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            Abstract
Cancer cells adapt their metabolic processes to support rapid proliferation, but less is known about how cancer cells alter metabolism to promote cell survival in a poorly vascularized tumour microenvironment1,2,3. Here we identify a key role for serine and glycine metabolism in the survival of brain cancer cells within the ischaemic zones of gliomas. In human glioblastoma multiforme, mitochondrial serine hydroxymethyltransferase (SHMT2) and glycine decarboxylase (GLDC) are highly expressed in the pseudopalisading cells that surround necrotic foci. We find that SHMT2 activity limits that of pyruvate kinase (PKM2) and reduces oxygen consumption, eliciting a metabolic state that confers a profound survival advantage to cells in poorly vascularized tumour regions. GLDC inhibition impairs cells with high SHMT2 levels as the excess glycine not metabolized by GLDC can be converted to the toxic molecules aminoacetone and methylglyoxal. Thus, SHMT2 is required for cancer cells to adapt to the tumour environment, but also renders these cells sensitive to glycine cleavage system inhibition.
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                    Figure 1: GLDC is required to prevent glycine accumulation and its conversion to aminoacetone and methylglyoxal.[image: ]


Figure 2: SHMT2 activity renders cells liable to toxic accumulation of glycine upon GLDC loss.[image: ]


Figure 3: SHMT2 expression provides a survival advantage in the ischaemic tumour microenvironment.[image: ]


Figure 4: SHMT2 elicits a PKM2-dependent metabolic rewiring that is advantageous to cancer cells in an ischaemic environment.[image: ]
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Extended data figures and tables

Extended Data Figure 1 GLDC and SHMT2 expression and function in neurosphere-forming cells.
a, Micrographs of cells (0308 cell line) cultured under neurosphere-forming conditions (top panel) or differentiated into their non-tumorigenic counterparts (bottom panel). b, Immunoblots from neurosphere-forming cells maintained in the neurosphere state or differentiated by serum treatment for 1 week, with SOX-2 as a marker for the neural stem cell-like state. c, Immunoblots from neurosphere-forming cells transduced with control shRNA (shGFP), or NOTCH2 shRNAs, which induce differentiation, for 1 week. d, Immunoblot showing suppression of GLDC expression in BT145 cells transduced with the indicated shRNAs for 5 days. e, Micrographs from undifferentiated or serum-differentiated BT145 cells expressing shGFP or GLDC shRNAs for 6 days. f, Viability of LN229 cells overexpressing blank vector or mouse GLDC, either untreated or treated with 1 mM esterified glycine for 3.5 days as indicated. Values are relative to that of the same cells left untreated. g, Immunoblot showing suppression of SHMT2 expression in BT145 cells transduced with the indicated shRNAs for 5 days. h, Immunoblots for SHMT2 expression in cells maintained in the neurosphere-forming state or induced to differentiate by serum treatment, which are from the same blot as shown in Fig. 1b. i, Immunoblots for SHMT2 expression in neurosphere-forming cells transduced with control (shGFP) or NOTCH2 shRNAs, which induce differentiation, for 1 week, and are from the same blot as shown in Fig. 1c. j, Micrographs showing morphology of BT145 cells transduced with the indicated shRNAs for 6 days. k, Cell viability of 0308 cells transduced with the indicated shRNAs for 6 days. Values are normalized to the viability of shGFP transduced cells. l, Clonogenic sphere formation in 0308 cells transduced with the indicated shRNAs and then plated as single cells. The proportion of wells containing single cells that were able to form spheres are shown as values relative to shGFP-transduced cells. For l, n = 2 independent biological replicates. For f and k, n = 3 independent biological replicates; error bars are s.d. *P < 0.05 (Studentâ€™s t-test).


Extended Data Figure 2 Identification of GCAT as a mediator of toxicity caused by GLDC suppression.
a, Schematic presentation of pooled shRNA screen carried out in LN229 cells. Detailed procedures are provided in Methods. b, Table of a subset of genes examined in the pooled screen, the average fold change increase in relative abundance of all shRNAs for each gene in GLDC-suppressed conditions (shGLDC_1 and shGLDC_2) compared to the set of nontargeting control shRNAs, as described in Supplementary methods. Genes are sorted by ascending P value; the top 15 out of the 25 genes are shown. Asterisks indicate metabolic genes which do not function in glycine metabolism, included as additional controls. All shRNAs used and their abundance in each condition are shown in Supplementary Table 4. c, Relative representation, in the shGLDC infected pool, of each shRNA against non-targeting controls, SHMT2, and GCAT. A value of 1.0 indicates the average for all hairpins in the screen. Representation in both shGLDC_1 and shGLDC_2 are shown, so each hairpin is represented twice in the plot. Bars are mean Â± s.e.m. *P < 0.05 (Studentâ€™s t-test). d, Immunoblots of LN229 cells transduced with shRNAs against GCAT as indicated. e, Extracted ion chromatogram showing peaks from FMOC derivatized aminoacetone and ethylamine (an internal standard spiked into each sample as a control for efficiency of derivatization, and recovery and detection) from pure standards (lower graph) and from a representative LN229 xenograft tumour sample (upper graph), showing a match between predicted and observed m/z values and retention times. f, Aminoacetone levels in control (no shRNA) cells, cells transduced with shGLDCdox, and cells with shGLDCdox plus shRNA-resistant mouse GLDC, which were all induced with doxycycline for 5 days; n = 3 independent biological replicates; error bars are s.d. *P < 0.05 (Studentâ€™s t-test). g, Methylglyoxal levels (argpyrimidine antibody) in LN229 cells transduced with Cas9 and single guide RNAs against GLDC for 7 days. h, Expression of GCAT in cells transduced with Cas9 and single guide RNAs against GCAT for 7 days. i, Methylglyoxal levels (argpyrimidine antibody) in LN229 cells transduced with Cas9 and the indicated single guide RNAs for 7 days, then secondarily transduced with shGLDC_2 for 5 days.


Extended Data Figure 3 Effects of glycine cleavage system inhibition on cells with high or low SHMT2 expression levels.
a, Overview of the serine hydroxymethyltransferase and glycine cleavage reactions mediated by SHMT2 and GLDC, respectively. Asterisks indicate metabolites that are labelled with 14C during mitochondrial metabolism of U-[14C]serine. Only upon completion of both reactions will 14C-labelled CO2 be formed, which is captured and detected by scintillation as described in Methods. b, Measurement of 14CO2 production, a readout of sequential SHMT2 and GLDC activity on U-[14C]serine, in intact mitochondria isolated from LN229 s expressing shGFP or shSHMT2_1, as described in Methods. c, Table indicating cell viability in various cell lines following transduction of GLDC shRNAs for 6â€“7 days . Values are relative to the CTG signal of the same cells secondarily transduced with shGFP and grown in parallel. d, SHMT2 and GLDC expression in LN229 cells stably transduced with shSHMT2_1 or shGFP, then secondarily transduced shGLDC or shGFP as indicated. e, Viability of LN229 cells first transduced with control or SHMT2 shRNAs, then transduced with shGFP or GLDC shRNAs for 5 days. Values are relative to that of cells secondarily transduced with shGFP. f, Viability of U251 cells first transduced with control or SHMT2 shRNAs, then transduced with shGFP or GLDC shRNAs for 7 days. Values are relative to that of cells secondarily transduced with shGFP. gâ€“i, Viability of various cell lines transduced with shRNAs targeting (g) GLDC, (h) GCSH (glycine cleavage system protein H, another integral component of the glycine cleavage system), or (i) SHMT2. Values are relative to those of the cells expressing shGFP, which were grown in parallel. For b, c, and eâ€“i, n = 3 independent biological replicates; error bars are s.d. *P < 0.05 (Studentâ€™s t-test).


Extended Data Figure 4 GLDC and SHMT2 expression in GBM tumours.
a, SHMT2 and GLDC expression across GBM and normal brain regions as examined in autopsy sections. A whole coronal section is shown, with the GBM bulk tumour outlined in white. Insets indicate magnified micrographs from the regions, indicated by the small red squares, from the same brain. For the bulk tumour insets, cells around the pseudopalisading necroses are shown. Scale bars for whole coronal section = 1 cm, and for insets = 100 Âµm. b, SHMT2 expression at the GBM-normal brain interface, showing SHMT2-immunoreactivity in migrating cells. Scale bar, 100 Î¼m. c, Magnified image of the boxed region in b. d, e, High-magnification micrographs of SHMT2 and GLDC expression, respectively, in (1) perinecrotic GBM tumour, (2) non-ischaemic bulk tumour, (3) frontal cortex, (4) temporal white matter, and (5) striatum from autopsy cases. Scale bar, 100 Î¼m. f, Semi-quantitative scoring of GLDC staining intensity by neuropathologist (M.S.) on 7 tumour biopsy cases (left) and 7 autopsy cases (right). g, Semi-quantitative scoring of SHMT2 staining intensity by neuropathologist (M.S.) on 7 tumour biopsy cases (left) and 7 autopsy cases (right). h, Viability of LN229 cells expressing an empty vector control or mouse GLDC cDNA and cultured in 0.5% hypoxia for 8 days. Values are relative to that of the same cells cultured in parallel in normoxia. i, Cell number counts from LN229 cells expressing an empty vector control or SHMT2 cDNA and cultured in 0.5% hypoxia for 8 days. Values are relative to the counts of the same cells cultured in parallel in normoxia. j, Viability of U251 cells expressing shRNA or cDNAs as indicated and cultured in 0.5% hypoxia for 6 days. Values are relative to that of the same cells cultured in parallel in normoxia. For f and g, bars indicate the mean. For hâ€“j, n = 3 independent biological replicates; error bars are s.d. *P < 0.05 (Studentâ€™s t-test).


Extended Data Figure 5 Effects of SHMT2 expression on PKM2 activity and cell metabolism.
a, Absolute quantitative CEâ€“MS measurement of intracellular metabolites from LN229 cells stably expressing indicated shRNAs without media change for 84 h. The metabolites with the greatest fold change are listed, in units of pmol per 106 cells. All metabolites listed are changed in a statistically significant manner (Studentâ€™s t-test, P < 0.05). Data for all 116 metabolites in the analysis are in Supplementary Table 5. b, Oxygen consumption in LN229 cells (in RPMI media) transduced with indicated shRNAs and cDNAs. Error bars are s.d. (n = 4 technical replicates). c, Pyruvate kinase activity assay from lysates of U251 cells transduced with indicated shRNAs or cDNAs. d, Proposed mechanism by which SHMT2 inhibition could lead to an increase in AICAR and SAICAR. In cells with high SHMT2 expression, 10-formyltetrahydrofolate, which is a downstream product of SHMT2 activity, serves as a cofactor for cytosolic 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase (ATIC) in the conversion of AICAR to FAICAR during purine biosynthesis. In the absence of SHMT2, a lack 10-formyltetrahydrofolate production could lead to accumulation of AICAR and SAICAR. As indicated by the asterisk, the contribution of SHMT2 to cytosolic 10-formyltetrahydrofolate formation may be direct, occur via export of formate from the mitochondria, or occur indirectly by changing serine/glycine levels and thereby altering SHMT1 activity. e, 13C labelling rates of pyruvate and its downstream metabolites in cells from h. Labelling rates are relative and expressed as fold changes in cells transduced with shSHMT2_1 versus cells transduced with shGFP, with or without RNAi-resistant SHMT2 cDNA. Estimated PK flux is the calculated total flux to the four product species in moles of 13C per unit time. Plots for individual labelled species over time are shown in g and Supplementary Table 9. f, Scheme for calculating total PK flux by measuring the net molar labelling of U-[13C]glucose derived, PK product species. Estimated PK flux is the calculated total flux to the four product species in moles of 13C per unit time. g, Plots of glucose-derived labelled species abundance over time for shGFP, shSHMT2, and shGFP plus PKM2 cDNA expressing LN229 cells shown in Fig. 4eâ€“g. Raw data, calculations and plots for all stable cell lines are shown in Supplementary data Tables 8 and 9. h, SHMT2 and PKM2 expression in LN229 cells transduced with shRNAs and cDNAs as indicated. Asterisk indicates the overexpressed PKM2, which shows higher migration due to Flag tag. i, Oxygen consumption in LN229 cells expressing shGFP or shSHMT2_1 in RPMI media with or without 1 mM pyruvate. Error bars are s.d. (n = 4 technical replicates). j, Viability of LN229 cells transduced with shRNAs or cDNAs as indicated, and also treated with vehicle or 50 Î¼M of TEPP-46 or DASA-58 as indicated, then subjected to hypoxia for 6 days. Values are relative to the same cells grown in parallel in normoxia. k, Overview of effects of SHMT2 expression on cell metabolism, tumour cell survival, and liability to toxic glycine accumulation. Red arrow indicates upregulation, and blue arrow indicates downregulation. Grey bar indicates the inhibitory effect of SHMT2 activity on PKM2 activity. Depiction of pseudopalisading necrosis is adapted from ref.43, Nature Publishing Group. Illustration by Mica Duran. For a, c, e, g, and j, n = 3 independent biological replicates; error bars are s.d. *P < 0.05 (Studentâ€™s t-test).
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Tumour cells thrive in a low-oxygen environment, and in this study David Sabatini and colleagues demonstrate a mechanism that operates in the ischaemic zone of glioblastoma cells to give tumour cells a survival advantage. Glioblastoma cells are shown to overexpress the serine hydroxymethyltransferase (SHMT2) and glycine decarboxylase (GLDC). SHMT2 favours poorly vascularized tumour cells by reducing oxygen consumption but at the same time it exposes a selective vulnerability. Glycine, the product of SHMT2 activity, if allowed to accumulate in excess within the cell can be converted into toxic molecules, hence it may be possible to target tumorigenic glioblastoma cells by inhibiting GLDC.
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