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ABSTRACT 1 

Mammalian target of rapamycin (mTOR) kinase is an essential hub where nutrients and growth 2 

factors converge to control cellular metabolism. mTOR interacts with different accessory 3 

proteins to form complexes 1 and 2 (mTORC); and each complex has different intracellular 4 

targets. Although mTORC1 role in β-cells has been extensively studied, less is known about 5 

mTORC2 function in β-cells. Here we show that mice with constitutive and inducible β-cell 6 

specific deletion of RICTOR (βRicKO and iβRicKO mice, respectively) are glucose intolerant 7 

due to impaired insulin secretion when glucose is injected intraperitoneally. Decreased insulin 8 

secretion in βRicKO islets was caused by abnormal actin polymerization. Interestingly, when 9 

glucose was administered orally, no difference in glucose homeostasis and insulin secretion were 10 

observed, suggesting that incretins are counteracting the mTOC2 deficiency. Mechanistically, 11 

glucagon-like peptide-1 (GLP-1), but not gastric inhibitory polypeptide (GIP), rescued insulin 12 

secretion in vivo and in vitro by improving actin polymerization in βRicKO islets. In conclusion, 13 

mTORC2 regulates glucose-stimulates insulin secretion by promoting actin filament remodeling. 14 

 15 

NEW & NOTEWORTHY 16 

The current studies uncover a novel mechanism linking mTORC2 signaling to glucose-17 

stimulated insulin secretion by modulation of the actin filaments. This work also underscores the 18 

important role of GLP-1 on rescuing defects in insulin secretion by modulating actin 19 

polymerization and suggest that this effect is independent of mTORC2 signaling. 20 

 21 

 22 

 23 
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INTRODUCTION 24 

The insulin-producing β-cells respond to nutrients (glucose, amino acids and fatty acids) and 25 

growth factors to adapt to different acute and chronic metabolic demands. The ability to 26 

efficiently secrete insulin, and the capacity to appropriately expand in response to increased 27 

insulin demand, are two critical factors in the pathogenesis of type 2 diabetes (T2D) (1, 2).  28 

The Insulin-PI3-AKT signaling pathway controls cell proliferation, apoptosis, and survival in 29 

pancreatic β-cells (3-7). Overexpression of constitutively active AKT in mice specifically in β-30 

cells leads to profound increase in β-cell mass and hyperinsulinemia (8, 9) . In addition, 31 

expression of a dominant-negative AKT resulted in impaired insulin secretion, without changes 32 

in β-cell mass (5), suggesting that AKT signaling pathway also regulates β-cell function. Two 33 

main phosphorylation sites regulate AKT kinase activity: Thr308 is phosphorylated by 3-34 

phosphoinositide-dependent protein kinase 1 (PDK1); and Ser473 is phosphorylated by mTOR 35 

complex 2 (mTORC2), which is a multi-protein complex containing the mammalian target of 36 

rapamycin (mTOR) bound to RICTOR (rapamycin-insensitive companion of mTOR) (10). 37 

mTOR is also the catalytic component of another multi-protein complexes, the rapamycin 38 

sensitive mTOR complex 1 (mTORC1), containing the regulatory associated protein of mTOR 39 

(RAPTOR) (10). mTORC1 in β-cells controls cell size, proliferation, survival, maturation, 40 

protein translation, insulin processing and secretion, and autophagy by modulating eIF4E-41 

binding proteins (4E-BP1, 2 and 3), ribosomal protein S6 kinases (S6K1 and 2) and Unc-51 like 42 

autophagy activating kinase (ULK1/2) among others (11-14). Less is known about the roles of 43 

mTORC2 in β-cells, but decreased mTORC2 activity in type 2 diabetic islets has been reported 44 

due to mTORC1-mediated mTORC2 inhibition (15, 16). 45 
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mTORC2 is mainly regulated by growth factors and its activity is required for normal 46 

development, as whole-body deletion of RICTOR is embryonically lethal (17, 18). mTORC2 47 

regulates glucose uptake in adipose (19, 20) skeletal muscle (20, 21) and brown adipose (21, 22) 48 

tissues. Hepatic insulin sensitivity (23), glycolysis, and lipogenesis (22) are also regulated by 49 

mTORC2. Interestingly, hypothalamic RICTOR deletion causes impaired glucose homeostasis 50 

throughout life (24, 25). Additionally, disruption of RICTOR in endocrine precursor cells during 51 

development (neurog3-ricKO mice) reduced whole islet mass (26). Using mice lacking RICTOR 52 

specifically in β-cells (βRicKO mice) and hypothalamus, Gu et. al showed that these mice exhibit 53 

mild hyperglycemia, glucose intolerance, and poor insulin secretion caused by loss of β-cell 54 

mass, decreased β-cell proliferation, and reduced insulin content (27). In contrast, Xie and 55 

colleagues documented similar glucose excursion, insulin release, and insulin sensitivity in 56 

regular diet; but βRicKO mice failed to adapt normally to high fat diet (28).  57 

mTORC2 also phosphorylates serum and glucocorticoid-inducible kinase (SGK), and protein 58 

kinase C (PKC) (18, 29). The first described mTORC2 function was to maintain normal cell 59 

cytoskeleton (30, 31) and this is done through a PKCα dependent manner (10, 32). Knockdown 60 

of RICTOR, mTOR or mLST8, but not RAPTOR, impairs the reorganization of the actin 61 

cytoskeleton network and inhibits chemotaxis and migration (31, 33). In addition, mTORC2 62 

modulates long-term memory potentiation in the frontal cortex by regulating actin 63 

polymerization (34). In RICTOR deficient β-cells under metabolic stress, overexpression of 64 

PKCα restored the defective insulin secretion (28). Although decreased islet mass and β-mass 65 

were reported previously (26, 27), whether mTORC2 regulates cytoskeleton in β-cells was not 66 

addressed so far.  67 
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We report herein that both βRicKO mice and the tamoxifen inducible (iβRicKO mice) are 68 

glucose intolerant due to impaired insulin secretion when glucose is injected intraperitoneally. 69 

Although insulin content and β-cell mass are normal, βRicKO islets exhibit abnormal actin 70 

polymerization that resulted in decreased insulin secretion. Treatment to enhance actin 71 

polymerization reestablished insulin secretion in the βRicKO islets. Interestingly, glucose 72 

clearance and insulin secretion after oral glucose tolerance test are normal, suggesting that 73 

incretins rescue the secretory defect of βRicKO mice. We document that glucagon-like peptide-1 74 

(GLP-1), but not gastric inhibitory polypeptide (GIP), rescues insulin secretion by improving 75 

actin polymerization in βRicKO islets. In conclusion, mTORC2 deficiency impairs insulin 76 

secretion due to abnormal actin polymerization. GLP-1 rescues the secretory defect induced by 77 

mTORC2 deficiency suggesting that GLP-1 acts independently of mTORC2 to promote actin 78 

polymerization and insulin secretion.    79 

METHODS 80 

Animals 81 

Rictortm1.1Mnh mice harboring a floxed Rictor allele (Rictorf/f) were described previously (35). 82 

Deletion of Rictor in the pancreatic β-cells was achieved by intercrossing Rictorf/f mice with 83 

Tg(Ins-cre)23Herr transgenic mice, which express Cre recombinase under the control of a rat 84 

insulin (Ins2) promoter (Rip-Cre) (36). Male offspring positive for the Rip-Cre transgene 85 

carrying two floxed Rictor alleles (Rip-Cre;Rictorf/f) were analyzed and, for simplicity, are 86 

referred to as βRicKO mice. Male littermates negative for the Rip-Cre transgene (Rictorf/f) were 87 

used as controls for all experiments. Inducible deletion of Rictor was achieved by crossing 88 

Rictorf/f mice with Tg(MIP1-Cre/ERT)1Lph mice (Mip-CreErtm), which express Cre recombinase 89 
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under the control of a mouse insulin (Ins1) promoter in a tamoxifen-inducible manner (iβRicKO 90 

mice) (37). To exclude any effect of the Rip-Cre or Mip-CreErtm transgene, we performed glucose 91 

tolerance test in animals harboring a floxed gene, Mip-CreErtm and with RIP-Cre alone and no 92 

difference were observed (Supplementary Figure 1 A-B). (Mip-CreErtm; Rictorf/f ) and Rictorf/f 93 

mice received three tamoxifen injections (2 mg/kg, every other day). All procedures were 94 

performed in accordance with the University Committee on the Use and Care of Animals at the 95 

University of Michigan and University of Miami. 96 

Metabolic studies 97 

Glucose was measured in whole blood using an AlphaTrax glucose meter (Abbott Laboratories, 98 

Alameda, CA). Plasma insulin levels were measured using a rat insulin ELISA kit (ALPCO 99 

Immunoassays). Glucose tolerance was assessed by measuring blood glucose levels following 100 

administration of 2 g/kg glucose by either intraperitoneal injection or oral gavage in overnight-101 

fasted (16 h) mice. For an insulin tolerance test, animals fasted for 6 h received an intraperitoneal 102 

injection of either saline or human insulin (0.75 units/kg; Novolin; Novo Nordisk). In vivo 103 

insulin concentrations in response to a glucose load was assessed by measuring plasma insulin 104 

following 3 g/kg glucose administration by either intraperitoneal injection or oral gavage in mice 105 

that were fasted overnight for 16 h. Incretin response was determined by co-administration of 1 106 

μmol glucagon-like peptide 1 (GLP-1) or gastric inhibitory polypeptide (GIP) with 2 g/kg 107 

glucose followed by measurement of blood glucose and plasma insulin. 108 

Islet isolation 109 

Islet isolation was performed as previously described (38). Briefly, the pancreas was inflated 110 

with 1 mg/mL collagenase P (Roche) injected into the common duct. Islets were handpicked and 111 
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incubated in a 37°C humidified chamber overnight in RPMI containing 10% fetal bovine serum, 112 

1% penicillin/streptomycin and 5 mM glucose prior to performing subsequent experiments.  113 

Islets studies 114 

For static insulin secretion, isolated islets were incubated in Kreb’s buffer (114 mM NaCL, 4.7 115 

mM KCl, 1.2 mM KH2PO4, 1.16 mM MgSO4, 20 mM HEPES, 2.5 mM CaCl2, 25.5 mM 116 

NaHCO3, and 0.2% BSA, pH 7.2) containing 2 mM glucose for 2 h. Groups of 10 islets in 117 

triplicates were incubated in Krebs-Ringer medium containing 3 mM or 24 mM glucose for 1 h 118 

(GLP-1 (25 μM) and jasplakinolide (jspk) (10 μM). Diaxozide (200 μM) and KCl (30 mM) were 119 

added when indicated. Secreted insulin was then measured in the media using by Ultrasensitive 120 

Insulin ELISA kit (ALPCO Immunoassays) and normalized to DNA content or total insulin 121 

content. 122 

For dynamic insulin secretion, equal numbers of islets (100 islets) were handpicked and placed 123 

into chambers containing 2 mM glucose in Kreb’s buffer with 100 μl Bio-Gel P-4 Media (Bio-124 

Rad). Islets were equilibrated for 48 minutes and then perifused in intervals based on the 125 

experimental conditions. Glucose concentration was adjusted to 2mM for the first 40 minutes 126 

and then 20mM for additional 24 minutes. The perifusate was collected in an automatic fraction 127 

collector designed for a multiwell plate format. The sample container harboring the islets and the 128 

perifusion solutions were kept at 37°C in a built-in temperature-controlled chamber, and the 129 

perifusate in the collecting plate was kept at ≤ 4°C to preserve the integrity of the analytes in the 130 

perifusate. Perifusates were collected every minute. Insulin secretion was assessed by 131 

Ultrasensitive Insulin ELISA kit (ALPCO Immunoassays). 132 

For ATP and ADP measurements, groups of 20 islets were incubated for 1 h in Krebs-Ringer 133 

containing 3mM and 24 mM, respectively, and rinsed three times in Ringer without glucose. The 134 
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samples were then processed, and ATP and ADP were measured by a luminometric method 135 

exactly as described previously (39).  136 

Western blot 137 

Ten to forty micrograms of protein lysate were resolved in polyacrylamide gel and transferred to 138 

a polyvinylidene fluoride membrane. The membrane was then blotted with the antibodies 139 

described in Supplementary Table 1 and visualized using an Immun-Star Western C kit (Bio-140 

Rad). Protein band densitometry was determined by measuring pixel intensity using NIH Image J 141 

software (v1.52a (40) freely available at http://rsb.info.nih.gov/ij/index.html) and normalized to 142 

actin in the same membrane. All primary antibodies used were from Cell Signaling Technology. 143 

Goat anti-mouse and anti-rabbit secondary antibodies were from Jackson ImmunoResearch. 144 

Immunofluorescence and morphometry 145 

Pancreata were fixed overnight in formalin (4% formaldehyde) and embedded in paraffin as 146 

previously described (39). Antigen retrieval was achieved by boiling in Citrate Buffer (10 mM 147 

NaCitrate, pH 6.0) for 4-12 minutes. Nonspecific binding was blocked by incubating with 5% 148 

goat serum for 30 minutes and then sections were incubated at 4 ºC overnight with anti-insulin 149 

primary antibody (Dako), followed by incubation with fluorophore-conjugated secondary 150 

antibodies (Jackson Immunoresearch). Coverslips were mounted to slides using DAPI-containing 151 

mounting media (Vector Laboratories). β-cell mass assessment was performed by measuring 152 

insulin and acinar areas from five insulin-stained sections separated by 200 μM using Image Pro 153 

Software (Media Cybernetics). 154 

Mouse insulinoma cells 155 
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Mouse insulinoma cells (MIN6) were maintained in a 37 °C humidified chamber in DMEM 156 

containing 25 mM glucose, 10% fetal bovine serum, L-glutamine and 1% 157 

penicillin/streptomycin. All cell culture reagents were purchased from Life Technologies. For 158 

filamentous actin (F-actin) experiments, cells were cultured overnight in serum-free media 159 

containing 2% BSA without glucose. Then, cells were stimulated with 10 nM Torin, or 25 μM 160 

GLP-1 with 25 mM glucose for 30 min. Cells were lysed in RIPA buffer (10 mM Tris-HCl, 1% 161 

SDS). Lysate was then resolved on polyacrylamide gel and actin polymerization was assessed as 162 

described below. 163 

Assessment of actin polymerization 164 

The F-actin/G-actin (globular actin) ratio was determined using an F-actin/G-actin ratio kit 165 

according to the manufacturer’s instructions (Cytoskeleton). Briefly, approximately 106 MIN6 166 

cells or 500 islets were lysed in actin stabilization buffer and incubated for 10 min at 37 °C. 167 

Cellular debris was removed by centrifugation at 350 x g for 5 min and insoluble F-actin was 168 

separated from soluble G-actin by centrifugation of the supernatant at 100,000 x g for 1 h. The 169 

pellet was then solubilized in depolymerization buffer for 1 h on ice. Both the soluble and 170 

insoluble fraction were resolved in a 12% polyacrylamide gel, transferred to a PVDF membrane, 171 

and then detected by immunoblot using an actin antibody. 172 

Insulin granule dynamic in β-cells  173 

MIN6 cells were seeded on coverslips and infected with adenoviruses containing neuropeptide Y 174 

(NPY) fused to EGFP (41). The culture medium was changed 16 h later and cells were further 175 

cultured for additional 36-48h at 37°C. Fusion of fluorescent proteins to NPY targets them to 176 

insulin granules, making them an ideal tool to monitor insulin granule dynamics in real-time 177 
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(42). Then, infected MIN6 cells are image using a confocal microscope to track insulin granules 178 

movement. Before image acquisition, MIN6 cells were incubated for 1 h with HEPES-buffered 179 

extracellular solution (125 mM NaCl, 5.9 mM KCl, 2.56 mM CaCl2, 1 mM MgCl2, 25 mM 180 

HEPES, 0.1% BSA) containing 3 mM glucose at 37°C. The coverslip was mounted on an 181 

imaging chamber (Warner instruments) for imaging on a Leica TCS SP5 upright laser-scanning 182 

confocal microscope (Leica Microsystems). Cells were continuously perfused with extracellular 183 

solution containing 3 mM glucose and confocal images were acquired with LAS AF software 184 

(Leica) using a 63x water immersion objective (HCX APO L 63x/0.9 NA). We used a resonance 185 

scanner for fast image acquisition to produce time-lapse recordings at 1.5 s resolution (XYT 186 

imaging). NPY-EGFP fluorescence was excited at 488 nm and emission detected at 535-550 nm. 187 

To determine changes in insulin granule dynamics, we imaged three different fields of each 188 

coverslip (5 min each movie) in the presence of high glucose concentration (25 mM), high 189 

glucose plus Torin (10 nM) and then high glucose plus Torin plus GLP-1 (25 μM). These 190 

experiments were performed in triplicate. Analysis was carried out on at least 3 independent cells 191 

and at least 10 random insulin granules. Representative movies of insulin granule movement in 192 

the three different conditions are shown as Supplementary Movies S1-3. ImageJ v1.52 and the 193 

Plug-in, MTrackJ were used to keep track of insulin EGFP granules for which end to end 194 

distance and time were measured in consecutive images. For better visualization, the series of 195 

grayscale images have been inverted using ImageJ software, and EGFP fluorescence appears in 196 

black.  197 

Statistical analysis 198 

Data are presented as mean ± SEM and were analysed using Prism version 9 (GraphPad 199 

Software). Mann–Whitney or unpaired t-tests were applied to compare two groups individually. 200 
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A Kruskal–Wallis test followed by Dunn’s multiple comparison test were used to compare three 201 

or more groups. Two-way ANOVA was used to detect differences between groups over 202 

experimental condition followed by a Tukey (or Sidak) multiple comparison test. Differences 203 

were considered statistically significant at p<0.05.  204 

RESULTS 205 

Deletion of Rictor in pancreatic β-cells leads to reduction in Akt signaling 206 

In order to delete Rictor specifically in pancreatic β-cells, Rictorf/f mice (Rictortm1.1Mnh) were 207 

crossed with Rip-Cre mice (Tg(Ins-cre)23Herr) to generate Rip-Cre;Rictorf/f (βRicKO) mice. Islets 208 

isolated from βRicKO mice have significant reduction in RICTOR protein levels compared to 209 

control mice but normal protein expression of RAPTOR and mTOR (Fig 1A-B). Reduced 210 

mTORC2 activity was confirmed by decreased phosphorylation of AKT at serine 473, a known 211 

target of mTORC2 (Fig 1A and C). There was no difference in phosphorylation of AKT at 212 

threonine 308, a target of PDK1 and total Akt (Fig 1A and C). Decreased Akt activity was shown 213 

by lower levels of FoxO1 phosphorylation while phosphorylation of GSK3β was unchanged (Fig 214 

1A and D). Total FoxO protein levels were normal (Fig 1A and D). mTORC1 activity was 215 

unaffected by loss of RICTOR since there was similar levels of ribosomal protein S6 216 

phosphorylation in βRicKO islets (data not shown). 217 

βRicKO and iβRicKO mice are glucose intolerant and exhibit impaired insulin secretion with 218 

normal β-cell mass and insulin content. 219 

Body weight, fed and fasting glucose, fed and fasting insulin were within the normal range and 220 

not different from controls (Fig 2A-C). However, glucose tolerance was impaired in both, males 221 

(Fig 2D-E) and females (Supplementary Figure 1 C-D) βRicKO mice. Glucose intolerance in 222 

βRicKO mice was likely due to impaired insulin secretion in vivo (Fig 2F). No differences in 223 
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insulin sensitivity between βRicKO  and control mice were oserved (Fig 2G). Despite the defect 224 

in glucose-induced insulin secretion in vivo, β-cell mass was similar in βRicKO and control mice 225 

(Fig 2 H).  226 

To eliminate the maturation effects that arise from loss of RICTOR during β-cell development, 227 

we disrupted RICTOR in adult β-cells by crossing the floxed-Rictor model with mice expressing 228 

a tamoxifen-inducible Cre under the control of the mouse Ins1 promoter (Mip-CreErtm). Before 229 

tamoxifen treatment, iβRicKO mice were normoglycemic and exhibit normal glucose tolerance 230 

(Supp Fig 1 E-F). Similar to βRicKO mice, the iβRicKO mice had impaired glucose clearance 231 

after three weeks of tamoxifen injection (Fig 3A-B). In vivo glucose-stimulated insulin secretion 232 

was also impaired in iβRicKO mice (Fig 3C). Examination of fasting and fed glucose and insulin 233 

levels showed comparable levels  in iβRicKO and control mice (Fig 3D and E). There was no 234 

difference in β-cell mass suggesting that the alterations in glucose tolerance in iβRicKO mice 235 

resulted from an insulin secretory defect (Fig 3F). 236 

Impaired insulin secretion in the βRicKO mice is associated with alterations in polymerization 237 

of actin filaments.  238 

To further characterize the alteration in insulin secretion in βRicKO mice, we performed in vitro 239 

studies. Isolated islets from βRicKO mice secreted less insulin following stimulation with high 240 

glucose (20 mM) or 30 mM KCl (Fig 4A), suggesting a defect that is distal to plasma membrane 241 

depolarization and calcium influx. In an attempt to explain the defect in insulin secretion, we 242 

assessed insulin content of islets. Insulin content per islet was similar in βRicKO and control 243 

mice (Fig 4B). Additionally, the ATP/ADP ratio was not different in βRicKO islets, suggesting 244 

that glucose metabolism was preserved (Fig 4C). To further investigate the defect in insulin 245 

secretion from βRicKO mice, isolated islets perifusion studies were performed with low (2G) 246 
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and high (20G) glucose. Interestingly, both phases of insulin secretion are disrupted in βRicKO 247 

islets (Supp Fig 2 A-B).  248 

Altogether the insulin secretion in vitro suggests that distal events to calcium influx play a role in 249 

the insulin secretory defect in βRicKO mice. Normal cytoskeleton architecture plays an 250 

important role in late events of insulin secretion (43). In MIN6 cells, the acute transition from no 251 

glucose to high glucose levels (0 to 25 mM glucose) increases the F-actin/G-actin ratio enabling 252 

insulin granule exocytosis (Fig 4D). Treatment with the mTORC1/mTORC2 inhibitor, Torin, 253 

reduced glucose-induced actin polymerization in MIN6 cells (Fig 4D). We then assessed F-254 

actin/G-actin ratio in islets isolated from βRicKO and control mice. F-/G-actin ratio was reduced 255 

in βRicKO islets (Fig 4E). Remarkably, treatment of isolated islets with jasplakinolide (jspk), a 256 

pharmacological inducer of actin polymerization, restored insulin secretion in βRicKO islets to 257 

levels similar to those of control islets (Fig 4F).  258 

Glucagon-like peptide 1 restores insulin secretion by normalizing actin filament 259 

polymerization.  260 

To assess whether the defects in glucose tolerance observed in βRicKO mice were rescued by 261 

incretin signaling, we performed oral tolerance test (oGTT). Remarkably, there was no 262 

difference between βRicKO and control mice in glucose clearance during the oGTT (Fig 5A-B) 263 

which is in stark contrast to the result of glucose delivered intraperitoneally (Fig 2D-E and Fig 264 

3A-B). Also, insulin secretion in βRicKO mice was normalized in the oGTT (Fig 5C), suggesting 265 

that incretins were involved. To further evaluate the incretin effect, we co-administered glucose 266 

with GLP-1 by intraperitoneal injections. Glucose tolerance was restored to normal levels in 267 

βRicKO mice after GLP1 injection (Fig 5D-E) and this was accompanied by a similar GSIS 268 

(Figure 5F).  In contrast, co-injection of glucose with glucose-dependent insulinotropic peptide 269 
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(GIP) had little effect on the impaired glucose tolerance observed in βRicKO mice (Fig 5G-H). 270 

This was associated with a decreased GSIS in βRicKO mice (Figure 5I).  271 

We then assessed if the normalization of insulin secretion of βRicKO mice by GLP-1 in vivo was 272 

validated in islets in vitro. GLP1 treatment rescued the insulin secretory defect in βRicKO islets 273 

in vitro (Fig 6A). Given the defect on actin filament assembling and insulin secretion in βRicKO 274 

islets, we hypothesize that GLP-1 could restore insulin secretion in βRicKO islets by increasing 275 

F-actin dynamics. The better insulin secretion in βRicKO islets treated with GLP-1 was 276 

associated with a F-actin/G-actin ratio compared to control (Fig 6B). In MIN6 cells, high glucose 277 

levels induced F-actin/G-actin ratio compared to low glucose and co-culture with high glucose 278 

and GLP-1 further increased F-actin/G-actin ratio in MIN6 cells (Fig 6C). Taken together, these 279 

studies support the concept that GLP-1 regulates actin polymerization independent of mTORC2 280 

and normalizes the defect in insulin secretion observed in βRicKO islets.  281 

mTORC2 regulates insulin granule dynamic in β-cells  282 

To determine the effect of mTORC2 on insulin granule dynamics, we infected MIN6 cells with 283 

adenoviruses encoding neuropeptide Y (NPY) fused to EGFP. NPY-EGFP fluorescence can be 284 

detected in the cytoplasm of the cells, in different compartments of the secretory pathway (ER, 285 

Golgi) as well as in secretory granules that appear as individual fluorescent dots. Increasing 286 

extracellular glucose concentration triggered secretory granule movement and the appearance of 287 

new granules (Movie S1 and Fig 6D). Insulin granule movement was inhibited by application of 288 

the mTOR inhibitor Torin (Movie S2 and Fig 6D). Interestingly, GLP-1 rescued secretory 289 

granule movement and increased the density of granules close or at the plasma membrane 290 

(Movie S3 and Fig 6D).  291 

 292 
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DISCUSSION 293 

Extensive work has shown a key role of mTORC1 and downstream targets in β-cells (11-14, 16, 294 

26-28, 44). In the present study, we report that mice with mTORC2-deficient β-cells (βRicKO 295 

mice) exhibit glucose intolerance after the ipGTT due to reduced glucose-stimulated insulin 296 

secretion both in vivo and in vitro, although fasting and non-fasting glycemia and insulinemia 297 

are normal. Loss of RICTOR did not affect islet insulin content, β-cell mass, or ATP/ADP ratio. 298 

The alterations in glucose intolerance is caused by a defect in insulin secretion, but not β-cell 299 

mass and insulin sensitivity. The mechanism behind the altered insulin secretion is caused by 300 

abnormal actin polymerization and restoring actin polymerization improved insulin secretion of 301 

βRicKO islets. Remarkably, changes in glucose tolerance in response to oral glucose (oGTT) and 302 

insulin secretion were normal in the βRicKO mice, indicating that incretins were involved. GLP-303 

1 treatment in vivo and in vitro restored the secretory defect by improving actin polymerization. 304 

This study discovers a previously unidentified mechanism for mTORC2 signaling in insulin 305 

secretion by altering actin remodeling.  306 

Previous studies aimed to assess mTORC2 role in β-cells with conflicting results (27, 28). Gu et 307 

al. observed that the βRicKO mice were mildly hyperglycemic (~130-140 mg/dl) and glucose 308 

intolerant after intraperitoneal glucose (27). These studies attributed the diminished insulin 309 

secretory responses and impaired glucose tolerance in βRicKO mice to 30% reduction in β-cell 310 

mass (27). This phenotype is inconsistent with similar studies using the same mouse model in 311 

standard diet (28). We confirmed that βRicKO mice are intolerant to glucose after intraperitoneal 312 

GTT due to reduced insulin secretion. However, the defect in insulin secretion was not 313 

accompanied by alteration in β-cell mass in both newborn (data not shown) and adult βRicKO 314 

mice, indicating that β-cell function is predominantly affected. In line with our findings, Xie et al 315 
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also did not observe difference in β-cell mass but they found a 50% reduction in insulin content 316 

in the βRicKO islets (28). Our studies extend these observations by identifying a novel role of 317 

mTORC2 in insulin secretion by altering actin remodeling. The differences between our study 318 

and Gu et al. results can be partially explained by different Cre-recombinase mouse models used 319 

to disrupt mTORC2 signaling. The Ins2-cre25Mgn/J used by Gu et al.  has been shown to have 320 

hypothalamic expression and alterations in glucose homeostasis (27, 45, 46). Our studies and 321 

those by Xie et al used Ins2-cre23Herr (13, 28, 36). It is possible that ectopic expression in the 322 

brain using this RIP-cre could result in altered metabolism (37). However, there are several lines 323 

of evidence suggesting that this is unlikely: a) non-fasting glycemia and plasma insulin are 324 

normal; b) the mechanism for the impaired insulin secretion is intrinsic to the β-cells as βRicKO 325 

mice exhibit similar insulin sensitivity as control mice in this model and in a previous 326 

publication (28); c) the impaired insulin secretion and glucose intolerance was confirmed by 327 

Rictor deletion in tamoxifen inducible deletion in adult mice after crossing with a different cre-328 

recombinase mouse (the MIP-cre mouse).  329 

A normal and dynamic cellular cytoskeleton (actin and tubulin microtubules) is essential for β-330 

cell function and insulin secretion (47-49). F-actin can both favor or impede insulin secretion 331 

depending on cellular localization and interaction with other proteins (47). Actin filaments in 332 

proximity to the cell membrane can act as physical barrier for insulin secretion and increasing 333 

glucose levels stimulate localized depolymerization of actin, allowing access of insulin granules 334 

to the cell periphery for exocytosis (50-52). On the other hand, glucose also stimulates the 335 

polymerization of F-actin to serve as a track for insulin granule trafficking to replenish the 336 

readily releasable pool (49, 53). For example, β-catenin and secretagogin sustain insulin 337 

secretion by maintaining cellular F-actin fraction and insulin secretion (43, 54). mTORC2 was 338 
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first identified as a regulator of cytoskeleton structure and RICTOR deletion resulted in altered 339 

actin polymerization (30, 34). This is the first evidence that link mTORC2 to actin filaments as a 340 

mechanism underlying the defective insulin secretion. The conclusion that βRicKO islets exhibit 341 

a decrease in F-actin polymerization was supported by decrease in actin remodeling in βRicKO 342 

islets and MIN6 cells treated with Torin. In addition, treatment with jasplakinolide, an actin 343 

filament polymerizing agent, restored insulin secretion in βRicKO islets indicating that this 344 

mechanism is involved in the insulin secretory defect observed by reduced mTORC2 activity. 345 

Noteworthy, our studies are limited to total content of F- and G-actin in the cell. Nevertheless, a 346 

negative effect on insulin secretion (55-58) was reported using jasplakinolide, and more studies 347 

are needed to uncover the effects of actin remodeling agents on vesicle movement and insulin 348 

secretion. The regulation of actin polymerization in different cell compartments e.g. cortical vs 349 

central by mTORC2 is yet to be determined. An interesting finding in our studies was the GLP-1 350 

rescue of the insulin secretory defect observed in βRicKO islets and mice. GLP-1 351 

stimulates/amplifies insulin secretion via cAMP pathway (59). Interestingly, GLP-1 restores 352 

actin filament structure in βRicKO islets and improves insulin secretion in vivo and in vitro. 353 

Consistent with our findings, previous work has shown that Exendin-4 (Ex-4), a GLP-1 analogue 354 

used to treat diabetes, increases F/G actin ratio (60). Given the rapid effects of GLP-1 on 355 

rescuing the secretory defects of βRicKO islets, it is likely that the actin remodeling mechanism 356 

predominates over cAMP/PKA/CREB-mediated transcriptional regulation of key genes such as 357 

IRS2 (61).  However, actin in excess, as observed in high-glucose treated INS-1 β-cells 358 

(glucotoxicity), delayed insulin granules mobilization. In this scenario, GLP-1 depolymerized F-359 

actin and restored insulin secretion (60, 62). We did not assess F-actin in different cell 360 

compartments, but we show that granules movement in mouse insulinoma cells β-cells (MIN-6) 361 
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treated with torin decreased insulin granules movement. Importantly, GLP-1 was able to restore 362 

granules movement to controls values. 363 

mTORC2 can regulate insulin secretion by acting on multiple downstream targets but the most 364 

well characterized target is AKT. However, mTORC2 also phosphorylates similar AGC kinases, 365 

namely SGK and PKC (18, 29). It has been shown that HFD enhances mTORC2/PKC proteins 366 

levels in control but not in βRicKO islets suggesting that mTORC-PKCα pathway is involved in 367 

metabolic stress adaptation (28). Overexpressing PKCα restored the defective GSIS in βRicKO 368 

islets (28). Our results together with previous studies indicate that β-cell mTORC2 regulates 369 

insulin secretion but not β-mass during normal conditions and after HFD administration (data not 370 

shown).  How mTORC2 regulates insulin secretion is partially understood but Akt signaling and 371 

SGK could be involved. mTORC2 could regulate distal events of insulin secretion by activating 372 

Akt as full activation of this kinase is required for this process (5).  Alternatively, mTORC2 373 

could modulate insulin secretion by regulating actin polymerization. Consistent with our results 374 

linking mTORC2 to actin polymerization, mTORC2 regulates actin polymerization in CA1 375 

neurons by increase in Rac1-GTPase activity and phosphorylation of PAK and Cofilin through 376 

the Rac1-specific guanine nucleotide-exchange factor (GEF) Tiam1 (34). All these Rho family 377 

of GTPases, effectors and GEFs are important for glucose-stimulated insulin secretion in vivo 378 

and in vitro in mouse β-cells (47, 48, 51, 63-65). We cannot rule out that actin modulation by 379 

RICTOR may be independent of mTORC2 activity because depletion of RICTOR in neutrophils 380 

impairs actin polymerization, and therefore chemotaxis, while depletion of another critical 381 

mTORC2 component, SIN1, has no effect (66). Similarly, RICTOR associates with and inhibits 382 

Rho-GDP dissociation inhibitor 2 (RhoGDI2) and Rictor-deficient fibroblasts have impaired cell 383 

migration due to reduced Rac and Cdc42 GTPase activity, independently of mTORC2 activity 384 
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(67). These small GTPases are known to play a role in insulin secretion by modulation of actin 385 

dynamics (48) and a recent study has demonstrated that knocking down expression of RhoGDI in 386 

β-cells improves 2nd phase secretion (68). In the present study, it appears that the effects of 387 

RICTOR deficiency on actin polymerization are mTORC2-dependent because Torin treatment in 388 

vitro reduces formation of F-actin and reduces insulin granules movement. However, further 389 

studies are needed to reveal the precise mechanisms.  390 

 391 

In summary, the current studies uncover a novel mechanism linking mTORC2 signaling to 392 

glucose-stimulated insulin secretion by modulation of the actin filaments. This work also 393 

underscores the important role of GLP-1 on rescuing defects in insulin secretion by modulating 394 

actin polymerization and suggest that this effect is independent of mTORC2 signaling. 395 
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Figure Legends 641 

Figure 1. AKT signaling pathway proteins in βRicKO mice islets. Representative 642 

immunoblots of Control (Ctrl) and βRicKO islets lysates. A-D) Quantification of immunoblots 643 

of Ctrl (white bars) and βRicKO (red bars) islets lysates. Data are represented as mean ± SEM (n 644 

= 4), *P < 0.05. 645 

Figure 2. βRicKO mice are glucose intolerant due to impaired insulin secretion. A-C) Body 646 

weight, fasting and random fed blood glucose, and plasma insulin in 12-week-old Control (Ctrl) 647 

and βRicKO mice. D and E) Intraperitoneal glucose tolerance test and quantification of area 648 

under the curve of IPGTT plot in Ctrl (black circles) and βRicKO (red squares) mice. F) 649 

Glucose-stimulated insulin secretion in Ctrl and βRicKO mice. G) Insulin tolerance test in Ctrl 650 

(black circles) and βRicKO (red squares) mice. H) β-cell mass of Ctrl and βRicKO mice. Data 651 

are represented as mean ± SEM (n ≥ 5), *P < 0.05. 652 

Figure 3. Mice with tamoxifen inducible post-developmental deletion of Rictor are also 653 

intolerant to glucose. A and B) Intraperitoneal glucose tolerance test and quantification of area 654 

under the curve of IPGTT plot in tamoxifen-injected Rictorf/f and MIP-Cre;Rictorf/f mice. C) 655 

glucose-stimulated insulin secretion in tamoxifen-injected Rictorf/f and MIP-Cre;Rictorf/f mice. D 656 

and E) Assessment of fasting and fed blood glucose and plasma insulin levels in tamoxifen-657 

injected Rictorf/f and MIP-Cre;Rictorf/f mice. F) β-cell mass of tamoxifen-injected Rictorf/f and 658 

MIP-Cre;Rictorf/f mice. Data are represented as mean ± SEM (n ≥ 4), *P < 0.05. 659 
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Figure 4. Insulin secretion and actin remodeling are disrupted in β-cells of βRicKO mice. A) 660 

Glucose- and potassium chloride-stimulated insulin secretion determined by static incubation of 661 

islets isolated from Ctrl and βRicKO mice. LG=3 mM, HG=24mM, Diazoxide=200µM and 662 

KCl=30mM. B) Insulin content and C) ATP/ADP ratio of islets isolated from Ctrl and βRicKO 663 

mice. D) Immunoblot and quantification of glucose-induced changes in soluble (G-Actin) and 664 

insoluble (F-Actin) in MIN6 cells following treatment with glucose with and without treatment 665 

with Torin. E) Immunoblot and quantification of soluble (G-Actin) and insoluble (F-Actin) in 666 

islets isolated from Control (Ctrl) and βRicKO mice. F) Insulin secretion from islets isolated 667 

from Ctrl and βRicKO mice following treatment with glucose and jasplakinolide. LG=3 mM and 668 

HG=24mM. Data are represented as mean ± SEM (n ≥ 3), *P < 0.05, ***P < 0.001 and ****P < 669 

0.0001. 670 

Figure 5. Incretin action ameliorates glucose intolerance of βRicKO mice. Glucose tolerance 671 

test, quantification of area under the curve of IPGTT plot and oral glucose-stimulated insulin 672 

secretion following oral glucose tolerance test (A-C), intraperitoneal glucose tolerance test with 673 

co-administration of GLP-1 (D-F) and GIP (G-I) in Ctrl and βRicKO mice. Data are represented 674 

as mean ± SEM (n ≥ 7), *P < 0.05. 675 

Figure 6. Glucagon-like peptide 1 modulates actin remodeling and insulin granule dynamic 676 

in β-cells. A) Insulin secretion from islets isolated from Control (Ctrl) and βRicKO mice 677 

following treatment with glucose and GLP-1. LG=3 mM and HG=24mM. B) Immunoblot and 678 

quantification of glucose-induced changes in soluble (G-Actin) and insoluble (F-Actin) in islets 679 

isolated from Ctrl and βRicKO mice following treatment with glucose and GLP-1. LG=3 mM 680 

and HG=24mM. C) Immunoblot and quantification of glucose-induced changes in soluble (G-681 

Actin) and insoluble (F-Actin) in MIN6 cells following treatment with glucose with and GLP-1. 682 
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*P < 0.05 HG vs LG within group and # P < 0.05 between groups HG Ctrl vs HG and & P < 683 

0.05 within group HG βRicKO vs HG+GLP-1 βRicKO. D) Quantification of insulin granules 684 

movement (distance/time) in MIN6 cells with and without administration of Torin and/or GLP-1. 685 

HG=24mM. Data are represented as mean ± SEM (n≥4), *P < 0.05 and **P < 0.01. 686 

 

 

 

 

 

 

 

 















Conclusion: mTORC2 regulates glucose-stimulates insulin secretion by promoting actin 

filament remodeling. Importantly, GLP-1 rescued defects in insulin secretion by 

modulating actin polymerization in bRicKO. 

Novel roles of mTORC2 in regulation of insulin secretion by actin filament remodeling 
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