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            Abstract
Mutations in PIK3CA, which encodes the p110Î± subunit of the insulin-activated phosphatidylinositol-3 kinase (PI3K), and loss of function mutations in PTEN, which encodes a phosphatase that degrades the phosphoinositide lipids generated by PI3K, are among the most frequent events in human cancers1,2. However, pharmacological inhibition of PI3K has resulted in variable clinical responses, raising the possibility of an inherent mechanism of resistance to treatment. As p110Î± mediates virtually all cellular responses to insulin, targeted inhibition of this enzyme disrupts glucose metabolism in multiple tissues. For example, blocking insulin signalling promotes glycogen breakdown in the liver and prevents glucose uptake in the skeletal muscle and adipose tissue, resulting in transient hyperglycaemia within a few hours of PI3K inhibition. The effect is usually transient because compensatory insulin release from the pancreas (insulin feedback) restores normal glucose homeostasis3. However, the hyperglycaemia may be exacerbated or prolonged in patients with any degree of insulin resistance and, in these cases, necessitates discontinuation of therapy3,4,5,6. We hypothesized that insulin feedback induced by PI3K inhibitors may reactivate the PI3Kâ€“mTOR signalling axis in tumours, thereby compromising treatment effectiveness7,8. Here we show, in several model tumours in mice, that systemic glucoseâ€“insulin feedback caused by targeted inhibition of this pathway is sufficient to activate PI3K signalling, even in the presence of PI3K inhibitors. This insulin feedback can be prevented using dietary or pharmaceutical approaches, which greatly enhance the efficacy/toxicity ratios of PI3K inhibitors. These findings have direct clinical implications for the multiple p110Î± inhibitors that are in clinical trials and provide a way to increase treatment efficacy for patients with many types of tumour.
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                    Fig. 1: Treatment with PI3K inhibitors causes systemic feedback that results in increases in blood glucose and insulin.


Fig. 2: Effect of feedback levels of insulin on cellular proliferation, signalling and survival.


Fig. 3: Targeting PI3K-inhibitor-induced glucose/insulin feedback in vivo.


Fig. 4: Effect of circumventing the on target glucoseâ€“insulin feedback of PI3K inhibitors upon tumour growth.
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Extended data figures and tables

Extended Data Fig. 1 Blood glucose and c-peptide levels after treatment with agents that target the PI3K pathway.
a, b, Meanâ€‰Â±â€‰s.d. blood glucose levels over time where time 0 is the time of treatment with the indicated inhibitor. nâ€‰=â€‰5 and 3 mice per arm for a and b, respectively. c, d, Meanâ€‰Â±â€‰s.d. c-peptide levels from mice in a and b taken 240 and 180Â min after treatment with indicated inhibitors. c, nâ€‰=â€‰5 for vehicle, BKM120, GDC-0941, and GDC-0980; nâ€‰=â€‰4 for BEZ235; nâ€‰=â€‰3 for RAD001. D, nâ€‰=â€‰3 mice per arm. As a surrogate for total insulin release, c-peptide levels show that the PI3K and IGFR/INSR inhibitors markedly increase insulin release. In all cases, compounds that caused acute increases in blood glucose also increased serum insulin.

                          Source data
                        


Extended Data Fig. 2 Effect of feedback levels of insulin observed in Fig.Â 1 on BKM120 efficacy in vitro.
a, Proliferation in minimal growth medium of cells whose growth is partially rescued by the addition of the observed feedback levels of insulin (10Â ngÂ mlâ€“1) induced by BKM120 in mice. nâ€‰=â€‰3 biologically independent samples per arm, meanâ€‰Â±â€‰s.d. number of cells. b, Cell viability assay demonstrating the effects of feedback levels of insulin on two patient-derived organoid cultures (PtA and PtB) being treated in a dose response with BKM120 as measured by cell titre-glo at 96 h. nâ€‰=â€‰3 biologically independent samples per treatment. c, Proliferation in minimal growth medium of mouse TNBC cells treated with PI3K inhibitors partially rescued by the addition of the observed feedback levels of insulin induced by BKM120 in mice (Fig.Â 1). nâ€‰=â€‰6 biologically independent samples per treatment, meanâ€‰Â±â€‰s.d. d, e, Proliferation of HCT116-neo cells (d) and HCT116 PTEN knockout (KO) cells (e) with and without treatment with physiologically observed levels of insulin (10Â ngÂ mlâ€“1) and treatment with the clinically relevant PI3K inhibitors GDC-0032 and BYL-719. nâ€‰=â€‰4 biologically independent samples per treatment, meanâ€‰Â±â€‰s.d. confluence. f, g, Proliferation of DLD1-Neo cells (f) and DLD-1 PTEN knockout cells (g) under the same treatment conditions as in d and e. Of note, the loss of PTEN in these isogenic sets of colon cancer lines does not uniformly alter the response to insulin in the setting of PI3K inhibition. In the context of PTEN loss, physiological levels of insulin can restore normal proliferation in HCT116 cells despite the presence of PI3K inhibitors. nâ€‰=â€‰4 biologically independent samples per treatment, meanâ€‰Â±â€‰s.d. confluence.


Extended Data Fig. 3 KPC K8484 allografts treated with PI3K inhibitors with or without supplementary approaches to target systemic insulin feedback.
a, Meanâ€‰Â±â€‰s.d. blood glucose of mice from Fig.Â 3eâ€“g treated with control diet, ketogenic diet, metformin (250Â mgÂ kgâ€“1), or canagliflozin (SGLT2i; 6Â mgÂ kgâ€“1), after the first dose of BYL-719 (45Â mgÂ kg). nâ€‰=â€‰5 animals per arm. b, Volumes of tumours treated with the metabolic modifying agents shown in Fig.Â 3 without PI3K inhibitors. nâ€‰=â€‰10 tumours per arm for vehicle, metformin, and ketogenic diet; nâ€‰=â€‰8 tumours per arm for SGLT2i. c, Mean tumour volumes (lines) with scatter (points) for each of these treatment cohorts. nâ€‰=â€‰10 tumours per arm for BYL-719, BYL-719 + metformin, and BYL-719 + ketogenic diet; nâ€‰=â€‰9 tumours for BYL-719 + SGLT2i. d, Meanâ€‰Â±â€‰s.d. tumour volumes from an independent experiment with mice (nâ€‰=â€‰4 mice per arm) treated daily with BKM120 with or without 6Â mgÂ kgâ€“1 canagliflozin administered 60 min before PI3K treatment, so that peak SGLT2 inhibition is aligned with peak blood glucose levels after PI3K inhibitor treatment. e, f, Meanâ€‰Â±â€‰s.d. blood ketones (e) and triglycerides (f) as determined by calorimetric assay of mice shown in Fig.Â 3aâ€“d after a single treatment with BKM120 with or without pretreatment with metformin, canagliflozin, or the ketogenic diet. nâ€‰=â€‰5 mice per arm.

                          Source data
                        


Extended Data Fig. 4 Role of insulin receptor inhibition in the observed changes in tumour response.
a, Western blot of cell lysates from K8484 cells used to generate xenografts in Fig.Â 4a after 36 treatments with doxycycline to induce the shRenilla and shIR hairpins as indicated. Similar results were observed in two independent experiments. b, Tumour volumes of individual mice allografted with KPC-K8484 tumours as measured by calipers over time. nâ€‰=â€‰4, 5, 4, 4, 5, 5 and 5 for vehicle, BKM120, BKM120 + ketogenic diet, BKM120 + OSI-906, OSI-906, OSI-906 + ketogenic diet, and ketogenic diet, respectively. c, Survival curves of mice in b. d, e, Meanâ€‰Â±â€‰s.d. blood glucose (d) and c-peptide (e) from these mice 240 min after respective treatments. Two of the glucose measurements in the OSI-906 and BKM120 were beyond the range of the detector (>600Â mgÂ dlâ€“1). f, Masses of individual mice over the course of treatment. As has been previously published, mice lose 10â€“20% of their mass upon initiation of a ketogenic diet29. g, Similar to the data for the tumours in a, both OSI-906, a INSR/IGFR inhibitor, and GDC-0032 showed greater anti-tumour efficacy in PIK3CA + MYC mutant mouse breast tumour allografts, ES-278, grown in wild-type c57/bl6 mice fed a ketogenic diet. nâ€‰=â€‰5 tumours per arm. Points depict meanâ€‰Â±â€‰s.d. tumour volume. h, Meanâ€‰Â±â€‰s.d. tumour volumes of wild-type c57/bl6 mice bearing KPC allografted tumours as measured by calipers over time. Mice were treated as indicated with combinations of BYL-719, the ketogenic diet, or insulin as in Fig.Â 4b. Mice in the ketogenicÂ +Â BYL719 + insulin cohort lost >20% of their body mass over the 1 week of treatment so the experiment was terminated at day 7. nâ€‰=â€‰6, 4, 4, 6, 6 for vehicle, BYL-719, ketogenic diet, BYL-719 + ketogenic diet, and BYL-719 + ketogenic diet + insulin, respectively.

                          Source data
                        


Extended Data Fig. 5 Effect of PI3K inhibitor treatments on PDX model of bladder cancer and syngeneic allograft models of PIK3CA mutant breast cancer.
a, Graph of tumour growth over time of a PDX from a patient with bladder cancer (Patient C) treated with the pan-PI3K inhibitor GDC-0941 or the Î²-sparing inhibitor GDC-0032, alone or with a ketogenic diet. Lines indicate mean tumour volume of each treatment group, points indicate individual tumour volumes over time. nâ€‰=â€‰5 tumours per arm. b, Meanâ€‰Â±â€‰s.d. tumour mass at the time of removal on day 12. c, d, Meanâ€‰Â±â€‰s.d. tumour growth over time (c) and tumour mass at time of removal (d) from mice with orthotopic allografts of a PIK3CA (H1047R) mutant mouse breast cancer, ES272, treated as indicated with BKM120 alone or in combination with a ketogenic diet. nâ€‰=â€‰4, 5, 5 tumours per arm for vehicle, BKM120 and BKM120 + ketogenic diet, respectively. e, Meanâ€‰Â±â€‰s.d. mass of mice over time.

                          Source data
                        


Extended Data Fig. 6 Effect of copanilisib with or without ketogenic diet on growth of KPC tumour model K8082 grown in the flank of wild-type c57/bl6 mice.
a, Survival curves for mice with KPC K8082 allografts grown in the flank and treated as indicated with BAY 80-6946 alone or combined with pretreatment with a ketogenic diet as indicated (P value comparing BAY 80-6946 with the combination of BAY 80-6946 with ketogenic diet was 0.0019 by Mantelâ€“Cox log-rank test). nâ€‰=â€‰5 mice per arm for vehicle, BAY 80-6946, and BAY 80-6946 + ketogenic diet; nâ€‰=â€‰4 for ketogenic diet alone. b, Volume of each tumour in this cohort plotted individually. c, d, Meanâ€‰Â±â€‰s.d. blood glucose (c) and c-peptide (d) in mice in b, c, 240 min after treatment. e, Mass of these mice over time on treatment. Tumours were allowed to grow until their diameters were >0.6Â cm before the initiation of treatment.

                          Source data
                        


Extended Data Fig. 7 Effect of BKM120 + ketogenic diet on a syngeneic model of AML.
a, IVIS images of AML burden (as reported by DS-red) in over time. The group labelled BKM120 plus ketogenic diet were pre-treated with a ketogenic diet. nâ€‰=â€‰7 mice per arm. b, Survival curves of mice from a with additional mice to evaluate pre-treatment versus co-treatment with the ketogenic diet in the syngeneic model of AML treated with BKM120 alone or in combination with a ketogenic diet. Individual lines are shown for initiation of ketogenic diet before (pre) or at the same time as the initiation of BKM120 treatment (co); in both cases, BKM120 efficacy is significantly enhanced by the addition of the ketogenic diet (Pâ€‰=â€‰0.0142 and 0.0316 by Gehanâ€“Breslow Wilcoxon test for pre and co compared to BKM alone, respectively). *Mice that were euthanized owing to paralysis resulting from AML infiltrating the CNS, rather than deaths typically seen in these mice due to tumour burden. Of note, the mice in the BKM + ketogenic diet group were frequently euthanized due to paralysis, but this was not frequently a cause of mortality in the other treatment groups. nâ€‰=â€‰6, 6, 5, 7, 5, 7 mice per arm for vehicle, pre-ketogenic diet, co-ketogenic diet, BKM120, co-ketogenic diet + BKM120, and pre-ketogenic diet + BKM120, respectively. c, d, Disease burden of AML as measured by per cent DS-red positive AML cells in bone marrow (c) and spleen weight across the treatment groups (D) (pre-treated with ketogenic diet). Data are meanâ€‰Â±â€‰s.d. nâ€‰=â€‰5, 4, 4, 4 mice per arm for vehicle, pre-ketogenic diet, BKM120, and pre-ketogenic diet + BKM120, respectively. e, Measurement of AML burden in mice that were pretreated with BKM120 and/or a ketogenic diet to demonstrate that the effects observed in the AML studies are not the result of implantation issues related to the pretreatment. Data are meanâ€‰Â±â€‰s.d. nâ€‰=â€‰4, 4, 4, 5 mice per arm for vehicle, pre-ketogenic diet, BKM120, and pre-ketogenic diet + BKM120, respectively. f, Images of mice treated as indicated with BKM120 and ketogenic diet where the diet and BKM120 therapy were initiated on the same day (co-treatment). nâ€‰=â€‰5 mice per arm.
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