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Supplementary Methods
Supplementary Methods S1. Bulk multi-omics feature construction
SCMG used gene-level pan-cancer multi-omics features derived from the 16 TCGA cancer cohorts described in the main text. The source dataset comprised 29,446 biospecimen records across mutation, DNA-methylation and gene-expression data. For each gene and each of the 16 cancer cohorts, one cohort-level value was derived for each omics modality, yielding three 16-dimensional feature blocks and a 48-dimensional bulk representation. Cancer-type-specific here refers to the cohort from which a feature was calculated, not to an assumption that a gene functions exclusively in that cancer type.
Mutation-frequency features. Mutation features followed the EMOGI preprocessing framework. For each cancer type, non-silent single-nucleotide variants were aggregated at gene level after removal of previously reported ultramutated samples. Mutation frequency was normalized by exonic gene length using GENCODE gene annotations.
DNA-methylation features. DNA-methylation features were derived from Illumina HumanMethylation450 data. Promoter regions were defined as the 1-kb intervals upstream and downstream of the 5′ transcription start site according to GENCODE v28. CpG beta values within promoter regions were averaged at gene level, plate effects were adjusted using ComBat, and matched tumour–normal differences were averaged within each cancer type.
Gene-expression features. Gene-expression features were derived from the quantile-normalized and ComBat-adjusted TCGA–GTEx expression resource described by Wang et al. For each gene and cancer type, tumour-to-matched-normal   fold changes were averaged to obtain a cancer-type-specific differential-expression value.
Absolute differential-methylation and differential-expression values were used before scaling so that these two feature blocks represented alteration magnitude rather than direction. Each cancer-type feature column was min–max scaled across genes, unavailable values were set to zero, and the three 16-dimensional blocks were concatenated to form the 48-dimensional SCMG bulk input. Copy-number alteration features present in the upstream source container were not used.
Supplementary Methods S2 Single cell inputs and evaluation
For GSE161277 and GSE218170, quality control, doublet removal and epithelial-cell annotation followed the procedures described in the main text. GSE251990 contributed processed epithelial expression matrices. For this dataset, the supplied expression values were scaled to a total of 10,000 per cell and log1p-transformed before feature construction. Gastric stage assignments followed the H&E annotations: Normal, IM/SPEM and Dys/Can were mapped to the Normal, Precancer and Cancer input states, respectively. The corresponding H&E and pathologist annotations for G09A and G09F are reported in Supplementary Table S1.
For each dataset, 1,000 epithelial cells were randomly sampled from each input state, yielding 9,000 cells across the nine source–stage combinations. Supplementary Table S1 reports cell counts before and after preprocessing, prior to this final sampling step.
For cancer-type-specific evaluation, the CPDB network was used together with cancer-type-specific positive labels from NCG6.0 and background genes mapped to the network. For each cancer type, SCMG retained only the corresponding mutation, methylation, and gene-expression feature columns, whereas the single-cell inputs were shared across cancer types. Supervised classification was evaluated using stratified five-fold cross-validation, following the procedure described in the main text.

Supplementary Methods S3 External driver catalogue evaluation
The analysis used the official IntOGen download endpoints labelled 20240920 (internal archive directory 2024-06-18). The primary ranked universe contained 12,023 genes after exclusion of 791 training positive-label genes. The retained IntOGen catalogue contained 138 targets in this universe; exclusion of TCGA-labelled cohorts, or both TCGA- and PCAWG-labelled cohorts, retained 108 and 101 targets, respectively. The full 12,814-gene universe was analysed separately. AUROC and average precision (AP) quantified ranking performance. One-sided Fisher exact tests evaluated K = 20, 40, 60, 80, 100, 150, 200, 300 and 500, with Benjamini–Hochberg correction within each nine-cutoff family. Odds-ratio intervals used the log-Wald method; a zero cell prompted addition of 0.5 to all four cells for the odds ratio and interval, but not for Fisher testing. Table S3 presents ranking metrics and Top-500 enrichment results for all six evaluation settings, together with all nine Top-K results for the retained catalogue in the primary evaluation universe.
Supplementary Methods S4 Survival sensitivity analyses
Separate unpenalized Q1 and Q2 Cox models were stratified by cancer type and adjusted for age and sex, using Efron handling of ties. Eligible patients had observed endpoint status, positive follow-up, finite scores and available covariates; unknown DSS status was excluded. Hazard ratios represent one within-cancer score standard deviation. Benjamini–Hochberg correction covered six full-signature tests; the six non-label tests formed a separate family.  Stage-complete models additionally adjusted for stage. 
Proportional hazards were assessed using rank-transformed Schoenfeld residuals. Follow-up was split at 1, 3 and 5 years (365.25 days per year); a three-degree-of-freedom likelihood-ratio test compared interval-specific score coefficients with a common coefficient. These checks used the same eligible records as each corresponding full-signature or non-label model. Diagnostic P values are nominal. Table S6 reports hazard ratios, confidence intervals, FDR values, proportional-hazards diagnostics and time-interaction test results.
Supplementary Methods S5 External candidate expression
The candidate set was fixed as 15 eligible non-training-positive genes from each of Q1 and Q2, ordered by prediction score, without replacement for non-estimable genes. The 120-test family comprised 30 genes across four contrasts: AK versus matched normal basal cells, cSCC versus matched normal basal cells (GSE193304), colorectal polyp versus normal/unaffected tissue, and colorectal cancer versus polyp (GSE201348). All three available cSCC donor pairs (P4–P6) were included, pooling author-annotated Basal1 and Basal2 raw counts within each sample.
Counts were filtered with filterByExpr, TMM-normalized and analysed using voom–limma with robust empirical Bayes estimation. Skin models included donor and condition; colorectal models used donor-blocked duplicateCorrelation. Non-estimable slots contributed P = 1 only for the 120-test adjustment. Confidence intervals are pointwise 95% intervals. Paired logCPM differences describe the same donors used in model fitting. Basal1 and Basal2 were also analysed separately; the eight selected gene–subtype comparisons form a distinct exploratory family. Table S8 presents basal-subtype composition, subtype-specific effect estimates, expression-filtering status for the selected genes and donor-level paired differences.


Supplementary Tables
Supplementary Table S1. scRNA-seq dataset composition before and after preprocessing
	Dataset
	Stage
	Genes
	Cells before processing
	Cells after processing

	GSE251990
	Normal
	35,606
	5,400
	5,061

	GSE251990
	Precancer
	35,606
	17,775
	16,666

	GSE251990
	Cancer
	35,606
	8,999
	8,469

	GSE161277
	Normal
	33,538
	15,601
	2,096

	GSE161277
	Precancer
	33,538
	15,295
	3,743

	GSE161277
	Cancer
	33,538
	16,889
	6,098

	GSE218170
	Normal
	32,738
	31,643
	2,418

	GSE218170
	Precancer
	32,738
	50,767
	3,671

	GSE218170
	Cancer
	32,738
	54,080
	8,659


The table reports cell counts before and after preprocessing, prior to the final sampling step. For model input construction, 1,000 epithelial cells were selected from each source–stage combination, yielding 9,000 cells in total.
	Gastric sample
	Input stage
	H&E annotation
	Pathologist annotation
	Selected cells

	G09A
	Normal
	Normal
	T
	343

	G09F
	Precancer
	SPEM
	N
	213


Supplementary Table S2. Biological network statistics used by SCMG
	Network
	Nodes
	Edges
	Positive labels
	Negative

	CPDB
	12,814
	308,255
	791
	861

	GGNET
	9,670
	511,283
	711
	488

	IREF
	11,705
	112,529
	772
	733

	PATHNET
	6,227
	75,008
	593
	307

	PCNET
	13,360
	2,086,436
	793
	1008

	STRING
	10,346
	250,063
	719
	514


Edges denote the network edge counts used in the aligned SCMG graph inputs. Positive and negative genes denote the supervised label sets used for model training and evaluation. The negative set represents a conservatively constructed supervised background and should not be interpreted as a collection of experimentally validated non-driver genes.
Supplementary Table S3 IntOGen catalogue evaluation
Primary universe excluding training positives
	Catalogue
	Targets
	AUROC
	AP
	Top 500 OR [95% CI]
	FDR

	Retained
	138
	0.772
	0.047
	9.396 [6.394, 13.807]
	2.28e-20

	Without TCGA
	108
	0.772
	0.040
	10.786 [7.089, 16.412]
	2.89e-19

	Without TCGA/PCAWG
	101
	0.765
	0.037
	10.295 [6.653, 15.933]
	3.81e-17



Evaluation universe: 12,023 genes.
Sensitivity universe containing all scored genes
	Catalogue
	Targets
	AUROC
	AP
	Top 500 OR [95% CI]
	FDR

	Retained
	138
	0.750
	0.032
	6.275 [4.080, 9.652]
	2.65e-11

	Without TCGA
	108
	0.751
	0.027
	6.937 [4.337, 11.096]
	1.8e-10

	Without TCGA/PCAWG
	101
	0.744
	0.025
	6.704 [4.111, 10.935]
	2.19e-09


Evaluation universe: 12,814 genes.
All cutoffs for the retained catalogue in the primary universe
	Top K
	Hits
	OR [95% CI]
	Fisher P
	FDR

	20
	1
	4.559 [0.606, 34.294]
	0.206
	0.232

	40
	1
	2.217 [0.302, 16.253]
	0.37
	0.37

	60
	4
	6.305 [2.254, 17.637]
	0.00493
	0.00634

	80
	6
	7.255 [3.102, 16.965]
	0.000307
	0.000461

	100
	8
	7.888 [3.753, 16.581]
	1.88e-05
	3.39e-05

	150
	10
	6.554 [3.371, 12.742]
	8.55e-06
	1.92e-05

	200
	15
	7.713 [4.426, 13.440]
	8.84e-09
	2.65e-08

	300
	26
	9.837 [6.315, 15.323]
	5.09e-16
	2.29e-15

	500
	38
	9.396 [6.394, 13.807]
	2.53e-21
	2.28e-20


AP denotes average precision. FDR correction was performed across the nine evaluated cutoffs within each setting.
Supplementary Table S4. Q1 and Q2 80-gene signatures
	a. Q1 signature
	b. Q2 signature

	CDH1
	ESR1
	FN1
	CTNNB1
	KRAS
	PIK3R1
	CFTR
	TP53

	KIF14
	PTEN
	ESR2
	EP300
	FYN
	PIK3CA
	EGFR
	APP

	BRAF
	NEB
	TTN
	ANLN
	JUN
	DST
	BRCA1
	AHNAK

	MUC16
	MYC
	CLU
	KIF20A
	MCM2
	APOB
	MUC1
	LRP2

	NFE2L2
	CUBN
	NCOR1
	FAT3
	APC
	CREBBP
	CIT
	ERBB2

	AGR2
	SPTAN1
	PRC1
	AKT1
	SYNE2
	APOA1
	HSP90AB1
	ERBB3

	KMT2C
	AKAP9
	CSMD1
	VCAM1
	MACF1
	NOTCH1
	PLEC
	HRAS

	GRM1
	ATRX
	GATA3
	HSP90AA1
	MYH9
	ANK2
	OBSCN
	FBXW7

	FOS
	RYR3
	LYN
	EPHA2
	ACTB
	HSPA8
	AR
	FLNA

	NAV3
	DYNC1H1
	SRC
	NBEA
	DMD
	ZFHX4
	GRIN2A
	PRKCA

	CDH23
	ECT2
	CAV1
	PRKACA
	FGFR1
	SMARCA4
	SPTBN1
	RECQL4

	OBSL1
	EGR1
	FREM2
	TENM4
	GSN
	VIM
	FGFR3
	DNAH3

	KIF23
	SERPINA1
	DCC
	PRKDC
	DSP
	ATM
	DNAH8
	MAP2

	NF1
	MDN1
	NRAS
	SPEN
	EGLN3
	MAP3K1
	VHL
	SACS

	MMP9
	MTOR
	HSPA5
	COL7A1
	AURKB
	SMAD4
	ARID1A
	ANK3

	CDKN2A
	CCDC8
	VCAN
	AKAP6
	AHNAK2
	PKHD1
	JAK1
	SYNE1

	HUWE1
	USP9X
	MMP7
	LCN2
	FAT1
	ITGA4
	CHD4
	KMT2D

	NOTCH2
	TRAF2
	MET
	DISC1
	KDR
	KMT2A
	ATR
	PLCG2

	CUL7
	GRIN2B
	TP63
	SOX9
	BRCA2
	AURKA
	STAT3
	SRRM2

	GRIA1
	PLG
	CBL
	PIK3CG
	PBRM1
	CDKN1A
	MAPT
	DNAH9


The genes comprising the fixed Q1 and Q2 80-gene signatures are listed below. Table order is used only for compact presentation and does not indicate rank. The ranking and deterministic tie-breaking rules are described in the main Methods.


Supplementary Table S5. Top 100 genes predicted by SCMG
	CDH1
	MCM2
	NOTCH1
	AKAP9

	KRAS
	NEB
	USH2A
	FGFR1

	ESR1
	TTN
	PLEC
	SMARCA4

	NTRK1
	APOB
	HRAS
	SPTBN1

	PIK3R1
	FLG
	MYH9
	CSMD1

	CFTR
	ANLN
	HMCN1
	RECQL4

	FN1
	MUC16
	LRP1B
	VCAM1

	TP53
	MYC
	ANK2
	GRM1

	CTNNB1
	MUC1
	OBSCN
	EPHA3

	FYN
	LRP2
	FBXW7
	ATRX

	KIF14
	APC
	ACTB
	TG

	PIK3CA
	CREBBP
	FAT3
	GSN

	EGFR
	CLU
	AGR2
	GATA3

	PTEN
	KIF20A
	SPTAN1
	PCDH15

	APP
	CIT
	HSPA8
	VIM

	SPTA1
	NFE2L2
	AR
	HSP90AA1

	JUN
	CUBN
	FLNA
	FOS

	ESR2
	ERBB4
	RYR1
	FGFR3

	DST
	ERBB2
	PRC1
	RYR3

	LRRK2
	SYNE2
	DMD
	DNAH3

	BRCA1
	APOA1
	ZFHX4
	MYH2

	EP300
	HSP90AB1
	AKT1
	DSP

	AHNAK
	ERBB3
	GRIN2A
	ATM

	BRAF
	MACF1
	PRKCA
	ACTC1

	RYR2
	NCOR1
	KMT2C
	DNAH8


The table lists the 100 highest-scoring SCMG predictions. Gene order in the table is used only for compact presentation and does not indicate exact rank.
Supplementary Table S6 Survival associations and sensitivity
S6a Full signature
	Endpoint
	Score
	Patients / events
	HR [95% CI]
	FDR

	OS
	Q1
	10,036 / 2,973
	1.133 [1.091, 1.177]
	3.49e-10

	OS
	Q2
	10,036 / 2,973
	1.094 [1.054, 1.136]
	2.87e-06

	PFI
	Q1
	9,878 / 3,319
	1.093 [1.055, 1.132]
	1.99e-06

	PFI
	Q2
	9,878 / 3,319
	1.063 [1.026, 1.101]
	0.000655

	DSS
	Q1
	9,569 / 1,967
	1.166 [1.112, 1.221]
	3.49e-10

	DSS
	Q2
	9,569 / 1,967
	1.116 [1.066, 1.169]
	2.98e-06




S6b Non label signature
	Endpoint
	Score
	Patients / events
	HR [95% CI]
	FDR

	OS
	Q1
	10,036 / 2,973
	1.186 [1.143, 1.231]
	1.01e-18

	OS
	Q2
	10,036 / 2,973
	1.079 [1.041, 1.119]
	5.84e-05

	PFI
	Q1
	9,878 / 3,319
	1.150 [1.110, 1.192]
	1.53e-14

	PFI
	Q2
	9,878 / 3,319
	1.036 [1.001, 1.073]
	0.0415

	DSS
	Q1
	9,569 / 1,967
	1.241 [1.185, 1.300]
	3.35e-19

	DSS
	Q2
	9,569 / 1,967
	1.083 [1.036, 1.132]
	0.000557


The full-signature and non-label analyses each used a separate six-test Benjamini–Hochberg correction.
S6c Stage complete sensitivity
	Endpoint
	Score
	Patients / events
	HR [95% CI]
	FDR

	DSS
	Q1
	2,244 / 502
	1.089 [0.997, 1.189]
	0.173

	DSS
	Q2
	2,244 / 502
	1.028 [0.942, 1.121]
	0.64

	OS
	Q1
	2,302 / 693
	1.115 [1.033, 1.202]
	0.03

	OS
	Q2
	2,302 / 693
	1.053 [0.977, 1.135]
	0.352

	PFI
	Q1
	2,299 / 801
	1.023 [0.954, 1.098]
	0.64

	PFI
	Q2
	2,299 / 801
	0.992 [0.925, 1.064]
	0.818


The stage-complete subset covers 11 cancer types. 


Supplementary Table S6 continued
S6d. Proportional-hazards diagnostics and time-interaction tests
	Component
	Endpoint
	Score
	Score PH P
	Global PH P
	Time interaction P

	full
	OS
	Q1
	0.914
	0.634
	0.913

	full
	OS
	Q2
	0.363
	0.445
	0.805

	full
	PFI
	Q1
	0.488
	0.335
	0.466

	full
	PFI
	Q2
	0.364
	0.295
	0.435

	full
	DSS
	Q1
	0.537
	0.368
	0.906

	full
	DSS
	Q2
	0.454
	0.321
	0.899

	nonlabel
	OS
	Q1
	0.0489
	0.147
	0.0536

	nonlabel
	OS
	Q2
	0.865
	0.613
	0.781

	nonlabel
	PFI
	Q1
	0.0171
	0.0343
	0.158

	nonlabel
	PFI
	Q2
	0.526
	0.35
	0.526

	nonlabel
	DSS
	Q1
	0.0119
	0.0316
	0.0445

	nonlabel
	DSS
	Q2
	0.811
	0.406
	0.958


PH tests use rank-transformed Schoenfeld residuals. Time-interaction P values are from three-degree-of-freedom likelihood-ratio tests. Diagnostic P values are nominal. The non-label Q1 models showed evidence of departures from proportional hazards.
Supplementary Table S7 External candidate expression
S7a Fixed candidate list

	Within set rank
	Q1 candidate
	Q2 candidate

	1
	FN1
	CFTR

	2
	KIF14
	FYN

	3
	NEB
	APP

	4
	TTN
	DST

	5
	ANLN
	AHNAK

	6
	KIF20A
	MCM2

	7
	CUBN
	APOB

	8
	AGR2
	LRP2

	9
	SPTAN1
	CIT

	10
	PRC1
	SYNE2

	11
	CSMD1
	APOA1

	12
	VCAM1
	MACF1

	13
	GRM1
	PLEC

	14
	FOS
	ANK2

	15
	RYR3
	OBSCN


The table lists the fixed 15 Q1 and 15 Q2 candidates and their within-set ranks.
S7b cSCC sample inclusion
	sample
	donor
	stage
	cells

	s6_MSCCH
	P4
	cSCC
	2515

	s7_normal
	P4
	Normal
	1157

	s8_MSCCL
	P5
	cSCC
	2519

	s9_normal
	P5
	Normal
	1472

	s10_MSCCM
	P6
	cSCC
	522

	s12_normal
	P6
	Normal
	2482


Cells were aggregated to six samples from three paired donors; cell numbers are not biological replicate counts. 


Supplementary Table S7 continued
S7c cSCC basal compartment effects
	Gene
	Set
	log2FC [95% CI]
	Candidate FDR

	FN1
	Q1
	4.721 [2.841, 6.600]
	0.01

	NEB
	Q1
	0.958 [-1.034, 2.949]
	0.5

	TTN
	Q1
	2.274 [0.864, 3.684]
	0.0535

	ANLN
	Q1
	0.364 [-1.387, 2.114]
	0.931

	AGR2
	Q1
	1.876 [-0.104, 3.856]
	0.203

	SPTAN1
	Q1
	0.524 [-0.119, 1.168]
	0.249

	PRC1
	Q1
	-0.501 [-1.824, 0.821]
	0.607

	VCAM1
	Q1
	1.010 [-1.390, 3.410]
	0.548

	FOS
	Q1
	0.441 [-0.344, 1.227]
	0.445

	RYR3
	Q1
	3.076 [1.236, 4.917]
	0.0489

	FYN
	Q2
	2.462 [1.359, 3.565]
	0.0142

	APP
	Q2
	1.344 [0.766, 1.921]
	0.0133

	DST
	Q2
	0.918 [0.157, 1.679]
	0.122

	AHNAK
	Q2
	-0.610 [-1.272, 0.052]
	0.215

	MCM2
	Q2
	0.877 [0.196, 1.559]
	0.104

	CIT
	Q2
	0.093 [-1.213, 1.398]
	1

	SYNE2
	Q2
	0.534 [0.036, 1.032]
	0.155

	MACF1
	Q2
	-0.422 [-1.154, 0.310]
	0.432

	PLEC
	Q2
	0.377 [-0.928, 1.681]
	0.753

	OBSCN
	Q2
	1.050 [-0.733, 2.833]
	0.43


The 20 estimable candidates for the cSCC-versus-matched-normal contrast are shown. Confidence intervals are pointwise; FDR correction covers all 120 candidate–contrast slots defined in Supplementary Methods S5.
S7d  Paired logCPM differences for the four FDR positive genes
	Gene
	P4
	P5
	P6

	FN1
	5.623
	2.714
	5.362

	FYN
	2.790
	1.670
	2.950

	RYR3
	4.080
	1.538
	3.488

	APP
	0.930
	1.696
	1.431



Supplementary Table S8 Basal subtype sensitivity
S8a. Basal-subtype composition
	Donor
	Condition
	Basal1 cells
	Basal2 cells
	Basal1 fraction

	P4
	cSCC
	2318
	197
	0.922

	P4
	Normal
	524
	633
	0.453

	P5
	cSCC
	2004
	515
	0.796

	P5
	Normal
	746
	726
	0.507

	P6
	cSCC
	455
	67
	0.872

	P6
	Normal
	1389
	1093
	0.560


S8b. Subtype-specific candidate effects
	Subtype
	Gene
	log2FC [95% CI]
	Exploratory FDR

	Basal1
	FN1
	4.689 [2.044, 7.333]
	0.0112

	Basal1
	FYN
	2.008 [0.884, 3.131]
	0.0112

	Basal1
	APP
	1.010 [0.407, 1.613]
	0.0114

	Basal1
	RYR3
	Not retained by expression filter
	NA

	Basal2
	FN1
	3.705 [1.811, 5.598]
	0.0107

	Basal2
	FYN
	Not retained by expression filter
	NA

	Basal2
	APP
	1.601 [1.091, 2.111]
	0.00151

	Basal2
	RYR3
	Not retained by expression filter
	NA


FDR refers to the eight selected gene–subtype comparisons, not the original 120-test family. Non-estimable effects are not measured null effects.
S8c. Subtype-specific paired differences
	Subtype
	Gene
	P4
	P5
	P6

	Basal1
	APP
	0.502
	1.400
	1.153

	Basal1
	FN1
	6.744
	1.771
	5.489

	Basal1
	FYN
	2.335
	1.137
	2.508

	Basal2
	APP
	1.657
	1.756
	1.370

	Basal2
	FN1
	2.797
	4.206
	3.950





S9.Definitions of ablation and control settings.
	Setting
	Supplement note

	Full SCMG
	Complete model integrating bulk multi-omics, stage-aware scRNA representations, and PPI propagation, with trainable bulk–scRNA logit fusion.

	Bulk-only (600 epochs)
	Uses only the bulk branch with all three bulk omics and the original PPI network, trained for 600 epochs.

	Bulk-only (1200 epochs)
	Uses the same bulk-only configuration, trained for 1,200 epochs.

	scRNA-only
	[bookmark: _GoBack]Uses the mean of the two scRNA-branch logits, followed by sigmoid transformation to obtain prediction scores, without incorporating the bulk-branch logit or the final bulk–scRNA fusion layer.

	Zero-initialized stage embeddings
	Stage embeddings are initialized to zero and remain trainable during scRNA training. Stage-resolved inputs and stage-difference features are retained.

	Collapsed scRNA stages
	Both normalized stage–source tokens and stage-specific static features are averaged across stages. The three static stage-difference features are set to zero, while source consistency is retained.

	Mean-pooling scRNA token control
	Replaces the progression pathway with mean pooling of projected stage–source tokens across stages and sources, without constructing explicit progression tokens. The base stage/source encoder and static stage-difference features are retained.

	Random binary scRNA control
	Normalized static features and stage–source tokens are replaced with independent Bernoulli(0.5) values. The generator seed is the base seed plus the zero-based fold index plus 900000.

	Fixed late-logit fusion
	Bulk and scRNA logit weights are fixed at 1.0 and 0.10, respectively; the intercept is fixed at zero.

	w/o PPI propagation
	Removes all PPI edges, disabling inter-gene propagation while retaining local transformations and residual pathways.

	w/o disagreement correction
	Removes the correction gate between local and graph-derived representations in the bulk predictor.

	GE only
	Retains gene-expression features within the bulk input and sets the mutation-frequency and DNA-methylation blocks to zero.

	MF only
	Retains mutation-frequency features within the bulk input and sets the gene-expression and DNA-methylation blocks to zero.

	METH only
	Retains DNA-methylation features within the bulk input and sets the gene-expression and mutation-frequency blocks to zero.

	GE + MF
	Retains gene-expression and mutation-frequency features within the bulk input and sets the DNA-methylation block to zero.

	GE + METH
	Retains gene-expression and DNA-methylation features within the bulk input and sets the mutation-frequency block to zero.

	MF + METH
	Retains mutation-frequency and DNA-methylation features within the bulk input and sets the gene-expression block to zero.

	Simple modality-matched MLP+GCN
	Uses the same bulk features, scRNA summaries, and PPI network. Each modality uses a single linear projection to 64 dimensions. The representations are concatenated and projected to 128 dimensions, followed by a two-layer GCN (128→128→1) with local residual pathways, without SCMG’s specialized encoders or fusion modules.

	Degree-preserving random PPI
	Uses undirected double-edge swaps, with 1,541,275 accepted swaps—five per original undirected edge. Each gene’s degree is preserved exactly. One randomized network, generated with seed 20260921, is reused across training seeds.
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16

TCGA

cancer

cohorts

described

in

the

main

text.

The

source

dataset

comprised

29,446

biospecimen

records

across

mutation,

DNA-methylation

and

gene-expression

data.

For

each

gene

and

each

of

the

16

cancer

cohorts,

one

cohort-level

value

was

derived

for

each

omics

modality,

yielding

three

16-dimensional

feature

blocks

and

a

48-dimensional

bulk

representation.

Cancer-type-specific

here

refers

to

the

cohort

from

which

a

feature

was

calculated,

not

to

an

assumption

that

a

gene

functions

exclusively

in

that

cancer

type.

Mutation-frequency

features.

Mutation

features

followed

the

EMOGI

preprocessing

framework.

For

each

cancer

type,

non-silent

single-nucleotide

variants

were

aggregated

at

gene

level

after

removal

of

previously

reported

ultramutated

samples.

Mutation

frequency

was

normalized

by

exonic

gene

length

using

GENCODE

gene

annotations.

DNA-methylation

features.

DNA-methylation

features

were

derived

from

Illumina

HumanMethylation450

data.

Promoter

regions

were

defined

as

the

1-kb

intervals

upstream

and

downstream

of

the

5

'

transcription

start

site

according

to

GENCODE

v28.

CpG

beta

values

within

promoter

regions

were

averaged

at

gene

level,

plate

effects

were

adjusted

using

ComBat,

and

matched

tumour

–

normal

differences

were

averaged

within

each

cancer

type.

Gene-expression

features.

Gene-expression

features

were

derived

from

the

quantile-normalized

and

ComBat-

adjusted

TCGA

–

GTEx

expression

resource

described

by

Wang

et

al.

For

each

gene

and

cancer

type,

tumour-to-

matched-normal

???

2

fold

changes

were

averaged

to

obtain

a

cancer-type-specific

differential-expression

value.

Absolute

differential-methylation

and

differential-expression

values

were

used

before

scaling

so

that

these

two

feature

blocks

represented

alteration

magnitude

rather

than

direction.

Each

cancer-type

feature

column

was

min

–

max

scaled

across

genes,

unavailable

values

were

set

to

zero,

and

the

three

16-dimensional

blocks

were

concatenated

to

form

the

48-dimensional

SCMG

bulk

input.

Copy-number

alteration

features

present

in

the

upstream

source

container

were

not

used.

Supplementary

Methods

S2

Single

cell

inputs

and

evaluation

For

GSE161277

and

GSE218170,

quality

control,

doublet

removal

and

epithelial-cell

annotation

followed

the

procedures

described

in

the

main

text.

GSE251990

contributed

processed

epithelial

expression

matrices.

For

this

dataset,

the

supplied

expression

values

were

scaled

to

a

total

of

10,000

per

cell

and

log1p-transformed

before

feature

construction.

Gastric

stage

assignments

followed

the

H&E

annotations:

Normal,

IM/SPEM

and

Dys/Can

were

mapped

to

the

Normal,

Precancer

and

Cancer

input

states,

respectively.

The

corresponding

H&E

and

pathologist

annotations

for

G09A

and

G09F

are

reported

in

Supplementary

Table

S1.

For

each

dataset,

1,000

epithelial

cells

were

randomly

sampled

from

each

input

state,

yielding

9,000

cells

across

the

nine

source

–

stage

combinations.

Supplementary

Table

S1

reports

cell

counts

before

and

after

preprocessing,

prior

to

this

final

sampling

step.

For

cancer-type-specific

evaluation,

the

CPDB

network

was

used

together

with

cancer-type-specific

positive

labels

from

NCG6.0

and

background

genes

mapped

to

the

network.

For

each

cancer

type,

SCMG

retained

only

the

corresponding

mutation,

methylation,

and

gene-expression

feature

columns,

whereas

the

single-cell

inputs

were

shared

across

cancer

types.

Supervised

classification

was

evaluated

using

stratified

five-fold

cross-validation,

following

the

procedure

described

in

the

main

text.
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S3

External

driver

catalogue

evaluation

