Supplementary Material

1 Machine learning-based core target screening and SHAP interpretation (Sections 3.4)
Supplementary figures
[image: FigS_SHAP_dependence_top5.jpg]
Supplementary Fig. S1 SHAP dependence plots for the five core targets. Relationship between Z-score-normalised gene expression (x-axis) and the corresponding SHAP value (y-axis) for ABCG2, CDK1, CA7, MET and TDP2. Each point is one sample; colour encodes the expression of the gene indicated in the colour bar. Positive SHAP values shift the prediction towards CRC
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Supplementary Fig. S2 Receiver operating characteristic curves of the reported model in all six cohorts. Curves are shown for the training cohort, GSE24514, GSE32323, TCGA-CRC, GSE44076 and GSE113513
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Supplementary Fig. S3 AUC heatmap for the complete grid of 118 machine-learning pipelines across the six cohorts. Rows are pipelines and columns are cohorts; colour encodes AUC on the scale given in the colour bar (0.80-1.00)
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Supplementary Fig. S4 Comparison of the external validation cohorts. (a) Distribution of AUC across the 118 pipelines in each cohort; the dashed line marks an AUC of 0.90. (b) Width of the DeLong 95% confidence interval of the AUC in each cohort, on a logarithmic scale; smaller values indicate better statistical resolution

2 Immune Infiltration Analysis（section 3.7）
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Supplementary Fig. S5 Spearman correlation between the expression of the five core targets and ESTIMATE-derived scores in the TCGA-CRC cohort. Heatmap showing the Spearman correlation coefficients between the expression of ABCG2, CDK1, CA7, MET and TDP2 and three ESTIMATE metrics (StromalScore, ImmuneScore and ESTIMATEScore). The colour gradient represents the correlation coefficient (orange-red, positive; blue, negative), and asterisks denote statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001)


Supplementary tables

Supplementary Table S1 AUC of all 118 machine-learning pipelines in the training cohort and the five external validation cohorts. Pipelines are ordered by the mean AUC across the six cohorts. The complete metric set (PR-AUC, F1, accuracy, sensitivity, specificity, precision, Matthews correlation coefficient and Brier score for every pipeline in every cohort) is provided in Supplementary Data S1 (Excel)
	Rank
	Pipeline
	Training
	GSE24514
	GSE32323
	TCGA-CRC
	GSE44076
	GSE113513
	Mean AUC

	1
	Enet_a0.1+plsRglm
	1
	0.9922
	1
	0.9974
	1
	1
	0.9983

	2
	Enet_a0.9+RF
	1
	0.9706
	1
	0.9994
	1
	1
	0.995

	3
	Enet_a0.1+Ridge
	1
	0.9686
	1
	0.9981
	1
	1
	0.9945

	4
	Enet+LDA
	1
	0.9667
	1
	0.9991
	1
	1
	0.9943

	5
	Enet_a0.9+plsRglm
	1
	0.9647
	1
	0.9995
	1
	1
	0.994

	6
	Lasso+plsRglm
	1
	0.9647
	1
	0.9995
	1
	1
	0.994

	7
	Enet_a0.9+LDA
	1
	0.9647
	1
	0.999
	1
	1
	0.994

	8
	Lasso+LDA
	1
	0.9647
	1
	0.9985
	1
	1
	0.9939

	9
	RF+LDA
	1
	0.9637
	1
	0.9994
	1
	1
	0.9938

	10
	RF+plsRglm
	1
	0.9647
	1
	0.998
	1
	1
	0.9938

	11
	Enet_a0.1+RF
	1
	0.9667
	0.9965
	0.9993
	1
	1
	0.9938

	12
	Ridge
	1
	0.9627
	1
	0.9982
	1
	1
	0.9935

	13
	Ridge+Ridge
	1
	0.9627
	1
	0.9982
	1
	1
	0.9935

	14
	plsRglm
	1
	0.9627
	1
	0.9975
	1
	1
	0.9934

	15
	Ridge+plsRglm
	1
	0.9627
	1
	0.9975
	1
	1
	0.9934

	16
	Enet+Ridge
	1
	0.9608
	1
	0.998
	1
	1
	0.9931

	17
	Enet_a0.9+Enet
	1
	0.9608
	1
	0.9977
	1
	1
	0.9931

	18
	RF
	1
	0.9627
	0.9965
	0.9993
	1
	1
	0.9931

	19
	Enet+RF
	1
	0.9588
	1
	0.9992
	1
	1
	0.993

	20
	Enet+plsRglm
	1
	0.9598
	1
	0.9981
	1
	1
	0.993

	21
	glmBoost+plsRglm
	1
	0.9598
	1
	0.9981
	1
	1
	0.993

	22
	Enet_a0.9+Ridge
	1
	0.9588
	1
	0.9981
	1
	1
	0.9928

	23
	Lasso+Ridge
	1
	0.9569
	1
	0.9975
	1
	1
	0.9924

	24
	Ridge+RF
	1
	0.9569
	0.9965
	0.9992
	1
	1
	0.9921

	25
	Enet_a0.9+GBM
	1
	0.9706
	0.9827
	0.9993
	0.9988
	1
	0.9919

	26
	Enet_alpha0.2
	1
	0.9529
	1
	0.9985
	1
	1
	0.9919

	27
	Enet+GBM
	1
	0.9627
	0.9896
	0.9992
	0.9994
	1
	0.9918

	28
	Stepglm_forward
	1
	0.9559
	1
	0.9969
	0.9967
	1
	0.9916

	29
	Lasso+RF
	1
	0.9696
	0.9862
	0.9994
	0.9992
	0.9949
	0.9915

	30
	Enet+Enet
	0.9999
	0.9549
	0.9965
	0.9976
	1
	1
	0.9915

	31
	Enet_alpha0.4
	1
	0.949
	1
	0.9991
	1
	1
	0.9914

	32
	glmBoost+SVM
	1
	0.9784
	0.9723
	0.9995
	1
	0.9949
	0.9908

	33
	Ridge+GBM
	1
	0.9588
	0.9862
	0.9994
	0.9998
	1
	0.9907

	34
	Enet_alpha0.7
	0.9997
	0.9529
	0.9931
	0.9982
	1
	1
	0.9906

	35
	Lasso+Enet
	0.9997
	0.9569
	0.9896
	0.9961
	1
	1
	0.9904

	36
	Ridge+Lasso
	0.9997
	0.951
	0.9931
	0.9983
	1
	1
	0.9904

	37
	Lasso+GBM
	1
	0.9745
	0.9758
	0.9992
	0.9976
	0.9949
	0.9903

	38
	Enet_alpha0.6
	1
	0.9431
	1
	0.9987
	1
	1
	0.9903

	39
	Enet_a0.1+Enet
	1
	0.9431
	1
	0.9983
	1
	1
	0.9902

	40
	Ridge+Enet
	0.9999
	0.9471
	0.9965
	0.9979
	1
	1
	0.9902

	41
	Lasso+glmBoost
	1
	0.9431
	1
	0.9982
	1
	1
	0.9902

	42
	Enet_alpha0.5
	1
	0.9431
	1
	0.9981
	1
	1
	0.9902

	43
	Enet_alpha0.8
	1
	0.9412
	1
	0.9991
	1
	1
	0.99

	44
	Enet_a0.1+GBM
	1
	0.9549
	0.9862
	0.9993
	0.9998
	1
	0.99

	45
	Enet_a0.1+glmBoost
	1
	0.9412
	1
	0.9988
	1
	1
	0.99

	46
	Enet_a0.9+glmBoost
	1
	0.9412
	1
	0.9988
	1
	1
	0.99

	47
	glmBoost
	1
	0.9412
	1
	0.9988
	1
	1
	0.99

	48
	glmBoost+glmBoost
	1
	0.9412
	1
	0.9988
	1
	1
	0.99

	49
	Ridge+glmBoost
	1
	0.9412
	1
	0.9988
	1
	1
	0.99

	50
	Enet+glmBoost
	1
	0.9412
	1
	0.9987
	1
	1
	0.99

	51
	Enet_a0.1+Lasso
	1
	0.9412
	1
	0.9986
	1
	1
	0.99

	52
	Enet_a0.9+Lasso
	1
	0.9412
	1
	0.9986
	1
	1
	0.99

	53
	RF+Enet
	1
	0.9451
	0.9965
	0.9978
	1
	1
	0.9899

	54
	Enet_alpha0.3
	0.9996
	0.9451
	0.9965
	0.9977
	1
	1
	0.9898

	55
	RF+RF
	1
	0.9431
	0.9965
	0.9991
	1
	1
	0.9898

	56
	GBM
	1
	0.9529
	0.9862
	0.9993
	0.9998
	1
	0.9897

	57
	Enet_alpha0.9
	1
	0.9392
	1
	0.9986
	1
	1
	0.9896

	58
	RF+glmBoost
	1
	0.9392
	1
	0.9986
	1
	1
	0.9896

	59
	glmBoost+Enet
	0.9993
	0.9471
	0.9931
	0.9978
	1
	1
	0.9896

	60
	glmBoost+Ridge
	1
	0.9373
	1
	0.9992
	1
	1
	0.9894

	61
	Enet_a0.9+NaiveBayes
	1
	0.9667
	0.9706
	0.9984
	1
	1
	0.9893

	62
	Lasso+NaiveBayes
	1
	0.9667
	0.9706
	0.9977
	1
	1
	0.9892

	63
	glmBoost+LDA
	1
	0.9647
	0.9706
	0.9995
	1
	1
	0.9891

	64
	glmBoost+NaiveBayes
	1
	0.9647
	0.9706
	0.9992
	1
	1
	0.9891

	65
	Lasso
	0.9999
	0.9431
	0.9931
	0.9983
	1
	1
	0.9891

	66
	Enet_alpha0.1
	0.9994
	0.9431
	0.9931
	0.9976
	1
	1
	0.9889

	67
	glmBoost+Lasso
	0.9999
	0.9412
	0.9931
	0.9984
	1
	1
	0.9888

	68
	RF+Lasso
	0.9999
	0.9412
	0.9931
	0.9984
	1
	1
	0.9888

	69
	glmBoost+RF
	1
	0.9392
	0.9931
	0.9998
	1
	1
	0.9887

	70
	Lasso+Lasso
	1
	0.9373
	0.9965
	0.9982
	1
	1
	0.9887

	71
	Stepglm+LDA
	1
	0.9353
	0.9965
	0.9987
	0.9988
	1
	0.9882

	72
	Enet+Lasso
	0.9983
	0.949
	0.9827
	0.9971
	0.9998
	1
	0.9878

	73
	Stepglm+glmBoost
	1
	0.9353
	0.9965
	0.9982
	0.9967
	1
	0.9878

	74
	Enet_a0.9+SVM
	1
	0.9745
	0.9792
	0.9995
	1
	0.9694
	0.9871

	75
	RF+Ridge
	0.9993
	0.9333
	0.9896
	0.9982
	1
	1
	0.9867

	76
	Stepglm+Ridge
	1
	0.9235
	0.9931
	0.9998
	1
	1
	0.9861

	77
	glmBoost+GBM
	1
	0.9373
	0.9723
	0.9995
	0.9996
	1
	0.9848

	78
	Enet_a0.1+LDA
	1
	0.9667
	0.9412
	0.9994
	1
	1
	0.9846

	79
	RF+GBM
	1
	0.9314
	0.9758
	0.9993
	0.9992
	1
	0.9843

	80
	Lasso+XGBoost
	1
	0.95
	0.9481
	0.9998
	0.998
	1
	0.9826

	81
	Stepglm+NaiveBayes
	1
	0.9176
	0.9758
	1
	1
	1
	0.9822

	82
	Stepglm+Enet
	1
	0.9353
	0.9896
	0.9929
	0.9749
	1
	0.9821

	83
	Stepglm+Lasso
	0.9999
	0.9353
	0.9862
	0.9913
	0.972
	1
	0.9808

	84
	Stepglm+RF
	1
	0.9343
	0.9516
	0.9998
	0.9988
	0.9949
	0.9799

	85
	glmBoost+XGBoost
	1
	0.949
	0.9446
	0.9995
	0.9992
	0.9847
	0.9795

	86
	Lasso+SVM
	1
	0.9784
	0.9377
	0.9999
	1
	0.9592
	0.9792

	87
	LDA
	1
	0.9667
	0.9412
	0.9993
	1
	0.9643
	0.9786

	88
	Ridge+LDA
	1
	0.9667
	0.9412
	0.9993
	1
	0.9643
	0.9786

	89
	Stepglm+GBM
	1
	0.9137
	0.9619
	0.999
	0.9961
	1
	0.9784

	90
	Ridge+SVM
	1
	0.9647
	0.9654
	0.9993
	1
	0.9388
	0.978

	91
	SVM
	1
	0.9647
	0.9654
	0.9993
	1
	0.9388
	0.978

	92
	Enet+SVM
	1
	0.9745
	0.9723
	0.9997
	1
	0.9082
	0.9758

	93
	Enet_a0.9+XGBoost
	1
	0.952
	0.9377
	0.9941
	0.9834
	0.9796
	0.9745

	94
	Stepglm+plsRglm
	1
	0.9647
	0.8824
	0.9984
	0.9992
	1
	0.9741

	95
	RF+NaiveBayes
	1
	0.9314
	0.9412
	0.9986
	1
	0.9643
	0.9726

	96
	Stepglm+SVM
	1
	0.9902
	0.872
	0.9997
	1
	0.9643
	0.971

	97
	Enet_a0.1+SVM
	1
	0.9706
	0.9654
	0.9993
	1
	0.8827
	0.9697

	98
	Enet_a0.1+XGBoost
	0.9999
	0.9608
	0.8997
	0.9981
	1
	0.9592
	0.9696

	99
	Enet+XGBoost
	1
	0.9284
	0.7855
	0.9979
	0.9912
	0.9643
	0.9446

	100
	RF+SVM
	1
	0.9745
	0.8651
	0.9996
	1
	0.8214
	0.9434

	101
	Ridge+Stepglm
	1
	0.9667
	0.7647
	0.9957
	0.9821
	0.9286
	0.9396

	102
	Stepglm_backward
	1
	0.9667
	0.7647
	0.9957
	0.9821
	0.9286
	0.9396

	103
	Stepglm_both
	1
	0.9667
	0.7647
	0.9957
	0.9821
	0.9286
	0.9396

	104
	Stepglm+Stepglm
	1
	0.9667
	0.7647
	0.9957
	0.9821
	0.9286
	0.9396

	105
	Enet+NaiveBayes
	1
	0.9333
	0.7941
	0.9983
	1
	0.8571
	0.9305

	106
	Stepglm+XGBoost
	0.9997
	0.9314
	0.7474
	0.9975
	0.9972
	0.8648
	0.923

	107
	Enet+Stepglm
	1
	0.9314
	0.7941
	0.974
	0.9432
	0.8571
	0.9166

	108
	Enet_a0.1+NaiveBayes
	1
	0.9
	0.7353
	0.9982
	1
	0.8214
	0.9092

	109
	NaiveBayes
	1
	0.9333
	0.7353
	0.9982
	1
	0.7857
	0.9087

	110
	Ridge+NaiveBayes
	1
	0.9333
	0.7353
	0.9982
	1
	0.7857
	0.9087

	111
	RF+XGBoost
	0.9997
	0.8892
	0.7163
	0.997
	0.9762
	0.852
	0.9051

	112
	Enet_a0.1+Stepglm
	1
	0.9
	0.7353
	0.9737
	0.9671
	0.7857
	0.8936

	113
	Enet_a0.9+Stepglm
	1
	0.8667
	0.7059
	0.9766
	0.9128
	0.8214
	0.8806

	114
	glmBoost+Stepglm
	1
	0.7706
	0.7941
	0.9409
	0.868
	0.6786
	0.842

	115
	Lasso+Stepglm
	1
	0.7706
	0.7941
	0.9409
	0.868
	0.6786
	0.842

	116
	RF+Stepglm
	1
	0.7667
	0.6471
	0.9829
	0.99
	0.5714
	0.8264

	117
	XGBoost
	0.9997
	0.799
	0.6176
	0.9959
	0.9289
	0.5102
	0.8086

	118
	Ridge+XGBoost
	0.9996
	0.8824
	0.654
	0.9821
	0.6732
	0.6327
	0.804



Supplementary Table S2 Mean absolute SHAP values of the 15 highest-ranked genes in the reported RF+LDA model
	Rank
	Gene
	Mean |SHAP|
	

	1
	ABCG2
	0.0597
	

	2
	CDK1
	0.0469
	

	3
	CA7
	0.0433
	

	4
	MET
	0.0358
	

	5
	TDP2
	0.0261
	

	6
	CDK4
	0.0178
	

	7
	RIPK1
	0.0174
	

	8
	NR3C2
	0.0146
	

	9
	MMP7
	0.0143
	

	10
	MGLL
	0.0139
	

	11
	P2RY1
	0.0133
	

	12
	BMP2
	0.0103
	

	13
	HSD17B2
	0.0097
	

	14
	CA12
	0.0096
	

	15
	CASP7
	0.0095
	




Supplementary Table S3 Comparison of the five external validation cohorts
	Cohort
	Pipelines
	Median AUC
	Pipelines at AUC = 1.000
	75th pct CI width
	Pipelines with CI lower bound > 0.90
	Pipelines with CI lower bound > 0.95

	training
	118
	1
	99
	0
	118/118
	118/118

	GSE24514
	118
	0.9515
	0
	0.1743
	25/118
	2/118

	GSE32323
	118
	0.9931
	40
	0.1318
	83/118
	70/118

	TCGA-CRC
	118
	0.9985
	1
	0.0059
	118/118
	114/118

	GSE44076
	118
	1
	82
	0.0023
	112/118
	110/118

	GSE113513
	118
	1
	81
	0.0936
	89/118
	86/118



Supplementary Table S4 Null analyses of the discrimination metrics. Random gene panels and random gene draws used a fixed seed of 123
	Analysis
	Cohort
	Result

	Random 79-gene panels (n = 30)
	Training
	mean AUC 0.997

	Random 79-gene panels (n = 30)
	TCGA-CRC
	mean AUC 1.000

	Random 79-gene panels (n = 30)
	GSE44076
	mean AUC 0.998

	Random 79-gene panels (n = 30)
	GSE113513
	mean AUC 0.976

	Single-gene AUC, 79 panel genes
	Training
	median 0.939; 52/79 above 0.90

	Single-gene AUC, 2,000 random genes
	Training
	median 0.674; 185/2,000 above 0.90

	Unsupervised PC1 as a classifier
	Training
	AUC 1.000

	Source dataset as a classifier
	Training
	AUC 0.789

	Leave-one-series-out (train S1+S2, test S3)
	Training
	AUC 0.960
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