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Blockade of the glucagon receptor (GCGR) has been shown to improve gly-
cemic control. However, this therapeutic approach also brings side effects,

such as a-cell hyperplasia and hyperglucagonemia, and the mechanisms
underlying these side effects remain elusive. Here, we conduct single-cell
transcriptomic sequencing of islets from male GCGR knockout (GCGR-KO)

mice. Our analysis confirms the elevated expression of Gcg in GCGR-KO mice,
along with enhanced glucagon secretion at single-cell level. Notably, Vgf (nerve
growth factor inducible) is specifically upregulated in o cells of GCGR-KO mice.
Inhibition of VGF impairs the formation of glucagon immature secretory
granules and compromises glucagon maturation, lead to reduced a-cell
hypersecretion of glucagon. We further demonstrate that activation of both
mTOR-STAT3 and ERK-CREB pathways, induced by elevated circulation amino
acids, is responsible for upregulation of Vgf and Gcg expression following
glucagon receptor blockade. Thus, our findings elucidate parts of the mole-

cular mechanism underlying hyperglucagonemia in GCGR blockade.

Glucagon, a 29 amino acid peptide, was identified a century ago as a
hyperglycemic factor derived from the pancreas’. Over the past cen-
tury, extensive studies have elucidated glucagon’s critical roles in
regulating glucose homeostasis, amino acid metabolism, and lipid
metabolism*®. Nevertheless, the full spectrum of glucagon’s functions
remains to be fully understood.

Glucagon is secreted by pancreatic o cells and acts as a counter-
regulatory hormone to insulin. It binds to the glucagon receptor
(GCGR) in hepatocytes, thereby enhancing glycogenolysis and gluco-
neogenesis, which promotes hepatic glucose production®. Given the
central role of the glucagon-GCGR pathway in glucose homeostasis,
modulating this pathway has been proposed as a potential therapeutic
strategy for diabetes treatment. Indeed, studies have shown that glu-
cagon receptor-knockout (GCGR-KO) mice exhibit resistance to
streptozotocin-induced type 1 diabetes and high-fat diet (HFD)-

induced type 2 diabetes®”’. In recent years, small molecule antagonists,
antisense oligonucleotides, and monoclonal antibodies targeting
GCGR have been developed and demonstrated efficacy in improving
glycemic control in both rodent models of diabetes and human
patients with diabetes® ™. These findings provide compelling evidence
that disrupting GCGR signaling could serve as a viable therapeutic
approach for diabetes treatment.

Despite the promising results of GCGR-inhibition in animal models
and clinical trials, no such therapies have been approved for clinical use
due to adverse effects. The primary side effects associated with GCGR
blockade include elevated serum aminotransferase levels, hyper-
aminoacidemia, o-cell hyperplasia, and hyperglucagonemia™>*5,
Hyperglucagonemia may result from a-cell hyperplasia or increased
glucagon secretion. To minimize these undesired effects, it is imperative
to elucidate the mechanisms underlying hyperglucagonemia before
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translating GCGR antagonism into clinical practice. Our previous work
using a zebrafish model system revealed that GCGR deficiency not only
induces o-cell hyperplasia but also upregulates glucagon gene (Gcg)
expression in a cells’. However, due to technical limitations in mea-
suring glucagon secretion in zebrafish’, we were unable to determine
whether GCGR deficiency increases glucagon secretion at the single-
cell level.

In this study, we conducted single-cell transcriptomic analysis of &
cells isolated from GCGR-KO mice. Our results unequivocally demon-
strate that Gcg gene expression is upregulated and glucagon secretion
is also significantly increased in « cells of GCGR-KO mice. Notably, we
identified VGF (nerve growth factor inducible) as a key regulator of o
cell hypersecretion, whose expression is controlled by both mTOR-
STAT3 and ERK-CREB signaling pathways. Collectively, our findings
provide insights into the side effects observed following GCGR inhi-
bition and may facilitate the optimization of GCGR-targeting strategies
for diabetes therapy.

Results

Disruption of the glucagon receptor significantly alters both
gene expression and the interactive network of « cells

To comprehensively examine the functional and physiological changes
in a cells following GCGR blockade, we conducted single-cell RNA
sequencing (scRNA-seq) on islets isolated from 12-14-week-old male
wild-type (WT) and GCGR-knockout (KO) mice (Fig. 1a). After quality
filtering (Supplementary Fig. 1), we obtained transcriptomic profiles of
12,588 single cells, including 5667 cells from WT mice and 6921 cells
from GCGR-KO mice. Major cell populations within the pancreatic islet
were identified based on their characteristic gene expression profiles,
including endocrine cells («, B, 6, and Pp), exocrine cells (acinar and
ductal), and other known cell types (mesenchymal, endothelial,
immune, and stellate) (Supplementary Fig. 2).

To elucidate the functional characteristics of a cells, we per-
formed unsupervised clustering of all « cells identified in our initial
analyses, resulting in the identification of a total of eight distinct
clusters. (Fig. 1b, c). Among these, one subcluster exhibited high
expression of somatostatin (Sst), while another showed increased
proliferative capacity in GCGR-KO « cells (Supplementary Fig. 3a-c).
Additionally, GCGR-KO « cells expressed elevated levels of Sic38as,
consistent with previous reports”® (Supplementary Fig. 3d). Analysis
of intercellular interactions revealed an increased number of interac-
tions between o cells and other endocrine cell types in GCGR-KO islets
compared to WT islets (Fig. 1d). Further investigation on signal trans-
duction pathways among the three major pancreatic endocrine cell
types demonstrated that the probability of interaction between key
regulators of glucagon secretion, such as ligand-receptor pairs Sst-
Sstr2, Sst-Sstr3, Insl-Insr, and Ins2-Insr, were significantly reduced in
GCGR-KO «a cells (Fig. 1e and Supplementary Fig. 3e, f). Experimentally,
we confirmed that the inhibitory effects of somatostatin bioactive
forms (SST-14) and insulin on glucagon secretion was markedly
diminished in GCGR-KO islets (0.1 uM SST-14: 48.2% inhibition; 0.1 pM
insulin: 25.5% inhibition) compared to WT islets (0.1 uM SST-14: 75.7%
inhibition; 0.1 pM insulin: 50.5% inhibition) (Fig. 1f, g).

Collectively, these findings indicate that disruption of the gluca-
gon receptor not only modifies the gene expression profile of a cells
but also alters the pancreatic islet microenvironment.

Disruption of the glucagon receptor increases glucagon
expression and granule populations in «a cells

Our previous studies have shown that GCGR deficiency increases
glucagon expression in zebrafish a cells'®. To determine whether this
phenomenon extends to mice, we analyzed Gcg expression levels in
our mouse islet SCRNA-Seq data. Consistent with prior observations,
Gcg expression was significantly upregulated in « cells from GCGR-KO
mice (Fig. 2a, b).

We next investigated whether the glucagon protein level and
glucagon granule number were altered in GCGR-KO mice. Immunos-
taining of pancreatic sections using a glucagon-specific antibody
revealed that both the size of a cells and the total glucagon fluores-
cence intensity of each single o cells were significantly increased in
GCGR-KO mice (Fig. 2c-e). Ultrastructural analysis via transmission
electron microscopy (TEM) further demonstrated an increase in the
number and size of glucagon granules in « cells from GCGR-KO mice
(Fig. 2f=j). Collectively, these results confirm that disruption of the
glucagon receptor in mice significantly enhances glucagon expression
and glucagon granule populations in o cells.

Disruption of glucagon receptor increases a-cell glucagon
secretion

Given the observed increases in both mRNA and protein levels of
glucagon in « cells from GCGR-KO mice (Fig. 2), we then examined
whether glucagon secretion was similarly elevated. We isolated pan-
creatic islets from WT and GCGR-KO mice and assessed the glucagon
secretion under varying glucose concentrations. As shown in Fig. 3a,
GCGR-KO islets exhibited higher basal glucagon secretion at 7mM
glucose. Upon stimulation with low glucose (1 mM), glucagon secre-
tion increased significantly in both WT and GCGR-KO groups. Notably,
when normalized 1 mM glucose stimulated glucagon secretion to the
baseline (ImM to 7 mM glucose) of each group, the fold-change in
glucagon secretion was significantly higher in the GCGR-KO group
compared to the WT group (2.4 vs 1.8, p<0.001) (Fig. 3b). These
results suggest that GCGR-KO islets are more sensitive to low glucose-
induced glucagon secretion.

Secondly, we monitored glucagon granule exocytosis in « cells by
tracking the trafficking of NPY-mCherry, which is driven by the pre-
proglucagon promoter and serves as a well-established secretory
granule marker' (Supplementary Fig. 4). Following transduction with
an adenovirus carrying the NPY-mCherry construct for 72h, we
induced glucagon granule exocytosis using a combination of 1 mM
glucose and 10 pM adrenaline. Confocal microscopy was employed to
record the exocytotic events of individual a cells. As illustrated in
Fig. 3¢, d, GCGR-KO «a cells exhibited significantly higher levels of
glucagon granule exocytosis under stimulating conditions, supporting
the hypothesis that glucagon exocytosis is markedly enhanced in o
cells from GCGR-KO mice.

Thirdly, given that glucagon secretion is a Ca®*-dependent process
triggered by elevated cytoplasmic Ca* concentrations, we evaluated
changes in cytoplasmic Ca*" levels in a cells. Islets isolated from WT
and GCGR-KO mice were loaded with the cytoplasmic Ca** indicator
Fluo-4 AM, and cytoplasmic Ca*" concentration responses to stimula-
tion were recorded by confocal time-lapse imaging (Fig. 3e). Based on
previous studies, cells responding to adrenaline stimulation were
identified as a cells***. As shown in Fig. 3f-g, both WT and GCGR-KO «
cells exhibited rapid calcium influx responses, but the frequency and
magnitude of cytoplasmic Ca?* concentration oscillations were notably
more pronounced in GCGR-KO « cells. Collectively, these findings
suggest that glucagon secretion is significantly increased in the a cells
from GCGR-KO mice.

Disruption of the glucagon receptor specifically leads to
increased VGF levels in « cells

To further investigate the mechanism underlying o cell glucagon
hypersecretion following glucagon receptor knockout, we analyzed
differentially expressed genes (DEGs) in a-cells between the WT and
GCGR-KO groups. Gene Ontology (GO) analyses revealed that upre-
gulated genes were enriched in pathways associated with endoplasmic
reticulum stress response, protein exit from endoplasmic reticulum,
hormone transport, and hormone secretion (Supplementary Fig. 5a
and Supplementary Data 1). Among the 12 genes related to hormone
secretion, Vgf (nerve growth factor inducible) showed a highly
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significant increase in expression in GCGR-KO a-cells (Log,FC =1.38;
p =2.21E-203) (Fig. 4a). Moreover, when comparing the expression of
these 12 genes across all pancreatic cell types between WT and GCGR-
KO mice, Vgf was the only gene that specifically increased in a-cells of
GCGR-KO mice (Fig. 4b and Supplementary Fig. 5b-i).

To validate the scRNA-seq results, we performed VGF immunos-
taining on pancreatic sections from WT and GCGR-KO mice. We

demonstrated a considerable increase in VGF signals specifically in the
a-cells of GCGR-KO mice (Fig. 4c, d). To investigate the subcellular
localization of VGF, we also co-stained «TCI1-6 cells with anti-glucagon
and anti-VGF antibodies. As shown in Fig. 4e, most glucagon granules
co-localized with VGF. To explore whether VGF expression could
increase o-cell glucagon secretion, we constructed an adenovirus
vector expressing VGF under the control of the glucagon promoter
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Fig. 1| Characteristics of « cells from wild-type (WT) and glucagon receptor
knockout (GCGR-KO) mouse islets. a Schematic representation of the experi-
mental workflow for single-cell RNA-sequencing (scRNA-seq) of WT and GCGR-KO
mouse islet. b t-SNE visualization of scRNA-seq data from a total of 4399 a cells. 8
clusters are labeled with different colors as indicated on the right. ¢ Analysis of cell
number and distribution across different clusters. d Heatmap illustrating the
number of interactions between various cell types. The colored scale bar indicates
an increase (red) or decrease (blue) of interaction number in GCGR-KO islets
compared to WT islets. e Bubble plot depicting the significantly altered ligand-
receptor pairs contributing to signaling pathways from a, 3, 5, pp cells to « cells.

Red or blue in the color scale bar indicates an increase or decrease signal intensity
in GCGR-KO islets relative to WT islets. f, g Effects of somatostatin-14 (SST-14) and
insulin on glucose-stimulated glucagon secretion from WT (circles) and GCGR-KO
(squares) islets. Islets were incubated in the presence of 1 mM glucose and varying
concentrations of SST-14 or insulin for 1 h. Data are collected from 3 independent
experiments and expressed as a percentage of maximal secretion, with secretion in
the presence of 1 mM glucose alone defined as 100%. Data presented in (f, g) are
mean + SEM and analyzed by two-way ANOVA, followed by Bonferroni post-hoc
test. p-values < 0.05 are displayed. Source data are provided as a Source Data file.

(Supplementary Fig. 6a, b) and treated islets isolated from WT mice
with control or VGF-expression adenovirus for 72 h. Interestingly, we
found that increased VGF expression was accompanied by increased
glucagon secretion (Supplementary Fig. 6¢-e).

Down-regulation of VGF impairs biogenesis of glucagon gran-
ules and suppresses glucagon hypersecretion

To further elucidate the role of VGF in glucagon hypersecretion, we
employed adenovirus-mediated shRNA targeting Vgf (Supplementary
Fig. 7a). The shRNA effectively reduced Vgf expression in both the
oTCl1-6 cell line and cultured primary islets (Supplementary Fig. 7b, c).
When the aTC1-6 cell line was transduced with adenovirus expressing
sh-VGF, we observed that the glucagon granules formed larger and
concentrated foci near the nuclear periphery, which were distinct from
their distribution in the sh-Control group (Fig. 4f). This congregation
pattern of glucagon granules in sh-VGF-treated cells resembled the
Golgi network. To test this possibility, we co-immunostained glucagon
and the Golgi marker GM130 in «TCI-6 cells. Indeed, we observed a
significant accumulation of glucagon in a subcellular compartment co-
stained with the Golgi marker GM130 after VGF inhibition (Fig. 4g).
Given the altered subcellular localization of glucagon granules in VGF-
deficient o cells, we investigated whether VGF loss also impacted
glucagon maturation. As shown in Fig. 4h, mature glucagon levels were
significantly decreased in VGF-deficient « cells, while proglucagon
levels remained unchanged between the two groups. Moreover, glu-
cagon secretion was reduced in VGF-knockdown oTCI-6 cells (Fig. 4i).
These observations indicate that VGF is required for granule biogen-
esis and glucagon maturation in « cells.

VGF is a member of the granin family, and the coordination
among its family members plays a crucial role in the biogenesis of
secretory granules”. When analyzing our scRNA-seq data, we
observed that three additional granin family members: Scg2
(Secretogranin II), Chga (Chromogranin A) and Scg3 (Secretogranin
I11), were upregulated in « cells following glucagon receptor dis-
ruption (Supplementary Fig. 8a). During secretory granule biogen-
esis, SCG2 and CHGA condense to form large aggregates, while
SCG3 functions as a trans-membrane sorting adaptor®. Immuno-
fluorescence assays in aTC1-6 cells revealed colocalization of SCG2,
CHGA and SCG3 with glucagon granules (Fig. 4j). Notably, VGF
suppression led to significant reductions in SCG2 and CHGA levels
but did not affect SCG3 expression (Fig. 4k, | and Supplementary
Fig. 8b-d). These data suggest that VGF suppression impairs the
formation of large aggregates of proglucagon and granin proteins,
thereby reducing glucagon granule biogenesis.

To investigate whether VGF suppression affects glucagon levels in
GCGR-KO islets, we isolated islets from GCGR-KO mice and transfected
them with adenovirus expressing sh-Control or sh-VGF. Subsequent
immunostaining for VGF and glucagon revealed a significant decrease
in glucagon fluorescence intensity upon VGF depletion (Fig. 5a-c).
Additionally, we also investigated the glucagon secretion using per-
fused GCGR-KO pancreatic islets. In the sh-Control group, there was an
increase in glucagon secretion when the glucose concentration swit-
ched from 7 to 1 mM. However, in the sh-VGF group, glucagon secre-
tion was blunted in response to lower glucose (Fig. 5d, e).

To further explore the in vivo effects of VGF suppression on glu-
cagon secretion, we generated an AAV-pan vector expressing VGF
shRNA, which has high transfection efficiency in the pancreas®, with
non-targeting shRNA serving as a control (AAV-sh-Control) (Fig. 5f).
After two weeks of AAV vector exposure, we confirmed a significant
reduction in VGF signal in the a-cells of GCGR-KO mice injected with
AAV-sh-VGF (Fig. 5g, h). Importantly, serum glucagon levels were sig-
nificantly lower in AAV-sh-VGF-injected mice compared to controls
(Fig. 5i). Although serum insulin levels were slightly reduced in AAV-sh-
VGF-injected mice, serum GLP1 levels remained unaffected (Supple-
mentary Fig. 9). Perfusion experiments using islets isolated from these
mice revealed that while the sh-Control group showed increased glu-
cagon secretion in response to decreasing glucose concentration from
7mM to 1mM, this response was diminished in the sh-VGF group
(Fig. 5j, k). Taken together, these data indicate that VGF is a key
mediator of glucagon hypersecretion in a cells of GCGR-KO mice.

Hyperaminoacidemia induces VGF upregulation in pancreatic
« cells

We sought to identify the inducer of VGF upregulation. Given that o
cell adaptations in GCGR antagonism/knockout are primarily driven by
circulating factors, particularly elevated amino acids, such as gluta-
mine and alanine”"***, we focused on serum and hyperaminoacidemia.
We treated oTC1-6 cells with serum collected from WT or GCGR-KO
mice for 72 h and found that VGF and proglucagon protein levels were
significantly increased in GCGR-KO serum-treated cells (Fig. 6a, b).
Similarly, WT islets treated with GCGR-KO mouse serum exhibited
higher VGF expression levels (Fig. 6¢, d). Moreover, compared with WT
serum-treated group, GCGR-KO serum-treated islets showed increased
glucagon secretion under both normal (7mM glucose) and low glu-
cose (1mM glucose) conditions (Fig. 6e).

We then surveyed the serum levels of 20 common amino acids in
our GCGR-KO mice (Fig. 6f). Consistent with previous studies”'®*,
glucagon receptor blockade leads to hyperaminoacidemia, and glu-
tamine and alanine were the top two changed amino acids (Fig. 6g and
Supplementary Data 2). To test whether hyperaminoacidemia induces
VGF upregulation, we treated aTCI1-6 cells and WT islets with high
levels of glutamine and alanine. This treatment significantly increased
VGF and proglucagon levels in both aTC1-6 cells and WT islets
(Fig. 6h-k). Furthermore, glucagon secretion from high-glutamine-
and alanine-treated islets was increased under both normal (7 mM
glucose) and low glucose (1 mM glucose) conditions (Fig. 61). Impor-
tantly, VGF suppression using sh-VGF adenovirus abolished the gluta-
mine- and alanine-induced glucagon hypersecretion (Fig. 6l).

Taken together, these data indicate that increased circulating
glutamine and alanine resulting from GCGR blockade drive VGF
upregulation and glucagon hypersecretion in o cells.

STAT3 and CREB coordinate the hyperaminoacidemia-induced
VGF upregulation

To elucidate the mechanism of glutamine and alanine-induced VGF
upregulation in a cells, we used the databases including AnimalTFDB*,
GTRD¥, and TFBIND? to predict the transcription factors that could
bind to the VGF promoter. By examining the intersecting data from
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Fig. 2 | Disruption of GCGR increases glucagon mRNA and protein levels in

a cells. a Violin and t-SNE plots illustrating the expression levels and distribution of
Gcg mRNA in « cells. b Violin plot depicting Gcg expression across different a-cell
subclusters. In a and b, the whiskers indicated the maximum and minimum values,
the center indicated the median and the bound of the box indicated upper and
lower quartiles. ¢ Representative confocal microscopy images of pancreatic sec-
tions stained with anti-glucagon antibody. Scale bar, 50 pm. d Quantification of the
average single a-cell area (WT, n = 4 mice; GCGR-KO, n =4 mice). e Quantification of
glucagon fluorescence intensity per o cell (WT, n =4 mice; GCGR-KO, n =4 mice).

Single granule area (/um?)

f, g Representative TEM images of a-cells from WT and GCGR-KO islets. Yellow
dotted lines indicate cell boundaries, and gray or black dots indicate the glucagon
granules. Scale bar, 5 um. h Quantification of the number of glucagon granules per
o cell, normalized to cell area. (WT, n=3 mice; GCGR-KO, n=3 mice).

i Quantification of individual glucagon granule area (WT, n =3 mice; GCGR-KO,
n=3 mice). j Density curve of individual glucagon granule areas (WT, n=2313
granules; GCGR-KO, n=3289 granules). Data presented in (d, e, h, i) are mean +
SEM, analyzed by an unpaired two-tailed t-test. p-values < 0.05 are displayed.
Source data are provided as a Source Data file.
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Fig. 3 | Disruption of GCGR increases glucagon secretion in « cells.

a Measurement of glucagon secretion from isolated WT and CGGR-KO mouse
islets. Data are derived from 3 biological replicates. b Fold change in glucagon
secretion for each group. Data from (a) were normalized to the baseline (7 mM
glucose) for each respective group. ¢ Representative confocal microscopy images
of WT and GCGR-KO a-cells before and after stimulation with 1 mM glucose +10 uM
adrenaline (adr). Glucagon granules are visualized by NPY-mCherry expression.
Scale bar, 5 um. d Average exocytosis as a function of time for WT and GCGR-KO a-
cellsasin (c). For WT, n = 8 cells/4 mice; for GCGR-KO, n = 9 cells/3 mice. Cells were
stimulated with 1 mM glucose + 10 pM adrenaline from 1 to 5 min. e Variance in
Fluo4 intensity when WT or GCGR-KO islets were perfused with different stimula-
tion (as indicated). The arrow indicates o cells that started spiking after application
of 1mM glucose. Scale bar, 50 pm. f Pancreatic a-cell Ca** oscillation in response to

a series of stimulations. In the heatmap, each column represents a time point, and
each row represents one cell. The color scale ranges from red (high intensity) to
blue (low intensity) (upper panel). The average Ca** oscillation of a-cells in response
to a series of stimulations is shown in the time course (lower panel). Calcium influx
responses for each a cell were normalized to the initial fluorescence intensity

(20 mM glucose). For WT, n =53 cells/3 mice; for GCGR-KO, n =71 cells/3 mice.

g Comparison of Ca?" oscillation intensity in WT and GCGR-KO a-cell in response to
indicated stimulations. The whiskers indicated the maximum and minimum values,
the center indicated the median and the bound of the box indicated the upper and
lower quartiles. Data presented in panels (a, b, d, g) are mean + SEM. Datain (a, d, g)
were analyzed using two-tailed unpaired t-tests. Data in (b) were analyzed by two-
way ANOVA with Bonferroni’s post hoc test. p-values < 0.05 are displayed. Source
data are provided as a Source Data file.
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these databases, we identified six candidate transcription factors:
STAT3, CREB, ELK1, SRF, PBX1, and SP1 (Fig. 7a). We constructed a
luciferase reporter driven by the Vgf promoter and found that gluta-
mine and alanine treatment significantly increased Vgf promoter
activity (Fig. 7b). By using siRNA to knockdown each of these six
transcription factors, we observed that only STAT3 and CREB sup-
pression significantly reduced the Vgf promoter activity and Vgf
expression when aTC1-6 cells were treated with glutamine and alanine
(Fig. 7c and Supplementary Fig. 7d-j).
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CREB drives a master transcriptional network and regulates Vgf
and Gcg expression®*°. We confirmed increased p-CREB and p-ERK
levels in aTC1-6 cells upon high-level glutamine and alanine treat-
ment (Supplementary Fig. 10a-c). Knockdown of CREB decreased
the Vgf and Gcg promoter activity induced by high-level
glutamine and alanine (Fig. 7c and Supplementary Fig. 10d). These
data suggest that CREB regulates Vgf and Gcg promoter activity
during hyperaminoacidemia-induced glucagon hypersecretion in
o cells.
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Fig. 4 | Disruption of GCGR dramatically upregulates the glucagon granule
component, VGF, in « cells. a Violin plot showing the expression levels of Vgfin
WT and GCGR-KO « cells. The whiskers indicated the maximum and minimum
values, the center indicated the median and the bound of the box indicated the
upper and lower quartiles. b Violin plot illustrating Vgf expression across all cell
types. ¢ Representative confocal microscopy images of VGF expression in pancreas
from WT and GCGR-KO mice. Scale, 50 pm. d Quantification of VGF fluorescence
intensity in a-cells from WT (n = 4 mice) and GCGR-KO (n = 4 mice) mouse pancreas
sections. e Immunofluorescence staining of VGF and glucagon in aTC1-6 cells. Scale
bar, 10 um. f, g Representative confocal microscopy images of aTCI-6 cells
transfected with sh-Control or sh-VGF adenovirus. In (f), cells were stained with
anti-glucagon (green) and anti-VGF (red) antibodies. In (g), cells were stained with

anti-glucagon (green) and anti-GM130 (red) antibodies. Scale bar, 10 pm. h Western
blot analysis of the glucagon protein levels in aTC1-6 cells after VGF knockdown.
Cells were stimulated with 1 mM glucose +10 pM adrenaline for 2 h. i Measurement
of glucagon secretion from oTCI-6 cells at 1 mM glucose after VGF knockdown.
Data are derived from 3 independent experiments. j Immunofluorescence staining
of SCG2, CHGA and SCG3 in aTCI-6 cells. Scale bar, 10 pm. k Western blot analysis
the SCG2, CHGA and SCG3 protein levels in aTC1-6 cells after VGF knockdown.
1 Quantification of SCG2, CHGA and SCG3 protein levels in (k). Values were nor-
malized to GAPDH, and data are derived from 3 independent experiments. Data
presented in (d, i, I) are mean + SEM and were analyzed using two-tailed unpaired
t-tests. p-values < 0.05 are displayed. Source data are provided as a Source Data file.

We also found that STAT3 controls Vgf promoter activity in o
cells (Fig. 7c). Since STAT3 activation involves phosphorylation at
either tyrosine 705 (Y705) or serine 727 (S727) residues®, we
investigated which active form of STAT3 was involved. As shown in
Fig. 7d, e, phosphorylated STAT3-S727 (p-STAT3-S727), but not
STAT3-Y705 (p-STAT3-Y705), significantly increased in aTC1-6 cells
after high-level glutamine and alanine administration. In mice, p-
STAT3-S727, but not p-STAT3-Y705, was dramatically increased in
GCGR-KO a cells (Fig. 7f). Conversely, treatment of a TC1-6 cells with
the STAT3 inhibitor S31-201 markedly decreased amino acid-
induced STAT3 phosphorylation and VGF levels but not progluca-
gon levels (Fig. 7g, h). Interestingly, S31-201 treatment also induced
the accumulation of glucagon around the nucleus (Fig. 7i), similar to
VGF-knockdown aTC1-6 cells (Fig. 4f). Additionally, S31-201 treat-
ment suppressed amino acids-induced VGF upregulation and glu-
cagon hypersecretion in cultured islets (Supplementary Fig. 11).
Moreover, overexpression of constitutively active STAT3 mutants
(STAT3-S727D), but not wild-type STAT3, was sufficient to induce
Vgf promoter activity (Fig. 7j). By visual search in the JASPAR data-
base, we noticed two potential STAT3 binding sites in the promoter
region of Vgf (Fig. 7k). Our ChIP-qPCR analysis confirmed that
STAT3 displayed high binding affinity with these two sites, which
was dramatically increased upon amino acid treatment (Fig.71). All
these data support p-STAT3-S727 as a key mediator of
hyperaminoacidemia-induced VGF upregulation.

Given that mTOR is the main sensor of amino acids and a key
modulator of a-cell adaptations of GCGR antagonism®, we tested
whether mTORCI is necessary for STAT3 activation under hyper-
aminoacidemic conditions. Indeed, rapamycin, an inhibitor of mTOR,
suppressed the amino acid-induced upregulation of p-STAT3-S727 and
decreased VGF levels (Fig. 7m, n).

Collectively, these data suggest that mTOR-STAT3 and ERK-CREB
pathways coordinate hyperaminoacidemia-induced VGF upregulation
in a cells under GCGR blockade.

Discussion

In this study, we utilized scRNA-seq to examine the cellular and
molecular consequences of glucagon receptor disruption in murine o
cells. Our analyses revealed a significant upregulation in the expression
of Geg and Sic38a5, along with a modest proportion of proliferating o
cells (Figs. 1, 2, Supplementary Figs. 2, 3). Additionally, we observed
notable changes in the islet microenvironment of GCGR-KO mice,
characterized by impaired inhibitory effects of insulin and somatos-
tatin on glucagon secretion (Fig. le-g). We also found that the number
and size of glucagon granules were markedly increased in « cells iso-
lated from GCGR-KO mice (Fig. 2f-j). Functional assays demonstrated
a substantial enhancement of glucagon secretion in islets from GCGR-
KO mice compared to wild-type controls (Fig. 3a, b), with increased
glucagon granule exocytosis and elevated cytoplasmic Ca** con-
centrations at the single-cell level (Fig. 3c-g). Collectively, these find-
ings provide compelling evidence that GCGR disruption leads to a
substantial increase in glucagon secretion from « cells.

Numerous studies have revealed that GCGR blockade leads to a-
cell hyperplasia™”'®***>**, However, none of the studies investigated
glucagon secretion at the single-cell level in GCGR-deficient o cells.
While some pancreas perfusion studies have shown increased gluca-
gon secretion following GCGR disruption®, it has been challenging to
determine whether this increase is due to a-cell hyperplasia or
enhanced secretion from individual a cells.

Our current study reveals that GCGR blockade induces a-cell
hypersecretion beyond a-cell hyperplasia. Together with our previous
findings'®, we demonstrate that GCGR blockade not only induces a-cell
hyperplasia but also increases glucagon expression and secretion at
the single-cell level. Both a-cell hyperplasia and single a-cell hyperse-
cretion contribute to hyperglucagonemia in circulation (Fig. 8a).

By analyzing scRNA-seq data, we identified a specific increase in
Vgf expression in GCGR-KO « cells (Fig. 4a, b). Inhibition of Vgf
expression in the GCGR-KO islets significantly reduced glucagon
secretion (Fig. 5a-e). Importantly, serum glucagon levels were also
significantly reduced when VGF expression was inhibited in vivo
(Fig. 5f-k). Further experiments indicated that suppressing the
expression of VGF in the aTCI-6 cell line led to the accumulation of
glucagon near the Golgi apparatus, as well as reduced glucagon
secretion and decreased glucagon peptide maturation (Fig. 4f-i).
Moreover, inhibition of VGF also down-regulated SCG2 and CHGA, two
other components of pre-hormone aggregates, but not the trans-
membrane sorting adaptor SCG3 (Fig. 4k-1 and Supplementary Fig. 8).
These data demonstrate that VGF is crucial for glucagon hypersecre-
tion of « cells from GCGR-KO mice and plays a role in regulating glu-
cagon granule biogenesis. We further identified the glutamine and
alanine (the top two amino acids increased in serum from GCGR-KO
mice) as inducers of a cell VGF upregulation (Fig. 6). Elevated amino
acid levels regulated VGF increase through mTOR-STAT3 signaling
activation (Fig. 7) and induced ERK-CREB signaling activation, con-
tributing to both Gcg and Vgf upregulation (Supplementary Fig. 10).

Taken together, these data suggest that glucagon receptor
blockade results in an extreme increase in serum glutamine and ala-
nine. These elevated amino acids activate the mTOR-STAT3 and ERK-
CREB pathways, increasing both VGF and glucagon transcription in o
cells. Consequently, glucagon granule biogenesis and glucagon
secretion are significantly increased in GCGR-deficient « cells (Fig. 8b).

VGF is known to work together with other granin proteins to
regulate granule biogenesis in the trans-Golgi network (TGN)Z. It
regulates B-cell function by modulating the biogenesis of insulin
secretory granules®. Although our knowledge of glucagon granule
biogenesis and exocytosis is relatively rudimentary, this study, along
with others, suggests that the mechanism of glucagon secretion shares
considerable similarities with insulin secretion'***%, In this study, we
reveal that VGF is required for hyperglucagonemia.

Hyperglucagonemia is associated with type 1 and type 2 diabetes,
leading to increased hepatic glucose production and
hyperglycemia®~*. To investigate whether GCG, VGF, SCG2, SCG3, and
CHGA contribute to hyperglucagonemia in individuals with diabetes
and diabetic mice, we examined gene expression data from « cells in
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Fig. 5 | Knockdown of VGF significantly abolishes glucagon secretion in vitro
and in vivo. a Representative confocal microscopy images of GCGR-KO islets
transfected with sh-Control or sh-VGF adenovirus. Scale bar, 50 pm.

b, ¢ Quantification of a-cell VGF and glucagon fluorescence intensity in (a). For sh-
Control, n=9 islets; for sh-VGF, n = 8 islets. d Dynamic glucagon secretion profiles
from perfused GCGR-KO mouse islets transfected with sh-Control or sh-VGF ade-
novirus. Islets were perfused with KRBH solution containing either 7 mM glucose or
1mM glucose. Data are presented as mean values + SEM. e Corresponding area
under the curve (AUC) of glucagon secretion from ex vivo perfused islets of GCGR-
KO mice. f Schematic diagram of VGF knockdown in vivo. GCGR-KO mice were
intraperitoneally injected with AAV-sh-Control or AAV-sh-VGF. Samples were har-
vested and assessed 14 days post-injection. g Representative confocal microscopy
images of VGF expression in pancreas from mice injected with AAV-sh-Control or

AAV-sh-VGF. Scale bar, 50 pum. h Quantification of VGF fluorescent intensity in a-
cells from (g). For sh-Control, n =3 mice; for sh-VGF, n =3 mice. i Average serum
glucagon levels in WT (n =3), GCGR-KO (n =3), GCGR-KO injected with AAV-sh-
Control (n =4), and GCGR-KO injected with AAV-sh-Control (n = 4) mice. j Dynamic
glucagon secretion profiles from perfused islets isolated from GCGR-KO mice
injected with AAV-sh-Control or AAV-sh-VGF. Data are presented as mean

values + SEM. k Corresponding area under the curve (AUC) of glucagon secretion
from ex vivo perfused islets in (j). Data presented in (b, c, e, h, i, k) are mean + SEM.
Data in (b, e, h, k) were analyzed using two-tailed unpaired t-tests. Data in (c) were
analyzed by Mann Whitney test. Data in (i) were analyzed by one-way ANOVA with
Bonferroni’s post hoc test. p-values < 0.05 are displayed. Source data are provided
as a Source Data file.
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patients with type 2 diabetes (GSE84133)** and high-fat diet (HFD)-
induced obese mice (GSE203151)*. In individuals with type 2 diabetes,
we observed elevated expression levels of GCG, VGF, SCG2, SCG3, and
CHGA in « cells (Supplementary Fig. 12). Similarly, in HFD-induced
obese mice, we found an increase in the expression of Gcg, Scg2, Scg3,
and Chga, accompanied by arise in VGF protein levels (Supplementary
Fig. 12). These data suggest that VGF and other granin proteins may be
associated with hyperglucagonemia in diabetes.

0 7 mM glucose @ 1 mM glucose

CREB is well known to regulate Gcg and Vgf transcription®2%*, In
this study, we confirmed that CREB increased both Gcg and Vgf
expression in a cells under hyperaminoacidemia conditions (Fig. 7c
and Supplementary Fig. 10). Importantly, we found that phosphor-
ylation of serine 727 residue of STAT3, p-STAT3-S727, increased in
hyperaminoacidemia-treated « cells, further elevating Vgf transcrip-
tion in an mTOR-dependent manner. The mTOR complex is a sensor of
cellular nutrients, and activation of mTOR signaling in pancreatic o
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Fig. 6 | Amino acid induce VGF expression in « cells. a Western blot analysis of
VGF and pro-glucagon protein levels in aTC1-6 cells after incubation with WT or
GCGR-KO serum for 72 h. b Quantification of VGF and pro-glucagon protein levels
from (a). Values were normalized to GAPDH, and data were generated from 3
independent experiments. ¢ Representative confocal microscopy images of pan-
creatic islets after 72 h incubation with WT or GCGR-KO serum. Scale bar, 50 pm.
d Quantification of VGF fluorescence intensity in a« cells of islets following serum
treatment (WT serum, n =11 islets; GCGR-KO serum, n =13 islets). e Glucagon
secretion levels from islets treated with WT or GCGR-KO serum. Serum-incubated
islets were stimulated at different glucose concentrations for 1 h. Data were gen-
erated from 3 independent experiments. f Schematic diagram of serum amino acid
measurement. Serum was collected from 6 WT or GCGR-KO mice. g Quantification
of serum amino acid levels in WT and GCGR-KO mice. h Western blot analysis of

VGF and pro-glucagon protein levels in aTC1-6 cells after incubation with 4 mM
glutamine and alanine for 72 h. i Quantification of VGF and pro-glucagon protein
levels in (h). Values were normalized to GAPDH, and data were generated from 4
independent experiments. j Representative confocal microscopy images of pan-
creatic islets after 72 h incubation with 4 mM glutamine and alanine. Scale bar,
50 pm. k Quantification of VGF fluorescence intensity in « cells of islets following
amino acid treatment (Control, n = 8 islets; GIn+Ala, n =8 islets). I Glucagon
secretion levels from islets following 72 h treatments with indicated conditions and
subsequent stimulated with different glucose concentrations for 1h. Data were
generated from 3 independent experiments. Data presented in (b, d, e, g, i, k, I) are
mean + SEM. Datain (b, d, e, g, i, k) were analyzed using two-tailed unpaired t-tests.
Data in (I) were analyzed by two-way ANOVA with Bonferroni’s post hoc test. p-
values < 0.05 are displayed. Source data are provided as a Source Data file.

cells leads to cell mass expansion, increased glucagon content, and
enhanced glucagon secretion, while suppression of mTOR signaling
results in the opposite effect**°. Blockade of the glucagon receptor
results in hyperaminoacidemia in circulation and persistent activation
of mTOR signaling in a cells, which works through the liver-a-cell
axis”"®**", These studies reveal that mTOR signaling activation is
required for a-cell proliferation. Furthermore, we have found that
mTOR-STAT3 signal activation plays a role in « cell proliferation?. In
this study, we further demonstrated that mTOR-STAT3 is essential for
regulating VGF, a glucagon granule component, which is upregulated
in GCGR-KO a cells. Despite only a small proportion of proliferating o
cells in GCGR-KO islets (Supplementary Fig. 3b and Fig. 2c), most o
cells in GCGR-deficient mice were mTOR and p-STAT3-S727 positive
and accompanied by elevated VGF levels and hypersecretion of glu-
cagon (Fig. 2a, Fig. 4a, Fig. 7f and Kang et al.?*, Solloway et al. ),
suggesting an important role for the mTOR-STAT3-VGF axis in reg-
ulating glucagon secretion beyond proliferation. Recent studies have
also revealed that chronic hyperglycemia results in sustained activa-
tion of mTORCI in a cells, leading to increased glucagon secretion*®,
Our data, together with those of Riahi et al.*%, reveal a potentially novel
function of mTOR in the nutrient-dependent regulation of glucagon
secretion.

Indeed, this study has some limitations. Firstly, although we
observed that the frequency and magnitude of Ca* oscillation were
more pronounced in o cells from GCGR-KO mice, the detailed
mechanism still needs to be elucidated. Based on our observations
(Fig. 3e-g), low glucose, known to open calcium channel and lead to
extracellular calcium influx, significantly enhanced the calcium
response in GCGR-KO « cells, suggesting increased extracellular cal-
cium influx. However, whether this increase correlates with hyper-
aminoacidemia requires further investigation. Additionally,
adrenaline, which induces cAMP elevation and triggers calcium release
from the endoplasmic reticulum, stimulates higher magnitude of cal-
cium oscillation in GCGR-KO « cells, indicating increased calcium
release from the endoplasmic reticulum. How hyperaminoacidemia
increases ER calcium released in « cells from GCGR-KO mice needs
further exploration. Secondly, although we revealed the endogenous
function of VGF in hyperglucagonemia of GCGR-KO « cells, VGF
polypeptides can be proteolytically cleaved into multiple bioactive
peptides by prohormone convertases PC1/3 and PC2*, and some of
these bioactive peptides, including TLQP-21, TLQP62 and NERP-4, have
been confirmed to enhance the B-cell function and attenuate the
development of type 2 diabetes®® % Nevertheless, the roles of these
bioactive peptides derived from VGF in regulating GCGR-deficient islet
microenvironment remain to be explored. Finally, the amino acid
transporter SLC38AS5 was also dramatically increased in a cells of
GCGR-KO mice. While increased SLC38AS is associated with o cell
hyperplasia”, its role in the regulating hyperglucagonemia needs
further elucidation.

In summary, our studies indicate that glucagon receptor blockade
increases organism’s demand for glucagon, resulting in not only a-cell

hyperplasia but also enhanced single a-cell glucagon secretion. The
elevated circulating amino acids, which result from glucagon receptor
blockade, induced mTOR-STAT3 and ERK-CREB pathway activation,
and then lead to upregulation of Vgf and Gcg expression. This subse-
quently results in increased glucagon granule assembly and secretion.
Overall, these findings provide a deeper understanding of the phy-
siological changes in a cells during glucagon receptor disruption,
revealing potential new targets within this pathway. Such insights may
be beneficial for optimizing the clinical application of glucagon
receptor antagonism in diabetes treatment. Moreover, elucidating the
molecular mechanisms underlying hyperglucagonemia may offer
valuable guidance for developing novel diabetes therapeutics.

Methods

Animals

Wild-type (WT) and glucagon receptor knockout (GCGR-KO) mice
were bred and maintained in individually-ventilated cages (IVC) with
less than five animals per cage under specific pathogen-free (SPF)
conditions at the Xiamen University Experimental Animal Center. Mice
had free access to a standard diet (65% carbohydrate, 11% fat, 24%
protein) and water, the light was on from 8:00 to 20:00, with the
temperature kept at 21-24 °C and humidity at 55-70%. The GCGR-KO
mice were generated by our laboratory using CRISPR-Cas9 technology,
where two sgRNAs were designed to completely delete the glucagon
receptor coding sequence®. Only male mice were used in this study,
and all experimental procedures were approved by the Animal Care
and Utilization Committee of Xiamen University (Protocol No.
XMULAC20230225).

Pancreatic islet isolation and preparation of single-cell
suspension

Pancreatic islets were isolated from 12-14-week-old male C57BL/6)
mice. After euthanasia, the pancreas was perfused via the common
bile duct with 2-4 mL of digestion buffer (Hanks’ Balanced Salt
Solution containing type IV collagenase, 1 mg/mL, Gibco, 17104019).
The pancreas was then dissected and incubated at 37°C for
10 minutes, followed by gentle shaking for 3-6 minutes. After
digestion, the tissue was suspended in 20 mL RPMI 1640 (Gibco,
C11875500) supplemented with 10% FBS and 1% Penicillin/Strepto-
mycin. Density gradient centrifugation was performed, and indivi-
dual islets with high purity were hand-picked under a dissecting
microscope.

To prepare the single-cell suspension, purified islets were
digested with 0.25% trypsin-EDTA and filtered through a 40 pm cell
strainer. Cell viability was assessed by trypan blue staining followed
by microscopy, ensuring that over 90% of cells were viable and
singlets.

Single-cell RNA-seq with 10X genomics
We used 4 WT mice and 6 GCGR-KO mice for single-cell RNA-seq.
Following preparation of islet single-cell suspensions, the cells were
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loaded onto 3’ library chips for the Chromium Single Cell 3’ Library (v3)
according to the manufacturer’s recommendations (10X Genomics).
The RNA libraries were sequenced on MGI2000 platform at BGI-
Wuhan, China. Data processing, including sample demultiplexing,
alignment, filtering, and UMI counting, was performed using the Cell
Ranger Single-Cell Software Suite (v5.0.1; 10x Genomics), with Refdata-
gex-mm10-2020-A used for alignment.

Analysis of single-cell RNA-seq data

The Seurat R package (v4.0.5) was used for data integration, analysis
and visualization. For cell filtering, genes detected in at least 5 cells and
cells with more than 200 detected genes were selected. Cells with
fewer than 8000 detected genes, less than 15% of mitochondrial gene
content, and fewer than 80,000 detected UMIs were retained. Data
were normalized using Normalize Data function in Seurat to identify
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Fig. 7 | Amino acid induce VGF expression through STAT3 activation in « cells.
a Venn diagrams showing transcription factors that can bind to the VGF promoter,
as identified in the animalTFDB3.0, GTRD and TFBIND databases. b Amino acids
increased VGF promoter luciferase activity in TC1-6 cells incubated with 4 mM
glutamine and alanine for 72 h (n = 6). ¢ Screening for transcription factors involved
in amino acid-induced VGF promoter activity. TC1-6 cells were transfected with
indicated siRNA and incubated with amino acids for 72 h. Data were generated from
3 independent experiments. d Western blot analysis of p-STAT3-S727, p-STAT3-
Y705 and total STAT3 protein levels in aTCI-6 cells incubated amino acids for 72 h.
e Quantification of relevant protein levels in (d). Data were generated from 3
independent experiments. f Representative confocal images of p-STAT3-5727
expression in the pancreatic sections from WT or GCGR-KO mice. Scale bar indi-
cates 50 pm. g Western blot analysis of p-STAT3-S727, STAT3, VGF and pro-
glucagon protein levels in «TC1-6 cells treated with S3I-201 (STAT3 inhibitor).

h Quantification of relevant protein levels in (g). Data were generated from 3

independent experiments. i. Representative confocal microscopy images of VGF
and glucagon expression in «TC1-6 cells treated with amino acids alone or plus S3I-
201 for 72 h. Scale bar, 10 pm. j VGF promoter activity in «TC1-6 cells transfected
with empty vector, wild-type STAT3 or constitutively active STAT3 mutant (STAT3-
S727D) for 72 h. Data were generated from 3 independent experiments. k Diagram
of STAT3 binding sites at VGF promoter. I Chip-qPCR analysis of STAT3 binding
activity at VGF promoter. Data were generated from 3 independent experiments.
m Western blot analysis of protein levels after treatment with amino acids or amino
acids plus rapamycin in aTCI1-6 cells for 72 h. n Quantification of relevant protein
levels in (m). Data were generated from 3 independent experiments. Data pre-
sented in (b, c, e, h, j, I, n) are mean + SEM. Data in (b, e, I) were analyzed using two-
tailed unpaired t-tests. Data in (c, h, j, n) were analyzed by one-way ANOVA with
Bonferroni’s post hoc test. p-values < 0.05 are displayed. Source data are provided
as a Source Data file.
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Fig. 8 | Working model for glucagon receptor blockade resulting in hyperglu-
cagonemia. a Upon glucagon receptor blockade, the organism increases its
demand for glucagon. Several factors (particularly elevated amino acids), arise
from the GCGR-deficient liver and act on pancreatic islets, leading to « cell
hyperplasia and enhanced a cell secretion. All these changes collectively contribute
to hyperglucagonemia. b Increased circulating amino acids (especially glutamine
and alanine) activate the mTOR-STAT3 and ERK-CREB signaling pathways. STAT3

enhances VGF transcription, while CREB promotes both VGF and GCG expression.
Consequently, glucagon granule biogenesis and glucagon secretion are sig-
nificantly increased. Conversely, blocking amino acid-induced VGF expression by
inhibiting mTOR or STAT3 activation reduces levels of the glucagon granule
component VGF, thereby decreasing glucagon granule biogenesis and glucagon
secretion.

highly variable genes using the “vst” method. The top 3000 differen-
tially expressed genes were selected for principal component analysis
(PCA). PC selection was based on an elbow plot, and the top 20 PCs
were used for t-distributed stochastic neighbor embedding (t-SNE)
construction. Cell clustering was performed using the shared-nearest

neighbor (SNN) method. Batch effect correction was conducted using
the Harmony R (v0.1.0) package®. Cell types of each cluster were
annotated based on expression of the marker genes. Differentially
expressed genes (DEG) between the WT and GCGR-KO « cells were
identified using the Wilcoxon rank-sum test.
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Gene Ontology (GO) analysis was carried out using the Cluster-
Profiler (v4.0.5) package®, selecting GO terms with a p value < 0.05.
Results were visualized using the ggplot2 (v3.3.5) package.

Cell-cell interaction analysis was conducted using the CellChat
(v1.4.0) package®. The CellChatDB.mouse database, which contains
secreted signaling, ECM-receptor, and cell-cell contact ligand-recep-
tor (LR) interactions, was used. Seurat objects were directly imported
into CellChat and processed according to guidelines. Heatmaps of the
number and intensity of interactions between different cell type sig-
naling pathways were generated using the netVisual_heatmap func-
tion, while bubble plots of significantly increased and decreased
ligand-receptor pairs in GCGR-KO islets compared with WT islets was
created using the netVisual bubble function.

Immunostaining of pancreas sections and whole islets
For pancreas section staining, harvested pancreases were fixed in 4%
paraformaldehyde overnight at 4 °C, followed by immersion in 30%
sucrose solution for 12h at 4 °C before embedding in O.C.T com-
pound. Ten-micrometer sections were taken with a Leica cryostat
microtome. For whole islet staining, purified islets were fixed in 4%
paraformaldehyde for 20 min and permeabilized with 0.3% Triton-
X100 for 3 h at room temperature. Samples were blocked with PBS
containing 5% FBS and 0.1% Tween 20 for 1 h at room temperature and
incubated with primary antibodies overnight at 4 °C, followed by
incubation with fluorescence-conjugated secondary antibodies for
2 hours at room temperature. All antibodies used in this study are
listed in Supplementary Table 1.

Images were captured using a Leica SP8 confocal microscope (LAS
X 0.1.14392). Fluorescence intensity was analyzed using ImageJ (v1.54 f)
software (National Institutes of Health), with the regions of interest
(ROIs) selected using the threshold function. Mean gray values (the
ratio of integrated density to area) were automatically calculated for
fluorescence intensity measurements.

Transmission electron microscopy (TEM) analysis of mouse

o cells

Islets were mounted in 1% agarose, fixed in 0.1M PBS containing 2%
glutaraldehyde for 12 h at 4 °C, and refixed in 1% osmium tetroxide in
0.1 M PBS for 2 h at room temperature. Specimens were dehydrated in
a gradient ethanol series and embedded in epoxy resin. Ultrathin
sections were prepared using an ultramicrotome (Leica EM UC7), then
mounted on copper grids, and stained with uranyl acetate and lead
citrate. Images were captured using an H-7800 transmission electron
microscope (HITACHI) and analyzed with ImageJ software. Pancreatic
« cells were identified by the presence of round dense-core vesicles
without any halo, while 3 cells were characterized by immature
secretory granules with light cores and mature secretory granules with
dense cores and prominent halos.

Glucagon secretion measurement
Batches of 40 pancreatic islets from each group were pre-incubated in
0.2 ml KRBH containing 0.1% BSA and 7 mM glucose for 1h at 37 °C.
Subsequently, islets were incubated in 0.2 mL KRBH containing 0.1%
BSA and 1 mM glucose for 1h at 37 °C. After each incubation, super-
natants were collected. For somatostatin and insulin tolerance tests,
islets were divided into 4 groups and pre-incubated with KRBH con-
taining 0.1% BSA and 7 mM glucose for 1 h at 37 °C. After discarding the
supernatant, islets were incubated in KRBH containing 0.1% BSA, 1 mM
glucose and indicated concentrations of somatostatin (SST-14) or
insulin at 37 °C for 1 h. Supernatants were collected post-incubation.
For aTC1-6 cells, culture medium was removed and cells were pre-
incubated in 0.5 mL KRBH containing 0.1% BSA and 7 mM glucose for
1h at 37 °C. Supernatant was discarded, and cells were subsequently
incubated in 0.5mL KRBH containing 0.1% BSA,1mM glucose, and
10 pM adrenaline (MCE, HY-B0447B) at 37 °C for 1h. Supernatants

were collected and centrifuged at 1000 g, 4 °C for 10 min to remove
dead cell debris. After stimulation, samples were lysed with RIPA and
stored at -80 °C.

Glucagon secretion was measured using a mouse glucagon ELISA
kit (Abmart, AB-JO390A; Cisbio, 62CGLPEG) according to the manu-
facturer’s protocol, and protein was quantified using a BCA Protein
Quantification Kit (Invitrogen, A55865).

Single « cell glucagon granule exocytosis assessment

To label glucagon granules in living « cells, cultured islets were
transduced with adenovirus expressing NPY-mCherry under the con-
trol of the pre-proglucagon promoter. Approximately 40% of
glucagon-positive cells were labeled with red fluorescence (NPY-
mCherry) (Fig. S3).

Adenovirus-transfected islets were imaged using a Leica SP8
confocal microscope. Basal exocytosis was imaged in KRBH containing
0.1% BSA and 6 mM glucose, while stimulated exocytosis was imaged in
KRBH containing 0.1% BSA, 1 mM glucose and 10 M adrenaline. Time-
lapse recordings spanning the whole cells (z-step: 1 um, stack of about
15 confocal images with a size 0f1024 x 1024 pixels) were taken at 1 min
intervals (XYZT imaging). Glucagon granules in z-stack projections at
each time point were analyzed using ImageJ software. Granule exocy-
tosis was identified based on the decreased number of granules
compared with previous frames, with the exocytosis granule number
normalized to the area of each cell.

Calcium imaging and quantification of cytosolic calcium levels
Islets were incubated with Fluo-4AM (5 pM, Invitrogen. F14201) for 1h
in KRBH supplemented with 6 mM glucose and 0.1% BSA at 37 °C in the
dark. Following this incubation, islets were then transferred to an
imaging chamber for imaging on a Leica SP8 confocal microscope.
Time-series images were acquired every 5s (XYZT imaging, stack of 5
confocal images with a size of 512 x 512 pixels). a cells were identified
by their cytoplasmic Ca*" in response to stimulation with adrenaline.

To visualize intracellular Ca** fluctuations, regions of interest
(ROIs) were drawn around the individual a cells, and the mean Fluo4-
AM fluorescence intensity of each frame was measured using Leica
Application Suite X (V2.0.1). Changes in fluorescence intensity were
expressed as the ratio of raw fluorescence intensity (F) to the initial
value of fluorescence intensity (FO) (F/FO). The baseline (FO) was
defined as the average fluorescence intensity of the first 30 frames of
each group.

Adenovirus transfection of pancreatic islets and aTC1-6 cell line
Adenoviruses were produced as previously described*. Briefly, oligo-
nucleotides targeting Vgf were annealed and cloned into the Pshuttle-
U6-CMV-GFP vector at the Sall and Xbal sites. An empty shuttle vector
was used as the control. To generate recombinant adenovirus packa-
ging plasmids, shuttle vectors were linearized by Pmel and trans-
formed into AdEasier competent cells. Recombinant adenoviruses
were generated by linearizing the packaging plasmids with Pacl and
transfecting them into 293 A cells.

For recombinant adenovirus transfection, both pancreatic islets
and aTCl-6 cells were incubated with adenovirus-containing medium
for 8h, followed by being cultured in normal medium for an
additional 72 h.

Pancreatic islet perfusion

Islets were isolated from three GCGR-KO mice. Batches of 100 size-
matched islets transfected with adenovirus expressing control or Vgf-
shRNA were preincubated in KRBH buffer containing 0.5% BSA and
7mM glucose at 37 °C for 30 min. After pre-incubation, islets were
perfused with the same buffer for 5min, followed by changing the
perfusion buffer to KRBH containing 0.5% BSA and 1mM glucose.
Perfusate samples were collected every minute and stored at -80 °C.
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Glucagon content in the samples was determined using a glucagon
assay kit (Cisbio, 62CGLPEG).

Adeno-associated virus (AAV) injection

AAV-U6-sh (NC2)-CMV-EGFP-WPRE (AAV-sh-Control, 2.70 x 10" v.g.,/mL)
and AAV-U6-shRNA (Vgf)-CMV-EGFP-WPRE (AAV-sh-VGF, 9.52 x10"
v.g./mL) were obtained from Obio Technology (Shanghai, China). AAV
was injected intraperitoneally at a dose of 4.8 x10” v.g. per mouse two
weeks before sample harvesting. Nine- to ten-week-old GCGR-KO mice
were used for this experiment.

Serum amino acid measurement

Serum was collected from six WT or GCGR-KO male mice and analyzed
at BGI-Wuhan, China. Test samples were prepared by transferring
appropriate amounts of serum into centrifuge tubes, followed by
gradient dilution of amino acids mix standards to establish a standard
curve. The solvent was added to both the sample and standard solu-
tions, and the mixtures were centrifuged at 13,680g at 4°C for
10 minutes to obtain the supernatant for subsequent LC-MS/MS ana-
lysis. Analysis was conducted using an LC-MS QTRAP 6500+ system
(SCIEX) equipped with a BEH CI18 column (21 mmx10cm, 1.7 um,
Waters) and operated in ESI+ or ESI- mode. Amino acid concentrations
were quantified using Skyline software (MacCoss Lab Software), where
MRM transitions (ion pairs) were automatically identified and inte-
grated with manual verification as required. Concentrations (pmol/L)
were calculated by fitting the integrated peak areas to the
standard curve.

Cell culture and Western blotting

The oTC1-6 cell line was purchased from ATCC. Cells were cultured in
DMEM (Gibco, C11885500) supplemented with 10% fetal bovine serum
(FBS) and 1% Penicillin/Streptomycin, and maintained in a humidified
incubator at 37 °C with 5% CO,.

To assess the effect of amino acids on oTC1-6 cells, cells were
cultured in MEM (Gibco, 11090-081) supplemented with 5% FBS, 1%
Penicillin/Streptomycin, 4 mM glutamine and 4 mM alanine. In some
experiments, 30 nM rapamycin (MCE, HY-10219) or 10 uM S3I-201
(MCE, HY-15146) were added along with amino acids. To test the effect
of mouse serum, WT or GCGR-KO serum was added to a final con-
centration of 10%. Cells were cultured for 72 h with medium replen-
ished every 24 h.

For Western blotting analysis, cell lysates were cleared by cen-
trifugation at 10,000 g at 4 °C. Protein concentrations were quantified
using a BCA Protein Quantification Kit. Equal amounts of protein from
each sample were separated by 10% SDS-PAGE and transferred to a
PVDF membrane. After blocking with 5% milk in TBST buffer, the
membrane was incubated with primary antibodies followed by
appropriate horseradish peroxidase-conjugated secondary antibodies
(listed in Supplementary Table 1). For glucagon detection, Tricine-SDS-
PAGE was used.

Pancreatic islet culture and serum/amino acids treatment
Mouse islets were isolated from 10 to 12-week-old male mice and
cultured in RPMI 1640 containing 10% FBS and 1% Penicillin/Strep-
tomycin. To test the effect of mouse serum, WT or GCGR-KO serum
was added to a final concentration of 10%. To determine the effect
of amino acids, glutamine and alanine free RPMI 1640 was used,
with glutamine and alanine added to the final concentra-
tion of 4 mM.

To assay the effect of STAT3 inhibitors, 10 pM S31 201 was added
to the medium. All islets were cultured for 72 h with medium replen-
ished every 24 h. Glucagon secretion from mouse islets was measured
as described above.

Luciferase assay

PGL6-VGF-Luc or PGL6-gcg-Luc plasmids and Renilla luciferase
expression plasmids were co-transfected into oTC1-6 cells using
Lipofectamine™ 2000 (Thermo Fisher, 11668), according to the man-
ufacturer’s instructions. 24 h after transfection, the medium was
replenished, and subsequent experiments were conducted.

For amino acid-induced VGF or glucagon expression, the medium
was changed to MEM supplemented with 5% FBS, 1% Penicillin/Strep-
tomycin, 4 mM glutamine and 4 mM alanine, and cells were cultured
for 72 h. For transcription factor screening, aTC1-6 cells were trans-
fected with siRNA targeting each gene using Lipofectamine™ 2000.
24 h after transfection, the medium was changed as described above,
and cells were cultured for 48 h. For STAT3 activity assays, STAT3 or
STAT3-mutation plasmids were used for transfection. 24 h after
transfection, the medium was replenished and cells were cultured for
48 h. The siRNA target sequences are listed in Supplementary Table 2.

Firefly and Renilla luciferase activities were measured according
to the manufacturer’s guidelines (Beyotime, RGO88S). Relative values
were obtained by normalizing firefly luciferase activity to Renilla luci-
ferase activity.

qRT-PCR

«TClI-6 cells were used to evaluate the efficiency of each siRNA. 72 h
after transfection, cells were harvested, and RNA was extracted using
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s instructions. cDNA was synthesized using
M-MLV Reverse Transcriptase (Promega). Quantitative PCR was per-
formed to quantify the expression levels of the tested genes. Primers
used are listed in Supplementary Table 3.

Chromatin immunoprecipitation (ChIP)

The JASPAR database was used to predict the candidate binding sites
of STAT3. ChIP analysis was performed using a Sonication ChIP Kit
(Abclonal, RK20258) according to the manufacturer’s instructions.
Briefly, aTC1-6 cells were crosslinked with 1% formaldehyde for 10 min
and lysed in SDS lysis buffer. Crosslinked DNAwas sheared into
200-1000 bp fragments by sonication. Sheared chromatin was dilu-
ted, and 5% of the diluted supernatant was saved as “input”. The
remaining supernatant was immunoprecipitated with p-STAT3-S727
antibodies (CST, 9198). After de-crosslinking, DNA was purified using
spin columns. Quantitative PCR was used to quantify the amount of
immunoprecipitated DNA. qPCR primers are listed in Supplementary
Table 3.

Statistical analysis

All raw data were analyzed using GraphPad Prism 8 software (Graph-
Pad Software v8.3.0, La Jolla, CA, USA). Results are presented as mean
values + SEM. No outlying values were excluded from the datasets used
for statistical analysis. All data were first subjected to the Shapiro-Wilk
normality test to determine whether parametric or non-parametric
analyses would be used. If the data followed a Gaussian distribution,
parametric tests were performed: two-tailed unpaired Student’s t-test
for two groups, one-way ANOVA for three or more groups, or two-way
ANOVA for two-factor assays. Post hoc analyses following ANOVA were
conducted using Bonferroni corrections. If the data did not follow a
Gaussian distribution, a nonparametric test (Mann-Whitney test to
compare two groups or Kruskal-Wallis test with Dunn’s post hoc test
to compare three or more groups) was performed. In all cases, dif-
ferences were considered significant when p <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The authors declare that the data supporting the findings of this study
are available within the Article, Source Data, and its Supplementary
Information. The original scRNA- seq data generated in this study have
been deposited in the gene expression omnibus (GEO) database under
accession code GSE253271 The previously published data we used in
this study are under accession code: GSE84133*, GSE203151*. Source
data are provided with this paper.

Code availability
No codes were developed for the analysis of this study. All the
sequencing data was analyzed using Seurat.
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