VAMP4-STX7-STX8-VTI1B/GST-STX7-STX8-VTI1B) at
molar mass ratio of 1:1:1:1 were incubated with a protease in-
hibitor cocktail overnight at 4°C. The complex was conjugated
to GST beads, washed extensively, and eluted with binding
buffer containing 10 mM reduced glutathione and 1 mM DTT.
The bound proteins were boiled in 5× SDS sample loading buffer
at 95°C for 10 min and analyzed by SDS–PAGE and Coomassie
blue staining.

Cell transfection and siRNA
We used two specific siRNA sequences to knock down STX7 and
STX8 and thus decrease the levels of these proteins. The cells
were cultured in 6-well plates and transfected with 100 nM
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scramble RNA as a negative control or with a mixture of two
siRNA alleles targeting STX7 and STX8 using Lipofectamine
3000 transfection reagent. 72 h after transfection, the cell plate
and supernatant for glucose stimulation were collected and de-
tected by Western blot and ELISAs. The siRNA sequences were
as follows: siCtrl, 59-UUCUCCAACGUGUCAGUT-3’; siSTX7 1, 59-
GCGAAAGAAACAGAUAAGUTT-39; siSTX7 2, 59-GCGCUAACA
AACUUUCAGATT-3’; siSTX8 1, 59-CUACUUGUCAGAUUGCCC
ATT-39; and siSTX8 2, 59-CUCCUGGCAUCGUUUAAGATT-39.

Transmission EM
Mouse pancreatic islets were isolated from 16-wk-old male mice
and fixed in 2.5% glutaraldehyde in PBS at pH 7.4 for 24 h at 4°C.
The samples were postfixed in 1% osmium tetroxide in 0.1 M
sodium cacodylate for 1 h and then in 1% (wt/vol) uranyl acetate
for 30 min and embedded in Spurr’s resin after dehydration in a
graded series of acetone (Xue et al., 2012). Ultrathin sections (60
nm) were cut using a diamond knife and picked up on 1%
pioloform-coated copper slot grids for observation by trans-
mission EM. Images of whole-cell sections were captured at 100
kV and a magnification of 4,800×. Additionally, images of the
regions of interest were captured at 120 kV and a magnification
of 23,000×. Quantification of the ISGs and ISG-lysosome inter-
actions per β cell was performed using serial EM software to
obtain an automated montage overview of a map at a magnifi-
cation of 18,500×, and the results were normalized to the area of
the cytoplasm using ImageJ software (Schorb et al., 2019).

Quantitative RT–PCR assay
For RT–PCR analysis, total RNA from INS-1 cells was extracted
using TRIzol reagent according to a standard protocol. The RNA
quality was assessed by agarose gel electrophoresis, and the
A260/A280 and A260/A230 ratios were measured. Reverse
transcription to obtain cDNA was performed with 2 µg of total
RNA using a SuperRT cDNA Synthesis Kit. RT-PCRs were per-
formed on a QuantStudio 7 using specific primers and SYBR
Greenmastermix. The change in gene expressionwas calculated
using the 2−ΔΔCt method with normalization to the expression of
18S. The sequences (5’–39) of the primers used for RT–PCR ex-
periments were as follows: Ins forward, 59-CAGTTGGTAGAG
GGAGCAGAT-39, and Ins reverse, 39-CCGTCGTGAAGTGGAGGA-
59; 18S forward, 59-GTAACCCGTTGAACCCCATT-39, and 18S re-
verse, 39-CCATCCAATCGGTAGTAGCG-59; Pc1 forward, 59-AGT
AAAGCAACCCAGAGCCAG-39, and Pc1 reverse, 39-AGTGCACAC
CAAACGCAAAA-59; and Pc2 forward, 59-CAGGTATCCGGATGC
TGGAC-39, and Pc2 reverse, 39-TCTTCCTCCCGTTGCTGAAC-59.

Statistical analysis
The biological samples, technical replicates per sample, and P
values are appropriately described in the figure legends. For all
in vivo mouse studies, the mice were randomly assigned to
groups, and the n value corresponds to the individual mouse
results. For live-cell imaging, a Gaussian filter was used to
smoothly display the images and reduce noise with Imaris
software. The statistical significance of the differences between
two groups was determined using two-tailed unpaired Student’s
t tests, as the sample groups displayed a normal distribution and

comparable variance assessment by SPSS software (IBM SPSS
statistics 26). One-way ANOVA with repeated measures was
used to analyze the data from Western blotting, proinsulin/in-
sulin ELISA analysis, and RT–PCR, and two-way ANOVA was
used to analyze the ISG percentage and lysosome inhibitor data.
All values in the graphs are represented as the mean ± SEM
using GraphPad Prism Software 7 and Microsoft Excel analysis.
A P value <0.05 was considered to indicate significance and is
indicated by an asterisk (*, P < 0.05; **, P < 0.01; ***, P < 0.001;
****, P < 0.0001).

Online supplemental material
Fig. S1 shows that VAMP4 KOmice exhibit hyperresponsiveness
to glucose. Fig. S2 shows that VAMP4 deficiency causes in-
creases in intracellular (pro)insulin and insulin release. Fig. S3
shows that VAMP4 is packaged into clathrin-coated iISGs near
the TGNs and VAMP4-positive vesicles fuse with lysosomes. Fig.
S4 shows that VAMP4 facilitates the fusion of iISGs and resorted
vesicles with lysosomes for granule cargo degradation. Fig. S5
shows that VAMP4 regulates the insulin levels by facilitating the
membrane fusion of iISGs and resorted vesicles with lysosomes.
Video 1 shows the intracellular trafficking of VAMP4-positive
vesicles and insulin granules in vivo. Video 2 shows the intra-
cellular trafficking of VAMP4-positive vesicles and lysosomes
in vivo. Video 3 shows the intracellular trafficking of insulin
granules and lysosomes in vivo.

Data availability
The authors declare that all data and materials supporting the
findings of this study are available and that requests for mate-
rials should be addressed to Eli Song or Tao Xu.
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Supplemental material

Figure S1. VAMP4 KO mice exhibit hyperresponsiveness to glucose. (A) GTT results for male WT mice, homozygotic VAMP4 KO mice (Vamp4−/−), and
heterozygotic VAMP4 KO mice (Vamp4+/−) at 14 wk of age (n = 6–7 mice per group); 2 g/kg glucose was used in the test. The asterisks indicate WT vs. KO.
(B) The blood insulin levels in the GTT of male WT mice, homozygotic VAMP4 KO mice (Vamp4−/−), and heterozygotic VAMP4 KO mice (Vamp4+/−) at 14 wk of
age were measured by ELISAs at 0, 15, and 30 min (n = 6–7 mice per group). The asterisks indicate WT vs. KO. (C) ITT results of male WT mice, homozygotic
VAMP4 KOmice (Vamp4−/−), and heterozygotic VAMP4 KOmice (Vamp4+/−) at 16 wk of age (n = 6–7 mice per group); 0.5 U/kg insulin was used in the test. The
data are presented as the mean ± SEM. *, P < 0.05. The statistical analyses were performed with two-tailed unpaired Student’s t test (A–C).
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Figure S2. VAMP4 deficiency causes increases in intracellular (pro)insulin and insulin release. (A) Schematic diagram of strategies for the generation of
VAMP4 gene-edited INS-1 cells using the CRISPR/Cas9 technique. An sgRNA was designed after the start codon of the Vamp4 gene. A VAMP4 KD cell line in
which a single allele was edited and a VAMP4 KO cell line in which double alleles were edited were then obtained. (B) Representative Western blot images
showing the expression levels of VAMP4 in WT, KD, and KO INS-1 cells (n = 3 biological independent experiments). GAPDH was used as a loading control.
(C) Representative confocal images of VAMP4 staining (green) in WT, KD, and KO INS-1 cells (n = 3 biological independent experiments). The nuclei of cells
were stained with DAPI (blue). Scale bars, 5 μm. (D and E) Quantification of the proinsulin levels (D) and insulin levels (E) in WT, KD, and KO INS-1 cells by
ELISA (n = 4 biological independent experiments). (F) Analysis of the ratio of proinsulin to total insulin (proinsulin and insulin) in WT, KD, and KO INS-1 cells
based on data shown in D and E (n = 4 biological independent experiments). (G) Representative Western blot images showing the expression levels of VAMP4,
proinsulin, and insulin in WT, KD, KO, and rescued INS-1 cells. Actin was used as a loading control (n = 3 biological independent experiments). (H) RT–PCR
analysis of the Ins mRNA levels in WT, KD, KO, and rescued INS-1 cells. 18S ribosomal RNA was used as an internal control (n = 3 biological independent
experiments). (I)Measurement of insulin secretion fromWT, KD, KO, and rescued INS-1 cells incubated for 1 h in the presence of 2.8 or 16.7 mM glucose (n = 6
biological independent samples). (J and K) Representative Western blot images (upper panel) showing the expression levels of STX7 (J) and STX8 (K) in INS-1
cells 72 h after transfection with siRNAs (siCtrl, siSTX7, and siSTX8). The bar graphs (lower panel) show the knockdown efficiency of STX7 and STX8 quantified
from three independent Western blot results. Actin was used as the loading control. (L) Measurement of insulin secretion from INS-1 cells at 72 h after
transfection with siCtrl, siSTX7, or siSTX8. The cells were incubated for 1 h in 2.8 or 16.7 mM glucose. The data are shown as the mean ± SEM (n = 3 biological
independent experiments). The data are presented as the mean ± SEM. *, P < 0.05 and **, P < 0.01. The statistical analyses were performed with two-tailed
unpaired Student’s t test (J and K) and one-way ANOVA (D–F, H, I and L). Source data are available for this figure: SourceData FS2.
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Figure S3. VAMP4 is packaged into clathrin-coated iISGs near TGNs and VAMP4-positive vesicles fuse with lysosomes. (A and B) INS-1 cells were
transfected with EGFP-tagged VAMP4 (green) and mCherry-tagged (pro)insulin (red; A) or EGFP-tagged VAMP4 (green) and Halo-tagged (pro)insulin (red; B)
plasmids for 48 h, and live-cell imaging was performed using the Delta Vision OMX V3 system with 100× (NA = 1.40). Scale bars, 5 μm. The enlarged diagrams
indicate the Golgi (G) region and peripheral (P) region. Scale bars, 1 μm. (C) INS-1 cells were transfected with EGFP-tagged VAMP4 (green), Halo-tagged (pro)
insulin (red), and mCherry-tagged clathrin (magenta) for 48 h, and live-cell imaging was performed using the Delta Vision OMX V3 system with 100× (NA =
1.40). The enlarged images show that VAMP4-positive iISGs colocalize with clathrin (indicated by arrows). Scale bars, 3 μm (left) and 0.5 μm (right). (D) INS-1
cells were transfected with EGFP-tagged VAMP4 (green), mCherry-tagged (pro)insulin (blue), and Halo-tagged LAMP1 (red) for 48 h, and live-cell imaging was
performed using a Delta Vision OMX V3 system with 100× (NA = 1.40). The diagram and a snapshot of a consecutive event showed that VAMP4-positive
vesicles fused with lysosomes (indicated by arrows). Scale bars, 0.5 μm.
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Figure S4. VAMP4 facilitates the fusion of iISGs and resorted vesicles with lysosomes for granule cargo degradation. (A–D) The state of ISG-lysosome
contact events (A), ISG-lysosome fusion events (B), ISG-lysosome engulfment events (C), and ISG-lysosome degradation events (D) were observed in the region
of interest in EM images of pancreatic β cells from WT mice (indicated by arrows). The EM images were captured at 120 kV and a magnification of 23,000×.
Triangle: lysosome; asterisk: ISG. Scale bars, 0.5 μm. (E–G) The number of ISGs per β cell (E), cytoplasmic area of β cells (F), and number of ISG-lysosome
interactions (G) in β cells of the WT and KOmice were quantified from EM images shown in Fig. 7 A. (H–J) Line charts showing the expression levels of PC1 (H),
PC2 (I), and proinsulin (J) quantified as fold changes with respect to the average values measured at 0 h for the WT based on the Western blot bands shown in
Fig. 7 H (n = 3 biological independent experiments). The data used for the analyses in E–G were based on 25 β cells in two islets isolated from one WT male
mouse and 24 β cells in three islets isolated from two VAMP4 KO male mice. The WT and KO mice were 16 wk of age. The data are presented as the mean ±
SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. The statistical analyses were performed with two-tailed unpaired Student’s t test (E–G) and
two-way ANOVA (H–J).
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Video 1. Intracellular trafficking of VAMP4-positive vesicles and insulin granules in vivo. VAMP4-positive vesicles and insulin granules were labeled with
EGFP-tagged VAMP4 (green) and mCherry-tagged (pro)insulin (red), respectively. The two plasmids were simultaneously transfected into INS-1 cells. 48 h
after transfection, live-cell imaging was performed at 37°C in an atmosphere with 5% CO2 using a Delta Vision OMX V3 system in the wide-field mode with an
exposure time of 0.01 s at each frame and an interval time of 0.5 s for 1.7 min. The playback speed of video was 30 frames per second. The movie shows that
VAMP4 localizes to iISGs at the Golgi regions but disappears onmISGs in the peripheral regions (indicated by arrows), which reveals that VAMP4 is budded and
removed from iISGs during membrane remodeling of granule maturation.

Figure S5. VAMP4 regulates the insulin levels by facilitating the membrane fusion of iISGs and resorted vesicles with lysosomes. Working model
illustrates that VAMP4 acts as a key regulator for the control of insulin quantity and quality. Briefly, VAMP4 KO mice exhibit hyperresponsiveness to glucose
due to increased blood insulin levels in response to glucose challenge. VAMP4-deficient pancreatic β cells show an accumulation of intracellular insulin, an
increase in insulin release, and an elevated proportion of immature proinsulin. Mechanistically, in β cells, VAMP4 is packaged into iISGs at TGNs, and partial
VAMP4-positive iISGs directly fuse with lysosomes via crinophagy. VAMP4 can also be resorted to vesicles and removed from iISGs by membrane remodeling
during granule maturation, and VAMP4-positive resorted vesicles subsequently fuse with lysosomes. VAMP4 forms a SNARE complex with STX7, STX8, and
VTI1B on lysosomes and promotes the membrane fusion of iISGs and resorted vesicles with lysosomes, which ensures the breakdown of excess (pro)insulin and
obsolete materials tomaintain intracellular insulin homeostasis. VAMP4 deficiency not only blocks the fusion of iISGs with lysosomes, causing the accumulation
of numerous iISGs and some blocked iISGs swarming to the maturation and secretion pathway, but also blocks the fusion of VAMP4-positive resorted vesicles
with lysosomes, leading to undesired cargo material accumulation. RV, resorted vesicle.
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Video 2. Intracellular trafficking of VAMP4-positive vesicles and lysosomes in vivo. VAMP4-positive vesicles and lysosomes were labeled with EGFP-
tagged VAMP4 (green) and mCherry-tagged LAMP1 (red), respectively. The two plasmids were simultaneously transfected into INS-1 cells. 48 h after
transfection, live-cell imaging was performed at 37°C in an atmosphere with 5% CO2 using a Delta Vision OMX V3 system in the wide-field mode with an
exposure time of 0.01 s at each frame and an interval time of 0.5 s for 1 min. The playback speed of video was 30 frames per second. The movie shows that
VAMP4-labeled signals fuse with lysosomes and diffuse on the lysosomal membrane (indicated by arrows), which reveals that VAMP4-positive vesicles are
transported to and fuse with lysosomes.

Video 3. Intracellular trafficking of insulin granules and lysosomes in vivo. Insulin granules and lysosomes were labeled with mCherry-tagged (pro)insulin
(red) and Halo-tagged LAMP1 (green), respectively. The two plasmids were simultaneously transfected into INS-1 cells. 48 h after transfection, live-cell imaging
was performed at 37°C in an atmosphere with 5% CO2 using a Delta Vision OMX V3 system in the wide-field mode with an exposure time of 0.01 s at each
frame and continuous sampling for 0.75 min. The playback speed of video was 30 frames per second. The movie shows partial (pro)insulin-labeled iISGs
directly fuse with lysosomes (indicated by arrows).
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