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            Abstract
Oncogenic activation of RAS is associated with the acquisition of a unique set of metabolic dependencies that contribute to tumour cell fitness. Cells that express oncogenic RAS are able to internalize and degrade extracellular protein via a fluid-phase uptake mechanism termed macropinocytosis1. There is increasing recognition of the role of this RAS-dependent process in the generation of free amino acids that can be used to support tumour cell growth under nutrient-limiting conditions2. However, little is known about the molecular steps that mediate the induction of macropinocytosis by oncogenic RAS. Here we identify vacuolar ATPase (V-ATPase) as an essential regulator of RAS-induced macropinocytosis. Oncogenic RAS promotes the translocation of V-ATPase from intracellular membranes to the plasma membrane via a pathway that requires the activation of protein kinase A by a bicarbonate-dependent soluble adenylate cyclase. Accumulation of V-ATPase at the plasma membrane is necessary for the cholesterol-dependent plasma-membrane association of RAC1, a prerequisite for the stimulation of membrane ruffling and macropinocytosis. These observations establish a link between V-ATPase trafficking and nutrient supply by macropinocytosis that could be exploited to curtail the metabolic adaptation capacity of RAS-mutant tumour cells.
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                    Fig. 1: V-ATPase is required for RAS-induced macropinocytosis and plasma membrane-localized cholesterol.


Fig. 2: Oncogenic RAS induces the translocation of V-ATPase to the plasma membrane.


Fig. 3: Oncogenic RAS-induced macropinocytosis is dependent on sACâ€“PKA pathway.


Fig. 4: SLC4A7 is necessary for RAS-induced macropinocytosis and tumour growth.



                


                
                    
                
            

            
                Data availability


The full-genome siRNA screen datasets have been deposited at NCBI PubChem under the accession code AID 1347130. Uncropped immunoblot images are available in Supplementary Fig. 1. Datasets that support the findings of this study are available in Source Data. Full list of siRNA and shRNA used in this study are in Supplementary Table 1. Full list of primary antibodies used in this study are in Supplementary Table 2.
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Extended data figures and tables

Extended Data Fig. 1 V-ATPase is required for RAS-induced macropinocytosis.
a, Functional clusters within the macropinocytosis screen hits defined by STRING analysis (pink, primary screen; red, primary and confirmation screen). b, Quantification of TMRâ€“dextran uptake following knockdown of the indicated V-ATPase subunits in HeLa HRAS(G12V) cells (HV12). c, Immunoblot of V1A expression from whole-cell lysate (vinculin loading control). d, Effect of V-ATPase depletion (siV1A) on cholesterol localization in Hela HRAS(G12V) cells. Fluorescence micrographs of filipin staining (left), membrane labelling with R-pre (a transfected construct containing a modified sequence of the membrane targeting domain of KRAS linked to RFP, middle), merge of filipin and R-pre with boxed areas enlarged to show plasma membrane localization (right), and the quantification of the ratio of filipin to R-pre membrane localization (bar graph) in control (siCtl) or V1A-knockdown conditions. e, Effect of V1A knockdown on total cholesterol in HeLa HRAS(G12V) (left) and KRAS(G12V) (KV12) (right) cells. f, Effect of bafilomycin A1 (BafA1) and rescue by exogenous cholesterol on the localization of cholesterol and RAC1 in HeLa HRAS(G12V) cells. Fluorescence micrographs of filipin (top), GFPâ€“RAC1 (bottom) and quantification of relative surface GFPâ€“RAC1 (bar graph). g, Effect of oncogenic RAS and V1A expression on RAC1 localization. Immunoblots of RAC1 and V1A in the plasma membrane fraction and whole-cell lysate from HeLa T7-vector control (Ctl) and HRAS(G12V) or oncogenic KRAS cell lines with or without V1A knockdown. Images (d, f) and immunoblots (c, g) are representative of three biological replicates. In f, the dashed lines delineate the cell and nucleusÂ and data (meanÂ Â±Â s.e.m.) represent the fraction of cells that display plasma membrane localization of cholesterol. Scale bars, 10Â Î¼m. At least 500 (b, f) and 20 (d) cells were quantified in biological replicates (nÂ =Â 3). In e, cholesterol quantification is representative of four biological replicates. All data are meanÂ Â±Â s.e.m. for the indicated sample size; unpaired two-tailed Studentâ€™s t-test. Gel source data for c, g are shown in Supplementary Fig. 1.

Source Data



Extended Data Fig. 2 Plasma membrane-localized RAC1 is required for RAS-induced macropinocytosis.
a, b, Effect of V1A expression on RAC1 activity. a, Immunoblots of RAC1 wild type and RAC1(L61) activity (GSTâ€“PBD, pull-down of GFPâ€“RAC1â€“GTP; vinculin loading control) with or without V1A knockdown in HeLa HRAS(G12V) cells (Ctl, GFP). b, Immunoblot of endogenous RAC1 activity (GSTâ€“PBD, pull-down of RAC1â€“GTP; tubulin loading control) in HeLa Ctl and HRAS(G12V) cells with or without V1A knockdown. c, Effect of V-ATPase depletion (siV1A) and rescue by plasma membrane-targeted RAC1 (GFPâ€“RAC1(L61) K-tail) on RAC1(L61) localization and macropinocytosis in HeLa HRAS(G12V) cells. Fluorescence micrographs of GFPâ€“RAC1 (top), TMRâ€“dextran uptake (bottom) and quantification of TMRâ€“dextran (bar graph). d, e, Effect of V-ATPase or RAC1 depletion on macropinocytosis. Quantification of TMRâ€“dextran uptake following bafilomycin A1 treatment (d) or RAC1 knockdown (e) in the absence or presence of exogenous cholesterol in HeLa HRAS(G12V) cells. f, Fluorescence micrographs of cholesterol localization (filipin, top), GFPâ€“RAC1 localization (middle) and TMRâ€“dextran uptake (bottom) in V-ATPase-depleted HeLa KRAS(G12V) cells in the absence or presence of exogenous cholesterol. g, Quantification of TMRâ€“dextran uptake in mutant RAS cells with V1A knockdown and rescue by plasma membrane-targeted RAC1 (GFPâ€“RAC1(L61) K-tail). Images (c, f) and immunoblots (a, b) are representative of three biological replicates. Data in c are meanÂ Â±Â s.e.m. representing the fraction of cells that display plasma membrane localization of GFPâ€“RAC1(L61) or GFPâ€“RAC1(L61) K-tail. In f, the dashed lines delineate the cell and nucleus and data are meanÂ Â±Â s.e.m. representing the fraction of cells that display plasma membrane localization of cholesterol (top) or GFPâ€“RAC1 (middle). Scale bars, 10Â Î¼m. At least 500 (câ€“g) cells were quantified in each biological replicate (nÂ =Â 3); data are meanÂ Â±Â s.e.m.; unpaired two-tailed Studentâ€™s t-test. Gel source data for a, b are shown in Supplementary Fig. 1.

Source Data



Extended Data Fig. 3 Plasma membrane V-ATPase regulates cholesterol distribution and macropinocytosis.
a, Fluorescence micrographs of HeLa control and HeLa HRAS(G12V) or T7-KRAS(G12V) cells immunostained with V1A antibody. b, Validation of V1A antibody for immunofluorescence. Fluorescence micrographs of V1A immunostaining of HeLa HRAS(G12V) cells transfected with the indicated siRNAs. c, Fluorescence micrographs of V1A immunostaining and filipin labelling of HeLa KRAS(G12V) cells transfected with the indicated siRNAs. d, Quantification of TMRâ€“dextran uptake in mutant RAS cell lines transfected with siV0a3 in the presence or absence of exogenous cholesterol. Images (aâ€“c) are representative of three biological replicates. Scale bars, 10Â Î¼m. In b, c, dashed lines delineate the cell and/or nucleus. Data in a, c, are meanÂ Â±Â s.e.m. representing the fraction of cells that display V1A plasma membrane localization. At least 500 (a, c, d) cells were quantified in each biological replicate (nÂ =Â 3); data are meanÂ Â±Â s.e.m.; unpaired two-tailed Studentâ€™s t-test.

Source Data



Extended Data Fig. 4 Plasma membrane V-ATPase feeds into Rab7-positive endosomes.
a, b, Fluorescence micrographs of HeLa control and HRAS(G12V) cells with the indicated treatment showing V1A (green) and Rab7 (red) immunostaining. Representative original image used to calculate Manderâ€™s overlap coefficient (a) and processed image (b). c, d, Quantification of Rab7 with V1A colocalization in HeLa cells treated as indicated using Manderâ€™s overlap coefficient (M coefficient). e, f, Epifluorescence imaging of self-complementing GFP from HeLa HRAS(G12V) cells transfected with V1Aâ€“GFP11 and plasma membrane-targeting Lynâ€“GFP(1â€“10). Positive fluorescence indicates V1A localization to the plasma membrane. e, Fluorescence micrographs of time-lapse imaging. The boxed area of the cell (left) was enlarged (four right images) to show plasma membrane V-ATPase being internalized over time and forming a vesicle (arrow). Time (in s) is shown on each micrograph. f, Fluorescence micrographs of self-complementing GFP (left), immunofluorescence of Rab7 (middle) and merge of V1A and Rab7 (right) with boxed area enlarged beneath the image to show Rab7 colocalization with plasma membrane-derived V1A. In a, b,Â images are representative of three biological replicates. For c, d,Â 25 cells were quantified in each biological replicate (nÂ =Â 3); data are meanÂ Â±Â s.e.m.; unpaired two-tailed Studentâ€™s t-test. Scale bars, 10Â Î¼m.

Source Data



Extended Data Fig. 5 sACâ€“PKA pathway is necessary for oncogenic RAS-induced macropinocytosis.
aâ€“g, Effect of sAC (KH7) or PKA (H89) inhibition on membrane cholesterol, RAC1 activation and RAC1 localization. a, Fluorescence micrographs of HeLa HRAS(G12V) cells in indicated treatments with filipin labelling (top), membrane labelling with R-pre (middle), and merge of filipin and R-pre fluorescence micrographs with boxed areas enlarged beneath the image to show plasma membrane localization (bottom). b, Quantification of the ratio of filipin to R-pre membrane localization with the indicated treatments in HeLa HRAS(G12V) cells. c, Immunoblot of endogenous RAC1 activity (GSTâ€“PBD, pull-down of RAC1â€“GTP; tubulin loading control) in HeLa control and HRAS(G12V) cells treated as indicated. d, Immunoblot of endogenous RAC1 in the plasma membrane fraction and whole-cell lysate in HeLa control and HRAS(G12V) cells treated as indicated. e, Fluorescence micrographs of cholesterol (filipin) distribution in HeLa control cells with indicated treatments. f, Quantification of plasma membrane cholesterol in HeLa control cells with the indicated treatments. g, Fluorescence micrographs of cholesterol (filipin) distribution in BxPC-3 cells in the absence or presence of ectopically expressed KRAS(G12V) treated as indicated. g, DataÂ are meanÂ Â±Â s.e.m. representing the fraction of cells that display cholesterol plasma membrane localization. Images (a, e, g) and immunoblots (c, d) are representative of three biological replicates. Scale bars, 10Â Î¼m. At least 20 (b), 50 (f) and 500 (g) cells were quantified in each biological replicate (nÂ =Â 3); data are meanÂ Â±Â s.e.m.; unpaired two-tailed Studentâ€™s t-test. Gel source data for c, d are shown in Supplementary Fig. 1.

Source Data



Extended Data Fig. 6 PKA activation rescues RAS-induced macropinocytosis from sAC inhibition.
a, b, Effect of sAC inhibition (KH7) and rescue (KH7Â +Â CA-PKA) on macropinocytosis, V-ATPase localization and cholesterol distribution in HeLa HRAS(G12V) cells. a, Quantification of TMRâ€“dextran uptake following indicated treatments. b, Fluorescence micrographs of V1A immunostaining and filipin labelling following indicated treatments. c, d, Effect of sAC inhibition (KH7), plasma membrane V-ATPase inhibition (siV0a3), and rescue (KH7Â +Â CA-PKAÂ +Â siV0a3) on macropinocytosis, V-ATPase localization and cholesterol distribution in HeLa HRAS(G12V) cells. c, Quantification of TMRâ€“dextran uptake following indicated treatments. d, Fluorescence micrographs of V1A immunostaining and filipin labelling following indicated treatments. e, Effect of KRAS inhibition (siKRAS) and rescue (siKRASÂ +Â CA-PKA) on macropinocytosis by quantification of TMRâ€“dextran uptake in mutant RAS cell lines. Images in b, d are representative of three biological replicates. In b, d, dashed lines delineate the cell and nucleus; data are meanÂ Â±Â s.e.m. representing the fraction of cells that display V1A plasma membrane localization. Scale bars, 10 Î¼m. At least 500 cells (a, c, e) were quantified in each biological replicate (n= 3); data are meanÂ Â±Â s.e.m.; unpaired two-tailed Studentâ€™s t-test.

Source Data



Extended Data Fig. 7 The SLC4 family is required for PKA-dependent, RAS-induced macropinocytosis.
a, Quantification of TMRâ€“dextran uptake in the absence (bicarbonate-free) or presence (bicarbonate) of extracellular bicarbonate in mutant RAS cells. b, Fluorescence micrographs of V1A immunostaining following treatment of mutant RAS cells with vehicle or pan-SLC4 inhibitor (S0859). c, Fluorescence micrographs of HeLa HRAS(G12V) cells in indicated treatments with V1A immunostaining (top), membrane labelling with R-pre (middle), and merge of V1A and R-pre fluorescence micrographs with boxed areas enlarged beneath the image to show plasma membrane localization (bottom). d, Quantification of the ratio of V1A to R-pre membrane localization with the indicated treatments in HeLa HRAS(G12V) cells from c. e, f, Effect of SLC4 inhibition (S0859) and rescue (S0859Â +Â CA-PKA) in HeLa HRAS(G12V) cells. e, Fluorescence micrographs of V1A immunostaining and filipin labelling following indicated treatments. Dashed lines delineate the cell and nucleus. f, Quantification of TMRâ€“dextran uptake. g, Fluorescence micrographs of cholesterol (filipin) distribution in BxPC-3 cells in the absence or presence of ectopically expressed KRAS(G12V) treated with SLC4 family inhibitor (S0859). h, mRNA levels of SLC4A7 expression in HeLa control, HRAS(G12V) or KRAS(G12V) cells. i, mRNA levels of SLC4A7 expression following KRAS knockdown in MIA-PaCa-2 cells. j, Effect of PI3K (LY294002, left) or MEK (U0126, right) inhibition on SLC4A7 expression in HeLa control and HRAS(G12V) cells. Immunoblots of SLC4A7 expression from whole-cell lysate (vinculin loading control). p-AKT (left) and p-ERK (right) immunoblots show inhibition of pathways by the indicated treatments. k, Effect of PKA (H89), NHE (EIPA), SLC4A7 (siSLC4A7) and V1A (siV1A) inhibition on submembranous pH (pHsm) in HeLa HRAS(G12V) cells transfected with SEpHluorinâ€“mCherry construct (genetically encoded ratiometric pH probe that is targeted to the inner leaflet of the plasma membrane). Calibration curve of SEpHluorinâ€“mCherry (line graph) was performed with K+ nigericin buffer. Quantification of submembranous pH with H89 and EIPA treatment (bar graph, middle) or with knockdown of SLC4A7 and V1A (bar graph, right). l, Immunoblot of SLC4A7 (vinculin loading control) in MIA-PaCa2 cells with doxycycline-inducible SLC4A7 depletion. m, n, Effect of doxycycline-inducible SLC4A7 depletion in BxPC-3 cells on tumour growth. m, Immunoblot of SLC4A7 expression from whoe-cell lysate (vinculin loading control). n, Waterfall plots of xenografts treated as shown relative to baseline. Each bar represents a tumour. Images (b, c, e, g), immunoblots (j, l, m), and mRNA levels (h, i) are representative of three biological replicates. b, e, g, DataÂ are meanÂ Â±Â s.e.m. representing the fraction of cells that display V1A (b, e) or cholesterol (g) plasma membrane localization. Scale bars, 10Â Î¼m. At least 20 (d) and 500 (a, b, eâ€“g) cells were quantified in each biological replicate (nÂ =Â 3); data are meanÂ Â±Â s.e.m.; unpaired two-tailed Studentâ€™s t-test. Gel source data for j, l, m are shown in Supplementary Fig. 1.
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