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Rationale: Serine metabolism is frequently rewired in cancer, yet how serine catabolism 37 

supports glioblastoma (GBM) adaptation to restricted serine/glycine (S/G) availability remains 38 

unclear. In particular, the expression, regulation, and function of cytosolic serine 39 

hydroxymethyltransferase 1 (SHMT1) and mitochondrial SHMT2 under S/G restriction are 40 

poorly defined. 41 

Methods: Single-cell and bulk transcriptomic datasets and clinical GBM specimens were 42 

analyzed to assess SHMT1/2 expression and clinical correlations. Hypoxia-inducible factor-1α 43 

(HIF-1α)-dependent transcriptional regulation of SHMT1/2 was investigated using promoter 44 

and chromatin immunoprecipitation analyses. Genetic depletion of SHMT1/2 and 45 

pharmacological SHMT targeting were used to evaluate redox homeostasis, oxidative stress, 46 

ferroptosis-associated phenotypes (Fe²⁺, lipid peroxidation, 4-HNE), GBM cell growth in vitro, 47 

and tumor growth in vivo. 48 

Results: S/G deprivation induced oxidative stress and ferroptosis-associated cell death, 49 

accompanied by robust upregulation of SHMT1/2. SHMT1/2 were overexpressed in GBM and 50 

associated with malignant features and poor prognosis. Mechanistically, S/G restriction 51 

activated reactive oxygen species (ROS)-dependent HIF-1α, which promoted SHMT1/2 52 

transcription through direct promoter binding. Functionally, the HIF-1α–SHMT1/2 axis 53 

supported serine catabolism to generate glycine and one-carbon units, sustaining 54 

NADPH/glutathione redox balance and limiting ferroptotic damage under S/G-restricted 55 

conditions. Genetic or pharmacological disruption of SHMT1/2 impaired redox homeostasis, 56 

increased ferroptosis-associated lipid damage, and reduced GBM cell viability in vitro, while 57 

suppressing tumor growth and prolonging survival in vivo. SHMT1/2 expression positively 58 

correlated with HIF-1α in single-cell and bulk GBM specimens, further supporting the clinical 59 
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relevance of this regulatory axis. 60 

Conclusions: Our findings identify HIF-1α–SHMT1/2–driven serine catabolism as a 61 

metabolic adaptation that supports redox homeostasis and ferroptosis resistance in GBM under 62 

restricted S/G availability. Disrupting this pathway compromises redox defense and suppresses 63 

GBM growth, highlighting SHMT-dependent serine catabolism as a potential metabolic 64 

vulnerability in GBM. 65 

 66 

Keywords: glioblastoma, SHMT, HIF-1α, serine catabolism, ferroptosis  67 
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Introduction  68 

Metabolic reprogramming is a hallmark of cancer that enables tumor cells to meet the increased 69 

energetic and biosynthetic demands required for sustained proliferation and tumor growth [1, 70 

2]. During tumor development, metabolic pathways are dynamically remodeled in response to 71 

both genetic alterations and tissue-specific features of the tumor microenvironment [3]. These 72 

metabolic adaptations are particularly important under adverse microenvironmental conditions, 73 

including nutrient limitation and hypoxia, where cancer cells must maintain metabolic 74 

homeostasis despite restricted availability of essential nutrients and oxygen. Accordingly, 75 

metabolic plasticity represents a critical mechanism by which cancer cells adapt to 76 

microenvironmental stress. However, the specific metabolic programs that support this 77 

adaptation and the therapeutic vulnerabilities that arise from their dependence on these 78 

programs remain incompletely understood. 79 

Cellular serine availability is maintained through extracellular uptake and de novo 80 

biosynthesis via the serine synthesis pathway (SSP), in which the glycolytic intermediate 3-81 

phosphoglycerate (3-PG) is sequentially converted to serine by phosphoglycerate 82 

dehydrogenase (PHGDH), phosphoserine aminotransferase (PSAT1), and phosphoserine 83 

phosphatase (PSPH) [4, 5]. Beyond its biosynthesis, serine is catabolized by serine 84 

hydroxymethyltransferases (SHMTs), comprising the cytosolic isozyme SHMT1 and the 85 

mitochondrial isozyme SHMT2, to generate glycine and one-carbon units [4, 5]. As a non-86 

essential amino acid, serine contributes to one-carbon metabolism and supports multiple 87 

cellular processes, including nucleotide biosynthesis, nicotinamide adenine dinucleotide 88 

phosphate (NADPH)- and glutathione (GSH)-dependent redox homeostasis, and methylation 89 

reactions [4-6]. Accordingly, SHMT-dependent serine catabolism has been increasingly 90 
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implicated in cancer-associated metabolic reprogramming. Glioblastoma (GBM) is the most 91 

aggressive primary brain tumor and remains associated with poor prognosis [7]. Of particular 92 

relevance to GBM, the availability of serine and glycine differs between the central nervous 93 

system and systemic circulation, with lower concentrations reported in human cerebrospinal 94 

fluid than in the systemic circulation [8-10]. Relatively limited S/G availability has also been 95 

demonstrated in the mouse brain microenvironment [11, 12], indicating that brain tumors 96 

develop within a distinct nutrient environment that may impose selective metabolic demands. 97 

Despite the established importance of serine metabolism in cancer, how GBM cells engage and 98 

regulate SHMT-mediated serine catabolism in response to the relatively restricted S/G 99 

availability of the brain microenvironment remains unclear. 100 

Ferroptosis is a regulated form of cell death driven by iron-dependent lipid 101 

peroxidation and is mechanistically distinct from apoptosis, necroptosis, and pyroptosis [13, 102 

14]. A central defense against ferroptosis is mediated by glutathione peroxidase 4 (GPX4), 103 

which detoxifies lipid hydroperoxides using GSH as a reducing substrate [15-18]. Accordingly, 104 

disruption of GPX4 activity or depletion of GSH can promote lipid peroxide accumulation and 105 

trigger ferroptosis across diverse cell types [19]. Ferroptosis is characterized by membrane 106 

lipid peroxidation, intracellular iron accumulation, and impaired antioxidant defenses. 107 

Alterations in iron, lipid metabolism, reactive oxygen species (ROS), and GSH levels during 108 

ferroptosis indicate that this form of cell death is tightly linked to cellular metabolic processes 109 

[20]. Cancer cells can acquire ferroptosis resistance through metabolic rewiring [21-25], which 110 

contributes to tumor progression and therapy resistance [26]. Notably, nutrient limitations, 111 

including restricted serine/glycine availability, may compromise NADPH- and GSH-112 

dependent antioxidant defenses and increase the vulnerability of GBM cells to ferroptosis, 113 
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highlighting the importance of metabolic defense mechanisms that sustain redox homeostasis 114 

under nutrient-limited conditions. 115 

In this study, we investigated how GBM cells adapt to restricted serine/glycine 116 

availability through an integrative approach combining single-cell and bulk transcriptomic 117 

analyses, validation in clinical specimens, and mechanistic studies of the upstream regulation 118 

and functional significance of SHMT1/2-mediated serine catabolism using genetic and 119 

pharmacological perturbation in vitro and in vivo. We identify ROS–hypoxia-inducible factor-120 

1α (HIF-1α) signaling as an upstream regulatory mechanism of SHMT1/2 induction under 121 

serine/glycine restriction and show that SHMT1/2-mediated serine catabolism supports 122 

NADPH/GSH-dependent redox homeostasis and ferroptosis resistance. Furthermore, genetic 123 

and pharmacological targeting of SHMT1/2 impaired GBM growth in vivo, supporting SHMT-124 

dependent serine catabolism as a potential metabolic vulnerability in GBM.   125 
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Materials and methods 126 

Materials 127 

N-acetyl-L-cysteine (NAC) (#A7250), cobalt (II) chloride (CoCl2) (#60818), glycine (#G8790), 128 

and sodium formate (#71539) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 129 

Hydrogen peroxide (H2O2, 30%) (#107209) was obtained from Merck Millipore (Burlington, 130 

MA, USA). PX-478 (#S7612) was obtained from Selleck Chemicals (Houston, TX, USA). 131 

SHIN1 (#HY-112066), sertraline hydrochloride (#HY-B0176A), Z-VAD-FMK (Z-VAD) 132 

(#HY-16658B), Ferrostatin-1 (Fer-1) (#HY-100579), Necrostatin-1 (Nec-1) (#HY-15760), and 133 

Liproxstatin-1 (Lip-1) (#HY-12726) were obtained from MedChemExpress (Monmouth 134 

Junction, NJ, USA). Antibodies used for immunoblotting (IB) and immunohistochemistry 135 

(IHC), together with their sources, catalog numbers, and working dilutions, are listed in Table 136 

S1. 137 

 138 

Cell culture 139 

U87MG and U373MG cells were obtained from the Korean Cell Line Bank (KCLB; Seoul, 140 

Republic of Korea). U251, A172, T98G, LN18, and LN229 cells, together with normal human 141 

astrocytes (NHA), were kindly provided by the individuals thanked in the Acknowledgements. 142 

Cell cultures were routinely screened for mycoplasma contamination, and their identities were 143 

confirmed using authentication information from the respective sources. NHA were maintained 144 

in Astrocyte Medium (#1801, ScienCell, Carlsbad, CA, USA) according to the manufacturer's 145 

instructions. Unless otherwise indicated, GBM cells were cultured in Dulbecco's modified 146 

Eagle's medium (DMEM; #LM001-05; Welgene, Gyeongsan-si, Republic of Korea) 147 
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supplemented with 10% fetal bovine serum (FBS; #S001-04, Welgene) and 1% 148 

penicillin/streptomycin (#PS-B, Capricorn Scientific, Germany). The glioblastoma stem-like 149 

cell (GSC) lines NCH421K and NCH644 were obtained from Cytion (Heidelberg, Germany) 150 

and cultured in DMEM:Ham's F-12 (1:1) medium (#820400a, Cytion) supplemented with 10% 151 

FBS, 5 mg/L heparin, 20 ng/mL basic fibroblast growth factor (bFGF), 20 ng/mL epidermal 152 

growth factor (EGF), 5 mg/L insulin, 100 mg/L transferrin, 5.2 μg/L sodium selenite, 6.3 μg/L 153 

progesterone, 161.1 μg/L putrescine, and 1% penicillin/streptomycin. 154 

 155 

Serine and glycine deprivation 156 

The serine/glycine (S/G)-containing control medium consisted of DMEM (#LM001-05, 157 

Welgene), containing 0.4 mM L-serine and 0.4 mM glycine, supplemented with 10% dialyzed 158 

fetal bovine serum (dFBS; #26400044, Gibco, Gaithersburg, MD, USA) and 1% 159 

penicillin/streptomycin. The S/G(−) condition was established using a customized DMEM 160 

formulation (#LM001-229, Welgene) with the same composition as the control DMEM but 161 

without L-serine and glycine. The customized medium contained the same concentrations of 162 

dFBS and penicillin/streptomycin as the control medium. Dialyzed FBS was used in both 163 

media to minimize the contribution of exogenous free amino acids while maintaining identical 164 

serum conditions between experimental groups. 165 

 166 

Cell proliferation and viability assays 167 

Cells (1 × 104) were seeded and cultured in either S/G-containing control [S/G(+)] medium or 168 

S/G-deprived [S/G(−)] medium as described above. On days 2, 4, and 6 after seeding, cells 169 



10 

 

were trypsinized and manually counted using a hemocytometer. 170 

Cell viability was determined using a WST-8 Cell Counting Kit (#QM5000, Biomax, 171 

Guri-si, Republic of Korea) according to the manufacturer's instructions. GBM cells (3 × 10³) 172 

were seeded in 96-well plates and maintained under the indicated experimental conditions for 173 

the specified durations. At the indicated time points, WST-8 reagent was added to each well, 174 

followed by incubation at 37 °C for 1 h. Absorbance was measured at 450 nm using a 175 

microplate reader at room temperature (RT). 176 

 177 

Flow cytometric analysis of cell death and apoptosis 178 

Cells were plated in 12-well plates under the indicated experimental conditions. For cell death 179 

analysis, cells were stained with propidium iodide (PI) alone, and PI-positive cells were 180 

determined by flow cytometry. The percentage of PI-positive cells was calculated relative to 181 

the total analyzed cell population. For apoptosis analysis, cells were subjected to dual staining 182 

with FITC Annexin V and PI using a FITC Annexin V Apoptosis Detection Kit with PI 183 

(#640914, BioLegend, San Diego, CA, USA) according to the manufacturer's instructions. 184 

Early apoptotic (Annexin V-positive/PI-negative) and late apoptotic (Annexin V-positive/PI-185 

positive) populations were identified, and the two populations were combined to determine the 186 

total apoptotic fraction. Samples were analyzed on a NovoCyte flow cytometer (Agilent, Santa 187 

Clara, CA, USA). A minimum of 10,000 events was acquired for each sample, and flow-188 

cytometry data were processed using FlowJo software (version 10; Tree Star, Ashland, OR, 189 

USA). 190 

 191 
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Measurements of lipid ROS 192 

To evaluate lipid ROS, cells were plated in 24-well plates and stained with BODIPY C11 using 193 

the Image iTTM Lipid Peroxidation Kit (#C10445, Invitrogen, Waltham, MA, USA) according 194 

to the manufacturer’s instructions. Fluorescence images were acquired using a fluorescence 195 

microscope (Echo, CA, USA), and representative images were used to assess changes in lipid 196 

ROS accumulation. 197 

 198 

Gene knockdown and overexpression 199 

siRNA targeting HIF-1α (#104730345) was obtained from Integrated DNA Technologies 200 

(Coralville, IA, USA). Lentiviral plasmids based on the pLKO.1-puro backbone carrying 201 

shRNA against GFP, HIF-1α (#TRCN0000003810), SHMT1 (#TRCN0000034766), or 202 

SHMT2 (#TRCN0000234659) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 203 

The pCMV3-Flag-HIF1-α expression plasmid (#HG11977-NF) was purchased from Sino 204 

Biological (Beijing, China). Cells were seeded in 60-mm culture dishes at 4 × 10⁵ cells per dish 205 

18 h before transfection. HIF-1α siRNA was introduced using Lipofectamine™ RNAiMAX 206 

transfection reagent (#13778150, Thermo Fisher Scientific, Pittsburgh, PA, USA) according to 207 

the manufacturer’s instructions. Transfection of shRNA constructs and the HIF-1α expression 208 

plasmid was carried out with LipofectamineTM 2000 transfection reagent (#11668027, Thermo 209 

Fisher Scientific, Pittsburgh, PA, USA) according to the manufacturer’s instructions. 210 

 211 

Quantitative real-time PCR (qPCR) analysis 212 

RNAiso Plus reagent (#9108, Takara, Japan) was used to isolate total RNA according to the 213 
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manufacturer’s instructions. Equivalent amounts of isolated RNA were converted to cDNA 214 

with PrimeScript™ RT Master Mix (Perfect Real Time) (#RR036A, Takara, Japan). qPCR 215 

amplification was carried out on a Thermal Cycler Dice® Real Time System III detection 216 

system using a KAPA SYBR® FAST qPCR Master Mix (#KK4602, Roche, CH), according to 217 

the manufacturer’s instructions. The amplification protocol comprised 40 cycles of 95°C for 218 

15 s and 60°C for 1 min. Transcript abundance was determined by the 2⁻ΔΔCt method [27] 219 

using GAPDH as the reference gene, with each sample analyzed in triplicate. The primer 220 

sequences used for qPCR analysis are provided in Table S2. 221 

 222 

Immunoblotting (IB) analysis 223 

Whole-cell lysates were prepared using a lysis buffer composed of 50 mM Tris–HCl [pH 7.5], 224 

0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 150 mM NaCl, 1 mM dithiothreitol 225 

(DTT), 0.5 mM EDTA, 100 μM sodium orthovanadate, 100 μM sodium pyrophosphate, 1 mM 226 

sodium fluoride, and protease inhibitor cocktail. The lysates were clarified by centrifugation at 227 

15,000 rpm for 15 min at 4 °C, and protein concentrations in the resulting supernatants were 228 

measured with the DC Protein Assay Kit (#5000112, Bio-Rad, Hercules, CA, USA). Equivalent 229 

amounts of protein were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 230 

followed by transfer to nitrocellulose membranes. Membranes were blocked with 5% skim 231 

milk in TBST for 30 min at RT before incubation with primary antibodies overnight at 4°C. 232 

After washing, horseradish peroxidase (HRP)-linked secondary antibodies were applied (anti-233 

rabbit: #RSA1221; anti-mouse: #RSA1122, BioActs, Incheon, Republic of Korea) for 2 h at 234 

RT. Band intensities were quantified with ImageJ software (National Institutes of Health, 235 

Bethesda, MD, USA). IB experiments were independently repeated at least three times. Figure 236 
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S8 shows uncropped images of the original immunoblots. 237 

 238 

Analysis of single-cell RNA sequencing 239 

For the normal brain scRNA-seq dataset, a large publicly available collection of scRNA-seq 240 

datasets was downloaded and analyzed (Human Brain Cell Atlas v1.0; SCR015820) [28]. From 241 

this collection, we selected 12 datasets (three from the medial entorhinal cortex [MEC], three 242 

from the middle temporal gyrus [MTG], three from the primary motor cortex [M1C], and three 243 

from the superior temporal gyrus [STG]) for analysis (Data File S1). For the glioblastoma 244 

scRNA-seq dataset, 40 datasets (paired primary and recurrent glioblastoma datasets from 20 245 

patients; Data File S1) were selected and downloaded from a large, publicly available scRNA-246 

seq cohort (GSE174554) [29]. We used the filtered matrix output generated by the Cell Ranger 247 

pipeline (v.3.0.2). 248 

To standardize gene names across the cohort, we applied the HGNChelper package 249 

(v.0.8.15) [30]. Next, we applied the scDblFinder package (v.1.18.0) [31] to predict and remove 250 

doublets. Using the Seurat package (v.5.3.0) [32], the datasets were merged and analyzed. For 251 

each sample, poor-quality cells were filtered based on the number of features (min features = 252 

200, min cells = 3), the number of detected RNAs (> 200 and < 9,000), and percentage of reads 253 

arising from the mitochondrial genome (< 5%). To reduce batch effects, we applied the 254 

Harmony package (v.1.2.3) [33]. Clustering with default parameters and nonlinear 255 

dimensionality reduction using uniform manifold approximation and projection (UMAP) were 256 

performed using the Seurat package. Cell clusters were annotated based on the marker genes 257 

identified using the Seurat FindAllMarkers function and previous published literature (Data 258 

File S2) [28, 29].  259 
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Gene set scores (hypoxia-related genes from MSigDB [200 genes] [34], hypoxia-260 

related genes from meta-program [50 genes] [35], and ferroptosis-related genes [FerrDb v2; 261 

348 suppressor genes, 369 driver genes, and 11 marker genes] [36]) were calculated using the 262 

Seurat AddModuleScore function (Data File S3). For correlation analysis, we divided the cells 263 

into SHMT1/2-negative and SHMT1/2-positive groups based on SHMT1/2 expression. Cells 264 

with expression levels of both SHMT1 and SHMT2 above 0.01 were identified as SHMT1/2-265 

positive cells, and the remaining cells were identified as SHMT1/2-negative cells. Among the 266 

SHMT1/2-positive cells, we performed Pearson correlation analysis using 267 

correlationAnalyzeR (v.1.0.0) package [37]. 268 

 269 

Analysis of RNA sequencing and gene set enrichment analysis (GSEA) 270 

RNA-sequencing data were obtained from U87MG cells cultured in S/G-containing control 271 

[S/G(+)] or S/G-deprived [S/G(−)] medium for 24 h, as previously described [38]. The RNA-272 

sequencing dataset is available in the Gene Expression Omnibus (GEO) under accession 273 

number GSE235422. RNA-sequencing data were processed and normalized using R software. 274 

Differentially expressed genes (DEGs) between S/G(+) and S/G(−) conditions were identified 275 

using an R-based differential expression analysis. Fold changes and statistical significance 276 

were calculated to identify genes differentially expressed between the two conditions.  277 

Gene set enrichment analysis (GSEA) was performed using GSEA software (version 278 

4.3.3; Broad Institute), as previously described [39]. Normalized expression data were used for 279 

GSEA, with Signal2Noise used as the gene-ranking metric. Normalized enrichment scores 280 

(NES) were calculated, and gene sets with a false discovery rate (FDR) q-value < 0.25 were 281 

considered significantly enriched. 282 
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 283 

Gene ontology and pathway enrichment analyses 284 

Differentially expressed genes (DEGs), defined as genes with a fold change ≥ 1.3 and P < 0.05, 285 

were subjected to functional enrichment analysis using Enrichr [40]. Gene Ontology (GO) and 286 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were 287 

performed using the corresponding gene-set libraries available in Enrichr. Enrichment 288 

significance was assessed using Fisher’s exact test, and terms with an adjusted P-value < 0.05 289 

were considered significantly enriched. 290 

 291 

Assessment of cellular redox status and ROS levels 292 

Intracellular NADPH/NADP⁺ ratio was analyzed in 1 × 10⁵ cells using the NADP/NADPH 293 

Quantification Colorimetric Kit (#ab65349, Abcam, Cambridge, UK) according to the 294 

manufacturer's instructions. Cells were lysed in the assay buffer supplied with the kit, and 295 

absorbance was recorded at 450 nm using a 96-well microplate reader at RT. For GSH/GSSG 296 

analysis, 1 × 10⁵ cells were processed with the GSH+GSSG/GSH Assay Kit (#ab239709, 297 

Abcam) according to the manufacturer's instructions, with absorbance recorded at 405 nm at 298 

RT. Protein concentrations were determined from aliquots of each lysate using the DC Protein 299 

Assay (Bio-Rad). Intracellular NADPH, NADP⁺, GSH, and GSSG levels were normalized to 300 

total protein concentration before calculation of the corresponding ratios. Intracellular ROS 301 

levels were determined with a Reactive Oxygen Species (ROS) Detection Assay Kit 302 

(#ab287839, Abcam, Cambridge, UK) following the manufacturer's protocol. Fluorescence 303 

was measured at Ex/Em = 495/529 nm in endpoint mode. 304 
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 305 

Measurement of intracellular metabolites 306 

Intracellular serine, glycine, formate, and asparagine levels in cultured cells (1 × 10⁵) or tumor 307 

tissues were measured with the L-Serine ELISA Kit (#IS-I-1200R, Immusmol, Bordeaux, 308 

France), Glycine Assay Kit (Fluorometric) (#ab211100, Abcam, Cambridge, UK), Formate 309 

Assay Kit (#ab111748, Abcam), and Asparagine Assay Kit (Fluorometric) (#ab273333, 310 

Abcam), respectively, according to the manufacturers’ instructions. Cells were lysed in the 311 

buffers provided with the respective assay kits. For measurement of glycine and formate levels 312 

in tumors, excised tumor tissues were weighed and homogenized in the buffers provided. Cell 313 

lysates and tumor homogenates were then centrifuged to remove cellular and tissue debris. 314 

Serine and formate levels were determined by measuring absorbance at 450 nm using a 315 

microplate reader, whereas glycine and asparagine levels were determined fluorometrically at 316 

Ex/Em = 535/587 nm and 538/587 nm, respectively, in endpoint mode. Protein concentrations 317 

were determined from aliquots of each lysate using the DC Protein Assay (Bio-Rad), and 318 

intracellular metabolite levels were normalized to total protein concentration. 319 

 320 

Measurement of cellular iron levels 321 

To evaluate cellular iron (Fe²⁺) levels, 1 × 10⁵ cells were harvested and lysed using the assay 322 

buffer provided with the Iron Assay Kit (#ab83366, Abcam, Cambridge, UK) according to the 323 

manufacturer's instructions. Absorbance was measured at 593 nm using a 96-well microplate 324 

reader at RT. Protein concentrations were determined from aliquots of each lysate using the DC 325 

Protein Assay (Bio-Rad), and cellular Fe²⁺ levels were normalized to total protein concentration. 326 
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 327 

Glycine and formate supplementation 328 

For glycine rescue experiments, glycine was supplemented at 1.0 mM in mechanistic assays 329 

evaluating redox homeostasis and ferroptosis-associated phenotypes. To confirm that the 330 

observed rescue effects were not restricted to this concentration, additional experiments were 331 

performed using 0.4 mM glycine, corresponding to the glycine concentration in the standard 332 

DMEM used in this study. Formate was supplemented at 0.5 mM in the indicated cell viability 333 

rescue experiments. The specific concentrations of glycine and formate used in each rescue 334 

experiment are indicated in the corresponding figure legends. 335 

 336 

Chromatin immunoprecipitation (ChIP) assay 337 

ChIP was carried out with the SimpleChIP Enzymatic Chromatin IP kit (#9003S, Cell Signaling 338 

Technology, Danvers, MA, USA), according to the manufacturer’s instructions. Chromatin was 339 

isolated from 1 × 107 cells grown in 150-mm culture dishes, with an aliquot retained as input 340 

DNA. The remaining chromatin was subjected to overnight immunoprecipitation at 4°C using 341 

an anti-HIF-1α antibody or control IgG. Immunoprecipitated DNA was analyzed by qPCR 342 

using primers targeting the HIF-1α-binding regions of the SHMT1 and SHMT2 promoters 343 

(Table S3). 344 

 345 

SHMT1/2 promoter luciferase assay 346 

Cells were co-transfected with the empty pGL3-Basic vector (#E1751, Promega, Madison, WI, 347 
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USA) or pGL3 firefly luciferase reporter constructs containing the SHMT1 promoter region 348 

(−1169 to −750 relative to the transcription start site) or the SHMT2 promoter region (−2186 349 

to −1977 relative to the transcription start site), encompassing the respective wild-type or 350 

mutant hypoxia-response elements (HREs), together with the pRL-TK Renilla luciferase 351 

plasmid (#E2241, Promega) at a 10:1 ratio. The HRE-mutant constructs were generated by site-352 

directed mutagenesis of the HRE sequence (5′-CGTG-3′ to 5′-ATAA-3′) using the following 353 

mutagenic forward primers: SHMT1-HRE-mut, 5′-354 

CTGGGACTATAGGCAATAACCACCACACCCGACT-3′; and SHMT2-HRE-mut, 5′-355 

TGGCTTTTCCATGCAATAAGATTGGGGGCCTCAGG-3′. Transfections were performed 356 

using Lipofectamine™ 2000 (Thermo Fisher Scientific). Following transfection, cells were 357 

cultured in either serine- and glycine-replete or serine- and glycine-deficient medium for 24 h. 358 

Firefly and Renilla luciferase activities were measured using the Dual-Luciferase® Reporter 359 

Assay System (#E1910, Promega), and relative luciferase activity was calculated by 360 

normalizing firefly luciferase activity to Renilla luciferase activity. 361 

 362 

Intracranial implantation of GBM cells in mice and histologic evaluation 363 

Five-week-old male athymic nude mice received intracranial implantation of U87MG cells 364 

with or without SHMT1 or SHMT2 depletion (n = 5 per group). For pharmacological treatment 365 

with sertraline, U87MG cells were intracranially implanted into 5-week-old male athymic nude 366 

mice (n = 5 per group). One week after tumor implantation, mice were randomly assigned to 367 

receive either sertraline or vehicle treatment. Sertraline was dissolved in a vehicle containing 368 

10% DMSO, 40% PEG300, and 5% Tween-80 and administered by intraperitoneal (i.p.) 369 

injection at 25 mg/kg every other day for 21 days. Control mice received the corresponding 370 
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vehicle alone according to the same administration schedule. At 28 days after tumor 371 

implantation, mice were sacrificed and brains were collected for histological analysis. Brain 372 

tissues were fixed in 4% paraformaldehyde in PBS and processed into 5-μm paraffin sections. 373 

Histological examination was performed following hematoxylin and eosin (H&E) staining 374 

using Mayer’s hematoxylin (#HK100; Biogenex Laboratories, San Ramon, CA, USA) and 375 

eosin (Biogenex Laboratories). Sections were mounted with Universal Mount (Research 376 

Genetics, Huntsville, AL, USA). Tumor dimensions were obtained from H&E-stained sections, 377 

and tumor volume was estimated using V = (L × W²)/2, where L and W denote tumor length 378 

and width, respectively. Mice were maintained in the certified animal facility of Dong-A 379 

University. All animal work adhered to institutional and governmental ethical regulations and 380 

was reviewed and approved by the Institutional Animal Care and Use Committee of Dong-A 381 

University. 382 

For survival analysis, an independent cohort of 5-week-old male athymic nude mice 383 

was used (n = 10 per group). U87MG cells (1 × 10⁶ cells per mouse) were intracranially 384 

implanted using the same procedure as that used for the tumor growth experiments. One week 385 

after tumor implantation, mice were randomly assigned to receive either sertraline or vehicle 386 

treatment. Sertraline (25 mg/kg) or vehicle was administered by i.p. injection every other day 387 

for 21 days. Mice were monitored daily for survival and general health status, including body 388 

weight, body condition, clinical signs, and activity, for 30 days after treatment initiation. 389 

Humane endpoints included body weight loss of 20% or more from baseline or severe 390 

deterioration in general condition or activity. Mice reaching a humane endpoint were 391 

euthanized in accordance with the approved animal protocol and recorded as events for survival 392 

analysis. For Kaplan–Meier survival analysis, the day of treatment initiation (7 days after tumor 393 
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implantation) was designated as day 0. Survival distributions were estimated using the Kaplan–394 

Meier method and compared using the log-rank (Mantel–Cox) test. 395 

 396 

Immunohistochemical (IHC) analysis and scoring 397 

IHC analysis was conducted using formalin-fixed, paraffin-embedded tissue slides. HIF-1α, 398 

SHMT1, SHMT2, Ki-67, and 4-HNE were detected with the VECTASTAIN Elite ABC kit 399 

(#PK-6200, Vector Laboratories, Burlingame, CA, USA). 3,3′-diaminobenzidine (DAB; #SK-400 

4100, Vector Laboratories, Burlingame, CA, USA) was used as the chromogenic substrate for 401 

immunostaining, followed by hematoxylin counterstaining. For each slide, staining was 402 

evaluated in six randomly selected microscopic fields, and the field-specific scores were 403 

averaged. 404 

Human GBM specimens and the corresponding clinical information were provided by 405 

the First Affiliated Hospital of Wenzhou Medical University, China. The study was approved 406 

by the Institutional Ethics Committee of Wenzhou Medical University, and all participating 407 

patients provided written informed consent. Tissue sections from 30 paraffin-embedded human 408 

GBM specimens were stained using antibodies specific to HIF-1α, SHMT1, and SHMT2, with 409 

non-immune IgG included as a negative control. IHC staining was scored according to the 410 

proportion of positive cells and signal intensity, as previously described [38]. The proportion 411 

score ranged from 0 to 5: 0 (no staining), 1 (0.1-1%), 2 (1.1-10%), 3 (11-30%), 4 (31-70%), 412 

and 5 (71-100%). Staining intensity was assigned a score of 0–3: 0 (no signal), 1 (weak), 2 413 

(moderate), and 3 (strong). The proportion and intensity scores were summed to obtain a final 414 

immunoreactivity score ranging from 0 to 8. 415 
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 416 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay of 417 

intracranial tumors 418 

Apoptotic cells in intracranial tumor sections were detected with the DeadEnd™ Colorimetric 419 

TUNEL System (#G7360, Promega), according to the manufacturer’s protocol. Tumor tissue 420 

sections were initially incubated with equilibration buffer for 10 min, followed by enzymatic 421 

digestion with proteinase K solution (20 μg/mL) for another 10 min. Following PBS washing, 422 

the sections were incubated with terminal deoxynucleotidyl transferase (TdT) for 1 h at 37 °C 423 

in a humidified chamber to label DNA strand breaks with biotinylated nucleotides. TUNEL-424 

positive signals were visualized by horseradish peroxidase-conjugated streptavidin followed 425 

by DAB development. 426 

 427 

IHC evaluation of human glioma tissue microarrays 428 

A commercially available paraffin-embedded glioma tissue microarray (#GL803d; US Biomax, 429 

Rockville, MD, USA) was used for IHC analysis. The tissue microarray included normal brain 430 

(n = 5), low-grade glioma (n = 45), and high-grade glioma (n = 30) specimens. All specimens 431 

were collected with informed donor consent in accordance with applicable ethical guidelines. 432 

SHMT1 and SHMT2 IHC staining was carried out as described above. 433 

 434 

Genomic data analysis 435 

Gene expression and clinical data for glioma patients were obtained from The Cancer Genome 436 
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Atlas, the Gene Expression Omnibus, and the Chinese Glioma Genome Atlas (CGGA). TCGA 437 

data and GEO/CGGA data were obtained from their respective public repositories 438 

(www.cbioportal.org; https://www.ncbi.nlm.nih.gov/geo; http://www.cgga.org.cn). Expression 439 

data were normalized to TPM/FPKM and log2-transformed prior to analysis. Data processing 440 

and statistical analyses were performed using R software (Ver 4.6.1) with the limma, edgeR 441 

packages. 442 

 443 

Correlation analysis 444 

Pearson’s correlation analysis was performed to evaluate the relationship between gene 445 

expression levels. Pearson’s correlation coefficient (r) and the corresponding P-value were 446 

calculated to assess the strength and statistical significance of the correlation, respectively. A 447 

P-value < 0.05 was considered statistically significant. 448 

 449 

Determination of optimal cutoff values 450 

Optimal cutoff values for gene expression were determined using maximally selected rank 451 

statistics implemented in the R maxstat package. Overall survival (OS) was used as the clinical 452 

endpoint, and the expression threshold that maximized the standardized log-rank statistic was 453 

selected as the optimal cutoff. Patients were subsequently stratified into low- and high-454 

expression groups according to the identified optimal cutoff. 455 

 456 

Survival analysis 457 
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Kaplan–Meier survival analysis was performed to evaluate overall survival between the low- 458 

and high-expression groups, and survival differences were assessed using the log-rank test. 459 

Hazard ratios (HRs) and corresponding 95% confidence intervals (CIs) were estimated using 460 

Cox proportional hazards regression analysis. A P-value < 0.05 was considered statistically 461 

significant. 462 

 463 

Statistical analysis 464 

Quantitative experimental results are expressed as the mean ± standard deviation (SD) from a 465 

minimum of three independent experiments. Differences between two groups were evaluated 466 

using a two-tailed Student’s t-test, whereas comparisons involving more than two groups were 467 

performed by one-way ANOVA with Tukey’s post hoc test. Statistical analyses of experimental 468 

data were performed using GraphPad Prism version 11.1.0 (GraphPad Software, Boston, MA, 469 

USA), with P < 0.05 considered statistically significant.  470 
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Results 471 

Serine/glycine deprivation induces ferroptotic stress and cell death in GBM cells  472 

We first assessed the impact of serine/glycine (S/G) deprivation on GBM cell survival and 473 

observed that short-term S/G deprivation significantly increased cell death (Figure 1A). To 474 

characterize the stress-response programs associated with S/G deprivation, we reanalyzed our 475 

previously generated RNA-sequencing dataset (GSE235422) using Gene Set Enrichment 476 

Analysis (GSEA), which revealed a significant enrichment of ferroptosis-related gene sets in 477 

S/G-deprived cells (Figure 1B). Consistently, ontology-based pathway enrichment analysis of 478 

differentially expressed genes (DEGs) ranked ferroptosis and apoptosis among the most 479 

significantly enriched pathways (Figure 1C). We therefore examined the contribution of 480 

different regulated cell-death pathways using pathway-specific inhibitors. After 96 h of 481 

concurrent S/G deprivation and inhibitor treatment, ferrostatin-1 (Fer-1, a ferroptosis inhibitor) 482 

most effectively restored cell viability, whereas Z-VAD-FMK (Z-VAD, an apoptosis inhibitor) 483 

provided partial protection and necrostatin-1 (Nec-1, a necroptosis inhibitor) had no significant 484 

effect (Figure 1D). Similar responses were observed at 48 and 72 h (Figure S1A), indicating a 485 

progressive loss of cell viability during prolonged S/G deprivation. Notably, the relatively 486 

modest increase in PI-positive cell death observed at 24 h (Figure 1A) contrasts with the more 487 

pronounced loss of cell viability measured after 96 h of S/G deprivation (Figure 1D), reflecting 488 

the cumulative effects of prolonged S/G deprivation. Fer-1 also significantly reduced S/G 489 

deprivation-induced PI-positive cell death (Figure 1A) and attenuated the accompanying 490 

increases in intracellular Fe²⁺ (Figure 1E) and lipid ROS (Figure 1F). The involvement of 491 

ferroptosis was further supported by the protective effect of the independent ferroptosis 492 

inhibitor Liproxstatin-1 (Figure S1B). In parallel, S/G deprivation increased PARP cleavage, 493 
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indicating activation of apoptotic signaling (Figure S1C), consistent with the partial protective 494 

effect of Z-VAD. S/G deprivation also increased 4-hydroxynonenal (4-HNE), a product of lipid 495 

peroxidation, and altered the levels of ferroptosis-associated proteins, such as solute carrier 496 

family 7 member 11 (SLC7A11), ferritin heavy chain 1 (FTH1), glutathione peroxidase 4 497 

(GPX4), ChaC glutathione specific gamma-glutamylcyclotransferase 1 (CHAC1), and 498 

prostaglandin-endoperoxide synthase 2 (PTGS2) (Figure 1G), with corresponding 499 

transcriptional changes observed in ferroptosis-associated genes (Figure S1D). Together, these 500 

findings indicate that S/G deprivation induces a mixed cell-death response in GBM cells, with 501 

ferroptosis representing the predominant component under these conditions. 502 

To extend these findings to human tumors, we analyzed published single-cell RNA-503 

sequencing (scRNA-seq) datasets from normal brain and primary/recurrent GBM. For the 504 

normal control, we downloaded a large cohort of normal brain scRNA-seq data (SCR_015820) 505 

[28], and then we selected 12 samples (medial entorhinal cortex [MEC, n = 3], middle temporal 506 

gyrus [MTG, n = 3], primary motor cortex [M1C, n = 3], and superior temporal gyrus [STG, n 507 

= 3], Data File S1). For the GBM tumor, we downloaded the large cohort of primary and 508 

recurrent GBM scRNA-seq data (GSE174554) [29] and selected 40 matched samples (primary 509 

[n = 20] and recurrent [n = 20], Data File S1). Then, we annotated cell types from the unbiased 510 

clusters based on the marker genes (Data File S2) and previous literature [28, 29] (Figure 1H 511 

and Figure S1E). The scRNA-seq data showed that ferroptosis-related driver, suppressor, and 512 

marker gene scores were elevated in both primary and recurrent GBM cells compared with 513 

normal brain cell populations (Figure 1I), indicating broad dysregulation of ferroptosis-514 

associated programs in human GBM. Collectively, these findings indicate that S/G deprivation 515 
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imposes ferroptotic stress on GBM cells and reveal a requirement for metabolic adaptations 516 

that protect against ferroptosis under S/G-restricted conditions. 517 

 518 

S/G deprivation induces SHMT1/2 expression in GBM cells in association with oxidative-519 

stress responses 520 

Reanalysis of our previously generated RNA-seq dataset (GSE235422) revealed enrichment of 521 

gene sets associated with amino acid/serine metabolism and oxidative-stress responses under 522 

S/G deprivation (Figure 2A). In particular, genes involved in L-serine metabolic process were 523 

upregulated, including SSP enzymes (PHGDH, PSAT1, and PSPH) and the serine catabolic 524 

enzyme SHMT2 (Figure 2B). SHMT1 showed an increasing trend but did not meet the cutoff 525 

criterion for inclusion in the heatmap. S/G deprivation also altered multiple oxidative-stress 526 

response genes, including SLC7A11, SESN2, ATF4, HMOX1, NQO1, GPX4, and SOD2 (Figure 527 

2B; Table S4). Our previous study demonstrated SSP activation through PHGDH, PSAT1, and 528 

PSPH induction under S/G deprivation [38]. Given the increased SHMT2 expression observed 529 

in the present RNA-seq analysis, we next investigated the regulation of SHMT1/2 under S/G-530 

restricted conditions. We subsequently validated the transcriptomic findings in established 531 

GBM cell lines and patient-derived glioma stem cells (NCH421K and NCH644). Both SHMT1 532 

and SHMT2 showed increased mRNA and protein expression following S/G deprivation, as 533 

determined by qPCR and IB, respectively (Figure 2C and D). 534 

To determine whether maintenance of intracellular serine and glycine pools was 535 

conserved across GBM models, we measured intracellular serine and glycine under S/G-536 

deprived conditions. Despite the absence of serine and glycine from the culture medium, 537 

established GBM cells and patient-derived glioma stem cells maintained higher intracellular 538 
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serine and glycine levels than normal human astrocytes (NHA) (Figure S2A). Together with 539 

our previous evidence of SSP activation [38] and the induction of SHMT1/2 observed here, 540 

these findings are consistent with an adaptive reorganization of serine metabolism under S/G 541 

deprivation. S/G deprivation also increased intracellular ROS (Figure S2B) and induced NRF2 542 

(Figure 2D), a central regulator of antioxidant response elements [41], along with its 543 

downstream target gene SLC7A11 [42] and superoxide dismutase 2 (SOD2) [43] (Figure 2E) 544 

in established GBM cell lines and patient-derived glioma stem cells. Consistently, scRNA-seq 545 

analysis showed elevated expression of SLC7A11 and SOD2 in primary and recurrent GBM 546 

cells (Figure 2F). To determine whether ROS contributes to SHMT1/2 induction, we attenuated 547 

ROS accumulation using N-acetyl-L-cysteine (NAC) (Figure S2B). NAC markedly suppressed 548 

S/G deprivation-induced NRF2 and SHMT1/2 expression (Figure 2G). Conversely, treatment 549 

with hydrogen peroxide (H2O2), a pro-oxidant molecule, upregulated ROS accumulation 550 

(Figure S2C), SHMT1/2 mRNA (Figure S2D), and protein (Figure S2E), and these inductions 551 

were largely abolished by NAC (Figure S2D and S2E). These observations support ROS-552 

dependent oxidative-stress signaling as a contributor to SHMT1/2 induction during S/G 553 

deprivation. 554 

 555 

Elevated SHMT1/2 expression is associated with malignant features and poor prognosis 556 

in GBM  557 

We next examined the expression and clinical relevance of SHMT1/2 in human GBM. Analysis 558 

of publicly available FireBrowse data (www.firebrowse.org) showed differential expression of 559 

SHMT1 and SHMT2 across 28 human cancer types, with SHMT2 exhibiting particularly 560 

widespread upregulation. Notably, both SHMT1 and SHMT2 expression was elevated in GBM 561 
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compared with normal brain tissue (Figure S3A). Analysis of the GEO dataset GSE4290 562 

confirmed higher SHMT1 and SHMT2 expression in GBM than in normal brain tissue (Figure 563 

S3B), with expression increasing with glioma grade (Figure 3A). Consistently, TCGA analysis 564 

showed elevated SHMT1 and SHMT2 expression in both primary and recurrent GBM compared 565 

with normal brain tissue (Figure 3B). In the independent CGGA mRNAseq-325 GBM cohort, 566 

high expression of SHMT1 or SHMT2 was significantly associated with poorer overall survival 567 

(both P < 0.05; Figure S3C). Consistently, univariate Cox proportional hazards regression 568 

analysis showed that high expression of SHMT1 (HR = 1.49, 95% CI = 1.05–2.14, P = 0.028) 569 

and SHMT2 (HR = 1.67, 95% CI = 1.07–2.61, P = 0.024) was significantly associated with an 570 

increased risk of death (Figure S3D). At the single-cell level, SHMT1 and SHMT2 expression 571 

was elevated in primary and recurrent GBM cells (Figure 3C). Increased expression was also 572 

observed in tumor-associated macrophages (TAMs) and oligodendrocytes within the tumor 573 

microenvironment, with SHMT1 showing particularly prominent expression in these 574 

populations (Figure 3C). Further analysis of TAM heterogeneity revealed heterogeneous 575 

expression of markers associated with TAM subtype and macrophage cellular origin. SHMT1 576 

was broadly expressed across TAM populations, irrespective of these marker-expression 577 

patterns, with no clear enrichment in any specific TAM subtype or macrophage origin (Figure 578 

S3E-G). We next validated SHMT1/2 expression in human glioma specimens. 579 

Immunohistochemical (IHC) analysis showed higher SHMT1 and SHMT2 expression in 580 

glioma specimens than in normal brain tissue, with stronger expression in higher-grade tumors 581 

(Figure 3D and 3E). Consistently, quantitative real-time PCR and immunoblotting analyses 582 

showed significantly higher SHMT1 and SHMT2 mRNA and protein levels in established 583 

GBM cell lines and patient-derived glioma stem cells than in NHA (Figure 3F and 3G). 584 
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Collectively, these findings indicate that SHMT1/2 expression is elevated in GBM and 585 

associated with malignant disease features and poor clinical outcome. 586 

 587 

HIF-1α directly transactivates SHMT1/2 under serine/glycine deprivation and correlates 588 

with SHMT1/2 expression in human GBM 589 

We previously showed that HIF-1α induces SSP enzymes (PHGDH, PSAT1, and PSPH) to 590 

enhance de novo serine biosynthesis under S/G deprivation [38]. To overcome the oxidative 591 

stress imposed by S/G deprivation (Figure 1), GBM cells may need to coordinate de novo serine 592 

biosynthesis with serine catabolism. Therefore, we hypothesized that the expression of genes 593 

involved in de novo serine biosynthesis and SHMT-mediated serine catabolism may be 594 

coordinately regulated. We next determined whether SHMT1/2 genes were associated with SSP 595 

genes in human GBM cohorts, because expression levels of SHMT1/2 are higher in human 596 

glioma specimens than in normal human brain tissue (Figure 3), similar to SSP genes [38]. 597 

Both SHMT1 and SHMT2 genes showed a high correlation with PHGDH, PSAT1, and PSPH 598 

genes (Figure S4A). In addition, given the role of ROS not only in HIF-1α-induced SSP 599 

upregulation [38] but also in SHMT1/2 expression (Figure 2) under S/G deprivation, we asked 600 

whether SHMT1/2 genes are also upregulated by HIF-1α. Promoter analysis identified hypoxia-601 

responsive elements (HREs), putative HIF-1α-binding sites, within the promoter regions of 602 

both SHMT1 and SHMT2 (Figure 4A; Figure S4B). A chromatin immunoprecipitation (ChIP)-603 

qPCR showed increased HIF-1α occupancy at these promoter regions under S/G deprivation 604 

in GBM cells (Figure 4B). To determine the functional requirement of the identified HREs, we 605 

compared wild-type and HRE-mutant SHMT1 and SHMT2 promoter constructs. S/G 606 

deprivation significantly increased wild-type promoter activity, whereas mutation of the HREs 607 
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markedly attenuated this induction (Figure 4C). Together, these findings support direct HIF-608 

1α-mediated transcriptional activation of SHMT1/2 through the identified HREs under S/G 609 

deprivation. Consistently, siRNA-mediated HIF-1α depletion reduced S/G deprivation-induced 610 

SHMT1/2 mRNA and protein expression (Figure 4D and 4E). Pharmacological inhibition of 611 

HIF-1α with PX-478 similarly attenuated SHMT1/2 induction (Figure S4C and S4D). Re-612 

expression of HIF-1α in HIF-1α-depleted cells restored SHMT1/2 mRNA and protein 613 

expression under S/G-deprived conditions (Figure S4E and S4F). Conversely, CoCl₂ treatment 614 

increased SHMT1/2 mRNA and protein expression in cells cultured in S/G-containing control 615 

medium (Figure S4G and S4H). Collectively, these results identify HIF-1α as a transcriptional 616 

regulator of SHMT1/2 under S/G deprivation. 617 

 To examine the clinical relevance of the HIF-1α–SHMT1/2 axis, we analyzed 30 618 

primary human GBM specimens. IHC analysis showed significant positive correlations 619 

between HIF-1α and SHMT1/2 protein expression (Figure 4F and 4G). scRNA-seq analysis 620 

further showed higher hypoxia scores and HIF1A expression in primary and recurrent GBM 621 

than in normal brain populations (Figure 4H). Consistent with IHC results from human primary 622 

GBM specimens, similar correlations were observed at the single-cell level: SHMT1 and 623 

SHMT2 mRNA levels positively correlated with HIF1A mRNA levels in tumor cells, TAMs, 624 

and oligodendrocytes (Figure 4I), as well as with the hypoxia score (Figure 4J). Further 625 

analysis showed that HIF1A, similar to SHMT1, was broadly expressed across TAM 626 

populations without apparent restriction to a specific macrophage subtype or cellular origin 627 

(Figure S3E-G). Consistently, independent GEO datasets showed positive correlations between 628 

HIF1A and SHMT1/2 expression in brain tumor cohorts (Figure S4I). Together, these findings 629 

support the relevance of HIF-1α-associated SHMT1/2 regulation in human GBM. 630 



31 

 

 631 

HIF-1α–SHMT1/2-driven serine catabolism sustains redox homeostasis under S/G 632 

deprivation 633 

To define the functional contribution of the HIF-1α–SHMT1/2 axis to cellular adaptation under 634 

S/G-restricted conditions, we individually silenced SHMT1 and SHMT2 in GBM cells using 635 

gene-specific short hairpin RNA (shRNA). Knockdown efficiency was confirmed by 636 

immunoblotting under both S/G-containing and S/G-deprived conditions (Figure S5A). Serine 637 

catabolism via SHMT1/2 generates glycine and one-carbon units, which can support redox 638 

balance by providing glycine for GSH synthesis and by fueling one-carbon–dependent 639 

NADPH production required for regeneration of reduced GSH and detoxification of ROS [4, 640 

5] (Figure 5A). SHMT1 or SHMT2 depletion did not significantly alter intracellular serine 641 

levels under either condition (Figure S5B), but significantly reduced intracellular glycine levels 642 

(Figure 5B). Intracellular asparagine levels were unchanged following SHMT1 or SHMT2 643 

depletion (Figure S5C), providing an unrelated amino-acid control for these metabolic changes. 644 

SHMT1 or SHMT2 depletion also reduced intracellular formate levels (Figure 5C). Because 645 

formate generated through one-carbon metabolism can be released extracellularly [44], we 646 

additionally measured extracellular formate as an independent indicator of one-carbon 647 

metabolic activity, which was also reduced following SHMT1 or SHMT2 depletion (Figure 648 

S5D). SHMT1 or SHMT2 depletion decreased the NADPH/NADP⁺ ratio (Figure 5D) and the 649 

GSH/GSSG ratio (Figure 5E), while increasing ROS levels (Figure 5F); notably, these effects 650 

were more pronounced under extracellular S/G deprivation. HIF-1α inhibition similarly 651 

decreased the NADPH/NADP⁺ ratio (Figure 5G) and the GSH/GSSG ratio (Figure 5H; second 652 

bar) and increased ROS accumulation in S/G-deprived GBM cells (Figure 5I; second bar). 653 
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Importantly, glycine supplementation restored the reduced GSH/GSSG ratio (Figure 5H) and 654 

attenuated the elevated ROS levels (Figure 5I) caused by HIF-1α inhibition or SHMT1/2 655 

silencing under S/G-deprived conditions. In SHMT1/2-depleted cells, glycine supplementation 656 

also partially restored intracellular formate levels (Figure S5E) and the NADPH/NADP⁺ ratio 657 

(Figure S5F). Collectively, these findings indicate that HIF-1α–SHMT1/2-mediated serine 658 

catabolism supports NADPH/GSH-dependent redox homeostasis under S/G-restricted 659 

conditions.  660 

 661 

HIF-1α–SHMT1/2-mediated serine catabolism supports ferroptosis resistance under S/G 662 

deprivation 663 

We next investigated whether HIF-1α–SHMT1/2-dependent serine catabolism protects GBM 664 

cells from ferroptotic stress under S/G deprivation. Silencing of HIF-1α or SHMT1/2 markedly 665 

increased ferroptosis-associated phenotypes, including elevated Fe²⁺ (Figure 6A), enhanced 666 

lipid peroxidation (lipid ROS; Figure 6B), and increased 4-HNE accumulation (Figure 6C) 667 

under S/G-deprived conditions. Notably, glycine supplementation significantly attenuated 668 

these changes (Figure 6A–6C), consistent with its protective effects on redox homeostasis 669 

observed above. SHMT1 or SHMT2 depletion increased Annexin V/PI-positive cell 670 

populations (Figure 6D) and reduced cell numbers (Figure S6A) under both S/G-containing 671 

and S/G-deprived conditions in GBM cells. Consistently, SHMT1/2 depletion reduced cyclin 672 

D1, c-Myc, and Bcl-2 expression and increased PARP cleavage (Figure S6B), indicating 673 

reduced proliferative signaling accompanied by activation of apoptotic signaling. Importantly, 674 

Fer-1 significantly restored cell viability following HIF-1α or SHMT1/2 disruption (Figure 6E), 675 

while only partially reducing Annexin V/PI-positive apoptotic cell populations (Figure S6C), 676 
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indicating that ferroptosis is a major contributor to the loss of viability. Furthermore, glycine 677 

supplementation partially restored cell viability following HIF-1α inhibition or SHMT1/2 678 

depletion under S/G-deprived conditions (Figure S6D). Single-cell analysis revealed that 679 

SHMT1/2 expression correlated more strongly with ferroptosis-suppressor gene scores 680 

(Pearson’s R = 0.554) than with marker (R = 0.351) or driver gene scores (R = 0.090) in GBM 681 

cells (Figure S6E), linking SHMT1/2 expression to ferroptosis-suppressive transcriptional 682 

programs. Collectively, these findings indicate that HIF-1α–SHMT1/2-mediated serine 683 

catabolism supports ferroptosis resistance in GBM cells under S/G-restricted conditions. 684 

 685 

Pharmacological inhibition of SHMT disrupts redox homeostasis and sensitizes GBM 686 

cells to ferroptotic stress 687 

We next evaluated pharmacological SHMT inhibition using the SHMT inhibitor SHIN1 [45]. 688 

Because higher expression levels of SHMT1/2 were observed in GBM cells than in NHA cells, 689 

we determined the half-maximal inhibitory concentration (IC50) of SHIN1 on NHA and GBM 690 

cells. WST-8 assay revealed that SHIN1 reduced GBM cell viability with IC50 values of 0.4166 691 

μM in U87MG and 0.5277 μM in LN18 cells after 72 h, whereas the IC50 exceeded 30 μM in 692 

NHA (Figure 7A). At 500 nM, SHIN1 reduced GBM cell viability at both 48 and 72 h, with 693 

substantially less effect on NHA (Figure 7B). Consistent with these results, SHIN1 also 694 

progressively reduced growth of GBM cells under both control and S/G-restricted conditions 695 

(Figure S7A). Sertraline, an FDA-approved selective serotonin reuptake inhibitor (SSRI) 696 

widely prescribed for depression, has recently been reported as a repurposed potent SHMT 697 

inhibitor [46, 47]. Sertraline similarly reduced GBM cell viability, with a greater reduction 698 

under S/G-deprived conditions (Figure S7B). The inhibitory effects of SHIN1 and sertraline on 699 
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cell viability were also observed in patient-derived glioma stem cells (Figure S7C and S7D). 700 

Consistent with the SHMT1/2 silencing results, treatment with SHIN1 or sertraline 701 

significantly decreased the intracellular glycine (Figure 7C and Figure S7E), formate (Figure 702 

7D and Figure S7F), NADPH/NADP+ ratio (Figure 7E and Figure S7G) and the GSH/GSSG 703 

ratio (Figure 7F and Figure S7H), while increasing ROS levels (Figure 7G and Figure S7I) in 704 

GBM cells, with these effects being more pronounced under S/G-deprived conditions than 705 

under basal conditions. Pharmacological SHMT inhibition also increased ferroptosis-706 

associated phenotypes, including intracellular Fe²⁺ accumulation (Figure 7H and Figure S7J), 707 

lipid ROS (Figure 7I and Figure S7K), and 4-HNE accumulation (Figure 7J and Figure S7L), 708 

accompanied by reduced viability and limited apoptotic signaling (Figure 7K and Figure S7M) 709 

under S/G-deprived conditions in GBM cells. Notably, glycine supplementation significantly 710 

attenuated SHIN1- or sertraline-induced ferroptosis-associated phenotypes (Figure 7H-7J and 711 

Figure S7J-S7L). Moreover, supplementation with glycine or formate, as well as Fer-1 712 

treatment, partially restored cell viability following SHIN1 or sertraline treatment under S/G-713 

deprived conditions (Figure 7L and Figure S7N). Collectively, these pharmacological data 714 

indicate that inhibition of SHMT-mediated serine catabolism disrupts redox homeostasis and 715 

increases ferroptotic susceptibility in GBM cells under S/G-restricted conditions. 716 

 717 

Genetic and pharmacological suppression of SHMT inhibits intracranial GBM growth in 718 

vivo 719 

To investigate the in vivo role of SHMT1/2, we used an orthotopic GBM model generated by 720 

intracranial implantation of U87MG cells into athymic nude mice. Genetic depletion of either 721 

SHMT1 or SHMT2 significantly inhibited intracranial tumor growth (Figure 8A). SHMT1/2-722 
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depleted tumors showed increased 4-HNE staining, reduced proliferation as indicated by 723 

decreased Ki-67 positivity, and increased TUNEL-positive cells (Figure 8B). We next 724 

examined the effect of pharmacological SHMT targeting in vivo. Sertraline treatment 725 

suppressed intracranial U87MG tumor growth (Figure 8C). In an independent survival cohort, 726 

sertraline treatment significantly prolonged survival compared with vehicle treatment (Figure 727 

8D). To determine whether sertraline treatment alters serine catabolism within tumors, we 728 

further analyzed intratumoral metabolites. Sertraline treatment significantly reduced glycine 729 

and formate levels in intracranial tumors (Figure 8E), consistent with disruption of serine 730 

catabolism in vivo. Sertraline-treated tumors similarly showed increased 4-HNE staining, 731 

decreased Ki-67 positivity, and increased TUNEL-positive cells (Figure 8F). Collectively, 732 

these in vivo data indicate that SHMT1/2 supports intracranial GBM growth and that sertraline 733 

treatment is associated with altered serine catabolism, increased lipid peroxidation–linked 734 

damage, suppressed tumor growth, and prolonged survival.  735 
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Discussion 736 

Serine biosynthesis and one-carbon metabolism are frequently rewired in cancer to support 737 

biosynthetic and redox demands [4, 48], and targeting the serine synthesis pathway can 738 

suppress tumor growth in vitro and in vivo [38, 49-56]. Notably, we previously showed that 739 

GBM specimens exhibit elevated SSP enzyme expression associated with poorer outcomes, 740 

and that HIF-1α activation promotes glucose-derived de novo serine biosynthesis by 741 

coordinately inducing SSP enzymes and glycolysis-related genes [38]. Building on these 742 

findings, the present study identifies SHMT1/2-mediated serine catabolism as an additional, 743 

coordinated adaptation in GBM under restricted S/G availability. Mechanistically, S/G 744 

restriction activated ROS-dependent HIF-1α signaling, which transcriptionally induced 745 

SHMT1/2 and supported serine catabolism linked to glycine and one-carbon metabolism, 746 

thereby sustaining NADPH/GSH-dependent redox homeostasis and ferroptosis resistance. 747 

Together, these findings support a model in which the ROS–HIF-1α–SHMT1/2 axis couples 748 

adaptation to restricted S/G availability with serine-catabolic redox defense and ferroptosis 749 

resistance, supporting GBM survival and proliferation in vitro as well as intracranial tumor 750 

growth in vivo (Figure 8G). 751 

Prior studies have implicated multiple upstream pathways, including NRF2–activating 752 

transcription factor 4 (ATF4) signaling and c-Myc as transcriptional activators of SHMT1/2, 753 

whereas glycogen synthase kinase 3 (GSK3) has been reported to repress SHMT2 transcription 754 

[56-58]. In addition, Ye et al. demonstrated that SHMT2 expression positively correlates with 755 

HIF-1α-regulated enzymes under hypoxia and that hypoxia induces SHMT2 [59], supporting 756 

a link between HIF-1α signaling and SHMT regulation. Our data extend this framework by 757 

showing that HIF-1α transcriptionally regulates both cytosolic SHMT1 and mitochondrial 758 

SHMT2 in GBM under restricted S/G availability. HIF-1α binding to the SHMT1 and SHMT2 759 
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promoter regions, together with the attenuation of S/G deprivation-induced promoter activation 760 

by mutation of the corresponding HREs, supports direct HIF-1α-mediated transcriptional 761 

control of both SHMT isoforms. Consistent with this regulatory relationship, SHMT1/2 762 

expression was positively associated with HIF-1α in human GBM specimens and single-cell 763 

datasets. Our findings further identify SHMT1/2-mediated serine catabolism as one component 764 

of the HIF-1α-dependent metabolic response that supports ferroptosis resistance under 765 

restricted S/G availability. Given the highly active glucose metabolism [60] and frequent HIF-766 

1α overexpression [61] in GBM, our previous [38] and current findings together underscore 767 

the role of HIF-1α as a central metabolic coordinator. Importantly, HIF-1α functions upstream 768 

of SHMT1/2 but regulates metabolic processes beyond SHMT-mediated serine catabolism. Our 769 

previous study established HIF-1α-dependent regulation of SSP enzymes and glycolytic genes 770 

as a mechanism supporting glucose-derived serine production [38], whereas the present study 771 

identifies HIF-1α-dependent SHMT1/2 induction as an additional mechanism supporting 772 

serine catabolism. Accordingly, the stronger phenotypes observed following HIF-1α depletion 773 

may reflect disruption of multiple HIF-1α-regulated metabolic processes beyond SHMT-774 

mediated serine catabolism. Together, these findings suggest that HIF-1α coordinates serine 775 

biosynthesis and catabolism to support metabolic adaptation and redox homeostasis in GBM. 776 

GSH plays an essential role in maintaining redox balance and preserving cellular 777 

homeostasis [14, 62]. In particular, GSH synthesis requires glycine together with cysteine and 778 

glutamate, thereby providing a direct link between serine–glycine metabolism and cellular 779 

antioxidant capacity [62]. Reduced GSH, in turn, serves as a reducing substrate for GPX4-780 

mediated detoxification of lipid hydroperoxides, thereby limiting lipid peroxidation and 781 

ferroptotic cell death [17, 63]. In this context, our data place SHMT1/2-mediated serine 782 
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catabolism at a strategic node linking amino-acid metabolism to ferroptosis control: serine 783 

catabolism supplies glycine for GSH synthesis and generates one-carbon units that support 784 

folate-dependent NADPH production [59]. Accordingly, disruption of the HIF-1α–SHMT1/2 785 

axis diminished NADPH and GSH redox capacity and increased ROS accumulation and 786 

ferroptosis-associated phenotypes under S/G deprivation. Conversely, glycine supplementation 787 

improved the GSH/GSSG ratio and attenuated ROS accumulation, while partially restoring 788 

intracellular formate levels and the NADPH/NADP⁺ ratio in SHMT1/2-depleted cells. This 789 

partial recovery may reflect residual one-carbon metabolic capacity within the interconnected 790 

serine–glycine/one-carbon network, including glycine-utilizing pathways such as the 791 

mitochondrial glycine cleavage system [5, 64]. However, because we did not directly trace the 792 

metabolic origin of the recovered one-carbon output, we do not interpret these findings as 793 

complete restoration of serine-derived one-carbon metabolism. Notably, S/G deprivation also 794 

induced NRF2, SLC7A11, and GPX4, which likely reflects an adaptive antioxidant response 795 

to oxidative stress. SLC7A11-mediated cystine uptake supports cysteine availability for GSH 796 

synthesis [62, 65], while GPX4 utilizes GSH to suppress lipid peroxidation [17, 63]. However, 797 

induction of these antioxidant defenses was insufficient to prevent ferroptotic stress when 798 

NADPH/GSH-dependent antioxidant capacity was compromised. Thus, increased expression 799 

of these antioxidant defenses, including GPX4, does not necessarily indicate preserved lipid 800 

peroxide detoxification when GSH-dependent redox capacity is impaired. Our single-cell 801 

RNA-seq analyses of primary and recurrent GBM specimens revealed marked intratumoral 802 

heterogeneity in ferroptosis-related gene expression (Figure 1I), indicating heterogeneous 803 

ferroptosis-associated transcriptional states across GBM cells. Consistent with the recognized 804 

involvement of ferroptosis in glioma biology [66-68], our functional analyses showed that S/G 805 

deprivation induced a mixed cell-death response in GBM cells, with ferroptosis representing a 806 
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predominant, but not exclusive, component. Together, these findings indicate that SHMT1/2-807 

mediated serine catabolism supports ferroptosis resistance by maintaining glycine- and one-808 

carbon-linked NADPH/GSH redox homeostasis under restricted S/G availability in GBM. 809 

Given that radiotherapy imposes substantial oxidative stress in GBM and that antioxidant 810 

defenses can contribute to radioresistance [69], the SHMT1/2-dependent redox defense 811 

identified here may also have implications for cellular responses to radiation, although this 812 

possibility remains to be directly investigated. 813 

Although SHMT1 and SHMT2 catalyze the same enzymatic reaction, they function in 814 

distinct subcellular compartments, with SHMT1 operating primarily in the cytosol and SHMT2 815 

in the mitochondria. Despite this compartmental distinction, the two isoforms remain 816 

metabolically interconnected through serine–glycine and one-carbon metabolism. 817 

Mitochondrial serine catabolism generates one-carbon units that can be released as formate and 818 

supplied to the cytosolic one-carbon pool, thereby linking mitochondrial and cytosolic one-819 

carbon metabolism [44, 70]. Ducker et al. further demonstrated that disruption of mitochondrial 820 

one-carbon metabolism induces reversal of cytosolic one-carbon flux, allowing extracellular 821 

serine to support cytosolic one-carbon-unit production under nutrient-replete conditions, while 822 

also increasing dependence on extracellular glycine for GSH synthesis [70]. Thus, metabolic 823 

compensation between the two compartments is possible but depends on extracellular nutrient 824 

availability. Importantly, such compensation does not imply complete functional 825 

interchangeability. Lee et al. showed that SHMT1-mediated cytosolic one-carbon flux can 826 

become predominant under physiological folate conditions and that SHMT1 depletion can 827 

impair pyrimidine biosynthesis and tumor growth despite an intact mitochondrial one-carbon 828 

pathway [71], whereas Minton et al. demonstrated that specific mitochondrial functions of 829 
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SHMT2 cannot be fully replaced by cytosolic SHMT1 [72]. Consistent with this context-830 

dependent metabolic interdependence, depletion of either SHMT1 or SHMT2 reduced glycine 831 

and formate levels, impaired NADPH/GSH-dependent redox homeostasis, and increased 832 

ferroptosis-associated phenotypes under S/G-deprived conditions. Notably, depletion of either 833 

isoform did not induce detectable upregulation of the reciprocal isoform at the protein level 834 

(Figure S5A), indicating that expression-level compensation was not evident, although 835 

compensation at the metabolic-flux level cannot be excluded. Under S/G-restricted conditions, 836 

limited extracellular serine and glycine would be expected to constrain cytosolic one-carbon 837 

production and GSH synthesis, respectively, thereby limiting the metabolic and redox 838 

flexibility required for effective compensation [70]. Accordingly, our findings suggest that the 839 

remaining SHMT pathway is insufficient to fully maintain glycine/one-carbon and redox 840 

homeostasis following depletion of the other isoform under S/G restriction. Thus, SHMT1 and 841 

SHMT2 appear to exhibit context-dependent metabolic plasticity rather than complete 842 

functional interchangeability. Because compartment-specific metabolic flux and 843 

intercompartmental metabolite exchange were not directly traced in the present study, the 844 

extent of flux-level compensation, the precise intercompartmental exchange mechanisms, and 845 

the relative quantitative contributions of SHMT1 and SHMT2 remain to be determined. 846 

Whether simultaneous depletion of both isoforms produces additive or synergistic effects also 847 

warrants further investigation. 848 

From a translational perspective, our data suggest that SHMT-dependent serine 849 

catabolism is a context-dependent vulnerability in GBM that becomes particularly relevant 850 

under nutrient-stress conditions that are likely encountered in the S/G-limited brain 851 

microenvironment. Although human studies indicate relatively limited serine and glycine 852 
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availability in the central nervous system [8-10], the absolute concentrations of these amino 853 

acids within human GBM tissues remain insufficiently characterized. Thus, the S/G-deprived 854 

condition used here should be considered an experimental model of restricted extracellular S/G 855 

availability rather than a direct representation of the nutrient concentrations within patient 856 

tumors. This implies that therapeutic benefit may depend not only on SHMT expression but 857 

also on the metabolic state of the tumor, highlighting the need for biomarkers that reflect 858 

nutrient stress and redox dependence. The preferential impact of SHMT inhibition on GBM 859 

cells compared with normal astrocytes suggests the possibility of a therapeutic window, 860 

although effective pharmacological targeting in GBM will also depend on brain exposure and 861 

target selectivity. In this regard, although SHIN1 provides a relatively selective 862 

pharmacological approach for investigating SHMT function in vitro, its negligible brain 863 

penetration following systemic administration limits its utility in orthotopic GBM models [73]. 864 

Moreover, SHIN1 has been reported to undergo rapid clearance and to have pharmacokinetic 865 

properties unsuitable for in vivo studies [74]. In contrast, previous pharmacokinetic studies 866 

have demonstrated substantial distribution of sertraline into brain tissue [75, 76], providing a 867 

rationale for its use in our orthotopic GBM model. In the present study, sertraline treatment 868 

significantly reduced intratumoral glycine and formate levels, providing metabolic evidence 869 

consistent with disruption of serine catabolism in vivo. However, sertraline has pleiotropic 870 

biological activities beyond SHMT inhibition, including effects on apoptotic signaling, redox 871 

homeostasis, autophagy, endoplasmic reticulum stress, and lysosomal function [77-81]. Thus, 872 

the antitumor activity of sertraline cannot be attributed exclusively to SHMT inhibition. 873 

Nevertheless, the concordant metabolic and ferroptosis-associated effects observed with 874 

sertraline, the more selective SHMT inhibitor SHIN1, and genetic SHMT1/2 depletion are 875 

consistent with a contribution of SHMT-associated metabolic disruption to ferroptotic stress 876 
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under S/G-restricted conditions. 877 

Beyond tumor-intrinsic metabolism, our single-cell analyses revealed that SHMT1 and 878 

SHMT2 are markedly elevated in tumor-associated macrophages (Figure 3C), the predominant 879 

immune cell population in the GBM microenvironment, raising the possibility that SHMT-880 

dependent metabolic programs may also operate within the myeloid compartment. Further 881 

analysis revealed substantial TAM heterogeneity without restriction of SHMT expression to a 882 

specific subtype or cellular origin (Figure S3G), although the functional roles of SHMT1/2 in 883 

TAMs and their potential influence on the GBM immune microenvironment remain to be 884 

determined in immunocompetent models. Several limitations should also be acknowledged. 885 

Although our data identify ROS as an upstream mediator of HIF-1α activation under S/G 886 

deprivation, the precise cellular source of this ROS remains unclear. ROS accumulation may 887 

reflect both increased generation associated with cellular redox imbalance and reduced 888 

antioxidant capacity resulting from impaired NADPH/GSH homeostasis, warranting further 889 

investigation of mitochondrial and other cellular ROS sources. In addition, our in vivo 890 

validation was performed in a single orthotopic xenograft model, warranting validation in 891 

additional GBM models, including patient-derived and immunocompetent systems, to establish 892 

the generalizability of these findings. 893 

 894 

Conclusions 895 

Our study identifies the HIF-1α–SHMT1/2 axis as a key metabolic adaptation that supports 896 

GBM survival under S/G limitation relevant to the brain microenvironment. HIF-1α directly 897 

induces SHMT1 and SHMT2 to engage serine catabolism, supporting glycine and one-carbon 898 

metabolism to sustain NADPH and GSH redox capacity. This program reinforces redox 899 
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homeostasis and limits ferroptotic stress. Importantly, genetic and pharmacological disruption 900 

of SHMT-mediated serine catabolism compromised redox homeostasis, increased ferroptosis-901 

associated phenotypes, and suppressed GBM growth in vitro and in vivo. Collectively, these 902 

findings identify HIF-1α-mediated SHMT-dependent serine catabolism as a context-dependent 903 

metabolic vulnerability that contributes to redox homeostasis and ferroptosis resistance in 904 

GBM.  905 
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Figure 1. Serine/glycine deprivation induces ferroptotic stress and cell death in GBM cells. 1181 

(A) The specified cell lines were maintained in S/G(−) or control media for 24 h in the presence 1182 

or absence of Ferrostatin-1 (Fer-1, 5 μM). Cell death was analyzed by flow cytometry. 1183 

Representative PI histograms are shown (left panel), and quantification of relative PI-positive 1184 

cells from three independent experiments is presented (right panel). (B) GSEA of the 1185 

ferroptosis gene set in U87MG cells cultured under serine/glycine (S/G)-deprived conditions 1186 

for 24 h compared with control conditions. NES and FDR q-values are indicated. (C) An 1187 

ontology-based enrichment analysis of DEGs between S/G-deprived and control U87MG cells 1188 

is presented as a bubble plot. Pathways were ranked using an enrichment score derived from 1189 

the odds ratio and P-value. The odds ratio, reflecting the strength of DEG enrichment within 1190 

each pathway, is represented by bubble size, whereas the color scale corresponds to −log₁₀(P-1191 

value), indicating statistical significance. (D) Cell viability was measured after 96 h of 1192 

concurrent treatment with S/G deprivation and the indicated inhibitors. Cells were cultured in 1193 

control or S/G(−) media supplemented with Z-VAD-FMK (Z-VAD, 10 μM), Ferrostatin-1 (Fer-1194 

1, 5 μM), or Necrostatin-1 (Nec-1, 25 μM). Data are presented relative to untreated cells 1195 

cultured in control medium. (E) The specified cell lines were maintained in S/G(−) or control 1196 

media for 24 h in the presence or absence of Fer-1 (5 μM). Cellular Fe²⁺ levels were measured 1197 

and quantified from three independent experiments. (F) The specified cell lines were cultured 1198 

in control or S/G(−) media for 24 h in the presence or absence of Fer-1 (5 μM), and stained 1199 

with C11-BODIPY. Representative fluorescence images showing changes in lipid ROS 1200 

accumulation are shown. Scale bar, 60 μm. (G) The specified cell lines were maintained in 1201 

S/G(−) or control media for 24 h. Protein expression was examined by IB. (H) Publicly 1202 

available scRNA-seq datasets (SCR015820 and GSE174554) were analyzed, including cells 1203 
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derived from normal brain tissues and primary and recurrent GBM specimens. Uniform 1204 

manifold approximation and projection (UMAP) visualization shows cells colored according 1205 

to cell type identity. OPC, oligodendrocyte progenitor cell. (I) Highlighted UMAP plots 1206 

showing cells from normal brain, primary GBM, and recurrent GBM (first column). Feature 1207 

plots displaying the transcriptional module scores of ferroptosis-driver (second column), 1208 

ferroptosis-suppressor (third column), and ferroptosis-marker (fourth column) gene sets. Data 1209 

are presented relative to the untreated S/G(+) control group. Values represent mean ± s.d. of 1210 

three independent experiments (A, D, E). *, P < 0.05; **, P < 0.01; ***, P < 0.001. NS, not 1211 

significant.  1212 
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Figure 2. S/G deprivation induces SHMT1/2 expression in GBM cells in association with 1214 

oxidative-stress responses.  1215 

(A) Gene set enrichment analysis (GSEA) showing enrichment of gene sets associated with L-1216 

amino acid metabolic process, L-serine metabolic process, and response to oxidative stress in 1217 

U87MG cells cultured under serine/glycine (S/G)-deprived conditions for 24 h compared with 1218 

control conditions. Normalized enrichment scores (NES) and FDR q-values are indicated. (B) 1219 

Heatmap of genes associated with the L-serine metabolic process and response to oxidative 1220 

stress in U87MG cells under control and serine/glycine (S/G)-deprived conditions. Gene 1221 

expression levels are presented as Z-scores. (C and D) The specified cell lines were maintained 1222 

in S/G(−) or control media for 24 h. qPCR (C) and IB (D) analyses were performed using the 1223 

indicated primers and antibodies, respectively. (E) The specified cell lines were maintained in 1224 

S/G(−) or control media for 24 h. mRNA levels were determined by qPCR. (F) Highlighted 1225 

UMAP plots showing cells from normal brain, primary GBM, and recurrent GBM (top row). 1226 

Feature plots displaying the expression of SLC7A11 (middle row) and SOD2 (bottom row). (G) 1227 

The specified cell lines were maintained in S/G(−) or control media for 24 h in the presence or 1228 

absence of NAC (2 mM). Protein expression was examined by IB. Data are presented relative 1229 

to the untreated S/G(+) control group. Values represent mean ± s.d. of three independent 1230 

experiments (C, E). *, P < 0.05; **, P < 0.01; ***, P < 0.001.  1231 
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1232 

Figure 3. Elevated SHMT1/2 expression is associated with malignant features and poor 1233 

prognosis in GBM. 1234 



61 

 

(A) Analysis of SHMT1 and SHMT2 mRNA expression in the GEO dataset (GSE4290) across 1235 

the indicated cohorts with different tumor grades. (B) Analysis of SHMT1 and SHMT2 mRNA 1236 

expression in the TCGA dataset in normal (n = 5), recurrent GBM (n = 13), and primary GBM 1237 

(n = 154) tissues. (C) Highlighted UMAP plots showing cells from normal brain, primary GBM, 1238 

and recurrent GBM (top row). Feature plots displaying the expression of SHMT1 (middle row) 1239 

and SHMT2 (bottom row). (D and E) Tissue microarrays containing human glioma and normal 1240 

brain specimens were subjected to IHC staining for SHMT1 and SHMT2. Representative IHC 1241 

images of normal brain, low-grade glioma, and high-grade glioma tissues are shown (D), with 1242 

corresponding quantification of IHC staining scores (E). Scale bar, 40 μm. (F and G) The 1243 

specified cell lines were maintained in their respective standard complete culture media for 24 1244 

h. qPCR (F) and IB (G) analyses were performed using the indicated primers and antibodies, 1245 

respectively. For (E), boxes indicate the interquartile range, center lines indicate the median, 1246 

and whiskers indicate the minimum and maximum values. Values in (F) represent mean ± s.d. 1247 

of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. NS, not significant.   1248 
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Figure 4. HIF-1α directly transactivates SHMT1/2 under serine/glycine deprivation and 1250 

correlates with SHMT1/2 expression in human GBM. 1251 

(A) Diagrams displaying putative HIF-1α-binding motifs within the regulatory regions of 1252 

SHMT1 and SHMT2. Promoter coordinates are shown in the 5′-to-3′ orientation relative to the 1253 

transcription start site (+1). (B) The specified cell lines were maintained in S/G(−) or control 1254 

media for 24 h. ChIP assays were conducted using an anti-HIF-1α antibody, followed by qPCR 1255 

using primers targeting the promoter regions of SHMT1 and SHMT2. (C) Luciferase reporter 1256 

assays using wild-type (WT) or HRE-mutant (Mut) SHMT1 and SHMT2 promoter constructs 1257 

in U87MG and LN18 cells cultured under S/G(+) or S/G(−) conditions for 24 h. Luciferase 1258 

activity was normalized to Renilla luciferase activity and presented relative to the S/G(+) WT 1259 

promoter control. (D and E) The specified cell lines with or without HIF-1α depletion were 1260 

maintained in S/G(−) or control media for 24 h. mRNA and protein expression were examined 1261 

by qPCR (D) and IB (E), respectively. (F) IHC staining was performed on 30 human GBM 1262 

specimens with the indicated antibodies. Images from five individual specimens are presented 1263 

as representative examples. Scale bar, 40 μm. (G) Pearson’s correlation analysis of IHC 1264 

staining scores for HIF-1α and SHMT1 or SHMT2 in 30 human GBM specimens. Some data 1265 

points overlap. (H) Feature plots showing HIF1A expression (top row) and the transcriptional 1266 

module scores of hypoxia-related gene sets derived from MSigDB (middle row) or the meta-1267 

program (bottom row). (I) Scatter plots showing the relationship between SHMT1/2 and HIF1A 1268 

expression in SHMT1/2-negative and SHMT1/2-positive cells. Correlations were evaluated 1269 

using Pearson’s correlation coefficient. (J) Scatter plots showing the relationship between 1270 

SHMT1/2 expression and the transcriptional module scores of hypoxia-related genes from 1271 

MSigDB in SHMT1/2-negative and SHMT1/2-positive cells. Correlations were assessed using 1272 



64 

 

Pearson’s correlation coefficient. Data are presented relative to the untreated S/G(+) control 1273 

group. Values represent mean ± s.d. of three independent experiments (B-D). **, P < 0.01; ***, 1274 

P < 0.001. NS, not significant.   1275 
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Figure 5. HIF-1α–SHMT1/2-driven serine catabolism sustains redox homeostasis under 1277 

S/G deprivation. 1278 

(A) Schematic illustrating the contribution of serine catabolism-derived glycine and one-1279 

carbon units to redox homeostasis. (B-F) The specified cell lines with or without SHMT1 or 1280 

SHMT2 depletion were maintained in S/G(−) or control media for 24 h. Glycine levels (B), 1281 

formate levels (C), the NADPH/NADP+ ratio (D), the GSH/GSSG ratio (E), and ROS levels 1282 

(F) were measured. (G) The specified cell lines with or without HIF-1α depletion were 1283 

maintained in S/G(−) media for 24 h. The NADPH/NADP+ ratio was measured. (H and I) The 1284 

specified cell lines with or without HIF-1α, SHMT1, or SHMT2 depletion were cultured under 1285 

S/G-deprived conditions for 24 h, with or without supplementation of glycine (1 mM). The 1286 

GSH/GSSG ratio (H) and ROS levels (I) were measured. Data are presented relative to the 1287 

untreated S/G(+) control group. Values represent mean ± s.d. of three independent experiments 1288 

(B-I). *, P < 0.05; **, P < 0.01; ***, P < 0.001.  1289 
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1290 

Figure 6. HIF-1α–SHMT1/2-mediated serine catabolism supports ferroptosis resistance 1291 

under S/G deprivation. 1292 

(A) The specified cell lines with or without HIF-1α, SHMT1, or SHMT2 depletion were 1293 

cultured under S/G-deprived conditions for 24 h, with or without glycine (1 mM) 1294 
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supplementation. Cellular Fe²⁺ levels were measured. (B) The specified cell lines with or 1295 

without HIF-1α, SHMT1, or SHMT2 depletion were maintained in S/G(−) media for 24 h in 1296 

the presence or absence of glycine (1 mM), and stained with BODIPY C11. Representative 1297 

fluorescence images showing changes in lipid ROS accumulation are shown. Scale bar, 60 μm. 1298 

(C) The specified cell lines with or without HIF-1α, SHMT1, or SHMT2 depletion were 1299 

cultured under S/G-deprived conditions for 24 h, with or without glycine (1 mM) 1300 

supplementation. Protein expression was examined by IB. (D) The specified cell lines with or 1301 

without SHMT1 or SHMT2 depletion were maintained in S/G(−) or control media for 48 h. 1302 

Apoptosis was analyzed by flow cytometry. (E) The specified cell lines with or without HIF-1303 

1α, SHMT1, or SHMT2 depletion were maintained in S/G(−) medium for 96 h in the presence 1304 

or absence of Fer-1 (5 μM), and cell viability was measured. Values represent mean ± s.d. of 1305 

three independent experiments (A, E). ***, P < 0.001.  1306 
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Figure 7. Pharmacological inhibition of SHMT disrupts redox homeostasis and sensitizes 1308 

GBM cells to ferroptotic stress. 1309 

(A) The specified cell lines were maintained in complete growth media with or without the 1310 

indicated concentrations of SHIN1 for 72 h. Cell viability was assessed using the WST-8 assay 1311 

and normalized to the untreated control. IC₅₀ values were calculated using nonlinear regression 1312 

analysis. (B) The specified cell lines were maintained in complete growth media with or 1313 

without SHIN1 (500 nM) for 48 or 72 h. Cell viability was assessed using the WST-8 assay 1314 

and normalized to the untreated control. (C-G) The specified cell lines were maintained in 1315 

S/G(−) or control media in the presence or absence of SHIN1 (500 nM) for 24 h. Glycine levels 1316 

(C), formate levels (D), the NADPH/NADP+ ratio (E), the GSH/GSSG ratio (F), and ROS 1317 

levels (G) were measured. (H) The specified cell lines were maintained in S/G(−) media in the 1318 

presence or absence of SHIN1 (500 nM) or glycine (1 mM) for 24 h. Intracellular Fe²⁺ levels 1319 

were measured. (I) The specified cell lines were maintained in S/G(−) media in the presence 1320 

or absence of SHIN1 (500 nM) or glycine (1 mM) for 24 h, and stained with BODIPY C11. 1321 

Representative fluorescence images showing changes in lipid ROS accumulation are shown. 1322 

Scale bar, 60 μm. (J) The specified cell lines were maintained in S/G(−) media in the presence 1323 

or absence of SHIN1 (500 nM) or glycine (1 mM) for 24 h. IB analyses were performed using 1324 

the indicated antibodies. (K) The specified cell lines were maintained in S/G(−) media in the 1325 

presence or absence of SHIN1 (500 nM) for 48 h. Apoptosis was analyzed by Annexin V/PI 1326 

flow cytometry. Representative flow cytometry plots and quantification of relative apoptotic 1327 

cells from three independent experiments are shown. (L) The specified cell lines were cultured 1328 

under S/G-deprived conditions for 96 h, with or without SHIN1 (500 nM), glycine (0.4 mM), 1329 

formate (0.5 mM), or Fer-1 (5 μM). Cell viability was assessed using the WST-8 assay. Data 1330 
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are presented relative to the untreated S/G(+) control group. Values represent mean ± s.d. of 1331 

three independent experiments (B-H, K, L). *, P < 0.05; **, P < 0.01; ***, P < 0.001. NS, not 1332 

significant.  1333 
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Figure 8. Genetic and pharmacological suppression of SHMT inhibits intracranial GBM 1335 

growth in vivo. 1336 

(A) A total of 1 × 10⁶ control, SHMT1-depleted, or SHMT2-depleted U87MG cells were 1337 

implanted intracranially into athymic nude mice. At day 28, animals were euthanized for tumor 1338 

evaluation, and coronal brain sections stained with hematoxylin and eosin (H&E) show 1339 

representative xenograft lesions (left panel). Tumor length (L) and width (W) were measured 1340 

from H&E-stained coronal brain sections, and tumor volume (V) was calculated as V = (L × 1341 

W²)/2. Data represent the mean ± s.d. of five mice (right panel). ***, P < 0.001. Scale bar, 1 1342 

mm. (B) Tumor sections were subjected to IHC using anti-Ki-67 and anti-4-HNE antibodies 1343 

and to TUNEL staining. Representative images (left panel) and quantification (right panel) are 1344 

shown. Data represent the mean ± s.d. of five mice. ***, P < 0.001. Scale bar, 40 μm. (C) A 1345 

total of 1 × 10⁶ U87MG cells were implanted into the brains of athymic nude mice. One week 1346 

after cell injection, mice received intraperitoneal injection of sertraline (25 mg/kg) every other 1347 

day. On day 28, animals were euthanized for histological tumor evaluation, and coronal brain 1348 

sections stained with hematoxylin and eosin (H&E) show representative xenograft lesions (left 1349 

panel). Tumor length (L) and width (W) were measured from H&E-stained coronal brain 1350 

sections, and tumor volume (V) was calculated as V = (L × W²)/2. Data represent the mean ± 1351 

s.d. of five mice (right panel). ***, P < 0.001. Scale bar, 1 mm. (D) Kaplan–Meier survival 1352 

analysis of mice bearing orthotopic U87MG xenografts treated with vehicle or sertraline (n = 1353 

10 mice per group). Statistical significance was determined using the log-rank (Mantel–Cox) 1354 

test. (E) Measurement of intratumoral glycine and formate levels in xenograft tumors from the 1355 

indicated groups. Data represent the mean ± s.d. of five mice. ***, P < 0.001. (F) Tumor 1356 

sections were analyzed by IHC for Ki-67 and 4-HNE, together with TUNEL staining. 1357 
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Representative micrographs (left panel) and the corresponding quantitative results (right panel) 1358 

are presented. Data represent the mean ± s.d. of five mice. ***, P < 0.001. Scale bar, 40 μm. 1359 

(G) Schematic illustrating how the HIF-1α–SHMT1/2 axis promotes serine catabolism to 1360 

support redox homeostasis and ferroptosis resistance under limited S/G availability in the brain 1361 

microenvironment, thereby supporting GBM cell survival and tumor growth. 1362 


