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            Abstract
Cells receive growth and survival stimuli through their attachment to an extracellular matrix (ECM)1. Overcoming the addiction to ECM-induced signals is required for anchorage-independent growth, a property of most malignant cells2. Detachment from ECM is associated with enhanced production of reactive oxygen species (ROS) owing to altered glucose metabolism2. Here we identify an unconventional pathway that supports redox homeostasis and growth during adaptation to anchorage independence. We observed that detachment from monolayer culture and growth as anchorage-independent tumour spheroids was accompanied by changes in both glucose and glutamine metabolism. Specifically, oxidation of both nutrients was suppressed in spheroids, whereas reductive formation of citrate from glutamine was enhanced. Reductive glutamine metabolism was highly dependent on cytosolic isocitrate dehydrogenase-1 (IDH1), because the activity was suppressed in cells homozygous null for IDH1 or treated with an IDH1 inhibitor. This activity occurred in absence of hypoxia, a well-known inducer of reductive metabolism. Rather, IDH1 mitigated mitochondrial ROS in spheroids, and suppressing IDH1 reduced spheroid growth through a mechanism requiring mitochondrial ROS. Isotope tracing revealed that in spheroids, isocitrate/citrate produced reductively in the cytosol could enter the mitochondria and participate in oxidative metabolism, including oxidation by IDH2. This generates NADPH in the mitochondria, enabling cells to mitigate mitochondrial ROS and maximize growth. Neither IDH1 nor IDH2 was necessary for monolayer growth, but deleting either one enhanced mitochondrial ROS and reduced spheroid size, as did deletion of the mitochondrial citrate transporter protein. Together, the data indicate that adaptation to anchorage independence requires a fundamental change in citrate metabolism, initiated by IDH1-dependent reductive carboxylation and culminating in suppression of mitochondrial ROS.
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                    Figure 1: Reductive glutamine metabolism in spheroids.[image: ]


Figure 2: Spheroid metabolism is distinct from the metabolic alterations induced by hypoxia.[image: ]


Figure 3: Reductive carboxylation in spheroids is primarily dependent on cytosolic IDH1.[image: ]


Figure 4: Reductive glutamine metabolism mitigates mitochondrial ROS and promotes spheroid growth.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Alternative pathways of isocitrate/citrate metabolism.
a, Predominant path of citrate formation in monolayer culture. b, Proposed pathway in anchorage-independent culture, emphasizing an alternative route of isocitrate/citrate metabolism and reducing equivalent flow.


Extended Data Figure 2 Nutrient metabolism in H460 spheroid culture.
a, Cell proliferation and doubling times of H460 cells cultured under monolayer and spheroid conditions (nâ€‰=â€‰4 cultures days 1â€“4; nâ€‰=â€‰3 cultures days 5â€“6 from a representative experiment). b, Effect of glucose or glutamine deprivation on cell counts in monolayer and spheroid culture (nâ€‰=â€‰4 cultures from a representative experiment). c, Rates of glucose consumption and lactate excretion in monolayer and spheroid culture (nâ€‰=â€‰4 cultures from two experiments). d, Rates of glutamine consumption; glutamate and ammonia excretion; ratio of ammonia excretion to glutamine consumption; and rate of excretion of 15NH4+ originating from [Î³-15N]glutamine in monolayer and spheroid culture (nâ€‰=â€‰3 cultures from a representative experiment). e, Citrate mass isotopologue analysis in H460 cells in monolayer culture, aggregated into spheroids (P1), or disaggregated from spheroids then permitted to re-aggregate (P2) (nâ€‰=â€‰2 cultures from a representative experiment). f, Right, protein levels of phosphorylated PDHÎ± (pPDH, Ser293), total PDHÎ± (tPDH) and PDK1 in monolayer and spheroid culture with or without 2â€‰mM dichloroacetate (DCA). Left, citrate mass isotopologue analysis in H460 spheroids cultured with [U-13C]glucose or [U-13C]glutamine, and treated with 2â€‰mM DCA (nâ€‰=â€‰3 cultures from a representative experiment). All data represent meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, Welchâ€™s unequal variances t-test (a, c, d and f), or Welchâ€™s unequal variances t-test, followed by multiple-comparison correction (b). All experiments were repeated 3 times or more.

                          Source data
                        


Extended Data Figure 3 Reductive citrate metabolism in anchorage-independent spheroid culture.
a, Citrate m+5 may be generated in several ways from [U-13C]glutamine, including through reductive (left) or oxidative (middle) pathways. To test whether citrate m+5 arises from oxidative or reductive metabolism, spheroids were cultured with [1-13C]glutamine. Glutamine-C1 (green circle) is released as CO2 by Î±-ketoglutarate dehydrogenase in the oxidative TCA cycle, but is transferred to citrate via reductive metabolism. Citrate mass isotopologues in H460 cells cultured with [1-13C]glutamine (right). The m+1 fraction in this experiment is comparable to the m+5 fraction from [U-13C]glutamine (~20%), indicating that reductive labelling was enhanced in spheroids (nâ€‰=â€‰3 cultures from a representative experiment). b, Time-dependent evolution of succinate, fumarate and malate mass isotopologues in spheroids cultured with [U-13C]glutamine (nâ€‰=â€‰2 cultures for each time point). c, Citrate labelling from [U-13C]glutamine in immortalized, non-transformed bronchial epithelial cells (HBEC30) and lung cancer cells (HCC4017) from the same patient (nâ€‰=â€‰3 cultures from two experiments). All data represent meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, Welchâ€™s unequal variances t-test. All experiments were repeated 3 times or more.

                          Source data
                        


Extended Data Figure 4 Effect of oxygen availability, nutrient availability and anchorage on reductive carboxylation.
a, Mass isotopologues of citrate in spheroids cultured with [U-13C]glutamine under 20% and 60% oxygen (nâ€‰=â€‰4 cultures from two experiments). b, Effects of reducing extracellular glucose and glutamine concentrations on citrate mass isotopologues in monolayer cells cultured with [U-13C]glutamine (nâ€‰=â€‰2 cultures from a representative experiment). c, Day 7 spheroids were allowed to attach to a conventional tissue culture dish for 24â€‰h, and mass isotopologues of citrate were analysed with [U-13C]glutamine tracing (nâ€‰=â€‰4 cultures from two experiments). Insets are photomicrographs of cells in each of the culture conditions. Scale bars, 200â€‰Î¼m. All data represent meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05 comparing to monolayer, #Pâ€‰<â€‰0.05 comparing to spheroid, Welchâ€™s unequal variances t-test followed by multiple-comparison correction. All experiments were repeated 3 times or more.

                          Source data
                        


Extended Data Figure 5 Hypoxia and anchorage independence elicit different effects on citrate metabolism.
a, Mass isotopologues of citrate and malate in H460 cells cultured with [U-13C]glutamine, in monolayer or spheroid conditions, under 21% or 1% oxygen (nâ€‰=â€‰4 cultures from two experiments). bâ€“d, Contribution of glutamine (b), glucose (c) and acetate (d) to the lipogenic acetyl-CoA pool used for palmitate synthesis, during 24â€‰h of culture with each tracer (nâ€‰=â€‰3 cultures in panels b and c; nâ€‰=â€‰2 cultures in panel d from a representative experiment). All data represent meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, Welchâ€™s unequal variances t-test followed by multiple-comparison correction (a), or ANOVA (b), or Welchâ€™s unequal variances t-test (c). The experiment in d was repeated twice, and all other experiments were repeated 3 times or more.

                          Source data
                        


Extended Data Figure 6 Graphical view of metabolic flux analysis (MFA).
a, A conventional set of metabolic reactions and compartmentation produced an inadequate fit with the spheroid experimental data, with an unacceptable sum-of-squared residuals (SSRâ€‰=â€‰336). Poorly fit palmitate isotopologues from [U-13C]glucose and [U-13C]glutamine are shown on the right. v-CTP, bidirectional isocitrate/citrate trafficking flux. b, In the modified metabolic network, isocitrate/citrate produced from cytosolic reductive carboxylation enters the mitochondria and mixes with the isocitrate/citrate pool there. Adding this new reaction to the model (indicated in bold as v23) substantially improved the overall fit (SSRâ€‰=â€‰179) and the fit with palmitate isotopologues (right). Colour coding in b reflects flux changes in spheroids, expressed as the ratio of spheroid flux/monolayer flux. The dashed line indicates that the overall direction of malate transport was predicted to reverse from mitochondrial efflux in monolayer cells to mitochondrial import in spheroids. Flux terms are defined in Supplementary Table 2, and abbreviations and quantitative flux rates are in Extended Data Table 1.

                          Source data
                        


Extended Data Figure 7 IDH1 inhibition suppresses reductive carboxylation in spheroids.
a, Abundance of citrate in vector control, wild-type, and IDH1, IDH2 or IDH3-deficient spheroids (nâ€‰=â€‰2 cultures from a representative experiment). b, Structure of IDH1 inhibitor compound GSK321 and structurally similar control compound GSK990. Compound GSK321 was initially identified as a potent inhibitor against an oncogenic allele of IDH1 containing the R132H mutation. Subsequent analysis revealed that at higher doses, the compound also inhibits wild-type IDH1. c, In vitro activity assay revealing effects of compound 321 on enzymatic activity of recombinant wild-type IDH1 and IDH2 (nâ€‰=â€‰4 repeats from a representative experiment). d, Time-dependent evolution of citrate mass isotopologues in 990- or 321-treated spheroids cultured with [U-13C]glutamine (nâ€‰=â€‰1 culture for each time point). e, Mass isotopologues of citrate in vector control and IDH1KO spheroids cultured with [U-13C]glutamine and treated with 5â€‰Î¼M IDH1 inhibitor (321) or control compound (990) (nâ€‰=â€‰4 cultures from two experiments). All data represent meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, ANOVA. Experiments in d were repeated twice, and experiments in c and e were repeated 3 times or more.

                          Source data
                        


Extended Data Figure 8 Mitochondria take up and metabolize citrate.
a, Protein expression of mitochondrial and cytosolic markers in subcellular fractions of monolayer and spheroid culture. b, Protein expression of CTP in control and CTP-deficient H460 cells. c, Mass isotopologues of malate and succinate in isolated mitochondria cultured with [U-13C]citrate (nâ€‰=â€‰4 cultures from two experiments). d, Mass isotopologues of malate and succinate in isolated mitochondria cultured with [U-13C]citrate, unlabelled pyruvate and glutamine (nâ€‰=â€‰4 cultures from two experiments). e, Mass isotopologues of fumarate, malate and succinate in isolated mitochondria cultured with [U-13C]glutamine and unlabelled pyruvate (nâ€‰=â€‰2 cultures from a representative experiment). All data represent meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, Welchâ€™s unequal variances t-test. Experiments in e were repeated twice, and all other experiments were repeated 3 times or more.

                          Source data
                        


Extended Data Figure 9 Reductive glutamine metabolism mitigates mitochondrial ROS and promotes spheroid growth.
Mitochondrial (a) and cytosolic (b) ROS detected by a genetic hydrogen peroxide sensor in H460 spheroids containing or lacking IDH1 or IDH2. (nâ€‰=â€‰29 Vector spheroids; nâ€‰=â€‰26 IDH1-KO and IDH2-KO spheroids in panel a; nâ€‰=â€‰23 Vector spheroids; nâ€‰=â€‰22 IDH1-KO spheroids in panel b). c, Deuterium labelling of citrate in H460 spheroids without and with the pentose phosphate pathway inhibitor DHEA (nâ€‰=â€‰3 cultures from a representative experiment). d, Growth of H460 cells containing or lacking CTP in monolayer conditions (left) and as spheroids (right) (nâ€‰=â€‰6 monolayer cultures; nâ€‰=â€‰31 CTP-WT spheroids; nâ€‰=â€‰42 CTP-KO spheroids). e, Size of H460 spheroids containing or lacking IDH1 or IDH2, and treated with or without the mitochondrial ROS scavenger MitoTEMPO. (nâ€‰=â€‰40 Vector â€œ-â€� spheroids; nâ€‰=â€‰52 Vector â€œ+â€� spheroids; nâ€‰=â€‰46 IDH1KO â€œ-â€œ and â€œ+â€� spheroids; nâ€‰=â€‰48 IDH2KO â€œ-â€� spheroids; nâ€‰=â€‰52 IDH2KO â€œ+â€� spheroids). All data represent meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, ANOVA (a), or Welchâ€™s unequal variances t-test (bâ€“e). All experiments were repeated 3 times or more.

                          Source data
                        


Extended Data Table 1 Simulated metabolic fluxes in monolayer and spheroid cultureFull size table
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