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Supplementary Methods:	
Data collection
Microarray data were sourced from the Gene Expression Omnibus (GEO) database (GSE85217) and Array Express database (E-MTAB-10767). The GSE85217 dataset includes expression profiling data for 763 medulloblastoma samples, categorized into 70 WNT, 223 SHH, 144 Group 3, and 326 Group 4 subtypes. It provides clinical annotations such as age, sex, histological classification, metastatic status, overall survival, molecular subtypes, and methylation subgroups. The E-MTAB-10767 dataset comprises expression profiles for 331 medulloblastoma samples, categorized into 31 WNT, 67 SHH, 63 Group 3, 147 Group 4, 13 Group 3/Group 4, and 10 unclassified cases. It also includes clinical variables such as age, sex, molecular subtypes, metastatic status, overall survival, progression-free survival, and an eight-category classification for non-WNT/non-SHH-activated medulloblastoma. Following the latest WHO classification guidelines for medulloblastoma, non-WNT/non-SHH subtypes were chosen for analysis, resulting in 470 samples from GSE85217 and 223 samples from E-MTAB-10767. Gene sets for 82 metabolic pathways and 2022 metabolism-related genes were sourced from the Molecular Signatures Database (MSigDB; https://www.gsea-msigdb.org/). 47 immune checkpoints were referenced from published studies. (see Additional file Table S2). 

Clinical samples and cell lines
Surgically resected MB tumors and normal brain samples, collected between 2014 and 2024, were sourced from Nanfang Hospital, Southern Medical University, China. Guangzhou Women and Children's Medical Center, affiliated with Guangzhou Medical University, China. Department of Neurosurgery, Beijing Children's Hospital, Capital Medical University, National Center for Children's Health, Beijing. The Medical Ethics Committee of Nanfang Hospital approved the collection of human tissues (Approval number: 2025022012384788).
Daoy (SHH subtype), D283 (Group 3, non-MYC amplified), and D341 (Group 3, MYC amplified) were obtained from ATCC and cultured in MEM (Gibco, USA) including 10% fetal bovine serum (Thermo Fisher Scientific, USA) for Daoy and D283, 20% FBS for D341 and 2 mM glutamine. D458 (Group 3, MYC amplified) cells were generously provided by Dr. Jiajia Wang from the Department of Pediatric Neurosurgery at Xin Hua Hospital, affiliated with Shanghai Jiao Tong University School of Medicine, Shanghai, China. HEK293T (human embryonic kidney cells) and THP1 (human monocytic cells) were obtained from Procell Life Science (CL-0233; China). Cell Line Authentication : The cell lines have been tested and authenticated. HEK293T cells were cultured in DMEM with 10% fetal bovine serum, while THP1 cells were maintained in RPMI-1640 (Gibco, USA) with 10% FBS. THP-1 cells were differentiated into M0 macrophages using 100 ng/mL PMA for 48 hours. On day 4, macrophages were polarized to the M1 phenotype with 100 ng/mL LPS and 20 ng/mL IFN-γ, or to the M2 phenotype with 20 ng/mL IL-4 and 20 ng/mL IL-13. Cell lines were maintained at 37°C with 5% CO2 in a humidified environment.

Pathway enrichment analysis
Gene Set Variation Analysis (GSVA) was performed utilizing the R package "GSVA" to quantify the activity levels of seven distinct metabolic pathways within a single tumor sample by calculating the enrichment scores for each pathway. The Kaplan-Meier survival analysis and log-rank test were utilized to examine the association between these seven metabolic pathways and overall survival (OS) in patients with MB. Furthermore, GSVA was employed to determine the activity of various core biological pathway gene sets. Spearman's correlation analysis was conducted to evaluate the relationship between the key metabolic pathways and core biological pathways. Additionally, Gene Set Enrichment Analysis (GSEA) was carried out between the two sample groups using the Sangerbox and XianTao platforms. 

Immune infiltration analysis
The ESTIMATE algorithm infers immune infiltration levels in tumor tissues using gene expression data. This study used this algorithm and the MCPCOUNTER, and CIBERSORT algorithms to infer the ImmuneScore, StromalScore, ESTIMATEScore, and immune cell infiltration of MB patients.

Continuum score
The methods of calculating continuum score refer to previous literature1. In summary, multi-run NMF is conducted with 250 iterations using 80% bootstrapping. After each iteration, metagenes are projected onto the excluded samples, and k-means clustering is employed to classify these samples using the expanded training set. The score was determined by applying a logistic transformation, specifically 1 / (1 + exp(-x)), to the Group3 and Group4 metagenes. The score was determined by scaling the Group3 proportion of the total metagene to a range between 0 and 1. For convenience of visualization, or where categorical comparison was required, we referred to individuals >0 & <0.4 as “G3”, >0.4 & <0.6 as “G4G3”, and >0.6 & <1 as “G4”. 

Generation of shPCK2 Knockdown and inhibit MYC expression
Oligonucleotides: HEK293T cells were transduced with shRNA vectors (sh1: GGTGGCAAGCATGCGTATTAT, sh2: ACAATCCAGAGTAACACTATT, sh3: GCACATCCCAACTCTCGATTT), non-targeting controls, and packaging plasmids (pSPAX2 and pMD2.G) using Lipofectamine 3000 (L3000015, Invitrogen), following the manufacturer's instructions. After the knockdown effect was verified by western blot, appropriate cells were selected for transcriptomics and metabolomics analysis.
The siRNAs aimed at inhibiting MYC were constructed by Sigma. siRNAs were introduced into cells by Lipofectamine 2000 (11668019, Invitrogen) for 72 hours and then protein was collected for western blot. Si-MYC-1 (CAGTTGAAACACAAACTTGAA), si-MYC-2 (CCTGAGACAGATCAGCAACAA), si-MYC-3 (CCTGAGACAGATCAGCAACAA). 
The c-Myc inhibitor 10058-F4 (M14382; Luofa Biotechnology, China) was employed to suppress c-Myc activity. This compound selectively inhibits c-Myc-Max dimerization, thereby blocking the transactivation of c-Myc target genes.

Single cell RNA sequencing (scRNA seq) analysis
The single-cell RNA sequencing (scRNA-seq) dataset GSE155446, which includes 20 non-WNT/non-SHH MB samples, was sourced from the GEO database2. The dataset underwent processing and analysis utilizing the established methodologies provided by the R packages 'Seurat', 'infer-CNV', and 'cellchat'. Subsequent to data downscaling and clustering, the resulting clusters were annotated using well-established cellular markers: B cells (CD79A, CD22), T cells (CD3D, CD8B), oligodendrocyte precursor cells (OPCs; PDGFRA, SOX2), and tumor-associated macrophages (TAMs; TMEM119, CD74)3. Tumor cells were further classified into molecular subgroups based on a continuum score derived from whole-transcriptome profiles, specifically mG3 (score < 0.5) and mG4 (score > 0.5). The samples were additionally categorized into three distinct groups (G4 (n = 12), G4G3 (n = 3), and G3 (n = 5)) to capture intertumoral heterogeneity. Moreover, the expression of PCK2 within the GSE155446 dataset was also examined with UMAP.

Cell proliferation, migration, and colony formation assays
All the transduced cells were cultured for 24 h and inoculated in 96-well plates with 2000 cells per well. After cell walling, cells were incubated for different time periods (0, 12, 36, and 72 hours) and 10 µl of CCK-8 reagent was added to each well. After incubation at 37 °C for 2 h, absorbance was measured at 450 nm to determine cell viability. The wound-healing assay was employed to assess the migratory capacity of D458- negative control (NC) and D458-shPCK2 cells. In this assay, cells subjected to various treatments were cultured in six-well plates until they achieved over 90% confluence. Subsequently, the cell monolayers were carefully disrupted using a 10 μL sterile pipette tip to create a wound, and images of the wound widths were captured and quantified at 24 hours. PCK2- knockdown D458 cells were seeded at a density of 1000 cells per well in six-well plates. After 10 days of cultivation, the cells were fixed with 4% paraformaldehyde at room temperature for 30 minutes. The cells were then stained with 0.1% crystal violet, and the number of colonies in each well was counted.

Immunofluorescence and immunohistochemistry
Immunofluorescence was conducted in accordance with previously established protocols. In brief, medulloblastoma tumors, normal brain, and mouse brain samples were fixed using 4% paraformaldehyde (PFA). Following fixation, the samples were embedded in paraffin and sectioned into 3 μm slices. The primary antibody employed was anti-IBA1 (ab178846, Abcam, USA), which was incubated with the sections overnight at 4°C. This was followed by a 30-minute incubation with secondary antibodies at room temperature. Alexa fluorescent secondary antibodies (Alexa Fluor 488-conjugated A-11008, 1:5000, Invitrogen, CHINA) were used in Immunofluorescence. Immunohistochemistry was performed using anti-PCK2 (14892-1-AP, Proteintech, USA) and anti-KI67 (ab16667, Abcam, USA) in accordance with established methodologies. Subsequently, they were washed 5 times with PBS and exposed  to a secondary antibody (PV9000, Beyotime, CHINA). Then stain with DAB and hematoxylin fuel. Image acquisition was carried out using the ZEISS Imaging System.

Western blotting
Western blotting was performed following the methodology outlined in our previous research4. Proteins were extracted from both cellular and tumor tissue samples using an ice-cold RIPA buffer supplemented with a 1% protease inhibitor cocktail and 1% phosphoric acid protease inhibitor, maintained at 4 °C for 30 minutes. The protein concentrations were determined using the BCA assay (Beyotime Inc, China). For the Western blot analysis, proteins were resolved via 10% SDS-PAGE and subsequently transferred onto polyvinylidene difluoride membranes (Invitrogen, Carlsbad, CA). The membranes were blocked with 5% BSA in TBST (pH 7.0) for 1 hour and then incubated overnight at 4 °C with primary antibodies. The primary antibodies used included PCK2 (Proteintech, 14892-1-AP, 1:5000), c-MYC (Proteintech, 10828-1-AP, 1:1000), phospho-c-MYCSer62 (Cell Signaling Technology, 13748, 1:1000), GAPDH (Proteintech, 60004-1-Ig, 1:5000), SOX2 (PTM, ptm-5072, 1:1000), and NEUROD1 (Proteintech, 12081-1-AP, 1:1000). The secondary antibodies employed were anti-rabbit or anti-mouse IgG (1:5000; CoWinBioscience, Beijing, China). Following five washes with TBST, the membranes were incubated with secondary antibodies for 1 hour at room temperature. Protein bands were subsequently visualized and quantified.

Medulloblastoma xenografts (Intracranial)
Animal studies were conducted in compliance with the guidelines and approval of the Ethical Committee at Nanfang Hospital, Southern Medical University. (Approval No.: IACUC-LAC-20240308-002). Male nude mice (BALB/c nude mice), 4–6 weeks old (weighing 16–22 g), were purchased from Laboratory Animal Center of Southern Medical University (Gaungzhou, China). Orthotopic xenograft models were established in the previous report. 1 × 106 D341-Luc cells, D341-shPCK2-Luc cells, D458-Luc cells, and D458-shPCK2-Luc cells with a total 5 μl volume in PBS were engrafted intracranially into the cerebellum of anesthetized BALB/c nude mice. Intracranial tumor progression was detected by Bioluminescence imaging using the AURA Imaging Software at 1, 14, and 28 days post-transplantation.

RNA sequencing
The concentration of the constructed libraries was quantified using the Qubit dsDNA HS Assay Kit, following the manufacturer's protocol for double-stranded DNA fluorescence quantification. Illumina adapter-ligated libraries were first converted using the MGIEasy Universal Library Conversion Kit (APP-A). The resulting products were purified using magnetic beads. The purified products were denatured to single-stranded DNA using a PCR thermocycler, followed by single-stranded circularization. The circularized products were subsequently purified again with magnetic beads. DNBs were prepared using the DNBSEQ DNB Rapid Preparation Kit and the High-throughput Sequencing Primer Kit (APP-D). Following preparation, the concentration of the single-stranded DNA DNB product was measured using the Qubit ssDNA Assay Kit and a Qubit 4.0 Fluorometer. The DNB loading mix was prepared using the DNBSEQ-T7RS DNB Rapid Loading Kit. A sequencing flow cell was prepared, and the DNBs were loaded onto it. The loaded flow cell was placed into the sequencer. The sequencing run was configured by selecting the DNBSEQ-T7RS workflow, entering the experiment name, cycle number, and read length, and specifying the data storage path. The software automatically checked the run parameters. Upon confirmation, sequencing was performed on the DNBSEQ-T7 sequencing platform using a paired-end 150 bp (PE150) mode. DNBSEQ-T7RS High-throughput Sequencing Kit (FCL PE150).

LC-MS/MS analysis
In this experiment, a precisely measured mass of the sample was first weighed. Metabolites were then extracted by adding extraction solution under low-temperature conditions (for tissue, cell, or similar samples, grinding was performed prior to extraction). After centrifugation, the supernatant containing the extracted metabolites was collected for liquid chromatography-mass spectrometry (LC-MS) analysis. The raw data obtained from the LC-MS analysis were processed using the metabolomics software Progenesis QI (Waters Corporation, Milford, USA). The processing steps included peak picking, alignment, and metabolite identification. Ultimately, a data matrix containing information such as retention time, peak area, mass-to-charge ratio, and compound identification was generated for subsequent bioinformatics analysis and statistical interpretation.

Inclusion and Exclusion Criteria/ Attrition/ Randomization/ Blinding/ Power Analysis/ Replication/ Protocol Information
Not applicable.

Statistical analysis
An unpaired Student's t-test or Wilcoxon rank-sum test was employed to assess differences between the two groups. For comparisons involving more than two groups, one-way ANOVA or the Kruskal–Wallis test was utilized. The correlation between the two groups was determined using Spearman’s correlation analysis. Unless stated otherwise, statistical significance was defined as a two-sided p-value of less than 0.05. All statistical analyses were performed using R software (Version 4.4.1), SangerBox, and xiantao.
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Table1
The relationship between clinical features and continuum score in non-WNT/non-SHH medulloblastoma
	Characteristics
	G4
	G4G3
	G3
	Test Statistic

	N (435)
	269
	81
	103
	

	Age (Year)
	
	
	
	p<0.01

	Median
	8.1 (6.0-11.0)
	7.3 (5.0-10.0
	5.0 (3.0-8.0)
	

	Range
	2.0-48.2
	1.0-23.0
	1.2-49.6
	

	Age Group
	
	
	
	p<0.01

	0-3
	8 (3.0%)
	7 (8.6%)
	18 (17.5%)
	

	4-10
	148 (55.0%)
	49 (60.5%)
	65 (63.1%)
	

	10-17
	91 (33.8%)
	20 (24.7%)
	11 (10.7%)
	

	18+
	12 (4.5%)
	2 (2.5%)
	4 (3.9%)
	

	NA
	10 (3.7%)
	3 (3.7%)
	5 (4.9%)
	

	Gender
	
	
	
	P=0.80

	M
	178 (66.2%)
	52 (64.2%)
	74 (71.8%)
	

	F
	76 (28.3%)
	25 (30.9%)
	24 (23.3%)
	

	NA
	15 (5.6%)
	4 (4.9%)
	5 (4.9%)
	

	Histology
	
	
	
	P=0.01

	Classic
	166 (61.7%)
	47 (58.0%)
	48 (46.6%)
	

	Desmoplastic
	19 (7.1%)
	7 (8.6%)
	5 (4.9%)
	

	LCA
	17 (6.3%)
	8 (9.9%)
	20 (19.4%)
	

	MBEN
	6 (2.2%)
	2 (2.5%)
	0 (0.0%)
	

	NA
	61 (22.7%)
	17 (21.0%)
	30 (29.1%)
	

	Metastasis
	
	
	
	P=0.48

	M0
	130 (48.3%)
	40 (49.4%)
	44 (42.7%)
	

	M1
	76 (28.3%)
	28 (34.6%)
	35 (34.0%)
	

	NA
	63 (23.4%)
	13 (16.0%)
	24 (23.3%)
	

	Subtype
	
	
	
	P<0.01

	Group4β
	106 (39.4%)
	3 (3.7%)
	0 (0.0%)
	

	Group4α
	75 (27.9%)
	20 (24.7%)
	1 (1.0%)
	

	Group4γ
	86 (32.0%)
	33 (40.7%)
	0 (0.0%)
	

	Group3β
	2 (0.7%)
	16 (19.8%)
	17 (16.5%)
	

	Groupα
	0 (0.0%)
	9 (11.1%)
	58 (56.3%)
	

	Groupγ
	0 (0.0%)
	0 (0.0%)
	27 (26.2%)
	









Supplementary Figures
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Sup1
a Heatmap showing consensus NMF metagenes calculated for n = 453 non-WNT/non-SHH MB and grouped by clinical parameters. Non-WNT/non-SHH MB individuals are ordered by continuum score.
b Raincloud plot show continuum score by 453 non-WNT/non-SHH MB and grouped by six.
c PCA plot showing 453 non-WNT/non-SHH MB samples shaded by 3 group.
d Kaplan-Meier plot showing significant differences (Log-Rank test for trend) in non-WNT/non-SHH MB overall survival by continuum position.
e Stacked column charts shows the MB group in the continuum subgroup.
[image: ]
Sup2
a Differences of ImmuneScore, StromalScore, ESTIMATE score, and tumor purity between continuum score subgroup.
b Differences of Cibersort score of cells between continuum score subgroup.
c The association of continuum score and metabolic pathways enrichment score with EPIC and MCPCounter enrichment score was analyzed using pearsons correlation analysis.
d The boxplot outlining the expression of immune check point genes among G4 and G3 subgroup.
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Sup3
a Ligand-receptor map display of immune cells interacting with malignant G3 or G4 cells in MB.
b UMAP plot shows the distribution of malignant G3 and G4 cells in MB tumor cells.
c Bubble heatmap of TCA cycle score between mG3 and mG4 cells. m stands for malignant cells.
d Bar chart of TCA cycle score between mG3 and mG4 cells. m stands for malignant cells.
e UMAP plot shows the distribution of PCK2 gene expression in non-WNT/non-SHH MB cells.
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Sup4
a JASPAR predicted MYC transcription factor binding sites in the promoters of PCK2 gene.
b Chip-seq data predicted MYC transcription factor binding sites in the promoters of PCK2 gene. (GSE129521,GSE267470)
c Western blotting for PCK2 and c-MYC levels following siRNA-mediated c-MYC knockdown and c-MYC inhibitor in D341 and D458 cells after 48h.

[image: ]
Sup5
a PCK2 expression in medulloblastoma cell lines in the CCLE database.
b Representative luminescence images showing mice bearing D458 cells with PCK2 WT or knockdown after implantation.
c Compare the fluorescence signals in the cerebellum of BALB/c nude mice in the PCK2 WT and knockdown groups.
d Survival curves of two intracranial tumor-bearing mice. (n=5)
e Cerebellum in situ tumors were stained with H&E staining and IHC for PCK2 and KI67.
f The statistical plot of metabolite levels of phosphoenolpyruvate, 3-phosphoglyceric acid and lactic acid. (n=3)
g Co-culture system of M0/M1/M2 macrophages and D341 cell line (PCK2 WT and knockdown groups), protein levels of M1 marker CD80 and M2 marker CD163 in the macrophages determined by Western Blot analysis.
H The statistical graph on the RNA expression of RBFOX3.
i Verification of the interactions of NEUROD1 with EZH2 after PCK2 knockdown by a Co-IP assay.
j PCK1 expression in medulloblastoma cell lines in the CCLE database.
k Schematic of the mechanism of PCK2 in the pathogenesis of MYC-amplified medulloblastoma.
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