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SUMMARY

Precise regulation of insulin secretion by pancreatic g cells is essential to prevent excessive insulin release.
Here, we show that the nutrient sensor mechanistic Target of Rapamycin Complex 1 (nTORC1) is rapidly
activated by glucose in f§ cells via the insulin secretion machinery, positioning mTORC1 as a sensor of §§
cell activity. Acute pharmacological inhibition of mMTORC1 during glucose stimulation enhances insulin
release, suggesting that mTORC1 acts as an intrinsic feedback regulator that restrains insulin secretion.
Phosphoproteomic profiling reveals that mTORC1 modulates the phosphorylation of proteins involved in
actin remodeling and vesicle trafficking, with a prominent role in the RhoA-GTPase pathway. Mechanistically,
mTORC1 promotes RhoA activation and F-actin polymerization, limiting vesicle movement and dampening
the second phase of insulin secretion. These findings identify a glucose-mTORC1-RhoA signaling axis
that forms an autonomous feedback loop to constrain insulin exocytosis, providing insight into how § cells
prevent excessive insulin release and maintain metabolic balance.

INTRODUCTION

In response to elevated blood glucose levels, pancreatic islet p
cells secrete insulin in a biphasic manner.’ Insulin secretion
is triggered by glucose metabolism, initiating a cellular cascade
that involves the closure of ATP-dependent potassium (Katp)
channels, membrane depolarization, and an increase in cytosolic
Ca?* concentration, ultimately leading to a rapid, first-phase
exocytosis of a readily releasable pool of insulin granules.
Following this initial peak, insulin release is inhibited and drops
to 2- to 5-fold above basal secretion. Second-phase insulin
secretion requires the recruitment of granules from intracellular
storage pools to the plasma membrane and involves the reorga-
nization of the filamentous actin (F-actin) that acts as a barrier for
insulin granule release.” While the Rho family of GTPases,
including Cdc42, Rac, and RhoA, is known to be crucial for
second-phase insulin release and F-actin remodeling, the mech-
anistic regulation of this phase remains poorly understood,
particularly the signals linking glucose stimulation to GTPases
activation and F-actin dynamics.®®

While potassium chloride (KCI) and other non-nutrient secreta-
gogues can induce the initial, first-phase insulin release, only
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nutrients can sustain the second-phase release through
F-actin remodeling.”® This positive regulation involves not just
glucose, but also amino acids, metabolic signals like NADPH,
malonyl-CoA, and glutamate, as well as hormones like
glucagon-like peptide 1 (GLP-1) and gastric inhibitory polypep-
tide (GIP)."° Given the critical role of F-actin in mediating this
nutrient-driven positive feedback, it is reasonable that signals
responsible for negative feedback regulation of insulin secretion
might also act through F-actin remodeling. Inhibitory mecha-
nisms are required for tight balance and control of the second-
phase insulin secretion. Indeed, there are reports of paracrine-
negative regulators, such as somatostatin and epinephrine that
transiently repolarize the p cell or raise the threshold for
glucose-induced insulin secretion.>'%'? However, it is unlikely
that paracrine regulation is the sole inhibitory mechanism of
the insulin second-phase because the speed of response of §§
cells to glucose levels around them implies a cell-intrinsic inhib-
itory mechanism that prevents hyperinsulinemia. Moreover,
recent data show that isolated islets composed exclusively of
cells exhibit insulin secretion dynamics similar to that of intact
islets, with preserved first and second secretion phases upon
glucose stimulation, further implying that § cells intrinsically
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Figure 1. mTORCH1 is a § cell secretory sensor
(A) A schematic representation of the experimental method for simultaneous measurement of mMTORC1 activity in p cells by FACS and insulin secretion by ELISA.
(B and C) Representative histogram and quantification of pS6 intensity in mouse p cells from isolated islets incubated in RPMI medium with low (LG, 2.8 mM) or
high (HG, 16.7 mM) glucose concentrations, and the indicated compounds, for 45 min, as detected by FACS. pS6 intensity is shown relative to the value observed
for islets with low glucose (defined as 1). In (B), n =7, 7, 6, 7, and 4 biological replicates, and in (C), n = 6, 6, 3, and 6 biological replicates.

(D) Mean insulin levels secreted by mouse islets incubated in RPMI medium with LG or HG and the indicated compounds for 45 min. Secreted insulin levels are
shown relative to the value observed for islets with low glucose (defined as 1). n = 6, 6, 3, and 6 biological replicates. ins = insulin; S961 = insulin receptor
antagonist; omy = oligomycin; fsk = forskolin; dz = diazoxide.
(E and F) Representative histogram and quantification of § cells’ pS6 intensity (n = 4, 4, 4, and 3 biological replicates) (E) and mean insulin levels secreted by

mouse islets (n = 4, 4, 4, and 3 biological replicates) (F) incubated in the specified conditions. KCI =
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control insulin secretion.'® The lack of evidence for intrinsic
negative feedback mechanisms within p cells suggests the
potential involvement of other, yet-to-be-discovered, regulatory
pathways.

The mechanistic Target of Rapamycin Complex 1 (mTORC1),
activated by glucose, amino acids, and growth factors, is essen-
tial for the growth, adaptation, and function of pancreatic p cells.
It acts as a central signaling hub, integrating both cell-autono-
mous and systemic growth signals through downstream targets
like 4E-BP1, rpS6, and ULK1."*2° Studies using genetic gain-
and loss-of-function models of mMTORC1 pathway components
have highlighted its crucial role in  cell physiology,'”?' " partic-
ularly during fetal development, the early postnatal period, and
functional maturation.?®*? These studies also underscore the
importance of tight mMTORC1 regulation, as chronic dysregula-
tion, often associated with hyperglycemia, can impair p cell
survival, protein synthesis, and autophagy, ultimately impacting
insulin secretion and glucose homeostasis.****

Besides mTORC1, the other mTOR complex, mTORC2,
containing the Rapamycin-Insensitive Companion of mTOR
(RICTOR,), is crucial for maintaining  cell health. Studies in
mice lacking RICTOR specifically in p cells have shown a loss
of B cell mass, decreased proliferation, reduced insulin content,
and abnormal actin polymerization. These defects collectively
contribute in a long-term manner to impaired insulin secretion
and hyperglycemia.®*°®

While previous research has focused on the chronic effects of
mTORC1 and mTORC2 dysregulation on § cell physiology, its
transient effects on § cell function, particularly insulin secretion
dynamics, are poorly understood. Here we show that mTORCH1
acts as an intracellular sensor of p cell activity, dynamically
regulating protein phosphorylation to rapidly control nutrient-
stimulated insulin release.

RESULTS

mTORCH1 is a cell-autonomous secretory sensor

To simultaneously measure mTORCH1 activity and insulin secre-
tion, primary murine islets were stimulated ex vivo with glucose in
RPMI 1640 medium (RPMI). This medium contains amino acids
and vitamins, generally absent in the Krebs Ringer Bicarbonate
(KRB) buffer widely used for insulin secretion assays, offering a
rich nutrient environment relevant to exploring mTORC1 activity
during insulin secretion (Figure 1A).3%%° While RPMI enables
mTORC1 activity (Figure S1A), it generates a weaker insulin
secretion response than KRB, both in the first and second
phases (Figures S1B and S1C). Following short incubations
in RPMI with low and high glucose concentrations (2.8 and
16.7 mM, respectively), media samples were collected for insulin
secretion measurement and islets were immediately dispersed
and fixed for fluorescence-activated cell sorting (FACS) analysis
(Figure 1A). Following a 45-min incubation, mTORC1 activity was
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strongly induced by high glucose, as demonstrated by increased
phosphorylation of ribosomal protein S6 (pS6) (Figure 1B), which
correlated with insulin secretion levels (Figure 1D). Concurrently,
phosphorylation of 4E-BP1, a direct mTORC1 target, increased
in response to glucose (Figure S1J), while phosphorylation of
AMPK, an mTORC1 regulator sensitive to ATP levels, decreased
(Figure S1K). These observations indicate that the mTORCH1
pathway is acutely activated by glucose.

We next examined whether insulin itself directly activates
mTORC1 in p cells through a paracrine signaling mechanism
involving insulin receptor signaling. Interestingly, unlike glucose,
adding external insulin to RPMI containing a low glucose
concentration did not increase mTORC1 activity in p cells
(Figure 1B). This observation was further supported by the lack
of change in pS6 staining upon blocking insulin receptor
signaling with the insulin receptor antagonist S961 in RPMI con-
taining high glucose (Figure 1B). These findings suggest that,
within the time frame of our experiment, glucose activates
mTORCH1 in p cells independently of insulin signaling, in agree-
ment with previous reports.*’ Concomitantly, blocking ATP gen-
eration using oligomycin effectively abolished pS6 staining
(Figure 1B), suggesting that the primary signal activating
mTORCH1 in B cells is intrinsic rather than paracrine or autocrine.

Given that insulin signaling itself does not appear to be the
direct mediator of glucose-dependent mTORC1 activation, we
next explored whether other aspects of insulin secretion, such
as the secretory pathway, play a role. First, we stimulated
insulin secretion at high glucose levels using forskolin (a
PKA activator) and exendin-4 (a GLP-1 analog). These
drugs enhance insulin release through PKA-mediated calcium
influx.*>*® Increasing insulin secretion through these methods
also enhanced mTORC1 activation, as evidenced by increased
phosphorylation of S6 and 4E-BP1 (Figures 1C, 1D, S1D, S1E,
and S1J).** Conversely, inhibiting insulin secretion with diazo-
xide (an ATP-sensitive potassium channel opener) and nifedipine
(a calcium-channel blocker) significantly reduced both insulin
secretion and mTORCH1 activity, even in the presence of glucose
and amino acids (Figures 1C, 1D, S1F, S1G, and S1J).*° These
findings suggest that the secretory machinery in p cells plays a
key role in driving mTORC1 activation.

Pharmacologically stimulating insulin secretion in low glucose
conditions through membrane potential manipulation (using KCI
or the potassium channel blocker tolbutamide) did not activate
mTORCH1 (Figures 1E, 1F, S1H, and S1l). This suggests that insu-
lin stimulation alone, without glucose and ATP, is insufficient to
activate mTORC1. However, using a glucokinase activator
(GKA), which increases insulin secretion by directly promoting
glucose metabolism, did enhance pS6 staining in low glucose
(Figures 1E and 1F). This finding suggests that glucose utilization
plays a crucial step in mTORC1 activation.

Next, to validate these findings in vivo, we administered
glucose with either diazoxide or forskolin to fasted mice.

(G-l) Representative immunostainings of insulin (labeling p cells, blue) and pS6 (red) in pancreatic islets (G) and pS6 intensity quantification in f cells (n = 4 mice per
group) (H) and serum insulin levels (n = 4 mice per group) (l) of wild-type (WT) C57BL per six mice injected with glucose together with the indicated compounds.
(J) Comparison of pS6 intensity and dynamic insulin secretion within 30 min of glucose stimulation. Note that pS6 is significantly increased after 12 min and
reaches its peak activity after 15 min, by a Student’s t test (pS6 [black] n = 6 biological replicates, insulin [gray] n = 4 biological replicates). Biological replicates
represent groups of islets pooled from multiple mice. Data points represent mean + SEM. *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001.
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Figure 2. Acute mTORC1 inhibition enhances insulin secretion
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(A) A schematic representation of the experimental method for simultaneously measuring mTORCH1 activity, protein synthesis, and insulin secretion in mouse

cells.
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Diazoxide-treated mice showed reduced pS6 staining
compared with controls, while forskolin significantly increased
pS6 staining in B cells, correlating with blood insulin levels
(Figures 1G-11).

Finally, we aimed to understand the dynamics of mTORC1
activation with insulin secretion following glucose stimulation.
To investigate this, primary murine islets were incubated
ex vivo in high glucose for 30 min, with a collection of islet sam-
ples every 3 min to enable continuous measurement of MTORC1
activity. Notably, pS6 staining was significantly increased after
15 min while dynamic glucose-stimulated insulin secretion
(GSIS) experiments show a faster increase in insulin levels in
the media (Figure 1J). Interestingly, mTORC1 activity coincides
with the lower second phase of insulin secretion, suggesting a
regulatory role in the insulin secretion pathway.

Taken together, these results suggest that mTORC1 activation
in p cells requires the activation of the insulin secretory pathway
including glucose metabolism, ATP-dependent membrane de-
polarization, and calcium influx. Importantly, insulin itself or the
secretion of insulin in the absence of amino acids or glucose
metabolism is not sufficient for mTORC1 activation (Figure 1B).
This dependence on B cell activity highlights mTORC1 as an
activity sensor.

mTORCH1 inhibits insulin secretion in a feedback manner

To investigate whether mTORCH1 activity regulates insulin secre-
tion, we acutely inhibited mTORC1 with Torin-1, a potent mTOR
inhibitor, during glucose stimulation (Figure 2A). Torin-1 effectively
suppressed S6 phosphorylation (Figure 2B). Surprisingly, Torin-1
treatment significantly increased GSIS (Figure 2C). To confirm that
this effect was specifically mediated by mTORC1 inhibition, we
treated isolated islets with rapamycin, a more specific mMTORC1
inhibitor. This specificity was supported by our observation that,
while Torin-1 inhibited the glucose-induced Akt S473 phosphory-
lation (indicative of mTORC2 activation), rapamycin did not, even
in higher concentration or longer treatment (Figures S2E and
S2F).%S Acute rapamycin treatment similarly increased GSIS, con-
firming that this effect is primarily mediated through mTORC1, and
not mTORC?2, inhibition (Figure 2C). Neither Torin-1 nor rapamycin
substantially increased insulin secretion at low glucose levels,
indicating that their effect is specific to GSIS and not due to
non-specific B cell damage (Figures S2A and S2B). To further
ensure that the observed increase in insulin secretion upon
mTORC1 inhibition was not simply a result of § cell death and pas-
sive insulin release, we co-administered Torin-1 with diazoxide.
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Pre-treatment with diazoxide completely abolished the Torin-1-
induced increase in insulin secretion (Figure 2C). This result
strongly suggests a regulated process, wherein mTORC1 inhibi-
tion actively enhances insulin release from f cells.

To investigate the effect of Torin-1 on insulin secretion dy-
namics, we performed a perfusion assay using low (2.8 mM)
and high (16.7 mM) glucose concentrations, as well as KClI
(30 mM). Torin-1, added during both low and high glucose
stimulation, significantly enhanced the second phase of GSIS,
while the first phase of GSIS and secretion at low glucose re-
mained unaffected (Figures 2D and 2E). Interestingly, Torin-1
also enhanced KCl-stimulated secretion, without affecting the
preceding low glucose phase (Figures 2D and 2E). These results
suggest that mTORC1 inhibition primarily affects granule mobili-
zation, possibly through altered actin remodeling, facilitating
movement toward the cell membrane. This would primarily
impact the second phase of GSIS, which is largely regulated
by this process, and also enhance KClI-stimulated secretion,
likely due to the relatively close proximity of granules to the cell
membrane during this phase.

To examine the temporal dynamics of insulin secretion, we
measured its release at 30, 60, and 90 min after glucose stimu-
lation, both with and without Torin-1. While glucose alone elicited
a modest increase in insulin secretion, co-treatment with Torin-1
resulted in a significant increase at each time point (Figure S2C).
This observation suggests that mTORC1 activity may act as a
brake on insulin secretion, preventing a prolonged uncontrolled
insulin release.

To determine the specificity of mTORC1 inhibition on insulin
secretion, we assessed the impact of Torin-1 on « cell function.
mTORCH1 inhibition under low glucose conditions led to a signif-
icant increase in glucagon secretion (Figure S2D). These findings
suggest a broader role for mMTORC1 as a general activity sensor
and secretion regulator within endocrine cells.*’

Finally, we validated the physiological relevance of our ex vivo
observations by examining the effect of acute mMTORC1 inhibi-
tion on insulin secretion in vivo. We injected mice with Torin-1
after overnight fasting and subsequently administered glucose
intraperitoneally (scheme, Figure 2F). Blood samples were
collected before Torin-1 injection and after glucose administra-
tion, allowing us to measure changes in circulating insulin
levels (scheme, Figure 2F). Immunostaining of pancreatic islets
revealed a specific reduction in pS6 staining in Torin-1-treated
mice, confirming effective mTORC1 inhibition (Figures 2G-2I).
Strikingly, Torin-1-treated mice exhibited an ~2.5-fold increase

(B) Representative histogram and quantification of pS6 intensity in mouse f cells from isolated islets incubated in RPMI medium with LG or HG and acute inhibition
(45 min) of MTORC1 with Torin-1 or rapamycin, and Torin-1 with diazoxide (dz) (islets were pre-incubated with diazoxide for 30 min).n=7,7, 7, 7, and 4 biological
replicates.

(C) Mean insulin levels secreted by mouse islets following acute mTORC1 inhibition. Secreted insulin levels are shown relative to the value observed for islets with
low glucose (defined as 1). n=7,7, 7, 7, and 4 biological replicates. dz = diazoxide.

(D) Fold insulin levels secreted by mouse islets in a representative dynamic perfusion assay in RPMI with LG (+Torin-1), HG (xTorin-1), LG (w/o Torin-1), and KCI
(w/o Torin-1). Torin-1 (n = 4 biological replicates, black), control (n = 4 biological replicates, gray).

(E) Area under the curve (AUC) analysis of the dynamic perfusion assay for LG, HG first-phase (18-26 min), HG second-phase (26-54 min), LG, and KCI.

(F) A schematic representation of the experimental method for insulin secretion following acute mTORCH1 inhibition, in vivo.

(G-I) Representative immunostainings (G) and quantification (H) of pS6 (red) intensity (n = 4 mice per group) in pancreatic p cells (insulin, blue) of fasted mice
injected with vehicle or Torin-1, followed by glucose administration. () Serum insulin levels of wild-type (WT) C57BL/6 mice before and after intraperitoneal
injection of glucose with vehicle or Torin-1. n = 13 mice per group. Biological replicates represent groups of islets pooled from multiple mice. Data points represent
mean = SEM. *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001.

Cell Reports 44, 115647, May 27, 2025 5



¢? CellPress

OPEN ACCESS

C T *
*
*

IS
Fold puromycin intensity

Fold pS6 intensity
N w

Fold puromycin intensity

Cell Reports

Fold pS6 intensity
o - N
‘E*'
I+
A I
I

*kok ok
E [l
* ok ok
1
® ctrl 3 Xx k* ® ctrl
_ i
ns * @ Torin-1 s ok Kk ® dz
. ® [ — M ® Torin-1
s E; R o ® Torin-1+dz
' c H 3
o| ¥ £
1 g2 g4 o
ﬂ ﬂ % H ﬂ : .
: M LA
0 T T 0 T ﬁ T
\/C’) Q\O \/C? \2\0

Figure 3. Glucose-mediated protein synthesis is regulated independently of mTORC1

(A and B) Mean pS6 (A) and puromycin (B) intensity, in mouse islets’ § cells following acute treatment with Torin-1 and cycloheximide (CHX) during the stimulation
with high glucose in RPMI (HG, 16.7 mM). In (A), n =7, 7, 7, and 6 biological replicates and in (B), n = 7 biological replicates.

(C-E) Mean pS6 (n = 4, 4, 3, and 4 biological replicates) (C), puromycin intensity (n = 4 biological replicates) (D), and fold insulin secreted levels (E) from isolated
mouse islets (n = 4 biological replicates), measured after 45 min of incubation in the specified conditions following a 42-h incubation with or without Torin-1 and
with or without diazoxide (dz). Biological replicates represent groups of islets pooled from multiple mice. Data points represent mean + SEM. *p < 0.05, **p < 0.01,

**p < 0.005, ***p < 0.001.

in insulin levels compared with vehicle-injected controls (Figure
21). These in vivo findings are in agreement with the ex vivo obser-
vations, solidifying the negative association between mTORC1
and insulin secretion.

Glucose-mediated protein synthesis is mTORC1-
independent
Intrigued by the unexpected increase in insulin secretion observed
upon mTORC1 inhibition, we next examined mTORC1’s canonical
role in protein synthesis. Using puromycin incorporation as a mea-
sure of protein synthesis during glucose stimulation,”® we
observed a significant increase in p cells, which was effectively
suppressed by the protein synthesis inhibitor cycloheximide
(Figure 3B). Surprisingly, Torin-1 had no significant impact on
glucose-stimulated protein synthesis in § cells (Figures 3A
and 3B). In contrast, insulin stimulation of primary hepatocytes
triggered a significant increase in both mTORC1 activity and pro-
tein synthesis, the latter being highly dependent on mTORCH1
signaling, as demonstrated by its near-complete inhibition by
Torin-1 (Figure S3A). While o and 6 cells also displayed reduced
protein synthesis upon Torin-1 exposure, the effect was less pro-
nounced compared with cycloheximide treatment (Figures S3B
and S3C). Collectively, these findings suggest that while mMTORC1
is crucial for protein synthesis in hepatocytes and likely plays a
partial role in « and & cells, p cells utilize an mTORC1-independent
pathway for their rapid post-secretory protein synthesis.*®

We further investigated the long-term effects of mMTORC1 inhi-
bition on protein synthesis and GSIS in p cells. A 42-h exposure
to Torin-1 robustly suppressed the stimulatory effect of glucose
on mTORC1 activity (Figure 3C). This prolonged mTORC1 inhibi-
tion resulted in reduced glucose-stimulated protein synthesis
and insulin secretion (Figures 3D and 3E), consistent with obser-
vations in chronic mTORC1 inhibition mouse models. The effect
on GSIS of Torin-1 is partially reversed when the islets are co-
incubated with diazoxide, suggesting that part of the effect of
cell dysfunction is due to uncontrolled insulin secretion that leads
to B cell exhaustion (Figure 3E). These findings highlight the

6 Cell Reports 44, 115647, May 27, 2025

important role that mTORC1 plays in regulating distinct § cell
functions across different time scales to prevent hyperinsuline-
mia and f cell dysfunction, potentially indicating divergent
signaling pathways for immediate and long-term responses to
glucose stimulation.

Phosphoproteomics reveals multiple targets affected by
acute mTORC1 inhibition in human g cells

To assess the role of MTORC1 in regulating insulin secretion in hu-
man f cells, we treated isolated human islets from three indepen-
dent donors with Torin-1 or rapamycin (Figures 4A and S4A). Both
inhibitors markedly increased insulin secretion, mirroring the ef-
fects observed in mouse p cells (Figures 4B, 4C, and S4C-S4E).
This effect was also observed in human stem-cell-derived islets
(SC-islets) from five different differentiation batches (Figure S4F).
This conservation of effect across species underscores the impor-
tance of mTORC1 regulation in human p cell function.

To elucidate the mechanism by which mTORC1 inhibition
affects insulin secretion, we investigated the immediate impacts
of mTORC1 kinase activity on protein phosphorylation. Glucose-
responsive human islets (validated by GSIS assays in both KRB
and RPMI media; Figures S4B and S4C-S4E) were stimulated
with glucose for 45 min, with or without rapamycin. In parallel,
SC-islets were stimulated with glucose for 45 min, with or without
Torin-1. Phosphoproteomic analysis of these experiments re-
vealed that acute mTORCH1 inhibition in both human primary islets
and SC-islets affected multiple pathways, including those of the
mTORC1 pathway, membrane trafficking, and pancreatic p cell
function (Figures 4D and S4G and Table S1). In addition to known
downstream mTORCH targets such as ribosomal protein S6 ki-
nase (RPS6K) and eukaryotic translation initiation factors
(elF4), several B cell-specific factors, including MLXIPL, NKX2,
and RFX6, were also found to be targeted by mTORC1
(Figures 4E and S4H). Pathway enrichment analysis (Enrichr)
revealed that the most significantly affected pathway, besides
the mTOR signaling pathway, was the RhoA-GTPase pathway”*°°
(Figures 4D and S4G). This pathway, involved in actin
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Figure 4. mTORC1 phosphorylates multiple functional targets and regulates insulin secretion in human g cells
(A) A schematic representation of the experimental method for simultaneously measuring mTORC1 activity, quantifying insulin secretion, and characterizing the

phospho-proteome in cadaveric human islets.

(B and C) Mean pSé6 intensity and insulin secretion levels by human cadaveric islets following LG and HG stimulation with acute mTORC1 inhibition using Torin-1
or rapamycin. n = 3 human donors (#1-3 in Figure S4). Data points represent mean + SEM. *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001.

(D) Main pathways from a gene set enrichment analysis of the differentially phosphorylated proteins following acute rapamycin treatment.

(E) Heatmaps of the phosphorylation levels of selected proteins affected by mTORC1 inhibition as analyzed by phosphoproteomics assay and plotted by

Morpheus (n = 3 technical replicates of human donor #4 in Figure S4).°0-58

polymerization and known to regulate insulin secretion (scheme,
Figure 5A), showed alterations in multiple proteins controlling
RhoA activation, including ARFGAP, ARHGAP, and ARHGEF pro-
teins, suggesting mMTORC1-mediated regulation of RhoA-GTPase
downstream of glucose stimulation (Figures 4E and S4H).5'~%°

mTORC1 controls actin remodeling via RhoA activation

To determine if the observed phosphoproteomic changes in key
members of the RhoA signaling pathway reflected alterations in
RhoA activity, we examined the phosphorylation levels of its
downstream effector, MLC2 (Figure 5A).°*°° FACS analysis
showed decreased MLC2 phosphorylation in both mouse and
human B cells following acute mTORC1 inhibition (Figures 5B
and S5A). In mouse islets, this reduction in pMLC2 due to
mTORC1 inhibition resembled the effect of ML-7, an MLC kinase
inhibitor (Figure S5A). These findings suggest that mTORCH,
directly or indirectly, regulates RhoA-GTPase activity. Consis-
tent with RhoA’s role in actin remodeling, F-actin levels were
significantly reduced in p cells treated with Torin-1 or rapamycin,
as demonstrated by F-actin antibody and phalloidin staining

(Figures 5C and S5B). Latrunculin A, a known actin polymeriza-
tion inhibitor, was used as a positive control to validate the spec-
ificity of phalloidin.®®*° Pharmacological RhoA inhibition, using
rhosin, also yielded similar reductions in actin polymerization
(Figure 5C).”° To confirm that the ratio of F- to G-actin changes
following acute treatment with Torin-1, we performed an F/G-
actin ratio assay, which revealed an increase in G-actin concom-
itant with decreased F-actin levels (Figure 5D), facilitating insulin
granule movement and exocytosis. Consistently, phalloidin
staining of pancreatic islets following ex vivo mTORC1 inhibition
with rapamycin showed decreased levels compared with high
glucose alone (Figure 5E). Consistent with these findings, immu-
nostaining of pancreatic slices showed that acute Torin-1 admin-
istration also resulted in a marked reduction in cortical F-actin, as
visualized by co-staining with E-cadherin, a marker of the
cortical membrane (Figure 5F and Video S1).”"

Given that RhoA is known to influence calcium ion influx,” we
investigated the effect of mMTORC1 inhibition on calcium influx by
using the genetically encoded calcium indicator GCaMP8m, ex-
pressed via adeno-associated virus (AAV) in isolated mouse
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Figure 5. mTORC1 activates RhoA and controls actin polymerization

(A) A scheme showing the mechanism in which RhoA-GTPase remodels F-actin to control insulin secretion.

(B and C) Mean pMLC2 (n = 4 biological replicates) (B) and F-actin intensity (determined by anti-F-actin, ab205) (n = 5 biological replicates) (C) in mouse islets
following incubation in RPMI with the specified treatments for 45 min rhosin (RhoA inhibitor), ML-7 (MLCK inhibitor).

(D) Immunoblot analysis and quantification of Torin-1-induced changes in soluble (G-actin) and insoluble (F-actin) fractions in mouse islets treated with 16.7 mM

glucose (HG), with or without Torin-1, for 45 min.

(E) Representative immunostainings and quantification of phalloidin (red) intensity in pancreatic p cells (insulin, blue) of isolated islets incubated in RPMI with or
without rapamycin. n = 32 islets for each treatment, derived from three independent experiments.
(F) Representative immunostainings and quantification of phalloidin (red) intensity in fasted mice injected with glucose and vehicle or Torin-1. Cell cortical

membrane detected by E-cadherin (blue) staining. n = 6 mice per group.

(G) Quantification of GCaMP fluorescence intensity in isolated mouse islets infected with AAV.KP1-CAG-GCaMP8m. Islets were stimulated with 20 mM glucose
with or without Torin-1, followed by 30 mM KCI for 2 min (n = 5 biological replicates for each treatment). Biological replicates represent groups of islets pooled
from multiple mice. Data points represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.005, ***p < 0.001.

islets. Intriguingly, we observed increased calcium influx and
oscillations upon Torin-1 inhibition in response to glucose stim-
ulation (Figure 5G and Video S2), consistent with the observed
complex effects of mMTORC1-RhoA signaling.

mTORC1 controls insulin secretion via RhoA-dependent
actin remodeling

To further investigate the connection between mTORC1 activ-
ity, actin remodeling, and insulin secretion, we tested the
impact of acutely increasing basal mMTORC1 activity prior to
glucose stimulation. We pre-incubated mouse islets with
MHY 1485, a small-molecule activator of mTOR, in low-glucose
(2.8 mM) media containing amino acids to stimulate mTORCH1
activity.”® S6 phosphorylation confirmed increased mTORC1
activation at the end of the pre-incubation period (Figure 6A).

8 Cell Reports 44, 115647, May 27, 2025

Islets were then stimulated with high glucose for 10 and
45 min to assess the impact on insulin secretion. As shown in
Figures 6B-6D, the increased basal mTORC1 activity, induced
by MHY 1485 pre-treatment, led to increased actin polymeriza-
tion and reduced insulin secretion after 10 min, which is asso-
ciated with first-phase insulin secretion. This observation
further supports the inhibitory role of mTORC1 in insulin release
through actin remodeling, demonstrating that acutely elevating
mTORC1 activity prior to glucose stimulation can impair the
initial insulin response. Interestingly, after 45 min of glucose
stimulation, pS6 levels, actin polymerization, and insulin secre-
tion in the MHY 1485 pre-treated group returned to levels com-
parable to the control group (Figures 6B-6D). This suggests
that B cells can dynamically adjust their mTORC1 activity and
actin cytoskeleton to modulate insulin secretion and maintain
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Figure 6. Insulin secretion regulation by mTORC1 is mediated through RhoA-dependent actin polymerization

(A) Mean pS6 intensity in mouse islets’ p cells following incubation in RPMI supplemented with 2.8 mM (LG) glucose with or without mTOR activator (MHY1485) for
30 min, n = 4 biological replicates.

(B-D) Mean pSé6 intensity (B), fold insulin secretion (C), and F-actin intensity (determined by anti-F-actin antibody, ab205) (D) in mouse islets (n = 4 biological
replicates) were measured after 10 min or 45 min following incubation in RPMI with the indicated treatments.

(E-J) Mouse islets (E-G) and (H-J) human islets were incubated in RPMI with the indicated treatments. Mean pS6 intensity (E and H), insulin secretion (F and I), and
F-actin intensity (determined by using mouse anti-F-actin antibody, ab205) (G and J) were measured. Islets treated with the RhoA activator (CNO3) or ephrin-A5
FC were pre-incubated for 30 min with each compound. For mouse islets (E-G), n =5, 5, 5, 4, and 5 biological replicates for the respective treatments. For human
islets (H-J), n = 5 technical replicates of human donor #4 in Figure S4. Biological replicates represent groups of islets pooled from multiple mice. Data are mean +
SEM. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.

(K) A scheme describing the dynamics of mTORC1-RhoA signaling (Y) and insulin secretion (Z) in response to glucose (X).

(L) A proposed model of the incoherent feedforward negative regulation of insulin secretion by mTORC1 via RhoA-dependent F-actin polymerization in normal

conditions.

Cell Reports 44, 115647, May 27, 2025 9




¢? CellPress

OPEN ACCESS

appropriate secretory output in response to their intrinsic
workload.

To confirm that mTORC1 regulates insulin secretion via RhoA,
we combined mTORC1 inhibition using rapamycin or Torin-1 with
direct pharmacological RhoA activation via CN03.”* While RhoA
activation alone did not inhibit insulin secretion, it significantly
attenuated the increased insulin secretion induced by mTORCA1
inhibition in both mouse and human islets. (Figures 6E, 6F, 6H,
61, S6D, and S6E), suggesting that mMTORC1’s inhibitory effect
on insulin secretion is mediated through RhoA. Furthermore,
RhoA activation counteracted the reduction in F-actin polymeri-
zation caused by mTORCH1 inhibition (Figures 6G, 6J, and S6F),
indicating that mTORC1 regulates actin dynamics through
RhoA, potentially affecting insulin granule trafficking and
release. CNO3’s effects were also apparent with ephrin-A5-FC,
which affects insulin secretion in several mechanisms including
actin polymerization, as demonstrated by its independent
effect on insulin secretion (Figure S6B).”> Since neither com-
pound increased MLC2 phosphorylation or actin levels alone
(Figures S6A and S6C), this may indicate that, under high glucose
conditions, induced mTORC1 activity leads to maximal RhoA-
mediated actin polymerization, thus limiting insulin secretion.
However, following mTORCH1 inhibition, which disrupts actin
structure, RhoA activation can restore actin polymerization.
Taken together, these findings strongly indicate that mTORC1 in-
hibits insulin secretion by activating the RhoA-GTPase pathway
and promoting actin polymerization, thus revealing a critical reg-
ulatory mechanism linking nutrient and activity sensing to the
intrinsic control of insulin release.

DISCUSSION

Biological processes are often controlled by complex networks
with many interacting components. It is therefore expected
that a crucial process like insulin secretion would be tightly regu-
lated by both positive and negative feedback loops. One such
regulatory system is the incoherent feedforward loop (IFFL),
where an input factor (X) regulates both an intermediate factor
(Y) and an output (Z), but in opposite directions.”® Our study re-
veals that f cells regulate insulin secretion through an IFFL,
where glucose (X) positively regulates both insulin secretion
(2) and mTORCH1 activity (Y), which in turn negatively regulates
insulin secretion (Figures 6K and 6L). IFFLs are known to play
diverse roles in biological systems, including generating pulses,
accelerating responses, or achieving perfect adaptation—all
critical features for a complex system like § cells controlling insu-
lin secretion to achieve glucose homeostasis.’’

As a critical signaling hub, mTORC1 senses diverse signals,
including growth factors, amino acids, stress, oxygen, and en-
ergy levels. When activated, mTORC1 promotes protein and
lipid synthesis while inhibiting autophagy, thereby controlling
cell growth and metabolism.”® Our study reveals that mTORC1
also senses the cellular activity of p cells, as the same processes
that stimulate insulin secretion-glucose metabolism, membrane
depolarization, and calcium influx are also required for
mTORC1 activation. While calcium’s role in mTORC1 activation
has been previously noted, its exact mechanism remains to be
elucidated.”®*° Given that membrane depolarization and cal-
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cium have critical roles in the function of various cell types,
including neurons and muscle cells, we suggest that mTORC1
might have a broader role in sensing and regulating cellular
activity beyond its well-established functions in growth and
metabolism.?’

Our research focuses on the immediate, transient impact of
mTORC1 activation on p cell activity. We utilize pharmacological
inhibitors, such as Torin-1 and rapamycin, to achieve acute and
temporary mTORC1 inhibition. Our results reveal a previously
unappreciated level of insulin secretion regulation. Unlike other
regulatory mechanisms involving paracrine or external stimuli,
such as glucose itself or hormones like somatostatin, this mech-
anism is entirely intrinsic, enabling each p cell to precisely control
its individual secretion output. This intrinsic control is significant
because it is both precise and immediate; the degree and rate
of inhibition are proportional to the cell’s workload. While
other signals, such as glucose, more dominantly contribute to
the regulation of insulin secretion, the intrinsic nature of the
mTORC1-mediated pathway provides a crucial layer of cell-
autonomous control. This intrinsic regulation may be particularly
important in situations where systemic signals are insufficient or
delayed, allowing individual f cells to rapidly adjust their secre-
tory output in response to local metabolic cues. Comparing
and contrasting the relative contributions of intrinsic and
extrinsic regulatory mechanisms will be an important area for
future research.

This intrinsic regulatory mechanism may be crucial at the §
cell level to prevent exhaustion caused by hypersecretion. Our
experiments demonstrate that, in the absence of mMTORC1 activ-
ity, B cells continue to secrete insulin in an uncontrolled manner.
Prolonged hypersecretion, in turn, impairs the cells’ ability to
respond appropriately to subsequent glucose challenges. At
the whole-body level, this mechanism plays a vital role in control-
ling the second, more sustained phase of insulin secretion that
follows the initial burst triggered by glucose stimulation. Precise
control of this second phase allows for better adaptation to
fluctuating carbohydrate levels, which can vary significantly de-
pending on meal composition. This tight regulation ensures that
potent insulin is not over-secreted, thus preventing potentially
life-threatening hypoglycemia.

Our findings contrast with those of most previous studies
examining the role of mMTORCH1 in § cells, which have relied on
mouse genetic models or extended treatments with mTORC1 in-
hibitors and typically observe an inhibitory effect of mTORC1
activation on insulin secretion.>® Even short-term genetic manip-
ulations in mice require at least a few days to manifest, making
them effectively “chronic” compared with the acute, transient
pharmacological inhibition employed in our study. Specifically,
we examined the immediate impact of mMTORC1 inhibition during
a 45-min ex vivo glucose stimulation or following a single intra-
peritoneal glucose injection. It is important to note that, in our
own experiments, prolonged Torin-1 treatment also led to
reduced GSIS, likely due to decreased protein synthesis and f
cell exhaustion resulting from sustained hypersecretion. This dif-
ference in experimental design—acute vs. chronic—may explain
why previous studies, using genetic models or prolonged inhib-
itor treatments, primarily identified extended or indirect effects of
mTORC1 on insulin secretion (mediated through proliferation,
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protein synthesis, gene expression, and potentially an initial
phase of hypersecretion) rather than its direct, immediate role
in the insulin secretion pathway itself, as revealed by our current
work.

This study establishes a foundation for understanding the
complex signaling networks that govern f§ cell function and
dysfunction, particularly in the context of type 2 diabetes
(T2D), where mTORC1 activity is known to be dysregu-
lated.**#2"8 Our findings suggest that mTORC1 acts as a critical
rheostat in B cells, precisely balancing insulin secretion with
cellular metabolic needs. Insufficient mMTORC1 signaling, as
observed in our acute inhibition studies, can lead to hyperinsuli-
nemia, potentially contributing to insulin resistance and eventu-
ally B cell exhaustion. Conversely, excessive mTORC1 activity,
perhaps due to chronic nutrient oversupply or other metabolic
stressors, can paradoxically impair insulin release, potentially
through the mechanisms we have described, such as altered
actin dynamics and impaired vesicle trafficking (Figures 6K and
6L). This impairment could contribute to the progressive decline
in p cell function characteristic of T2D. Indeed, the chronic hyper-
insulinemia often seen in pre-diabetes and early T2D could be a
consequence of the p cell attempting to compensate for this
impaired release, further exacerbating the problem. Understand-
ing how these opposing effects of mMTORC1 dysregulation
contribute to the pathogenesis of T2D is crucial. For example,
identifying specific upstream regulators of mTORC1 in p cells
could offer therapeutic targets. Similarly, interventions aimed
at restoring proper mTORC1 signaling balance—perhaps by
selectively modulating its activity or by targeting downstream ef-
fectors like the actin cytoskeleton—may prove beneficial in pre-
serving B cell function, delaying the progression to diabetes, and
ultimately preventing diabetes-related complications. Further
research into these mechanisms holds significant promise for
the development of therapeutic strategies to restore § cell func-
tion and improve glycemic control in individuals with, or at risk
for, T2D.

Limitations of the study

This study focused on the transient effects of mMTORC1 activity,
necessitating the use of pharmacological inhibitors like Torin-1
and rapamycin. While these inhibitors offer valuable insights
into acute mMTORC1 modulation, the possibility of off-target
effects remains a concern, even though we validated the
specificity of rapamycin and Torin-1 to their targets and
confirmed their specific effect on insulin secretion, consistent
with numerous prior studies. Genetic manipulations, due to their
chronic nature, were not suitable for this investigation, as
they would not allow us to examine the dynamic changes in
signaling pathways and cellular processes associated with acute
mTORC1 inhibition.

While human data were generated using scarce and often var-
iably functional human islets, we addressed this limitation by us-
ing samples from four donors with technical replicates, the re-
sults of which mirrored our findings in mouse islets. Although
the limited sample size of human islets could potentially restrict
the generalizability of our findings, the consistent results across
replicates and species strengthen the overall conclusions of the
study. To further support our findings in human § cells, we used

¢? CellPress

OPEN ACCESS

SC-islets. Despite their typically low glucose responsiveness,
SC-islets exhibited increased insulin secretion with mTORCH1
inhibition, consistent with our model. This suggests that
aberrant nutrient sensing, leading to high mTORC1 activity,
may contribute to SC-p cell dysfunction through our proposed
mechanism.®’

Finally, while our study elucidates a mechanism by which
mTORC1 regulates insulin secretion, further research is needed
to fully explore the molecular details of how mTORC1, and
perhaps mTORC2, regulate insulin secretion dynamics and other
B cell activities beyond the RhoA-GTPase pathway and its inter-
action with the actin cytoskeleton.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Guinea Pig anti-insulin Primary Agilent Cat# IR002, RRID:AB_2800361

Mouse anti-glucagon

Rabbit anti-phospho-S6 ribosomal protein
(Ser240/244)

Rat anti-puromycin Antibody, clone 17H1

Rabbit phospho-Myosin Light Chain 2
(Ser19) Antibody

Rabbit phospho-4E-BP1 (Thr37/46)
(236B4) Rabbit mAb

Mouse anti-F-actin antibody [NH3]
Phalloidin-iFluor 594

Phospho-Akt (Ser473) (D9E)
XP® Rabbit mAb

Phospho-AMPKa (Thr172)
(40H9) Rabbit mAb

Purified Mouse Anti-E-Cadherin

Santa Cruz Biotechnology
Cell Signaling Technology

Sigma-Aldrich
Cell Signaling Technology

Cell Signaling Technology

Abcam
Abcam
Cell Signaling Technology

Cell Signaling Technology

BD Biosciences

Cat# sc-514592; RRID:AB_2904166
Cat# 5364; RRID:AB_10694233

Cat# MABE341, RRID:AB_3677409
Cat# 3671, RRID:AB_330248

Cat# 2855; RRID:AB_560835

Cat# ab205; RRID:AB_302794
Cat# ab176757; RRID: AB_3695680
Cat# 4060, RRID:AB_2315049

Cat# 2535, RRID:AB_331250

Cat# 610181, RRID:AB_397580

Biological samples

Cadaveric human islets Prodo labs N/A
SC-islets Kadimastem N/A
Chemicals, peptides, and recombinant proteins

RPMI 1640 Medium Modified w/o MyBioSource MBS652918
L-Glutamine, w/o Amino acids, Glucose

RPMI 1640 Medium without Glucose and Sartorius 01-101-1A
L-Glutamine

RPMI 1640 Medium without L-Glutamine Sartorius 01-104-1A
Collagenase P Sigma 11213865001
Histopaque®-1077 Sigma 10771
Histopaque®-1119 Sigma 11191
HEPES buffer 1M Biological industries 03-025-1B
Glutamine 200mM Biological industries 03-020-1A
D (+)-Glucose Roth 50-99-7
Accutase Sigma A7089

Fetal bovine serum (FBS) Sigma F0926
Bovine serum albumin (BSA) Sigma A7906

BD Cytofix/Cytoperm™ Kit BD Biosciences 554714
Insulin Sigma 12643

S961 Novonordisk N/A
Forskolin TCI F0855
Diazoxide Sigma D9035
Exendin-4 APExBIO A3408
Nifedipine Sigma N7634
Tolbutamide Sigma T0891

KClI BioLab 001638059100
GKA Pfizer HY-108328
Torin-1 EMD millipore 475991

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Rapamycin Sigma 37094
Cycloheximide Mercury 239763

Latrunculin A Sigma L5163

Rhosin Merck 1173671-63-0

Rho Activator [ CNO3 Cytoskeleton CNO03-B
Recombinant Human Ephrin-A5 Fc R&D systems 374-EA-200

ML 7 hydrochloride R&D systems 4310

MHY1485 MCE HY-B0795

Critical commercial assays

Human Insulin ELISA Mercodia 10-1113-01
Ultra-Sensitive Rat Insulin ELISA Kit Crystal chem 90060

flow cytometry tubes BD Falcon 352235
G-Actin/F-actin In Vivo Assay Biochem Kit Cytoskeleton BK037

Deposited data

Phosphoproteomic raw data PRIDE PXD062389
Experimental models: Organisms/strains

C57BL/6 Jackson Laboratory N/A

Software and algorithms

Prism (version 9) GraphPad https://www.graphpad.com/features
FlowdJo (version 10) N/A https://www.flowjo.com/flowjo/download
ImageJ (version 1.9.22) N/A https://imagej.net/ij/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6 mice were used for islet isolation for GSIS and FACS analysis, and immunohistochemistry. 8- to 12-week-old male C57BL/6
mice were obtained from Harlan, Israel. For the in vivo glucose-stimulated insulin secretion assays, mice were fasted for 14 h. Diaz-
oxide (40mg/kgpw)/forskolin (20mg/kgpw)/Torin-1 (20mg/kgpw) Were injected into the intraperitoneal space, followed by 20% glucose
intraperitoneal injection (2g9/kgpw). Blood was collected at two time points, right before the start of the injections, and after the glucose
injection. We separated the serum from the whole blood content by 20 min of centrifugation at 4°C, 10,000g. Insulin was quantified by
an enzyme-linked immunosorbent assay (ELISA) (Crystal Chem). The joint Institutional Animal Care and Use Committee of the
Hebrew University approved the study protocol for animal welfare. The Hebrew University is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International.

Human islets

We used live human islets for phospho-proteomics profiling, FACS, and GSIS analysis from the pancreata of a brain-dead subject
obtained from Prodo labs (HP-24064-02 and HP-24327-01) and from the University of Pennsylvania Islet Transplant Center
(SAMN41393792 and SAMN47319182). Technical replicates were used in the relevant experiments.

Human SC-islets

Fully differentiated SC-islets were generated by Kadimastem as previously described.®® Highly pluripotent, clinical grade, human ES
cells HADC-100 were grown to confluent monolayers in essential E8 medium (Gibco), with the addition of penicillin and streptomycin
(PS, Gibco) on vitronectin-coated flasks (Gibco). Differentiation was performed on cell aggregates formed in spinner flasks for 2 days
in dynamic suspension cultures. In brief, 48 h before starting the differentiation protocol (day 2), non-differentiated cells were disso-
ciated with Versene (Gibco). Single cells washed with PBS™~ (Gibco), were seeded in 500 mL disposable spinner flasks (Corning),
filled with 250 mL E8 medium containing 10 pM Rock Inhibitor Y27632 (Cayman Chemical), at a concentration of 0.8-1 x 106 cells/ml.
The spinner flasks were placed on a magnetic stirrer (DURA-MAG, 9 position stirrer, Chemglass) at a speed of 70 rpm in a humidified
incubator set at 5% CO2 and 37°C. This resulted in the formation of ES cell clusters in suspension, as well as in cell proliferation. On
day —1, 80% of the E8 medium was replaced. On Day 0, the E8 medium was washed away by letting the aggregates settle for 5 min
and removing the supernatant with a pipette. Cells were washed with 250 mL PBS™~; after 3 min stirring in the incubator, PBS ™~ was
replaced by 250 mL of stage 1 differentiation medium. The media for the seven-stage differentiation protocol was refined based on
several published protocols.
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METHOD DETAILS

Ex vivo GSIS and FACS assays

We isolated islets from a whole pancreas using collagenase P (Roche) injected into the bile duct, followed by isolation on a Histopaque
gradient (Sigma). Islets from different mice were pooled into biological replicates and incubated overnight in an RPMI-1640 medium
supplemented with 10% FBS, I-glutamine, and penicillin-streptomycinina 37°C, 5% CO2 incubator. Each mouse islets were placed in
basal Krebs buffer (KRB) (119 mM NaCl, 4.6 mM KCI, 2 mM CaCl2, 1 mM MgCI2, 0.15 mM Na2HPO4, 0.4 mM KH2PO4, 5 mM
NaHCO3, 20 mM HEPES, 0.05% BSA) supplemented with 2.8mM glucose or into a nutrient-free RPMI-1640 medium
(MyBioSource, MBS652918) supplemented with 2.8mM glucose and 0.02% BSA, with no amino acids or serum, for 30 min of incu-
bation. Then, 25-30 islets were handpicked for each assay replicate and were incubated for 45 min in KRB or RPMI-1640 with low
(2.8 mM) or high (16.7 mM) glucose concentrations, in 6-well plates at 37°C, 5% CO,. The following compounds were used: insulin
(Sigma, 100 nM), S961 (Novonordisk, 1 pM), forskolin (TCI, 10 nM), diazoxide (Sigma, 250 uM), KCI (BioLab, 30 mM), GKA (Pfizer,
10 pM), exendin-4 (APExBIO, 100 nM), nifedipine (Sigma, 10 pM), tolbutamide (Sigma, 100 pM), Torin-1 (EMD Millipore, 100 nM), ra-
pamycin (Sigma, 100 nM), cycloheximide (Mercury, 50ug/ml), latrunculinA (Sigma, 0.5 pg/ml), rhosin (Merck, 100 pM), CNO3 (Cytoskel-
eton, 1 ug/mL), ephrin-A5 FC (R&D systems, 4 ung/mL), ML-7 (R&D systems, 5 pM), MHY 1485 (MCE, 10pM). After 45 min of incubation,
the medium was collected. We measured the insulin concentrations by an Ultrasensitive Insulin ELISA kit (Crystal Chem). For FACS
staining, we collected the islets into 1.7 mL Eppendorf tubes and dispersed them into a single-cell suspension by 5-min incubation in
Accutase (Sigma) at 37°C until clusters dissociated to single cells upon mixing by pipetting gently up and down. Cells were centrifuged
for 1 minat 1000 rpm, resuspended in a cytofix/cytoperm (BD Biosciences) solution, and incubated for 20 min. Cells were then washed
once in perm/wash (BD Biosciences), resuspended in perm/wash with primary antibodies, and incubated at room temperature for 1 h.
Primary antibodies were diluted as noted: guiana-pig anti-insulin (Agilent IR002; 1:5), rabbit anti-phospho-S6 ribosomal protein
(Ser240/244) (Cell Signaling 5364; 1:300), rabbit anti-phospho-4E-BP1 (Thr37/46) (236B4) (Cell Signaling 2855; 1:200), rabbit anti
phospho-Akt (Ser473) (Cell Signaling 4060; 1:200), rabbit anti phospho-AMPKa (Thr172) (40H9) (Cell Signaling 2535; 1:200), rat
anti-puromycin (clone 17H1) (Sigma-Aldrich MABE341; 1:300), mouse anti-F-actin [NH3] (Abcam ab205; 1:100), phalloidin-iFluor
594 (Abcam ab176757; 1:2000). Cells were washed once in a perm/wash buffer and then incubated in a perm/wash buffer with sec-
ondary antibodies for 45 min. Secondary antibodies conjugated to Alexa Fluor 488, Cy5, Cy3, or 594, were used to visualize primary
antibodies. Cells were then washed in a perm/wash solution, resuspended in 150puL perm/wash, filtered through a 40mm nylon mash
into flow cytometry tubes, and analyzed using the flow cytometer. Analysis of the results was performed using FlowJo software.

Immunohistochemistry

For the immunohistochemistry assays, mice were fasted overnight and then received Diazoxide (40 mg/kg kgpw), Forskolin, or Torin-1
(20mg/kgpw) by intraperitoneal injection, followed by 20% glucose intraperitoneal injection (20mg/kg.,). Afterward, the pancreas was
harvested and placed in a 4% PFA solution for a 4-h incubation at room temperature. The pancreas was then transferred into a 4%
PFA solution containing 30% sucrose for overnight incubation at 4°C, then blocked into OCT/Paraffin blocks. Isolated islets were
produced and incubated in the conditions described in the previous section. Sliced pancreas tissue or isolated islets were stained
for insulin, phospho-S6, and actin filaments using the following primary antibodies: guinea pig anti-insulin (Agilent IR002; 1:20), rabbit
anti-phospho-S6 Ribosomal Protein (Ser240/244) (Cell Signaling; 5364L; 1:300), mouse anti-e-cadherin (BD Biosciences, 61018;
1:300), and phalloidin-iFluor 594 conjugate (Abcam ab176757; 1:1000). Secondary antibodies conjugated to Alexa Fluor 488, and
Cy5 were used to visualize primary antibodies. The slides were mounted in a mounting medium (Invitrogen Fluoromount-G) and
covered with coverslips. Images were taken using Leica Stellaris 5 FLIM STED confocal microscope. Using Imaged version 1.54f,
each islet was manually marked to quantify the intensities of F-actin, and pS6. Visual representations of the Z-stacks images
were utilized using Imaris version 10.0.1. The movies were captured as mp4 and available as supporting information.

Ex vivo dynamic glucose stimulated insulin secretion (GSIS)

30-40 islets were divided into chambers and assayed on a fully automated Perifusion System (BioRep). Chambers were sequentially
perfused with 2.8 mM with or without Torin-1 (100 nM), 16.7 mM glucose with or without Torin-1 (100 nM) and 2.8 mM glucose with
30 mM KCI in KRB buffer or RPMI-1640 at a flow rate of 100ul/min. Chambers were first perifused with low glucose (2.8 mM) for
16 min for low glucose incubation. The samples were then perifused with high glucose (16.7 mM) for 32 min, low glucose for
16 min, and 30 mM KCI for 16 min. Torin-1 (100 nM) was administered during the first low glucose phase and throughout the high
glucose incubation. Insulin concentrations in the supernatant were measured using an Ultrasensitive Insulin ELISA kit. (Crystal chem).

Phospho-proteomics

For each technical replicate, approximately 800 human islets or 1 x 106 SC-islet cells were pre-incubated in basal RPMI-1640 me-
dium for 30 min. The islets were then transferred to a high-glucose medium, with or without 100 nM Torin-1, for 45 min. After incu-
bation, the islets were collected into 1.7 mL Eppendorf tubes and washed three times with ice-cold PBS. The samples were subjected
to tryptic digestion using an S-trap. The resulting peptides were enriched for phospho-peptides on IMAC cartridges with a Bravo
automated liquid handling system and then further analyzed using nanoflow liquid chromatography (nanoAcquity) coupled to high
resolution, high mass accuracy mass spectrometry (Q Exactive HF). Each sample was analyzed on the instrument separately in a
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random order in discovery mode. Raw data was processed with MetaMorpheus v1.0.2. The data was searched against the human
Uniprot proteome database appended with a list of common lab protein contaminants. Quantification was performed using the
embedded FlashLFQ and protein inference algorithms. The processing included the unique G-PTM-D method for identifying dozens
of PTMs. The phospho intensities were calculated and used for generating the phospho sites intensities with an in-house script. The
output was introduced into Perseus v1.6.2.3 for further analysis. The intensities were log-transformed and only sites with at least two
valid values in at least one experimental group were kept. The remaining missing values were imputed using a low value (1024). A
student’s t-test was used to detect differentially expressed sites between the groups. Pathway enrichment analysis of the significant
hits was performed using Enrichr (https://maayanlab.cloud/Enrichr).

Primary hepatocytes

primary hepatocytes were isolated from 8- to 12-week-old male C57BL/6 mice by perfusion with liver digest medium (Invitrogen,
17703-034) followed by 70 pm mesh filtration. Percoll (Sigma, P7828) gradient centrifugation allowed primary hepatocytes isolation
from other cell types and debris. Cells were seeded in plating medium (DMEM with 10% FBS, 2 mM sodium pyruvate, 1% penicillin/
streptomycin, 1 tM dexamethasone, and 100nM insulin). After 4 h of seeding, the medium was changed and incubated overnight in
maintenance medium (DMEM, 0.2% BSA, 2mM sodium pyruvate, 1% penicillin/streptomycin, 0.1 pM dexamethasone, and 1nM in-
sulin). Cells were treated and collected within 24h after isolation.

Puromycin labeling

Mouse islets and primary hepatocytes were incubated for 30 min in basal RPMI-1640, followed by 45 min incubation in the following
different treatments: low glucose (2.8 mM), high glucose (16.7 mM), insulin (100 nM), Torin-1 (100 nM), and cycloheximide (50 pg/ml).
During the final 30 min, the cells were supplemented with 10 pg/mL of puromycin. We collected the cells, dissociated them, and fixed
them as described in the FACS assays section.

Measurement of G-actin and F-actin ratio

G-actin and F-actin levels were measured using the G-actin/F-actin In Vivo Assay Kit (Cytoskeleton, Cat. # BK037). A total of 400
islets were first incubated in nutrient-free basal media for 30 min, followed by a 45-min incubation in 16.7 mM glucose with or without
100nM Torin-1. The islets were then lysed in LAS2 buffer, homogenized, and incubated at 37°C for 10 min. Unbroken cells and tissue
debris were removed by centrifugation at 3509 for 5 min. The supernatant was then centrifuged at 100,000g for 1 h to separate F-actin
(pellet) from G-actin (supernatant). The pellet was resuspended in F-actin depolymerization buffer and incubated on ice for 1 h. Both
soluble and insoluble fractions were mixed with SDS sample buffer and analyzed by SDS-PAGE (4-15% polyacrylamide gel), fol-
lowed by western blotting on a PVDF membrane. Actin was detected using an anti-actin mouse monoclonal antibody and visualized
via chemiluminescence. Semi-quantification of western blot signals was performed using Image Lab software.

Calcium imaging

Pancreatic islets were isolated and partially dissociated using Accutase. The islets were then plated in a 96-well plate pre-coated with
1% penicillin/streptomycin, 1% ECM, and 0.5% fibronectin in high-glucose DMEM. Islets were infected with AAV. KP1-CAG-
GCamP8m for 24 h, followed by washing and an additional 48-h culture period. Before imaging, the islets were washed and incu-
bated in nutrient-free basal media for 30 min. They were then exposed to 20mM glucose with or without 100nM Torin-1 for
10 min, followed by the addition of 30 mM KCI in low-glucose buffer for 2 min to induce cell depolarization. Throughout imaging,
the islets were maintained at 37°C with 5% CO,. High-resolution time-series images were acquired using an Andor Benchtop
Confocal BC43 microscope. A total of 1,800 images were captured over the 10-min glucose challenge (one every 20 ms), followed
by an additional 2 min of imaging after KCI addition. The images were stacked, converted into an AVI-format movie, and analyzed
using ImagedJ/Fiji imaging software with the ROl Manager tool.

QUANTIFICATION AND STATISTICAL ANALYSIS

All conditions in all of the described experiments were performed in three biological replicates or more. For mouse islet experiments,
a biological replicate is defined as islets pooled from multiple mice. Each data point represents a biological replicate and error bars
represent the standard error of biological replicates. In the immunohistochemistry assays, each dot represents the mean intensity of
at least 4 sections, containing a total of at least 10 islets per mouse. In pairwise comparisons, statistical significance was determined
by a two-tailed, unpaired t test. In multiple comparisons, statistical significance was determined by ordinary one-way ANOVA, or the
Brown-Forsythe and Welch ANOVA tests when treatments resulted in unequal standard deviations (comparisons were made
between all conditions, only statistically significant comparisons are depicted in most cases). One asterisk denotes the statistical
significance of p-value <0.05. Two asterisks denote the statistical significance of p-value <0.01. Three asterisks denote statistical
significance of p-value <0.001. Four asterisks denote statistical significance of p value <0.001. ‘ns’ denotes the statistical signifi-
cance of p value >0.05. Data were analyzed and plotted using Prism software from GraphPad.
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