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            Abstract
Cancer-specific inhibitors that reflect the unique metabolic needs of cancer cells are rare. Here we describe Gboxin, a small molecule that specifically inhibits the growth of primary mouse and human glioblastoma cells but not that of mouse embryonic fibroblasts or neonatal astrocytes. Gboxin rapidly and irreversibly compromises oxygen consumptionÂ in glioblastoma cells. Gboxin relies on its positive charge to associate with mitochondrial oxidative phosphorylation complexes in a manner that isÂ dependent on the proton gradient of theÂ inner mitochondrial membrane, and itÂ inhibits the activity of F0F1 ATP synthase. Gboxin-resistant cells require a functional mitochondrial permeability transition pore that regulates pH and thus impedes the accumulation of Gboxin in the mitochondrial matrix. Administration of a metabolically stable Gboxin analogue inhibits glioblastoma allografts and patient-derived xenografts. Gboxin toxicity extends to established human cancer cell lines of diverse organ origin, and shows that the increased protonÂ gradientÂ and pH in cancer cell mitochondria is a mode of action that can be targeted in the development of antitumour reagents.
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                    Fig. 1: Gboxin kills primary GBM (HTS) cells but not MEFs or astrocytes.[image: ]


Fig. 2: Gboxin inhibits cellular oxygen consumption.[image: ]


Fig. 3: B-Gboxin interacts with OXPHOS proteins in GBM.[image: ]


Fig. 4: Gboxin mirrors oligomycin activity and resistance requires functional mPTP.[image: ]


Fig. 5: Gboxin toxicity in primary human GBM cells and tumour cell lines.[image: ]


Fig. 6: S-Gboxin inhibits GBM growth in vivo.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Gboxin, isolated from a 200,000-compound screen, specifically inhibits GBM growth (HTS cells) but notÂ that of MEFs or astrocytes.
a, Flow chart of the primary and secondary compound screens performed with HTS, MEF, astrocyte and neural stem and progenitor cells (NSCs). b, Representative live cell images show Gboxin-specific toxicity to HTS cells. Cells were treated with DMSO, Gboxin (1Â Î¼M) or cycloheximide (CHX, 1Â Î¼M) for three days. nÂ =Â 4. c, Cell viability assays for subventricular-zone-derived primary neural stem and progenitor cells and HTS cells treated with increasing doses of Gboxin indicate a therapeutic window for HTS cells. MeanÂ Â±Â s.d., nÂ =Â 3. d, Cell viability assays show irreversible growth inhibition in HTS cells as early as 6Â h after Gboxin (1Â Î¼M) exposure. Cells were exposed to Gboxin for the indicated time periods, followed by culturing in Gboxin-free medium. Assay was performed 96Â h after initial compound treatment. MeanÂ Â±Â s.d. nÂ =Â 3. e, Gboxin induces specific transcription alterations in HTS cells. mRNA-specific quantitative PCR with reverse transcription (RTâ€“qPCR) analyses in MEFs and HTS cells treated with DMSO or Gboxin for 12Â h. nÂ =Â 2. f, mRNA-specific RTâ€“qPCR assays in HTS cells, MEFs and astrocytes treated with DMSO or Gboxin (1Â Î¼M) for 12Â h demonstrate HTS-specific upregulation and downregulation of gene expression. MeanÂ Â±Â s.d., nÂ =Â 3. g, Representative western blot analyses with astrocytes treated with DMSO or Gboxin (1Â Î¼M) for 6Â h indicate no effect of Gboxin on expression of ATF4 and phospho-S6. nÂ =Â 3. h, Representative western blot analyses using HTS cells exposed to DMSO or Gboxin (1Â Î¼M) detect ATF4 upregulation within 3Â h of Gboxin treatment. nÂ =Â 2. i, HTS cell cycle progression analysed by flow cytometry of cells treated with DMSO or Gboxin (1Â Î¼M) for 24Â h indicates an increase in the ratio of G1 and G0 to S phase cells. j, Representative western blot analyses for proteins involved in apoptosis and survival with HTS cells treated with DMSO or Gboxin (1Â Î¼M) for 3 days. nÂ =Â 3. k, Extended Gboxin exposure causes reduction in mitochondrial membrane potential in HTS cells. Representative images for TMRE staining show HTS-cell-specific neutralization of mitochondrial membrane potential after an 18-h incubation with Gboxin. nÂ =Â 3. l, Quantification for k. MeanÂ Â±Â s.d.

                          Source data
                        


Extended Data Fig. 2 Gboxin-mediated OXPHOS inhibition is reversible in wild-type MEFs and astrocytes.
aâ€“d, Graphs show OCR as measured by Seahorse analyser. a, OCR inhibition of HTS cells by three different compounds (CMP) (added after 24Â min): Gboxin (blue), oligomycin A (red) and antimycin A (green). FCCP and rotenone were added after 104Â min and 128Â min, respectively. MeanÂ Â±Â s.e.m., nÂ =Â 3. b, Gboxin causes acute OCR inhibition in primary neonatal astrocytes. Gboxin (2Â Î¼M, red line) was added after 18Â min, followed byÂ oligomycin A (added after 60Â min), FCCP (added after 78Â min) and a mixture of rotenone and antimycin A (96Â min); nÂ =Â 2. Mean is shown. c, MEFs (green and purple)â€”but not HTS cells (blue and red)â€”regain a normal OCR in the presence of Gboxin. Cells wereÂ pretreated with DMSO (blue and green) or Gboxin (red and purple) for 30Â h (timeÂ =Â 0; red arrowhead). Following the addition of DMSO (blue and green) or antimycin A (red and purple) after 16Â min, oligomycin A, FCCP and rotenone were added after 80Â min, 104Â min and 128Â min, respectively. MeanÂ Â±Â s.e.m., nÂ =Â 3. d, Astrocytes overcome Gboxin-mediated inhibition of OCR. Cells were pretreated with DMSO (blue line) or Gboxin (red line) for 30Â h (timeÂ =Â 0; red arrowhead), followed by the addition of DMSO (blue) or antimycin A (red) afterÂ 12Â min, oligomycin A (after 60Â min), FCCP (after 78Â min) and a mixture of rotenone and antimycin A (96Â min). Mean is shown, nÂ =Â 2. e, Representative western blot analyses with astrocytes indicate thatâ€”unlike known OXPHOS inhibitorsâ€”Gboxin treatment does not induce ATF4 expression after a 12-h exposure. nÂ =Â 3.

                          Source data
                        


Extended Data Fig. 3 B-Gboxin interacts with OXPHOS proteins.
a, Structure ofÂ B-Gboxin, aÂ GboxinÂ analogue with covalently linked biotin moiety. b, B-Gboxin toxicity in HTS cells at an IC50 value higher than that for Gboxin (150Â nM versus 1,530Â nM). MeanÂ Â±Â s.d., nÂ =Â 3. c, B-Gboxin inhibits OCR in HTS cells. OCR was measured under basal conditions and following addition of DMSO (blue) or B-Gboxin (red line, 10 Î¼M) after 18Â min, oligomycin A (after 48Â min), FCCP (after 66Â min) and a mixture of rotenone and antimycin A (after 96Â min). Mean is shown, nÂ =Â 2. d, B-Gboxin mediates induction of ATF4 and suppression of phospho-S6 expression in HTS cells. Cells were treated with DMSO, Gboxin (1Â Î¼M) or B-Gboxin (10Â Î¼M) for 12Â h. nÂ =Â 2. e, B-Gboxin associates with multiple components of the OXPHOS chain. B-Gboxin pull-down followed by mass spectrometry analyses, performed using purified mitochondria from HTS cells treated with Gboxin, B-Gboxin or Gboxin followed by B-Gboxin. The numbers in parentheses show the total known subunits for the indicated OXPHOS complexes. f, g, Representative western blot analyses validate interactions between B-Gboxin and OXPHOS proteins. f, Western blot following biotin pull-down of B-Gboxin verifies an interaction with complex V ATP5A1, which can be competed for by Gboxin. HTS cells were treated with Gboxin, B-Gboxin or Gboxin followed by B-Gboxin. nÂ =Â 3. g, B-Gboxinâ€“OXPHOS protein interactions can be detected by pull-down within 10Â min. HTS cells were treated with B-Gboxin for the indicated time periods. nÂ =Â 2. hâ€“k, Evidence of covalent interaction between B-Gboxin and OXPHOS proteins. See also â€˜Supplementary Resultsâ€™ inÂ Supplementary Information. h, Input, western blots for OXPHOS proteins ATP5B or SDHA of HTS cells incubated with Gboxin or B-Gboxin. Pull-down, no signal with Gboxin. B-Gboxin pull-downs were not disrupted by pretreatment of the sample with high concentrations of salt (NaCl, 300Â mM), urea (3Â M) or sodium dodecyl sulfate (SDS;Â 0.2% and 0.5%). nÂ =Â 2. i, Incubation with Gboxin after preincubation with B-Gboxin cannot displace B-Gboxin interactions with OXPHOS proteins; however, preincubation with Gboxin followed by B-Gboxin can displace these interactions. Pull-down assays using HTS cellsÂ  treated as indicated. P, preincubated. nÂ =Â 2. j, Western blot analysis for OXPHOS proteins and B-Gboxin binding proteins following immunoprecipitation (IP) assays for corresponding OXPHOS proteins, as indicated. IB, immunoblot. nÂ =Â 2. k, Western blot images for B-Gboxin interaction with cell-lysate proteins as a function of increasing pH. HTS cell lysates were incubated with B-Gboxin, and pH was adjusted using sodium hydroxide. nÂ =Â 3.

                          Source data
                        


Extended Data Fig. 4 Gboxin interacts with OXPHOS proteins in a manner that is dependent on the mitochondrial membrane potential, which leads to inhibition of complex V.
a, Depolarization of mitochondrial inner-membrane potential dissipates Gboxin association with OXPHOS proteins in HTS cells, whereas an increase in membrane potential enhances MEF and astrocyte interactions. HTS cells, MEFs or astrocytes wereÂ pretreated with different doses of OXPHOS inhibitors for 10Â min, followed by incubating with B-Gboxin for 1Â h. FCCP and rotenone depolarize and decrease mitochondrial inner-membrane potential, respectively. Oligomycin A mediates an increase in membrane potential. nÂ =Â 2. b, RTâ€“qPCR analyses for gene-expression change in HTS cells treated with antimycin A, rotenone, oligomycin A or Gboxin. Fold change in gene expression was compared to DMSO-treated cells, showing enhanced downregulation of Survivin, the aurora kinases Aurka and Aurkb, and Plk1 in cells treated with oligomycin A or Gboxin. nÂ =Â 2. c, Cell viability assays for cells treated with increasing doses of Gboxin or oligomycin A in the presence or absence of CsA. HTS cells are unresponsive to CsA mPTP blockade. MeanÂ Â±Â s.d., nÂ =Â 3. d, MEF mPTP inhibition (CsA) elicits ATF4 cell-stress response to Gboxin. Representative western blot for ATF4 expression in MEFs treated with Gboxin (1Â Î¼M) in the presence or absence of CsA for 6Â h. nÂ =Â 2. e, Cell viability assays for MEFs transfected with control siRNA (â€˜Con siâ€™) or CypD siRNA (â€˜CypD siâ€™) exposed to increasing doses of Gboxin in the presence or absence of CsA (1Â Î¼M). Inset shows western blot image for efficiency of CypD knockdown. MeanÂ Â±Â s.d., nÂ =Â 3.

                          Source data
                        


Extended Data Fig. 5 C-Gboxin, a functional Gboxin analogue that is suitable for live-cell ultraviolet crosslink conjugation and click chemistry.
a, Schematic for C-Gboxin (C-Gb) detection in live cells after ultraviolet crosslinking and fluorophore click chemistry. b, C-Gboxin structure. c, Cell viability assays show thatÂ C-Gboxin inhibits HTS cells (IC50 of about 350Â nM) and not MEFs (IC50Â >Â 5Â Î¼M) treated with increasing doses of C-Gboxin. MeanÂ Â±Â s.d., nÂ =Â 3. d, C-Gboxin spontaneously accumulates in the mitochondria of HTS GBM cells. nÂ =Â 3.

                          Source data
                        


Extended Data Fig. 6 Gboxin exerts toxicity on primary mouse GBM cells and inhibits OCR in sampled human cancer cell lines.
a, Gboxin inhibition of three primary mouse GBM cell cultures (no. 2396, no. 1661 and no. 1663), established from GBM with mutations in Nf1, Trp53 and Pten, treated with increasing doses of oligomycin A or Gboxin in the presence or absence of CsA (1Â Î¼M).Â MeanÂ Â±Â s.d., nÂ =Â 3. bâ€“h, OCR Seahorse measurements in sampled cell lines (Colo205, A375, SK-MEL113, Cal-62, Daoy, U937 and NCI-H82) under basal conditions and following addition of DMSO or Gboxin (blue or red lines respectively; added after 18Â minÂ for Colo205 cells and 12 min for the others), oligomycin A (added after 60Â min), FCCP (added after 78Â min) and a mixture of rotenone and antimycin A (added after 96Â min). Mean is shown, nÂ =Â 2. i, Viability assay for primary mouse malignant peripheral nerve sheath tumour (MPNST) cells carrying Trp53 and Nf1 mutations indicates Gboxin resistance and induced sensitivity by inhibition of mPTP. Thus, Gboxin sensitivity is not directly linked to Nf1 and Trp53 driver mutations. MeanÂ Â±Â s.d., nÂ =Â 3.

                          Source data
                        


Extended Data Fig. 7 S-Gboxin is metabolicallyÂ stable andÂ has pharmacokinetic properties suitable for in vivo studies.
a, Gboxin S9 half-life. nÂ =Â 1. b, Gboxin plasma half-life. nÂ =Â 1. c, S-Gboxin structure. d, S-Gboxin S9 half-life. nÂ =Â 1. e, S-Gboxin plasma half-life. nÂ =Â 1. f. S-Gboxin plasma pharmacokinetics data. MeanÂ Â±Â s.d., nÂ =Â 3. g, S-Gboxin tumour pharmacokinetics data. MeanÂ Â±Â s.d., nÂ =Â 3â€“6 at each time point. Plasma (f) and tumour (g) pharmacokinetics data indicate S-Gboxin is suitable for in vivo studies. h, Representative western blots showÂ that S-Gboxinâ€”similar to its original compound Gboxinâ€”upregulates ATF4 and suppresses phospho-S6 expression in HTS cells. Cells were treated with DMSO, Gboxin (1Â Î¼M) or S-Gboxin (1Â Î¼M) for 12Â h. nÂ =Â 2.

                          Source data
                        


Extended Data Fig. 8 S-Gboxin inhibits mouse and human GBM growth in vivo.
aâ€“c, One hundred thousand HTS cells were subcutaneously injected into the flanks of nude mice, which were treated by intraperitoneal injection daily with vehicle control or S-Gboxin, beginning two weeks after allograft. a, Tumour growth by volume (WÂ Ã—Â LÂ Ã—Â H) was assessed every two days. Insets are representative images for tumours treated with vehicle control or S-Gboxin, collected after mice were killed. Vehicle, nÂ =Â 8; S-Gboxin, nÂ =Â 11. MeanÂ Â±Â s.d.,Â two-way ANOVA. b, Representative H&E and immunohistochemical staining for Ki67, GFAP and OLIG2, indicating reduced cellularity, proliferation and expression of glioma markers after treatment with S-Gboxin. Scale bar, 50Â Î¼m. nÂ =Â 2. c, Quantification of tumour cellular density (left) and Ki67-positive cells (right) in mouse flank tumours treated with vehicle control or S-Gboxin. Each graph is based on five representative images from two different tumours. Hpf, high-power field. MeanÂ Â±Â s.d., paired t-test, two-tailed. d, Molecular analysis shows S-Gboxin inhibition of phospho-S6 and transient induction of tumour cell apoptosis, as manifested by upregulatedÂ cleaved caspase 3 (cleaved-CAS3) and downregulated survivin expression at three and five days after treatment. nÂ =Â 2. eâ€“h, Two hundred thousand primary PDX cells (ts1156) mixed with matrigel were subcutaneously injected into flanks of nude mice, which were treated by intraperitoneal injection daily with vehicle control or S-Gboxin, beginning three days after xenograft implantation. e, Graph represents tumour growth measured by tumour volume (WÂ Ã—Â LÂ Ã—Â H), assessed every two days. Vehicle, nÂ =Â 7; S-Gboxin, nÂ =Â 8. MeanÂ Â±Â s.e.m., two-way ANOVA. f, Quantification of tumour size on the day mice were killed. Vehicle, nÂ =Â 7; S-Gboxin, nÂ =Â 8. Unpaired t-test, two-tailed. g, Representative H&E staining images for PDX tumours treated with vehicle control or S-Gboxin show reduced cellularity after S-Gboxin treatment. Scale bar, 25Â Î¼m. nÂ =Â 2. h, Images show reduced size of PDX tumours treated with S-Gboxin, collected after mice were killed. iâ€“k, Intracranial transplantation of primary mouse GBM cells (no. 1663), followed by installation of subcutaneous minipumps with intracranial catheters after two weeks, for local delivery of vehicle control or S-Gboxin (2.16Â Î¼g per day). nÂ =Â 5 for each group. i, Representative images of tumour-bearing brains after treatment with vehicle control or S-Gboxin. Note the marked haemorrhage of tumours (dotted redÂ lines) from vehicle-treated brains. j, Representative H&E and immunohistochemical staining of Ki67 and glioma markers (GFAP and OLIG2), indicating reduced cellularity, proliferation and glioma markers in brains treated with S-Gboxin. k, Quantification of tumour cellular density (left) and Ki67-positive cells (right) in tumours treated with DMSO or S-Gboxin. For each group, five representative images from two different tumours were used in quantification. MeanÂ Â±Â s.d., paired t-test, two-tailed. l, Intracranial treatment with S-Gboxin reduces nestin expression in tumours, but not in adjacent normal subventricular-zone tissue. Representative immunofluorescence staining for nestin, and DAPI staining, for intracranial tumours from i. nÂ =Â 2. m, Immunohistochemical staining for Ki67 and glioma markers (GFAP and OLIG2), for intracranial PDX tumours shown in Fig.Â 6e, f, indicates reduced proliferation and expression of glioma markers in brains treated with S-Gboxin. Top panel shows patient tumour 1 (PDX-170620) and bottom panel shows patient tumour 2 (PDX-170404). Scale bar, 25Â Î¼m. nÂ =Â 2. n, Mice treated with S-Gboxin at 10Â mg kgâˆ’1 dayâˆ’1 for a 32-day period do not exhibit weight variation, compared with vehicle-treated mice. Vehicle, nÂ =Â 20; S-Gboxin, nÂ =Â 20. Two-way ANOVA.

                          Source data
                        


Extended Data Fig. 9 Primary explants from residual S-Gboxin-treated tumours retain Gboxin/S-Gboxin sensitivity in culture.
a, b, Cell viability assays show primary tumour cultures from tumours treated with vehicle control (a) or S-Gboxin (b), as in Fig.Â 6a. MeanÂ Â±Â s.d., nÂ =Â 3. Residual tumour cells treated with S-Gboxin remain sensitive to Gboxin and S-Gboxin, and have a blunted mPTP response.

                          Source data
                        


Extended Data Fig. 10 Model for Gboxin-mediated OXPHOS inhibition in GBM cells.
Top, high pH in mitochondrial matrix of GBM cells, and high inner mitochondrial membrane (IMM) potential, leads to the persistentÂ accumulation of positively charged Gboxin, owing to blunted mPTP activity. At a high local concentration, Gboxin associates with multiple OXPHOS proteins and inhibits complex V activity, causing cell death. Bottom, in wild-type Gboxin-resistant cells, mPTP function stabilizes mitochondrialÂ membrane potential and maintains a lower pH. This limits mitochondrial Gboxin accumulation, and thus limits OXPHOS inhibition and sustains cell survival. mPTP (green cylinder) is depicted adjacent to F0F1 ATPase complex V. The precise nature and contribution of complex V to mPTP remains unresolved.
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