Supplementary figure legends
Supplementary Figure S1. Discovery: univariate screening and construction of the 25-gene Model A. (A) Univariate Cox regression of the 89 evaluable mitoxyperilysis-related genes in TCGA-LGG, ordered by P value; red points and bars denote P < 0.05, grey P ≥ 0.05. Hazard ratios and P values are those of Supplementary Table S1; the 95% confidence intervals were reconstructed from these two quantities by two-sided Wald inversion. (B) Model A risk score (upper strip) and survival status (lower strip) with patients ordered by risk score; blue, low-risk group; red, high-risk group. (C) Expression heat map of the 25 Model A genes across the same patient order, values as per-gene z-scores in the TCGA-LGG matrix (cBioPortal RNA-seq V2 median all-sample z-scores). (D) Kaplan–Meier overall survival by risk group (median split, 255 per group); log-rank P = 3.56 × 10⁻¹⁰; HR 3.27 (95% CI 2.21–4.83); median overall survival 105.2 vs 51.9 months.
Supplementary Figure S2. Internal performance of Model A, its relation to proliferation and IDH status, and benchmarking against matched random panels. (A) Time-dependent ROC curves for Model A at 1, 3 and 5 years (AUC 0.907, 0.861 and 0.801). Later time points were not evaluated: median follow-up in the discovery cohort is 27.8 months and the number of patients still at risk beyond five years is too small to give a stable estimate. (B) Model A risk score against the 20-gene proliferation score in TCGA-LGG (Spearman ρ = 0.26). (C) Model A risk score by IDH status in the 502 annotated patients (box plots; box, interquartile range; line, median; whiskers, 1.5 × interquartile range; circles, points outside that range). (D) The two observed external C-indices placed against the null distributions of random panels of equal size, each penalised as the model it is compared with (3,000 draws of four genes, unpenalised, matching MRG-4; 3,000 draws of 25 genes, both at λ = 1.0 matching Model A and unpenalised; a Cox model fitted to each panel in TCGA-LGG and applied to CGGA-325). MRG-4 lies at the 99.3rd percentile of the four-gene null (0.68% of the 2,287 valid panels match or beat it). The 25-gene model lies below the mean of its own matched null, with 97.8% of the 348 valid panels matching or beating it; under no penalty it is indistinguishable from an arbitrary panel (49.3% of 354 valid panels match or beat it), so the stronger reading depends on the matched penalisation. The curves are illustrative normal approximations to the simulated null distributions and are labelled as such; the reported percentages are the empirical quantities computed from the simulations, and the draw and valid counts are given. The 713 four-gene draws that failed to fit and the 2,652 failed 25-gene draws at λ = 1.0 all failed for the same reason — the drawn panel contained at least one of the six panel genes absent from the CGGA-325 expression matrix (AZIN2, BICRA, CCN1, CCN2, JADE2, SHTN1) — and the failure is therefore independent of the model being tested; conditioning on panels that fit leaves the null distribution unchanged.
Supplementary Figure S3. Stratified survival. Kaplan–Meier overall survival by median split of each model's own score within each stratum. (A) TCGA-LGG, IDH-mutant tumours (n = 410). (B) TCGA-LGG, WHO grade 3 tumours (n = 261). (C) CGGA-325 WHO grade II–III under the frozen MRG-4 coefficients, cohort-internal standardisation and the cohort-internal median threshold (n = 172). The 20 stratum tests summarised in the text are uncorrected for multiplicity, and the validation cells are small; the pattern is descriptive.
Supplementary Figure S4. Single-cell localisation of the four MRG-4 genes in human glioblastoma. (A) Dot plot of mean raw UMI counts (colour) and fraction of expressing cells (dot size) across 15 annotated cell types in dataset SL040 (135,482 cells; CZ CELLxGENE Discover). (B) The same for the 48,281 malignant cells, split by Neftel state. MKI67 is shown as a proliferation reference. Annotation was validated by compartment markers: CD68 (macrophages), PECAM1 (endothelium), MOG (oligodendrocytes), GFAP (astrocytes and malignant cells). By transcript share, 74–80% of the transcripts of PDGFA, BMP1 and KIF15 are recovered from malignant cells (35.6% of cells). By per-cell mean expression, however, PDGFA is marginally higher in vascular smooth-muscle cells (3.49 vs 3.48) and BMP1 higher in pericytes (1.03) and fibroblasts (0.91) than in malignant cells (0.53). Only KIF15 is consequently tumour-restricted on both metrics. TRAF3 is broadly expressed and lowest in malignant cells; KIF15 tracks the NPC-like state and MKI67. Both metrics are tabulated in Supplementary Table S10. The dataset is glioblastoma (grade IV); no grade II–III diffuse glioma single-cell dataset is available in the census.
Supplementary Figure S5. Molecular correlates of the Model A risk groups. (A) Principal component analysis of the two k-means subtypes derived from the 25 Model A genes (these are Model A gene-based subtypes, not an MRG-4 partition; k = 2; silhouette 0.276; C1 n = 397 with 67 deaths, C2 n = 113 with 58 deaths; between-subtype log-rank P = 1.39 × 10⁻²⁶). (B) Immune feature scores (mean z-score, ssGSEA-lite) between the high- and low-risk groups of the 25-gene Model A median split. All 11 features are higher in the high-risk group; see Supplementary Table S26c for effect sizes and P values. The uniform direction is consistent with a purity or global-expression artefact. (C) Somatic mutation frequencies of ten recurrent glioma genes by risk group, using the median split of the 25-gene Model A score, which is not the same partition as MRG-4's although both give 255/255 in this cohort (n = 255 per group, all 510 patients evaluable). The same ten tests under MRG-4's own split are deposited as Supplementary Table S9b. IDH1, CIC and ATRX are enriched in low-risk tumours; EGFR, PTEN and NF1 are enriched in high-risk tumours; NOTCH1 is enriched in low-risk tumours.


Supplementary information
Supplementary tables
Supplementary Table S1. The 101-gene mitoxyperilysis-related panel: mouse symbols, human orthologues, direction of change in the discovery experiment, log2 fold changes for each contrast, LGG univariate Cox hazard ratios and P values, the Benjamini–Hochberg q value across the 89 evaluable genes, and the multivariate coefficient where the gene entered Model A.
Supplementary Table S2. Per-patient TCGA-LGG discovery dataset: risk score, risk group, survival time and status, age, sex, IDH status/subtype and WHO grade (n = 510).
Supplementary Table S3. Per-patient CGGA-325 validation dataset: Model A score standardised within CGGA-325, survival time and status, age, sex, IDH status and grade (n = 313). The score column holds the cohort-standardised score rather than the frozen scaling, which Section 2.7 does not claim, and it is named for what it contains.
Supplementary Table S4. Per-patient MRG-4 scores in TCGA-LGG, with the full-panel score for comparison (n = 510).
Supplementary Table S5. Per-patient MRG-4 scores in CGGA-325, all 325 samples, with the cohort-standardised and discovery-cohort-SD-scaled linear predictors, the per-SD value, the risk group, and flags for WHO grade II–III and for inclusion in the primary validation set (n = 172 included). Columns are named for what they contain. The risk-group column is cut at the median of the cohort-standardised score within the 172 included patients (−0.5713), giving 86 high and 86 low and reproducing the log-rank P = 6.61 × 10⁻¹¹ of Figure 2A; a cut near zero splits those patients 33/139 and does not reproduce the figure. The cut-point used is recorded in the column MRG4_cutpoint_cohort_z_within_172. Patients outside the primary validation set have no risk-group label, because the split is defined on those 172.
Supplementary Table S6. Stability-selection frequencies at α = 0.02432, reported for both the original run and an independent replication with a different seed. The two columns are named for their candidate sets because those sets differ: the original run entered the LASSO path with 88 candidates (SAMD8 received no non-zero coefficient at any α and hence has no frequency), whereas the replication run used all 89. SAMD8's cell is blank in the original column and its entry is explained in a note column. Since the candidate sets differ, the replication is a check that the same core is recovered, not a pure seed-dependence test (Section 2.12).
Supplementary Table S7. The full LASSO cross-validation curve.
Supplementary Table S8. Per-patient mutation calls for the ten recurrent glioma genes.
Supplementary Table S9. Risk-group mutation summary with Fisher exact P values, computed on the median split of the 25-gene Model A score.
Supplementary Table S9b. The same ten Fisher exact tests recomputed under MRG-4's own median split (255/255 in the same 510 patients), so that the mutation contrast can be attributed to the model the paper is about. Established in response to review: the two splits are not the same partition, and the contrast is present but weaker under MRG-4.
Supplementary Table S10. Single-cell mean expression and fraction of expressing cells per cell type in dataset SL040, including the compartment markers used to validate the annotation (PTPRC, CD68, PECAM1, MOG, GFAP) and the proliferation markers MKI67 and TOP2A.
Supplementary Table S11. The same quantities restricted to the 48,281 malignant cells, split by Neftel state.
Supplementary Table S12. Model A: the 25 ridge coefficients, hazard ratios, confidence intervals and P values, together with the corresponding univariate hazard ratios and a sign-flip flag. This file is the deposited source of the 25-gene comparator; the external-validation script reads it, so the comparator is reproducible from the deposited tables alone.
Supplementary Table S13. Completed TRIPOD checklist for this study.
Supplementary Table S14. CGGA-325 adjusted Cox models for both scores under a single per-SD convention, with the SD of each standardised score stated in the table so that the scaling of every hazard ratio is unambiguous.
Supplementary Table S15. CGGA-325 extended adjusted models for MRG-4: age and grade alone, plus 1p/19q codeletion, plus MGMT promoter methylation, plus radiotherapy or chemotherapy, and all combined, each with its own complete-case sample size and number of deaths. These models are the evidence that standard molecular and treatment variables do not explain the score.

Supplementary Table S16. MRG-4 composite score by cell type in dataset SL040: per-cell-type mean of the within-cell-type z-scored composite, the type-level z-score, cell counts and the per-gene mean raw UMI counts. This is the source of the cell-type ranking quoted in Section 3.8.
Supplementary Table S17. MRG-4 deployment constants: the four frozen coefficients, the standardisation used, the two cBioPortal profile identifiers on which the score is defined (raw and z), the decision threshold, and the reference sample size.
Supplementary Table S17b. Per-gene standardisation constants for the four MRG-4 genes: mean, SD under both the n − 1 and n conventions, median, median absolute deviation, the robust σ estimate 1.4826 × MAD, the z convention used, and the maximum absolute deviation between the two SD conventions. The two conventions are not interchangeable, and the table exists so that the difference can be quantified rather than assumed away.
Supplementary Table S18. Per-patient z-scored values of the four MRG-4 genes, the composite score, survival time and status, in both cohorts and under both standardisation conventions (682 rows: 510 discovery and 172 validation patients).
Supplementary Table S19. Breslow baseline cumulative hazard and baseline survival for the frozen MRG-4 model in TCGA-LGG, with an is_event_time flag. 440 rows: the 431 observed event times plus a 9-point grid at 12, 24, 36, 48, 60, 72, 84, 96 and 120 months, with the is_event_time flag separating the two.
Supplementary Table S20. Provenance of the Model A linear predictor: the archived linear predictor against the linear predictor rebuilt from the deposited 25 coefficients, with the per-patient correlation between them. This is the object behind the statement that the deposited coefficients reproduce the archived score at r = 0.9148.
Supplementary Table S21. Analysis-set derivation for TCGA-LGG, patient by patient: expression availability, overall-survival availability, molecular annotation, WHO grade, and the successive inclusion flags that take 510 patients to 502 and then to 410.
Supplementary Table S22. Analysis-set derivation for CGGA-325, patient by patient: survival availability, WHO grade II–III, inclusion in the 313 graded set and in the 172-patient primary validation set, with an exclusion reason for every patient not included.
Supplementary Table S23. Time-dependent AUC at each of the 19 horizons from 12 to 120 months in CGGA-325 for MRG-4 and for Model A, computed under both censoring conventions: with the censoring distribution estimated in the discovery cohort and with it estimated in the cohort being evaluated. The paired-bootstrap confidence interval of the difference is given per horizon. The cohort-evaluated convention is the one used in the text and in Figure 3A.
Supplementary Table S24. Restricted mean survival time by risk group at 36 and 60 months in both cohorts, with bootstrap confidence intervals for the difference. Group values and differences are given both at the 0.1-month precision used in the text and at four decimals, so that the arithmetic can be checked: the differences are computed from the unrounded curves and need not equal the difference of the two displayed group values.
Supplementary Table S25. Consistency of the score definitions across the analysis scripts: the quantity, its definition, its value and a note on where it is used. It also records the standard deviation of each score as recomputed from the deposited per-patient data, the value of the MRG-4 apparent C-index recomputed from Supplementary Table S4, and the second internal result object for that quantity, so that the two can be compared rather than reconciled silently.
Supplementary Table S26. Per-patient immune feature scores for the 11 features (510 patients), so that every value in Supplementary Note S2 can be rebuilt from patient-level data. S26b lists the 4–6 marker genes of each feature; S26c gives the group means, the difference, the Mann–Whitney P value and the rank-biserial correlation.
Supplementary Table S27. PROBAST and PROBAST-AI self-assessment, 26 rows covering all four domains. Two domains, Predictors and Analysis, are recorded as non-low risk. The calibration and clinical-utility items record that the calibration slope, the tertile calibration plot, the Brier score and the decision curves were evaluated, in Sections 2.7 and 3.6 and in Figure 3B–D.
Supplementary Table S28. Random seeds and software environment: the seed used for each stochastic step (k-means 42; outer and inner cross-validation folds 7 and 1; fold-sensitivity 42 and 11; the original stability run 20261004 and the replication 7; the null-panel runs 20261004 + k + int(pen × 100) and the same offset by 977; NRI/IDI 42; the paired bootstrap with 20261004 for patient resampling and 7 for the paired draw), together with the package versions. The single-cell analysis is deterministic.

Supplementary Table S29. Risk-stratified log-rank tests within molecular strata, in discovery and validation, computed separately for each model. Risk groups are the median split of each model's own score within the analysis set. TCGA-LGG rows use the 502 patients with complete molecular annotation, and all values have been recomputed from the deposited per-patient scores. The two CGGA-325 IDH rows are based on the 127 patients with an explicit IDH-mutant call and the 44 with an explicit wildtype call; the single patient with no IDH annotation is excluded from those two rows only. The data are deposited as Table_S29_stratified_logrank.csv.
	Cohort
	Model
	Stratum
	n
	Deaths
	log-rank P

	TCGA-LGG
	Model A
	All patients
	502
	123
	2.14 × 10⁻¹⁰

	TCGA-LGG
	Model A
	IDH-mutant
	410
	73
	9.64 × 10⁻⁴

	TCGA-LGG
	Model A
	IDH-wildtype
	92
	50
	0.463

	TCGA-LGG
	Model A
	WHO grade 2
	241
	36
	0.0333

	TCGA-LGG
	Model A
	WHO grade 3
	261
	87
	2.02 × 10⁻⁶

	TCGA-LGG
	MRG-4
	All patients
	502
	123
	2.29 × 10⁻¹⁰

	TCGA-LGG
	MRG-4
	IDH-mutant
	410
	73
	2.79 × 10⁻³

	TCGA-LGG
	MRG-4
	IDH-wildtype
	92
	50
	6.77 × 10⁻³

	TCGA-LGG
	MRG-4
	WHO grade 2
	241
	36
	0.0550

	TCGA-LGG
	MRG-4
	WHO grade 3
	261
	87
	6.07 × 10⁻⁶

	CGGA-325
	Model A
	WHO II-III (all)
	172
	90
	2.58 × 10⁻⁴

	CGGA-325
	Model A
	IDH-mutant
	127
	58
	6.97 × 10⁻²

	CGGA-325
	Model A
	IDH-wildtype
	44
	32
	0.355

	CGGA-325
	Model A
	WHO grade II
	98
	36
	0.522

	CGGA-325
	Model A
	WHO grade III
	74
	54
	0.0191

	CGGA-325
	MRG-4
	WHO II-III (all)
	172
	90
	6.61 × 10⁻¹¹

	CGGA-325
	MRG-4
	IDH-mutant
	127
	58
	2.22 × 10⁻⁶

	CGGA-325
	MRG-4
	IDH-wildtype
	44
	32
	2.17 × 10⁻³

	CGGA-325
	MRG-4
	WHO grade II
	98
	36
	1.83 × 10⁻³

	CGGA-325
	MRG-4
	WHO grade III
	74
	54
	3.07 × 10⁻⁵



Supplementary Table S30. Uncertainty of the principal quantities: each headline number with its interval or stated denominator, and a column recording what the number does and does not support. Every headline quantity is given with its interval or its stated denominator, and the table is the reference for every "uncertainty" statement in the text. The data are deposited as Table_S30_uncertainty.csv.
	Quantity
	Value
	Uncertainty or note

	External C-index, CGGA-325 WHO II–III, cohort z
	MRG-4 0.769 vs Model A 0.664
	bootstrap 95% CI over patients, 2,000 resamples: MRG-4 0.722–0.812, Model A 0.610–0.715; under discovery-SD scaling 0.731 (0.682–0.776) vs 0.620; five-gene version 0.755

	Difference in external C-index (MRG-4 − Model A)
	+0.105
	95% CI 0.054–0.162; paired bootstrap, 2,000 resamples, P < 0.0001

	External C-index under rank-inverse-normal harmonisation
	0.744 vs 0.676
	difference +0.068; ranking unchanged

	Within-cohort regression slope, per 1 SD of the index
	0.548
	95% CI 0.400–0.697; computed on the cohort-standardised index, so it equals the cohort's unadjusted per-SD log HR and is not a calibration test

	3-year calibration by tertile, predicted / observed
	Q1 0.867/0.981; Q2 0.766/0.835; Q3 0.397/0.292
	baseline hazard re-estimated in the validation cohort

	Integrated Brier score, 6–60 months
	0.287 vs 0.316
	MRG-4 lower (better)

	Continuous NRI and IDI, 3-year mortality
	NRI −0.291, IDI −0.047
	computed on n = 160, 50 events, not the 172 used for discrimination and net benefit, because absolute risks exist only where both a coefficient set and a baseline hazard are defined; the 5-year values use n = 156. The sign is not robust to the risk scale: with the baseline hazard re-estimated in the validation cohort NRI is −0.396, and with the coefficients refitted in the validation cohort it is +0.440 (IDI +0.041)

	Category-based NRI (within-model risk tertiles), 3 years
	+0.429
	scale-independent by construction, and reported for completeness; it is not a validated reclassification statistic and is not used in any claim

	Nested 10-fold CV, Model A pipeline
	0.832 ± 0.021
	selection repeated inside folds

	Nested 10-fold CV, full MRG-4 procedure
	0.731 ± 0.023
	selection repeated inside folds; the conservative internal figure

	Nested 10-fold CV, four genes fixed, coefficients refit in fold
	0.786 ± 0.014
	intermediate case

	Non-nested 10-fold CV, gene set fixed
	0.796 ± 0.019
	the same figure as the 10-fold CV row of Table 3; optimistic for both models

	26-gene LASSO apparent C-index, TCGA
	0.870
	quoted from the derivation run and printed in Figure 2B; the only value in Table 3 that cannot be rebuilt from the deposited objects, because the 26-gene coefficient vector at the 1-SE α was not retained. Its cross-validated (0.777) and external (0.726) counterparts are rebuildable

	Standard deviation of each score, TCGA-LGG
	MRG-4 0.903 (n = 510); Model A 1.062 (n = 502)
	the per-SD denominators of every Table 2 hazard ratio; both recomputed from the deposited per-patient scores (Supplementary Tables S2 and S4)

	Stability threshold π ≥ 0.75, Meinshausen–Bühlmann bound
	E[V] ≤ 32.4 permitted false selections (q = 38, the largest selected-gene count in the 200 resamples; p = 89)
	27.0 at π = 0.80 and 40.6 at π = 0.70; the bound is non-binding, so the threshold carries no useful false-discovery control of its own. π sensitivity: 11 genes at 0.70, 5 at 0.75, and exactly the four MRG-4 genes at 0.80

	MRG-4 against 3,000 random 4-gene panels, penalisation matched (unpenalised)
	0.68% of the 2,287 valid panels match or beat it
	713 draws failed to fit; null mean 0.638, SD 0.069, 95th pct 0.737; independent seed 2,213 valid, 0.68%; at penalisation 1.0, 2,264 valid and 0.54%

	Model A against 3,000 random 25-gene panels, penalisation matched (λ = 1.0)
	97.8% of the 348 valid panels match or beat it
	2,652 draws failed to fit; null mean 0.731, SD 0.024; independent seed 358 valid, 97.8%. Unpenalised panels: 354 valid, null mean 0.662, 49.3% match or beat it, i.e. Model A is not distinguishable from an arbitrary panel under no penalty

	Leave-one-gene-out, external C-index
	−BMP1 0.747; −KIF15 0.741; −TRAF3 0.751; −PDGFA 0.722
	all four below the full-model 0.769 under cohort z; under discovery-SD scaling the full model is 0.731 and removing PDGFA raises it to 0.739, so the property is convention-dependent

	Univariate screen, Benjamini–Hochberg over 89 genes
	50 of 89 at q < 0.05
	56 at raw P < 0.05; 57 at q < 0.10; 64 at q < 0.20

	BH q for the four MRG-4 genes
	PDGFA 7.7 × 10⁻¹³; BMP1 1.4 × 10⁻¹¹; KIF15 7.5 × 10⁻¹⁰; TRAF3 0.056
	TRAF3 does not survive at q < 0.05

	Adjusted HR per SD, CGGA, IDH + grade
	1.52
	1.29–1.79, P = 6.2 × 10⁻⁷; n = 171 (1 patient has no IDH call)

	Adjusted HR per SD, CGGA, + 1p/19q (n = 170)
	1.33
	1.13–1.57, P = 7.8 × 10⁻⁴; 2 patients missing codeletion; deposited as Supplementary Table S15

	Adjusted HR per SD, CGGA, + IDH + grade + 1p/19q + MGMT (n = 154, 83 deaths)
	1.37
	1.14–1.65, P = 6.5 × 10⁻⁴; 18 patients missing one of these covariates

	Adjusted HR per SD, CGGA, + IDH + grade + 1p/19q + MGMT + treatment (n = 146, 78 deaths)
	1.41
	1.17–1.71, P = 3.4 × 10⁻⁴; 26 patients missing at least one covariate. Fitted with treatment alone the value is 1.80 (n = 163, 85 deaths)

	Adjusted HR per SD, TCGA, IDH + grade
	1.67
	1.31–2.13, P = 2.8 × 10⁻⁵

	Adjusted HR per SD, TCGA, within IDH-mutant, + 1p/19q + grade
	1.70
	1.27–2.26, P = 3.0 × 10⁻⁴; n = 410, 73 deaths (the IDH-mutant subset is 411 patients before the one non-codel patient without a grade is removed)

	MRG-4 added to a 20-gene proliferation score
	LR χ² = 14.9
	P = 1.1 × 10⁻⁴; proliferation score alone C = 0.710

	MRG-4 added to a 15-gene extracellular-matrix score
	not performed
	the member genes of that score are not recorded in the deposited pipeline, so the comparison cannot be rebuilt from the deposit; reported in the Limitations

	Mouse induction log₂FC against human univariate log hazard ratio
	ρ = −0.320
	P = 0.0023, n = 89; direction opposite to the naive expectation

	Stability selection, seed dependence
	shared core = the five-gene set
	original run selected 5 genes, replication selected 7 (adds PBX2, PPM1M)

	Patients at risk at 36 / 60 months (TCGA)
	157 / 66
	limits stable discrimination estimates beyond five years



Supplementary Table S31
Supplementary Table S31. Model B — MRG-4: stability selection and final coefficients. Stability frequency is the proportion of 200 bootstrap LASSO fits at the 1-SE α that selected the gene; coefficients are from the multivariable Cox model on the four retained genes, expressed per SD of discovery-cohort-standardised expression. The univariate hazard ratios in the last column are those of Supplementary Table S1, the full univariate list. The replication column gives the selection frequency from an independent 200-resample run with a different seed, which is the check on seed dependence described in Section 2.4; the same five genes were selected, and two further genes passed the threshold in the replication.
	Gene
	Stability π (original run)
	Included (π ≥ 0.75)
	Coefficient
	HR (per SD)
	95% CI
	P
	Univariate HR (Table S1)
	π (replication run)

	BMP1
	0.875
	yes
	+0.2582
	1.295
	1.059–1.582
	0.0117
	1.636
	0.820

	KIF15
	0.815
	yes
	+0.4636
	1.590
	1.305–1.937
	4.29 × 10⁻⁶
	1.444
	0.780

	TRAF3
	0.805
	yes
	−0.2379
	0.788
	0.672–0.924
	0.0034
	0.813
	0.865

	PDGFA
	0.805
	yes
	+0.4795
	1.615
	1.361–1.917
	3.90 × 10⁻⁸
	1.609
	0.810

	OSGIN2
	0.775
	dropped (P = 0.382)
	—
	0.921
	—
	0.382
	0.675
	0.755

	PBX2
	0.705
	below threshold
	—
	—
	—
	—
	0.969
	0.800

	PPM1M
	0.665
	below threshold
	—
	—
	—
	—
	1.572
	0.755

	SLC7A1
	0.735
	below threshold
	—
	—
	—
	—
	0.648
	0.665

	MXRA8
	0.725
	below threshold
	—
	—
	—
	—
	1.475
	0.740

	HSPA4L
	0.705
	below threshold
	—
	—
	—
	—
	1.327
	0.740

	KIF24
	0.725
	below threshold
	—
	—
	—
	—
	1.400
	0.680

	FERMT2
	0.705
	below threshold
	—
	—
	—
	—
	1.301
	0.655



Frequencies are given to three decimal places, exactly as in Supplementary Table S6, so that no rounding convention is imposed: a proportion of 200 resamples moves in steps of 0.005, and rounding to two decimals would report both 0.875 and 0.805 inconsistently. The five genes of the original run were all selected again; PBX2 and PPM1M (bold) additionally passed the threshold in the replication, so the intersection of the two runs is exactly the original five-gene set. Neither run selects any of the pathway's core effectors, and the only mechanism-adjacent panel member that ever passed the threshold, OSGIN2, was removed at the elimination step.
Supplementary Note S1. The thirteen limitations, in full
The full list referred to in Section 4 follows. First, the four genes were selected on all 510 discovery patients, so the apparent 0.794 and cross-validated 0.796 retain optimism; the nested 0.731 is conservative and 0.731–0.769 the external range. Second, compression cost specificity: MRG-4 is more proliferation-correlated (ρ = 0.67) than the full-panel index (ρ = 0.26), and cross-species direction is reversed (ρ = −0.32). Third, reclassification is not improved: NRI and IDI favour 25 genes; net benefit beats the index at 20 of 31 thresholds, a four-variable clinical model is highest at 21, and the index is never compared with a published LGG signature. Fourth, the within-cohort slope is 0.548 (95% CI 0.400–0.697); as Section 3.6 sets out, this is not a calibration test, so probabilities are not absolute risks. Fifth, subgroup replication was partial; MRG-4 subgroup tests in CGGA-325 are uncorrected for multiplicity in a small cohort (n = 172, 90 deaths). Sixth, discovery and validation systems are mismatched: mouse-macrophage panel, human bulk glioma target, fitted genes that are not the pathway effectors; no tumour-versus-normal comparison is reported. Seventh, single-cell localisation rests on a single-donor (n = 1) glioblastoma (grade IV) dataset, tumour zones only, no matched cortex, no grade II–III glioma dataset in public data; it cannot be extrapolated to LGG. Eighth, follow-up is immature (125 deaths; median 27.8 months by reverse Kaplan–Meier): 157 were at risk at 36 months and 66 at 60, discrimination reported only to five years. Ninth, the external cohort is small, its event rate (52.3%) over twice discovery (24.5%), CDKN2A/B deletion and resection extent unadjusted in both. The 92 IDH-wildtype cases in the 2018 TCGA-LGG set plus 44 in CGGA (136) follow the 2015 classification, many glioblastoma under WHO 2021. The external 0.769 rests on cohort-internal standardisation, the frozen variant 0.731; what reproduces is rank ordering, not absolute transportability. Tenth, the immune analysis used a proxy score, not deconvolution, and uniform elevation across antagonistic cell types suggests a purity artefact. Eleventh, two objects are deposited and one is not: the CGGA 1p/19q, MGMT and treatment-adjusted models (Supplementary Table S15) and the MRG-4 mutation analysis (S9b) are deposited; the 15-gene extracellular-matrix comparison is not, because the member genes of its score are in no deposited object. Twelfth, π = 0.75 carries no error-rate control: the Meinshausen–Bühlmann bound permits up to 32.4 false selections at model size 38, and π = 0.80 returns the four genes only in the original run (an independent seed selects PBX2 (0.800), drops KIF15 (0.780)), so the protection is seed reproducibility. Thirteenth, a limitation of naming rather than method: "mitoxyperilysis-related" is inherited from the screening panel, not a validated phenotype, since no step measured lysis, mitochondria–plasma-membrane contact or BAX/BAK1/BID dependence.
Supplementary Note S2. Extended methods and the secondary characterisation of the Model A genes
These three analyses concern the 25 Model A genes, not MRG-4; Section 4 summarises them. Reference numbers refer to the main reference list.
Model A gene-based subtypes. Silhouette width was highest at k = 2 (0.276) versus k = 3 (0.143) and k = 4 (0.134); the two subtypes comprised 397 patients (C1, 67 deaths, 16.9%) and 113 (C2, 58 deaths, 51.3%), differing sharply in survival (log-rank P = 1.39 × 10⁻²⁶; Supplementary Figure S5A). That contrast is close to the IDH-wildtype/IDH-mutant division; no adjustment or stratification for IDH status or WHO grade was applied, so it may restate molecular class.
Immune features. All 11 immune features scored higher in the high-risk group of the 25-gene Model A median split (Supplementary Table S26c; Supplementary Figure S5B); per-patient scores are deposited as Supplementary Table S26. Difference in mean Z (high − low, Mann–Whitney): CD8⁺ T cells 0.566 (P = 8.57 × 10⁻¹²), interferon signature 0.527, CD4⁺ T cells 0.515, B cells 0.511, neutrophils 0.455, immune checkpoints 0.413, NK cells 0.374, M2 macrophages 0.360, regulatory T cells 0.353, M1 macrophages 0.303, dendritic cells 0.293 — all significant (smallest P = 1.2 × 10⁻⁶, dendritic cells), rank-biserial r 0.25–0.38. Uniform elevation across opposed features argues against a specific immune phenotype.
Mutation profiling. Ten recurrent glioma genes were compared across all 510 patients (255 per group) under the 25-gene Model A median split and MRG-4's split (Supplementary Figure S5C; Supplementary Table S9, S9b). Under MRG-4's split, EGFR is 12.5% vs 1.2%, PTEN 8.2% vs 0.8% and IDH1 66.3% vs 87.1%, while CIC falls to borderline (17.3% vs 24.7%, P = 0.050) and ATRX (34.1% vs 41.2%, P = 0.12) loses significance, so the contrast belongs to both models but is weaker for MRG-4. This reproduces the canonical glioma contrast between IDH-wildtype, RTK-driven and IDH-mutant tumours, the study's clearest unadjusted between-group difference; the score tracks IDH status (r = −0.69, Section 3.4), the ten tests are uncorrected, none was repeated within IDH strata, and no mechanism is attached.

