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            Abstract
Cancer cells hijack and remodel existing metabolic pathways for their benefit. Argininosuccinate synthase (ASS1) is a urea cycle enzyme that is essential in the conversion of nitrogen from ammonia and aspartate to urea. A decrease in nitrogen flux through ASS1 in the liver causes the urea cycle disorder citrullinaemia1. In contrast to the well-studied consequences of loss of ASS1 activity on ureagenesis, the purpose of its somatic silencing in multiple cancers is largely unknown2. Here we show that decreased activity of ASS1 in cancers supports proliferation by facilitating pyrimidine synthesis via CAD (carbamoyl-phosphate synthase 2, aspartate transcarbamylase, and dihydroorotase complex) activation. Our studies were initiated by delineating the consequences of loss of ASS1 activity in humans with two types of citrullinaemia. We find that in citrullinaemia type I (CTLN I), which is caused by deficiency of ASS1, there is increased pyrimidine synthesis and proliferation compared with citrullinaemia type II (CTLN II), in which there is decreased substrate availability for ASS1 caused by deficiency of the aspartate transporter citrin. Building on these results, we demonstrate that ASS1 deficiency in cancer increases cytosolic aspartate levels, which increases CAD activation by upregulating its substrate availability and by increasing its phosphorylation by S6K1 through the mammalian target of rapamycin (mTOR) pathway. Decreasing CAD activity by blocking citrin, the mTOR signalling, or pyrimidine synthesis decreases proliferation and thus may serve as a therapeutic strategy in multiple cancers where ASS1 is downregulated. Our results demonstrate that ASS1 downregulation is a novel mechanism supporting cancerous proliferation, and they provide a metabolic link between the urea cycle enzymes and pyrimidine synthesis.
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                    Figure 1: ASS1 inactivation correlates with non-cancerous proliferation.[image: ]


Figure 2: ASS1-deficient tumours have increased proliferation rate and pyrimidine levels.[image: ]


Figure 3: ASS1 expression levels in cancer determine aspartate availability for pyrimidine synthesis.[image: ]


Figure 4: Decreasing CAD activation reduces proliferation in ASS1-deficient cancers.[image: ]
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Extended data figures and tables

Extended Data Figure 1 ASS1 deficiency correlates with aspartate utilization by CAD in cancerous and non-cancerous cells.
a, Schematic flux tracing of the Î±-labelled nitrogen of glutamine ([15N]Î±-glutamine) to nucleic acid synthesis via aspartate. b, The ratio between Mâ€‰+â€‰1-labelled and total uracil in fibroblasts is similar between patients with citrullinaemia patients and control subjects (nâ€‰â‰¥â€‰3). Error bars are standard error. c, Labelled levels of Mâ€‰+â€‰1 aspartate (left) and Mâ€‰+â€‰1 uracil (right) synthesized from [15N]Î±-glutamine are higher in fibroblasts from CTLN I than in fibroblasts from controls and patients with CTLN II (nâ€‰â‰¥â€‰3). d, TCGA analysis of tumourâ€“normal paired tissues for gene expression comparison shows the expression levels of ASL and ASS1 in different cancers. e, Plot generated from the modelling data for the production capacity of metabolites after ASS1 inactivation in each of the NCI-60 cell lines as well as in the generic model. The reddish bars represent the ranking of nucleic acids while the blueish bars represent the ranking of all other metabolites. f, Correlation analysis of NCI-60 cell lines shows a significant inverse correlation between ASS1 and CAD expression levels. g, Osteosarcoma (upper) and melanoma (lower) microarray data was obtained from the NCBI EO database (accession numbers GSE33383 and GSE46517, respectively). Raw expression levels were plotted and significance was computed using a t-test on log2-transformed expression levels. The number of patients for each subtype is shown in parenthesis on the left. h, Western blot for CAD and ASS1 shows higher expression levels of CAD in the MNNG/HOS human osteosarcoma cell line, which has a low expression level of ASS1 compared with U2OS, which has higher expression levels of ASS1; p97 is shown as loading control.

                          Source data
                        


Extended Data Figure 2 ASS1 inactivation in melanoma correlates with increased proliferation.
a, An immunoblot showing different expression levels of ASS1 and CAD in two different cancer cell lines of melanoma. b, Melanoma cells with ASS1 downregulation have a significant increase in pyrimidine levels as measured by LCâ€“MS (nâ€‰â‰¥â€‰3). c, Melanoma cells with ASS1 downregulation have a significant increase in total uracil (nâ€‰=â€‰4). d, Melanoma cells with ASS1 downregulation have a significant increase in proliferation as measured by MTT assay (nâ€‰=â€‰2). e, Immunoblots of melanoma cells for ASS1 levels after transduction with either ASS1 over expression construct or with shASS1. f, Proliferation assays showing a significant decrease in proliferation after ASS1 overexpression in melanoma using MTT (nâ€‰=â€‰3). g, Crystal violet quantification for melanoma cells after transduction with shASS1 demonstrating increase in proliferation (nâ€‰=â€‰3). h, LCâ€“MS measurements of pyrimidine levels showing a significant increase after the use of shASS1 in melanoma cells (nâ€‰â‰¥â€‰3). i, Left: total uracil levels are decreased significantly in melanoma cells with ASS1 overexpression and increased in melanoma cells with shASS1 (right) (nâ€‰â‰¥â€‰2). j, Significant increase in proliferation of melanoma cells by dNTPs after ASS1 overexpression (nâ€‰=â€‰3). All error bars are standard errors.

                          Source data
                        


Extended Data Figure 3 Downregulation of ASS1 levels increases pyrimidine synthesis.
a, Osteosarcoma cells were transduced with two different shASS1 vectors: shASS742 and shASS745. Both clones decreased ASS1 levels efficiently to approximately 20% expression (left), resulting in a significant increase in uracil Mâ€‰+â€‰1 levels (b) and in proliferation (nâ€‰â‰¥â€‰3) (c). d, RNA levels measured in U2OS at 24 h intervals show increased levels of RNA in U2OS infected with shASS1 compared with the empty vector. e, Uracil Mâ€‰+â€‰1 levels increase more in U2OS infected with shASS1 compared with the empty vector during 38 h of measurements. f, The levels of total and labelled Mâ€‰+â€‰1 alanine synthesis from [15N]Î±-glutamine do not change significantly after ASS1 downregulation (nâ€‰=â€‰3). g, Tumours with shASS1 had higher levels of Mâ€‰+â€‰1 aspartate (left) and Mâ€‰+â€‰1 uracil (right) synthesized from [15N]Î±-glutamine, compared with tumours expressing the empty vector (nâ€‰=â€‰15). All error bars are standard errors.

                          Source data
                        


Extended Data Figure 4 Cancers with ASS1 downregulation are addicted to aspartate.
a, b, Analysis of the TCGA database of matched tumourâ€“normal pairs showing no significant difference in the expression level of citrin in tissues with a high baseline expression of citrin (a) and significant elevation in tumours in which the normal tissue has low basal expression of citrin (b) (*Pâ€‰<â€‰0.001). c, Immunoblot showing the expression level of citrin in osteosarcoma cells after si-citrin. d, Labelled and unlabelled aspartate (top) and uracil (bottom) are elevated significantly in cancers with ASS1 downregulation and are comparable to control in cells with both ASS1 and citrin downregulation (nâ€‰â‰¥â€‰3). Error bars are standard errors. e, Kaplanâ€“Meier survival analysis for two different cancer types (BRCA, breast cancer (top); LUSC, lung squamous cell carcinoma (bottom)), showing poor survival trend for cancers with low ASS1 and high citrin. For each cancer type, the Kaplanâ€“Meier plot indicates the survival rates of four groups of patients: (1) ASS1 low expression and citrin high expression; (2) ASS1 low expression; (3) citrin high expression; (4) none of these. We analysed the cancer types for which there were sufficient survival data. f, Quantification graph of a western blot showing decreased CAD and S6K phosphorylation after treatment of U2OS with si-citrin. Error bars are standard errors. g, Proximity ligation assay showing increased proximity between CAD and citrin after ASS1 knockdown in U2OS cells (top, red dots). The left and middle pictures show the proximity between ASS1 and CAD to citrin in U2OS infected with empty vector, whereas the right picture shows the proximity between CAD and citrin after infection of U2OS with shASS1. Bottom: quantification of proximity ligation assays performed on U2OS infected with either empty vector (EV) or with shASS1 using antibodies for citrin, ASS1 and CAD. The pictures were quantified using ImageJ.

                          Source data
                        


Extended Data Table 1 ASS1 inactivation is predicted to increase aspartate flux for nucleic acid synthesisFull size table


Extended Data Table 2 Kaplanâ€“Meier log-rank data analysis shows significant worsening in the survival of patients with low ASS1 and high citrin expression levels in bladder cancer and lung adenocarcinomaFull size table
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        Editorial Summary
Pyrimidine synthesis in tumours
The urea cycle enzyme argininosuccinate synthase (ASS1) is silenced in multiple cancers, but it has not been clear how or why this happens. Ayelet Erez and colleagues now show that ASS1 downregulation promotes cancer cell proliferation by activating CAD (a multifunctional complex of carbamoyl-phosphate synthase 2, aspartate transcarbamylase and dihydroorotase complex) and facilitating the synthesis of pyrimidines. This work identifies CAD blockade as a possible therapeutic strategy in cancers in which ASS1 is downregulated and demonstrates a metabolic link between urea cycle enzymes and pyrimidine synthesis.
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