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Supplemental Materials
As supplemental material, ROC and univariate modeling results for the remaining 10 gene clusters are presented. We also summarized the literature about the top over-expressed and down-expressed members with large |Pδ|.
BRAF Cluster
The BRAF cluster contains 33 members. The ROCs of only 12 genes with top Pδ are presented in Figure S1. AUCs, FPRs, TPRs, threshold Tg, and population risks for all members are listed in Table S1. BRAF phosphorylates MAP2K1 and thereby activates the MAP ki nase signal pathway and here most of the cluster members are related to MAP. There are 19 members with Pδ ≥ 5%, accounting for 58%, within which only 4 genes MAP2K2, MAP4K4, MAP3K7 and MAP2K1 are over-expressed. MAP2K1 (MEK1) and MAP2K2 (MEK2) activates BRAF via controlling KSR1.1 On the other hand, RAF1 is down-expressed with a modest Pδ = 6.02%. BRAF/RAF1 heterodimers are downstream receptors of RAS and are crucial activators of MAPK.2 Moreover, MAP2K3/4/5 and MAP3K1/2/3/5/6/7CL/8/9/11/13/14-AS1 are down-expressed with Pδ ranging from 5.2% to 13.78%, so is RAF1. Other remaining ones such as MAP2K6/7, MAP3K/4/10/12/14/19/20 and MAP4K1/2/3/5 are normal with Pδ < 5%. BRAF itself is deemed to be normal with Pδ = 4.21%. 
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Fig. S1. Univariate ROCs of top 12 genes in BRAF cluster in the decreasing order of Pδ. AUC, area under the curve; ROC, receiver operating characteristic.

Table S1. AUCs and recurrence risks of 33 BRAF cluster genes ordered by Pδ
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	MAP2K2
	0.61
	0.37
	0.54
	0.0282
	44.39
	27.8
	16.59
	up

	MAP3K5
	0.63
	0.36
	0.54
	0.05
	26.56
	40.34
	13.78
	down

	MAP3K3
	0.61
	0.34
	0.55
	0.0439
	26.74
	39.35
	12.61
	down

	MAP4K4
	0.57
	0.51
	0.64
	-0.0223
	40.23
	28.24
	11.99
	up

	MAP3K8
	0.59
	0.4
	0.57
	0.0754
	27.98
	39.45
	11.47
	down

	MAP3K14-AS1
	0.58
	0.51
	0.64
	-0.0104
	30.94
	39.63
	8.69
	down

	MAP3K7CL
	0.57
	0.45
	0.58
	0.0071
	30.22
	38.91
	8.69
	down

	MAP2K5
	0.55
	0.39
	0.54
	0.0244
	29.85
	38.43
	8.58
	down

	MAP3K2
	0.55
	0.42
	0.55
	0.0094
	30.43
	38.89
	8.46
	down

	MAP2K3
	0.58
	0.37
	0.52
	0.0306
	29.73
	38.05
	8.32
	down

	MAP3K13
	0.54
	0.48
	0.58
	-0.0201
	31.5
	39.23
	7.73
	down

	MAP3K7
	0.53
	0.45
	0.53
	0.0179
	38.7
	31.35
	7.35
	up

	MAP3K1
	0.53
	0.5
	0.6
	-0.0183
	31.7
	38.71
	7.01
	down

	MAP3K6
	0.54
	0.46
	0.57
	0.0087
	31.19
	37.88
	6.69
	down

	MAP2K1
	0.51
	0.38
	0.45
	0.0407
	38.66
	32.29
	6.37
	up

	RAF1
	0.54
	0.39
	0.46
	0.0363
	30.82
	36.84
	6.02
	down

	MAP2K4
	0.52
	0.44
	0.53
	0.0085
	31.78
	37.8
	6.02
	down

	MAP3K11
	0.54
	0.5
	0.6
	-0.0042
	32.07
	37.55
	5.48
	down

	MAP3K9
	0.54
	0.5
	0.6
	-0.0449
	32.75
	37.95
	5.2
	down

	MAP4K2
	0.52
	0.51
	0.57
	-0.0159
	37.11
	32.3
	4.81
	normal

	MAP3K21
	0.53
	0.47
	0.53
	0.0201
	37.29
	32.52
	4.77
	normal

	MAP4K3
	0.51
	0.49
	0.55
	-0.0021
	32.5
	37.19
	4.69
	normal

	MAP3K20
	0.5
	0.42
	0.45
	0.0607
	32
	36.48
	4.48
	normal

	MAP4K5
	0.54
	0.43
	0.48
	0.0222
	32.37
	36.73
	4.36
	normal

	MAP2K6
	0.51
	0.36
	0.4
	0.0443
	37.57
	33.22
	4.35
	normal

	BRAF
	0.51
	0.4
	0.45
	0.0458
	37.31
	33.1
	4.21
	normal

	MAP3K4
	0.51
	0.43
	0.47
	0.0202
	37.09
	33.09
	4
	normal

	MAP2K7
	0.52
	0.32
	0.43
	0.0242
	32.83
	36.27
	3.44
	normal

	MAP4K1
	0.51
	0.5
	0.55
	-0.0175
	33.73
	36.12
	2.39
	normal

	MAP3K19
	0.52
	0.47
	0.51
	0.0101
	33.64
	35.88
	2.24
	normal

	MAP3K10
	0.52
	0.41
	0.47
	0.0101
	33.94
	35.63
	1.69
	normal

	MAP3K14
	0.52
	0.37
	0.48
	0.059
	35.75
	34.32
	1.43
	normal

	MAP3K12
	0.52
	0.45
	0.5
	0.0124
	35.5
	34.4
	1.1
	normal




AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.

EGFR Cluster
The EGFR cluster contains 16 members. The ROCs are presented in Figure S2 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S2. There are 12 members with Pδ ≥ 5%, accounting for 75%, 7 of which including NRG4, EREG, SRC, RGS16, TGFA, CTNNB1, and NRG3 are over-expressed. NRG4, EREG, TGFA and NRG3 are known ligands of EGFR, while RGS16 is phosphorylated by EGFR to have GTPase activation, in addition, EGFR increasingly interacts with SRC and CTNNB1 by phosphorylating MUC1. On the other hand, EGFR itself and MUC1 are down-expressed for lung cancer recurrence, and  so are the other two ligands BTC and AREG. Lastly, The remaining four genes BRAF, NRG2, NRG1, and EGF are normal with Pδ < 5%.
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Fig. S2. Univariate ROCs of 16 genes in EGFR cluster. AUC, area under the curve; EGFR, epidermal growth factor receptor; ROC, receiver operating characteristic.
Table S2. AUCs and recurrence risks of EGFR genes ordered by Pδ
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	NRG4
	0.56
	0.43
	0.58
	0.0034
	41.74
	28.57
	13.17
	up

	EREG
	0.55
	0.59
	0.73
	-0.0948
	39.61
	26.44
	13.17
	up

	SRC
	0.54
	0.37
	0.51
	0.0188
	42.29
	29.54
	12.75
	up

	MUC1
	0.57
	0.43
	0.56
	0.0151
	29.63
	40.17
	10.54
	down

	EGFR
	0.57
	0.3
	0.46
	0.0658
	29.67
	38.83
	9.16
	down

	RGS16
	0.55
	0.43
	0.52
	0.0228
	39.64
	30.77
	8.87
	up

	TGFA
	0.51
	0.39
	0.49
	0.0691
	39.81
	31.16
	8.65
	up

	BTC
	0.56
	0.42
	0.54
	0.0483
	30.19
	38.52
	8.33
	down

	AREG
	0.55
	0.45
	0.56
	0.0266
	30.87
	38.49
	7.62
	down

	NRGN
	0.56
	0.37
	0.45
	0.0989
	30.81
	37.1
	6.29
	down

	CTNNB1
	0.52
	0.5
	0.57
	-0.0256
	37.55
	31.88
	5.67
	up

	NRG3
	0.52
	0.57
	0.62
	-0.0287
	37.1
	31.66
	5.44
	up

	BRAF
	0.51
	0.4
	0.45
	0.0458
	37.31
	33.1
	4.21
	normal

	NRG2
	0.53
	0.44
	0.5
	0.0083
	32.5
	36.52
	4.02
	normal

	NRG1
	0.53
	0.4
	0.45
	0.0314
	33.16
	35.99
	2.83
	normal

	EGF
	0.51
	0.41
	0.4
	0.2169
	34.87
	34.84
	0.03
	normal


AUC, area under the curve; EGFR, epidermal growth factor receptor; FPR, false positive rate; TPR, true positive rate.

MET Cluster
The MET cluster contains 8 members. The ROCs are presented in Figure S3 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S3. There are 7 members with Pδ ≥ 5%, accounting for 87.5%. Most MET effectors are PI3-kinase subunits. SRC, GRB2, and PLCG1 are over-expressed while PIK3R1, HGF, GAB1, and MET itself are under-expressed. However, STAT3 is normal with Pδ = 0.09%.
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Fig. S3. Univariate ROCs of 8 genes in MET cluster. AUC, area under the curve; ROC, receiver operating characteristic.

Table S3. AUCs and recurrence risks of MET genes ordered by Pδ.
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	PIK3R1
	0.62
	0.4
	0.63
	0.0369
	25.76
	41.2
	15.44
	down

	HGF
	0.58
	0.45
	0.62
	0.0079
	27.23
	40.89
	13.66
	down

	SRC
	0.54
	0.37
	0.51
	0.0188
	42.29
	29.54
	12.75
	up

	GAB1
	0.61
	0.36
	0.57
	0.0203
	27.94
	39.93
	11.99
	down

	GRB2
	0.56
	0.47
	0.6
	-0.0076
	40.49
	28.94
	11.55
	up

	PLCG1
	0.52
	0.44
	0.54
	0.0036
	39.3
	30.83
	8.47
	up

	MET
	0.54
	0.4
	0.48
	0.0288
	32.23
	37.5
	5.27
	down

	STAT3
	0.53
	0.37
	0.45
	0.0507
	34.91
	34.82
	0.09
	normal



AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.

NTRK Cluster
The NTRK cluster contains 58 members, most of which are NTRK fusion partners listed in Cocco et al and is reorganized in Table S4.3 The ROCs are presented in Figure S4 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S5. There are 37 members with Pδ ≥ 5%, accounting for 64%, within which 24 are over-expressed: ETV6, TPM3, SLITRK1, TFG, SLITRK4, CHTOP, SLITRK5, TPM4, TP53, TRAF2, AGBL3, LYN, RFWD2, NTRK1, AFAP1, AGBL5, UBE2R2, SQSTM1, SLITRK2, MRPL24, NTRK2, GRI-PAP1, SLITRK6 and TRIM24 and 13 are down-expressed: MPRIP, TLE4, RBPMS, NFASC, NTRK3, ARHGEF2, CD74, RABGAP1L, NACC2, TRIM63, IGFBP7, DAB2IP and AGBL1. The remaining 24 genes: AGBL2, PPL, BCR, SCYL3, LMNA, MYO5A, CTRC, PLEKHA6, BCAN, PDE4DIP, HNRNPA2B1, VCL, TPR, PAN3, QKI, SLITRK3, EML4, BTBD1, STRN, LRRC71 and IRF2BP2 don’t show much differences with Pδ < 5%


Table S4. NTRK fusion partners as listed in Cocco et al3

	Domain
	NTRK1
	NTRK2
	NTRK3

	Coiled-coil
	MPRIP, TFG, SQSTM1, TPM3, TRIM63,
ARHGEF2, TPR, LMNA, PPL
	TRIM24, PAN3, SQSTM1
	TPM4, TFG, MYO5A

	Zinc Finger
	IRF2BP2
	TRAF2
	

	WD domain
	RFWD2
	STRN
	EML4

	Alternative
	CD74, NFASC, BCAN, TP53, CTRC
	QKI, ETV6, NACC2, BCR, TLE4
	ETV6, BTBD1

	
Unknown
	RABGAP1L,    GRIPAP1,     PLEKHA6,
CHTOP, LRRC71, PDE4DIP, AFAP1, SSBP2, MIR548F1, IGFBP7, MRPL24, SCYL3
	
DAB2IP, VCL, AGBL4, AFAP1
	
LYN, RBPMS, UBE2R2, HN- RNPA2B1
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[bookmark: OLE_LINK1]Fig. S4. Univariate ROCs of top 12 genes in NTRK cluster. AUC, area under the curve
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Table S5. AUCs and recurrence risks of NTRK genes ordered by Pδ.
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	ETV6
	0.58
	0.35
	0.54
	0.048
	45.45
	27.46
	17.99
	up

	TPM3
	0.57
	0.26
	0.42
	0.0359
	46.41
	29.48
	16.93
	up

	SLITRK1
	0.6
	0.39
	0.57
	0.0076
	43.58
	27.65
	15.93
	up

	TFG
	0.58
	0.35
	0.51
	0.0718
	43.88
	28.67
	15.21
	up

	SLITRK4
	0.58
	0.29
	0.44
	0.04
	44.85
	29.65
	15.2
	up

	CHTOP
	0.56
	0.43
	0.59
	0.0186
	42.24
	28
	14.24
	up

	MPRIP
	0.59
	0.46
	0.63
	0.0038
	27.65
	40.75
	13.1
	down

	SLITRK5
	0.57
	0.44
	0.58
	-0.001
	41.45
	28.63
	12.82
	up

	TPM4
	0.56
	0.5
	0.63
	-0.0131
	40.46
	28.18
	12.28
	up

	TP53
	0.54
	0.39
	0.51
	0.0377
	41.55
	29.82
	11.73
	up

	TLE4
	0.56
	0.44
	0.57
	0.0176
	28.3
	40
	11.7
	down

	TRAF2
	0.56
	0.37
	0.49
	0.0486
	41.62
	30.18
	11.44
	up

	RBPMS
	0.6
	0.54
	0.73
	-0.057
	30.07
	41.26
	11.19
	down

	NFASC
	0.56
	0.44
	0.55
	0.0215
	28.5
	39.64
	11.14
	down

	AGBL3
	0.56
	0.4
	0.51
	0.0088
	40.76
	30.26
	10.5
	up

	LYN
	0.52
	0.34
	0.45
	0.1237
	41.21
	31
	10.21
	up

	RFWD2
	0.56
	0.39
	0.49
	0.0239
	40.49
	30.69
	9.8
	up

	NTRK1
	0.56
	0.42
	0.53
	0.0078
	40
	30.53
	9.47
	up

	NTRK3
	0.57
	0.44
	0.53
	0.0159
	29.38
	38.54
	9.16
	down

	AFAP1
	0.55
	0.38
	0.48
	0.0339
	40.2
	31.1
	9.1
	up

	AGBL5
	0.56
	0.5
	0.6
	-0.0037
	39.06
	30.09
	8.97
	up

	UBE2R2
	0.56
	0.37
	0.46
	0.036
	40.21
	31.25
	8.96
	up

	ARHGEF2
	0.58
	0.42
	0.58
	0.0254
	29.8
	38.38
	8.58
	down

	SQSTM1
	0.51
	0.45
	0.53
	0.0163
	38.7
	31.35
	7.35
	up

	CD74
	0.55
	0.45
	0.55
	0.0118
	31
	38.34
	7.34
	down

	RABGAP1L
	0.54
	0.4
	0.49
	0.054
	30.53
	37.67
	7.14
	down

	SLITRK2
	0.54
	0.45
	0.54
	0
	38.6
	31.5
	7.1
	up

	NACC2
	0.55
	0.5
	0.6
	-0.0017
	31.17
	38.25
	7.08
	down

	MRPL24
	0.53
	0.51
	0.58
	######
	38.13
	31.11
	7.02
	up

	TRIM63
	0.56
	0.5
	0.58
	-0.0018
	31.33
	38.15
	6.82
	down

	IGFBP7
	0.57
	0.34
	0.48
	0.0626
	30.59
	37.18
	6.59
	down

	NTRK2
	0.52
	0.54
	0.61
	-0.0191
	37.36
	31.58
	5.78
	up

	DAB2IP
	0.53
	0.51
	0.58
	-0.0012
	31.86
	37.5
	5.64
	down

	GRIPAP1
	0.51
	0.43
	0.49
	0.0147
	37.96
	32.33
	5.63
	up

	SLITRK6
	0.53
	0.43
	0.49
	0.0705
	37.9
	32.32
	5.58
	up

	TRIM24
	0.53
	0.43
	0.48
	0.0624
	37.85
	32.46
	5.39
	up

	AGBL1
	0.52
	0.5
	0.57
	0.001
	32
	37.35
	5.35
	down

	AGBL2
	0.54
	0.5
	0.59
	-0.0119
	32.37
	37.34
	4.97
	normal

	PPL
	0.6
	0.28
	0.49
	0.1933
	31.47
	36.28
	4.81
	normal

	BCR
	0.54
	0.47
	0.58
	-0.0139
	32.84
	37.38
	4.54
	normal

	SCYL3
	0.55
	0.46
	0.54
	-0.0153
	33.1
	37.31
	4.21
	normal

	LMNA
	0.5
	0.44
	0.48
	0.026
	37.16
	32.95
	4.21
	normal

	MYO5A
	0.51
	0.5
	0.55
	-0.0089
	36.8
	32.76
	4.04
	normal

	CTRC
	0.54
	0.53
	0.61
	-0.0113
	33.2
	36.77
	3.57
	normal

	PLEKHA6
	0.52
	0.45
	0.5
	-0.002
	33.2
	36.77
	3.57
	normal

	BCAN
	0.52
	0.46
	0.49
	0.0054
	36.56
	33.33
	3.23
	normal

	PDE4DIP
	0.53
	0.47
	0.52
	-0.0039
	33.59
	36.28
	2.69
	normal

	HNRNPA2B1
	0.5
	0.41
	0.45
	0.0346
	36.46
	33.89
	2.57
	normal

	VCL
	0.53
	0.35
	0.41
	0.0667
	33.33
	35.65
	2.32
	normal

	TPR
	0.51
	0.46
	0.52
	0.0063
	33.76
	35.89
	2.13
	normal

	PAN3
	0.53
	0.42
	0.49
	0.0316
	33.67
	35.66
	1.99
	normal

	QKI
	0.52
	0.43
	0.54
	0.0215
	33.82
	35.61
	1.79
	normal

	SLITRK3
	0.51
	0.47
	0.49
	0.0015
	35.78
	34
	1.78
	normal

	EML4
	0.51
	0.41
	0.45
	0.0211
	33.93
	35.66
	1.73
	normal

	BTBD1
	0.52
	0.37
	0.43
	0.042
	35.54
	34.49
	1.05
	normal

	STRN
	0.51
	0.49
	0.48
	0.0012
	34.32
	35.37
	1.05
	normal

	LRRC71
	0.52
	0.4
	0.47
	0.0297
	34.72
	34.95
	0.23
	normal

	IRF2BP2
	0.52
	0.4
	0.45
	0.0233
	34.74
	34.94
	0.2
	normal


AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.

As shown in Table S5, in the first row ETV6 is over-expressed with Pabove = 45.45%, Pbelow = 27.46%, and a difference of Pδ = 17.99%. ETV6 is an ETS family transcription factor repressing transcription. ETV6-NTRK3 fusion has been found in different types of cancers and its expression activates the MAPK and PI3K pathway.4 The second is actin-binding TPM3, tropomyosin 3, with Pδ = 16.93%. TPM3-NTRK1 fusion has been reported broadly in many different tumor types, but it is very rare in lung cancer. TPM3-NTRK1 fusion was confirmed in a Chinese lung cancer study.4 Choi et al.5 reported an NSCLC case of acquired TPM3- NTRK1 fusion resistant to Larotrectinib with EML4-ALK fusion progressed on Lorlatinib. For NTRK family itself, NTRK1/3 having Pδ around 9% and NTRK2 having Pδ = 5.78%, however NTRK1/2 is over-expressed while NTRK3 is under-expressed. Additionally, all 6 SLIT- and NTRK-like family members were selected into the NTRK cluster and they are over-expressed. SLITTRK1/4/5 have Pδ greater than 12%, SLITTRK2/6 have modest Pδ around 7% while SLITTRK3 has neglective Pδ = 1.78%. SLITRK5 mediates BDNF-dependent NTRK2 (TrkB) trafficking and signaling while SLITRK3 activates NTRK3 in squamous cell lung cancer.6
On the other hand, MPRIP stands at the top with Pδ = 13.1%. MPRIP-NTRK1 and CD74-NTRK1 fusions were identified by Vaishnavi A et al.7 while CD74 has modest Pδ = 7.34%, Both fusions lead to TRKA kinase activity. MPRIP targets myosin phosphatase to the actin cytoskeleton and enables cadherin binding. MPRIP can also be a fusion partner of another drive gene in lung cancer. A lung cancer case was reported to be sensitive to ALK inhibitors with MPRIP-ALK fusion.8 Another late-stage case was shown to be sensitive to Crizotinib with MPRIP-ROS1 fusion.9 The second on the down-regulation side is transcription corepressor TLE4, which inhibits the transcriptional activation mediated by PAX5, CTNNB1, and by TCF family members in Wnt signaling.

RAS Cluster
The RAS cluster contains 35 members. The ROCs are presented in Figure S5 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S6. There are 25 members with Pδ ≥ 5% accounting for 71%, with 13 over-expressed and 12 under-expressed, and the remaining 12 are normal with Pδ < 5%. They functionally belong to the following categories:
· Ras/Rab GTPases
over-expressed HRAS, NRAS, KRAS, RRAS2, RASD2; under-expressed RASD1, RRAS; normal MRAS.
· RAS-like family or HRAS-like suppressors
over-expressed RASL11A/11B, HRAS-like suppressor HRASLS; under-expressed RASL12; and normal RASL10A/10B, HRASLS2/5.
· Ras-association domain family (Rassf) 
over-expressed RASSF6; under-expressed RASSF2/3/7/10; and normal RASSF1/4/5/8/9.
· RasGAP (GTPase activating protein)
over-expressed RASAL1/2; under-expressed RASA1; normal RASAL3, RASA2/3. RASAL1 belongs to GAP1 and suppresses RAS function. RASAL2 encodes a characteristic domain of GAP and inhibits the Ras-cyclic AMP pathway. RASAL3 encodes a protein with pleckstrin homology (PH), C2, and RasGAP domains and is important for liver natural killer T (NKT) cell expansion and functions by suppressing RAS activity and the down-stream ERK signaling pathway.
· RasGEF (guanine nucleotide exchange factor)
over-expressed RASGEF1B/1C and normal RASGEF1A. RASGEF1A is specific for RAP2A, KRAS, HRAS, and NRAS in vivo. RASGEF1B is only specific for RAP2A.
Moreover, it also includes guanyl-releasing factors (GRF), RASGRF2, under-expressed and normal RASGRF1; and guanyl-releasing proteins (GRP), under-expressed RASGRP1/2/3, and normal RASGRP4.
The top tier of Pδ in between 17% and 25% contains 4 genes, in which NRAS, HRAS, and RASAL1 are up and RASL12 is down. KRAS is also up but with a modest Pδ = 5.29%. This is consistent with the finding that lung cancer patients with lower RAS expression and treated with Bevacizumab plus chemotherapy had a longer PFS and OS than those with high RAS expressio.10 Interestingly, NRAS and HRAS suppress KRAS-driven lung cancer growth.11
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Fig. S5. Univariate ROCs of top 12 genes in the RAS cluster. AUC, area under the curve; ROC, receiver operating characteristic.

Table S6. AUCs and recurrence risks of RAS genes ordered by Pδ.
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	NRAS
	0.63
	0.38
	0.64
	0.0328
	47.14
	23.92
	23.22
	up

	RASL12
	0.65
	0.38
	0.62
	0.0353
	23.22
	43.91
	20.69
	down

	RASAL1
	0.61
	0.4
	0.61
	0.0241
	44.74
	25.98
	18.76
	up

	HRAS
	0.61
	0.47
	0.66
	-0.0101
	42.69
	25.68
	17.01
	up

	RASGRP2
	0.62
	0.29
	0.51
	0.051
	26.14
	38.91
	12.77
	down

	RASSF6
	0.58
	0.37
	0.51
	0.1273
	42.29
	29.54
	12.75
	up

	RASD2
	0.56
	0.35
	0.48
	0.038
	42.55
	29.93
	12.62
	up

	RASGEF1C
	0.56
	0.44
	0.57
	0.003
	40.6
	29.44
	11.16
	up

	RASSF10
	0.57
	0.48
	0.63
	-0.0877
	30.04
	41.15
	11.11
	down

	HRASLS
	0.54
	0.43
	0.54
	0.1177
	40.62
	29.84
	10.78
	up

	RASSF2
	0.57
	0.34
	0.49
	0.1436
	28.05
	38.36
	10.31
	down

	RASL11A
	0.55
	0.46
	0.58
	-0.0054
	39.67
	30
	9.67
	up

	RASAL2
	0.55
	0.43
	0.52
	0.0032
	39.55
	30.92
	8.63
	up

	RASGEF1B
	0.54
	0.47
	0.57
	-0.0018
	39.09
	30.54
	8.55
	up

	RASSF7
	0.57
	0.32
	0.46
	0.054
	29.9
	38.19
	8.29
	down

	RRAS
	0.57
	0.43
	0.55
	0.0342
	30.58
	38.04
	7.46
	down

	RASL11B
	0.55
	0.4
	0.48
	0.0847
	39.02
	31.77
	7.25
	up

	RASD1
	0.57
	0.33
	0.48
	0.192
	30.56
	37.42
	6.86
	down

	RASA1
	0.56
	0.37
	0.49
	0.027
	31.16
	37.83
	6.67
	down

	RRAS2
	0.51
	0.41
	0.48
	0.055
	38.57
	31.99
	6.58
	up

	RASGRP1
	0.53
	0.21
	0.34
	0.2924
	30.15
	36.71
	6.56
	down

	RASGRF2
	0.51
	0.49
	0.57
	######
	31.78
	37.8
	6.02
	down

	RASGRP3
	0.55
	0.36
	0.47
	0.0947
	31.21
	36.89
	5.68
	down

	RASSF3
	0.52
	0.45
	0.55
	0.0189
	31.71
	37.18
	5.47
	down

	KRAS
	0.51
	0.44
	0.49
	0.0191
	37.73
	32.44
	5.29
	up

	RASGEF1A
	0.53
	0.41
	0.46
	0.1617
	37.68
	32.73
	4.95
	normal

	RASL10B
	0.51
	0.35
	0.4
	0.0348
	37.64
	33.22
	4.42
	normal

	RASSF4
	0.51
	0.46
	0.51
	0.0294
	37.12
	32.81
	4.31
	normal

	RASSF1
	0.53
	0.53
	0.63
	-0.0083
	32.77
	36.84
	4.07
	normal

	RASA2
	0.52
	0.42
	0.48
	0.0236
	32.73
	36.64
	3.91
	normal

	RASGRF1
	0.54
	0.47
	0.55
	0.0079
	32.71
	36.57
	3.86
	normal

	RASSF8
	0.56
	0.43
	0.52
	0.0287
	32.64
	36.33
	3.69
	normal

	RASAL3
	0.55
	0.54
	0.61
	-0.027
	33.33
	36.65
	3.32
	normal

	MRAS
	0.53
	0.45
	0.48
	0.0214
	36.71
	33.45
	3.26
	normal

	RASSF9
	0.54
	0.46
	0.56
	0.031
	33.18
	36.16
	2.98
	normal

	FRAS1
	0.52
	0.35
	0.45
	0.1116
	36.59
	33.96
	2.63
	normal

	RASIP1
	0.53
	0.53
	0.58
	-0.004
	33.62
	36.03
	2.41
	normal

	RASEF
	0.51
	0.41
	0.44
	0.0531
	33.5
	35.79
	2.29
	normal

	HRASLS2
	0.53
	0.43
	0.48
	0.0123
	33.92
	35.69
	1.77
	normal

	HRASLS5
	0.53
	0.38
	0.49
	0.0128
	34.16
	35.36
	1.2
	normal

	RASSF5
	0.57
	0.32
	0.48
	0.0734
	34.1
	35.28
	1.18
	normal

	RASGRP4
	0.52
	0.55
	0.61
	-0.0132
	34.62
	35.14
	0.52
	normal

	RASL10A
	0.52
	0.54
	0.62
	-0.0099
	34.7
	35.05
	0.35
	normal

	GRASP
	0.5
	0.47
	0.46
	######
	34.67
	35.02
	0.35
	normal

	RASA3
	0.54
	0.43
	0.53
	0.0138
	34.69
	34.97
	0.28
	normal


AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.

RET Cluster
The RET cluster contains 72 members, most of which are fusion partner.12 The ROCs are presented in Figure S6 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S7. There are 47 members with Pδ ≥ 5%, accounting for 65%, within which 18 over-expressed and 29 under-expressed. The rest 25 members are normal. The over- expressed ones include MRPS30, CDC123, LSM14A, IL2RA, GPRC5B, KIAA1217, UBE2D1, PRPF18, PARD3, RETNLB, CLIP1, GFRA3, RET, KIAA1468, TRIM33, GDNF, TRIM24, RETREG1; The down ones include ANK3, GFRA1, EPC1, CCDC186, MPRIP, NCOA4, RETN, SORBS1, MINDY3, PRKAR1A, DOCK1, RBPMS, KIF13A, SIRT1, ARHGAP12, MYO5C, ZNF438, WAC, RETSAT, KIF5B, CCDC88C, TSSK4, CCDC3, PCM1, TBC1D32, PRKCQ, NRP1, PRKG1, PICALM; The normal ones are: CTNNA3, GFRA2, PTPRK, PTK2, RASSF4, DYDC1, CUX1, RUFY2, EPHA5, ADD3, ANKS1B, CCNY, DUSP5, FRMD4A, PTER, ZNF43, GFRA4, RETREG3, EML4, ERC1, CCNYL1, EML6, RETREG2, CCDC6, ALOX5. Among the top 21 genes with Pδ ≥ 8%, there are only 5 over-expressed ones and the rest 16 are down ones.
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Fig. S6. Univariate ROCs of top 12 genes in the RET cluster. AUC, area under the curve; ROC, receiver operating characteristic.

Table S7. AUCs and recurrence risks of RET genes ordered by Pδ
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	ANK3
	0.61
	0.46
	0.64
	0
	26.09
	42.86
	16.77
	down

	MRPS30
	0.61
	0.42
	0.6
	0.0277
	43.53
	26.8
	16.73
	up

	GFRA1
	0.61
	0.47
	0.65
	-0.0044
	27.47
	41.77
	14.3
	down

	EPC1
	0.58
	0.43
	0.6
	0.0088
	27.19
	41.13
	13.94
	down

	CCDC186
	0.61
	0.4
	0.57
	0.0312
	27.57
	40.67
	13.1
	down

	MPRIP
	0.59
	0.46
	0.63
	0.0038
	27.65
	40.75
	13.1
	down

	NCOA4
	0.62
	0.49
	0.68
	-0.0107
	28.79
	41.78
	12.99
	down

	RETN
	0.58
	0.46
	0.6
	0.0126
	27.7
	40.52
	12.82
	down

	SORBS1
	0.58
	0.45
	0.55
	0.0444
	26.82
	39.6
	12.78
	down

	MINDY3
	0.59
	0.41
	0.58
	0.0257
	27.32
	39.93
	12.61
	down

	PRKAR1A
	0.59
	0.44
	0.6
	0.0074
	27.98
	40.53
	12.55
	down

	CDC123
	0.56
	0.42
	0.55
	0.0189
	41.44
	29.23
	12.21
	up

	LSM14A
	0.55
	0.35
	0.48
	0.0324
	42.19
	30
	12.19
	up

	DOCK1
	0.56
	0.44
	0.58
	-5.00E-04
	29.03
	41.03
	12
	down

	IL2RA
	0.57
	0.46
	0.58
	0.0204
	40.66
	29.05
	11.61
	up

	RBPMS
	0.6
	0.54
	0.73
	-0.057
	30.07
	41.26
	11.19
	down

	KIF13A
	0.59
	0.37
	0.54
	0.0433
	28.73
	38.54
	9.81
	down

	SIRT1
	0.54
	0.45
	0.6
	0.0094
	30
	38.93
	8.93
	down

	ARHGAP12
	0.57
	0.43
	0.54
	0.0048
	30.61
	39.24
	8.63
	down

	GPRC5B
	0.56
	0.48
	0.58
	-0.0146
	38.96
	30.47
	8.49
	up

	MYO5C
	0.57
	0.36
	0.5
	0.1109
	29.83
	37.87
	8.04
	down

	KIAA1217
	0.52
	0.44
	0.53
	0.0304
	39.04
	31.1
	7.94
	up

	ZNF438
	0.55
	0.49
	0.58
	0.0014
	30.7
	38.58
	7.88
	down

	UBE2D1
	0.53
	0.39
	0.46
	0.0565
	39.39
	31.69
	7.7
	up

	PRPF18
	0.53
	0.4
	0.48
	0.0215
	39.22
	31.65
	7.57
	up

	PARD3
	0.53
	0.36
	0.43
	0.0724
	39.34
	32.11
	7.23
	up

	WAC
	0.56
	0.39
	0.53
	0.0249
	30.48
	37.63
	7.15
	down

	RETSAT
	0.55
	0.39
	0.51
	0.0544
	30.43
	37.58
	7.15
	down

	KIF5B
	0.53
	0.44
	0.55
	0.0113
	31.05
	38.02
	6.97
	down

	RETNLB
	0.51
	0.6
	0.67
	-0.0171
	37.46
	30.6
	6.86
	up

	CLIP1
	0.51
	0.4
	0.46
	0.0297
	38.89
	32.04
	6.85
	up

	CCDC88C
	0.55
	0.35
	0.49
	0.0518
	30.93
	37.5
	6.57
	down

	TSSK4
	0.55
	0.31
	0.46
	0.0283
	30.52
	36.89
	6.37
	down

	GFRA3
	0.52
	0.54
	0.61
	-0.0485
	37.64
	31.28
	6.36
	up

	CCDC3
	0.54
	0.52
	0.6
	-0.0149
	31.65
	37.96
	6.31
	down

	PCM1
	0.54
	0.42
	0.54
	0.0419
	31.02
	37.29
	6.27
	down

	TBC1D32
	0.52
	0.43
	0.51
	0.0089
	31.82
	37.92
	6.1
	down

	PRKCQ
	0.55
	0.42
	0.52
	0.0642
	31.28
	37.28
	6
	down

	NRP1
	0.56
	0.45
	0.54
	0.0318
	31.55
	37.32
	5.77
	down

	PRKG1
	0.56
	0.35
	0.49
	0.0436
	31.35
	37.04
	5.69
	down

	PICALM
	0.55
	0.39
	0.46
	0.0318
	31.35
	37.04
	5.69
	down

	RET
	0.53
	0.51
	0.57
	-0.0032
	37.5
	31.86
	5.64
	up

	KIAA1468
	0.51
	0.47
	0.54
	0.0065
	37.66
	32.1
	5.56
	up

	TRIM33
	0.54
	0.35
	0.41
	0.0455
	38.33
	32.78
	5.55
	up

	GDNF
	0.52
	0.44
	0.5
	0.0092
	37.84
	32.31
	5.53
	up

	TRIM24
	0.53
	0.43
	0.48
	0.0624
	37.85
	32.46
	5.39
	up

	RETREG1
	0.53
	0.56
	0.61
	-0.156
	37.05
	31.86
	5.19
	up

	CTNNA3
	0.52
	0.43
	0.48
	0.0052
	37.56
	32.71
	4.85
	normal

	GFRA2
	0.53
	0.43
	0.5
	0.0148
	31.94
	36.77
	4.83
	normal

	PTPRK
	0.56
	0.33
	0.44
	0.0769
	31.82
	36.6
	4.78
	normal

	PTK2
	0.54
	0.38
	0.48
	0.0328
	32.23
	36.9
	4.67
	normal

	RASSF4
	0.51
	0.46
	0.51
	0.0294
	37.12
	32.81
	4.31
	normal

	DYDC1
	0.51
	0.59
	0.63
	-0.0217
	36.59
	32.31
	4.28
	normal

	CUX1
	0.54
	0.4
	0.49
	0.0396
	32.28
	36.52
	4.24
	normal

	RUFY2
	0.5
	0.44
	0.49
	0.0063
	37.1
	32.95
	4.15
	normal

	EPHA5
	0.5
	0.41
	0.45
	0.0111
	37.17
	33.33
	3.84
	normal

	ADD3
	0.54
	0.4
	0.48
	0.0666
	32.97
	36
	3.03
	normal

	ANKS1B
	0.5
	0.48
	0.52
	-0.0024
	36.29
	33.47
	2.82
	normal

	CCNY
	0.51
	0.41
	0.48
	0.0317
	36.52
	33.88
	2.64
	normal

	DUSP5
	0.52
	0.49
	0.52
	0
	33.61
	36.1
	2.49
	normal

	FRMD4A
	0.5
	0.57
	0.62
	-0.0188
	35.97
	33.62
	2.35
	normal

	PTER
	0.51
	0.38
	0.43
	0.0714
	36.22
	33.92
	2.3
	normal

	ZNF43
	0.54
	0.36
	0.47
	0.0868
	33.51
	35.69
	2.18
	normal

	GFRA4
	0.51
	0.52
	0.55
	-0.007
	34.03
	36.08
	2.05
	normal

	RETREG3
	0.51
	0.5
	0.52
	-0.0133
	34.06
	35.92
	1.86
	normal

	EML4
	0.51
	0.41
	0.45
	0.0211
	33.93
	35.66
	1.73
	normal

	ERC1
	0.51
	0.41
	0.43
	0.0162
	35.82
	34.16
	1.66
	normal

	CCNYL1
	0.51
	0.52
	0.51
	-0.0089
	35.63
	34.04
	1.59
	normal

	EML6
	0.51
	0.54
	0.6
	-0.0678
	34.43
	35.59
	1.16
	normal

	RETREG2
	0.51
	0.36
	0.43
	0.0337
	35.41
	34.43
	0.98
	normal

	CCDC6
	0.5
	0.43
	0.45
	0.0145
	35.27
	34.44
	0.83
	normal

	ALOX5
	0.51
	0.61
	0.68
	-0.0708
	35
	34.68
	0.32
	normal


AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.

ROS1 Cluster
ROS1 cluster contains 33 members, most of which are fusion partners.13 The ROCs are presented in Figure S7 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S8. There are 21 members with Pδ ≥ 5%, accounting for 64%, within which PTPN11, TPM3, TFG, KDELR2, CEP72, TPD52L1, VAV3, CLTC, WNK1 are over-expressed, and SLC34A2, SDC4, RBPMS, LRIG3, SLMAP, KMT2C, PLCG2, MYO5C, PROS1, CD74, EZR, ROS1 are under-expressed, and the rest 12 genes MSN, MAPK1, TMEM106B, SLC6A17, MAPK3, LIMA1, ZCCHC8, IRS1, GOPC, CCDC6, AKT1, STAT3 are normal with Pδ < 5%. At the top, PTPN11, named as protein tyrosine phosphatase non-receptor type 11, more commonly aliased as SHP2, has the highest Pδ = 20.71% and is over-expressed for higher risk recurrence. ROS1 mediates the phosphorylation of PTPN11 to activate the downstream pathway. The second top over-expressed is actin-binding TPM3 with Pδ = 16.93%, which also appears in the NTRK cluster. A case reported that EML4-ALK and TPM3-ROS1 fusion coexist in an advanced NSCLC Chinese man.14 The third over-expressed is TFG with Pδ = 15.21%, called trafficking from ER to Golgi regulator, also called TRK-fused gene protein, is required for secretory cargo traffic from the ER to the Golgi apparatus, TFG-ROS1 fusion was reported in lung cancers and other cancer.15,16 On the down-expression side, SLC34A2 is at the top with Pδ = 11.76%. SLC34A2-ROS1 fusion was reported in lung cancer tissues.17 SDC4, RBPMS, and LRIG3 are the next 3 under-expressed genes and with similar Pδ. SDC4 is a cell surface proteoglycan that bears heparan sulfate. SDC4-ROS1 fusion is rare in lung cancer, a case was reported that SDC4-ROS1 fusion-positive was treated with Crizotinib followed by three cycles of chemotherapy, after disease progression, it was revealed the original SDC4-ROS1 fusion along with a KRAS point mutation (p.G12D).18
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Fig. S7. Univariate ROCs of top 12 genes in the ROS1 cluster. AUC, area under the curve; ROC, receiver operating characteristic.


Table S8. AUCs and recurrence risks of ROS1 genes ordered by Pδ
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	PTPN11
	0.64
	0.39
	0.62
	0.003
	45.81
	25.1
	20.71
	up

	TPM3
	0.57
	0.26
	0.42
	0.0359
	46.41
	29.48
	16.93
	up

	TFG
	0.58
	0.35
	0.51
	0.0718
	43.88
	28.67
	15.21
	up

	SLC34A2
	0.58
	0.41
	0.57
	0.0376
	28.63
	40.39
	11.76
	down

	SDC4
	0.6
	0.34
	0.55
	0.0815
	27.89
	39.38
	11.49
	down

	RBPMS
	0.6
	0.54
	0.73
	-0.057
	30.07
	41.26
	11.19
	down

	KDELR2
	0.55
	0.43
	0.54
	0.036
	40.44
	29.96
	10.48
	up

	LRIG3
	0.56
	0.55
	0.66
	-0.1199
	31.33
	41.57
	10.24
	down

	SLMAP
	0.58
	0.39
	0.53
	0.0339
	29.02
	38.75
	9.73
	down

	KMT2C
	0.55
	0.39
	0.53
	0.0126
	29.82
	39.02
	9.2
	down

	PLCG2
	0.57
	0.39
	0.51
	0.05
	29.07
	38.06
	8.99
	down

	CEP72
	0.58
	0.45
	0.55
	0.0179
	39.41
	30.49
	8.92
	up

	MYO5C
	0.57
	0.36
	0.5
	0.1109
	29.83
	37.87
	8.04
	down

	PROS1
	0.58
	0.52
	0.66
	-0.0401
	31.15
	38.66
	7.51
	down

	CD74
	0.55
	0.45
	0.55
	0.0118
	31
	38.34
	7.34
	down

	TPD52L1
	0.54
	0.41
	0.48
	0.0895
	38.57
	31.99
	6.58
	up

	EZR
	0.54
	0.49
	0.6
	-0.0131
	31.71
	38.14
	6.43
	down

	ROS1
	0.58
	0.44
	0.52
	0.0206
	31.8
	37.86
	6.06
	down

	VAV3
	0.53
	0.45
	0.51
	0.0014
	38.05
	32.03
	6.02
	up

	CLTC
	0.51
	0.39
	0.45
	0.0321
	38.38
	32.39
	5.99
	up

	WNK1
	0.51
	0.49
	0.56
	-0.0052
	37.75
	31.76
	5.99
	up

	MSN
	0.55
	0.39
	0.51
	0.0511
	31.74
	36.51
	4.77
	normal

	MAPK1
	0.52
	0.49
	0.52
	-0.005
	36.67
	33.06
	3.61
	normal

	TMEM106B
	0.54
	0.41
	0.47
	0.011
	33.2
	36.68
	3.48
	normal

	SLC6A17
	0.52
	0.54
	0.58
	-0.0044
	36.36
	33.03
	3.33
	normal

	MAPK3
	0.54
	0.42
	0.48
	0.0142
	33.33
	36
	2.67
	normal

	LIMA1
	0.54
	0.34
	0.44
	0.0851
	36.31
	34.08
	2.23
	normal

	ZCCHC8
	0.51
	0.53
	0.6
	-0.0185
	33.84
	36.07
	2.23
	normal

	IRS1
	0.52
	0.48
	0.52
	0.0129
	33.91
	35.71
	1.8
	normal

	GOPC
	0.5
	0.5
	0.55
	-0.0096
	34.08
	35.81
	1.73
	normal

	CCDC6
	0.5
	0.43
	0.45
	0.0145
	35.27
	34.44
	0.83
	normal

	AKT1
	0.51
	0.4
	0.46
	0.0371
	35.15
	34.64
	0.51
	normal

	STAT3
	0.53
	0.37
	0.45
	0.0507
	34.91
	34.82
	0.09
	normal


AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.

TP53 Cluster
The TP53 cluster contains 11 members. The ROCs are presented in Figure S8 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S9. There are 9 members with Pδ  ≥ 5%, within which TP53, TP53BP1, TP53BP2, TP53I13, TP53I3, TP53INP2, TP53RK are over-expressed while TP53INP1, and TP53TG5 are down. The rest two normal ones are TP53I11 and TP53TG1. At the top is under-expressed TP53INP1 with the highest Pδ = 18.42% while the second is the over-expressed TP53BP2 with Pδ = 16%. Unlike other clusters of which the seeds have modest Pδ, TP53 itself is over-expressed and stands at the third with Pδ = 11.73%. TP53INP1, named as tumor protein p53-inducible nuclear protein 1, is a tumor suppressor, over-expressed during stress responses including inflammation and regulating metabolic homeostasis.19 Moreover, it plays an important role in DNA damage response.20 On the contrary, TP53INP2 is over-expressed with notable Pδ = 9.83% and it plays dual roles and switches between transcription and autophagy by sensing the nutrient status.21 TP53BP2, P53-binding protein 2, also called apoptosis stimulating protein 2 of P53 (ASPP2), is involved with multiple pathways in tumorigenesis.22 Similarly, TP53BP1 is also over-expressed but with a modest Pδ = 7.94% and plays a critical role in DNA damage response in cancer. 23
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Fig. S8. Univariate ROCs of 11 genes in the TP53 cluster. AUC, area under the curve; ROC, receiver operating characteristic.

Table S9. AUCs and recurrence risks of TP53 genes ordered by Pδ.
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	TP53INP1
	0.63
	0.38
	0.61
	0.0189
	25.11
	43.53
	18.42
	down

	TP53BP2
	0.6
	0.39
	0.56
	0.0261
	43.72
	27.72
	16
	up

	TP53
	0.54
	0.39
	0.51
	0.0377
	41.55
	29.82
	11.73
	up

	TP53I13
	0.54
	0.41
	0.53
	0.0241
	40.64
	30.04
	10.6
	up

	TP53RK
	0.55
	0.44
	0.55
	0.0167
	40
	30.16
	9.84
	up

	TP53I3
	0.56
	0.41
	0.52
	0.0458
	40.28
	30.45
	9.83
	up

	TP53INP2
	0.54
	0.41
	0.52
	0.0178
	40.28
	30.45
	9.83
	up

	TP53BP1
	0.53
	0.39
	0.47
	0.02
	39.5
	31.56
	7.94
	up

	TP53TG5
	0.54
	0.45
	0.54
	0.0017
	31.4
	38.33
	6.93
	down

	TP53TG1
	0.51
	0.39
	0.42
	0.0443
	36.11
	33.83
	2.28
	normal

	TP53I11
	0.51
	0.45
	0.45
	0.0307
	34.88
	34.83
	0.05
	normal


AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.


PDCD1(PD1) Cluster
As shown in Table 1, only 15 genes were pre-selected for the PDCD1 cluster. The ROCs are presented in Figure S9 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S10. There are 8 members with Pδ ≥ 5%, accounting for 53%. PTPN11, which is also a member in the ROS1 cluster, also appears at the top, PDCD1 suppresses T-cell activation through the recruitment of PTPN11.24 The second LAG3 and the third PDCD1LG2 have Pδ around 11%. Lymphocyte activation gene 3, LAG3, is a T cell activation inhibitory co-receptors similar to PDCD1 and CTLA4 and emerged as the third important immunotherapy targe.25 LAG3 and PDCD1 synergistically regulate T cell function,26 they collaborate to limit CD8+ T cell signaling and weaken anti-tumor immunity and dual blockade of them is a promising immunotherapy strategy. Moreover, an over-expressed ligand of LAG3, Fibrinogen-like protein 1, FGL1, is also a cluster member and has Pδ = 5.87%. PDCD1LG2 (i.e. PD-L2) is one of two PDCD1 ligands and has emerged as another immunotherapy target similar to PD-L1.27 Next tier consists of 3 under-expressed genes with medium prediction power, HLA-DRB1, ZAP70, and PRKCQ, with Pδ range between 6% and 8.42%. HLA-DRB1 is an HLA Class II Antigen. ZAP70, called the Zeta chain Of T cell receptor associated protein kinase, regulates motility, adhesion, and cytokine expression of mature T cells. PDCD1 modulation of T cells involves inhibition of TCR-mediated phosphorylation of ZAP70 and association with CD3Z, and downstream inhibition of PKCQ which is required for T cell IL-2 production.28 Lastly, CD80 with Pδ = 5.85 is also over-expressed. CD80 is a ligand of CTLA4, just like PD-L1 as a ligand of PD1, CD80 and PD-L1 interaction suggests significant crosstalk between PD1 pathways and CTLA4 pathways.29 However, PD1 itself, CD274/PD-L1, and other important PD1 related genes HLA-DQB1, CD3D/E, CD247(CD3Z), and CD4, have Pδ < 5, with expression levels not strongly related to lung cancer recurrence by this training data set.
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Fig. S9. Univariate ROCs of 15 genes in the PDCD1 cluster. AUC, area under the curve; PDCD1, programmed cell death 1; ROC, receiver operating characteristic. 

Table S10. AUCs and recurrence risks of PDCD1 genes ordered by the prediction power
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	PTPN11
	0.64
	0.39
	0.62
	0.003
	45.81
	25.1
	20.71
	up

	LAG3
	0.54
	0.45
	0.58
	0.0026
	40.76
	29.1
	11.66
	up

	PDCD1LG2
	0.53
	0.42
	0.54
	0.0038
	40.81
	29.73
	11.08
	up

	HLA-DRB1
	0.57
	0.48
	0.59
	-0.0149
	30.8
	39.22
	8.42
	down

	ZAP70
	0.58
	0.38
	0.51
	0.0569
	30.81
	37.68
	6.87
	down

	PRKCQ
	0.55
	0.42
	0.52
	0.0642
	31.28
	37.28
	6
	down

	FGL1
	0.54
	0.43
	0.49
	0.0245
	38.07
	32.2
	5.87
	up

	CD80
	0.54
	0.47
	0.54
	0.0012
	37.82
	31.97
	5.85
	up

	HLA-DQB1
	0.54
	0.53
	0.62
	-0.067
	33.45
	36.76
	3.31
	normal

	CD3E
	0.53
	0.31
	0.39
	0.0709
	32.9
	35.78
	2.88
	normal

	CD247
	0.54
	0.42
	0.54
	0.051
	33.97
	35.53
	1.56
	normal

	CD274
	0.5
	0.46
	0.49
	0.0626
	34.39
	35.15
	0.76
	normal

	CD4
	0.52
	0.34
	0.4
	0.1319
	34.59
	34.96
	0.37
	normal

	PDCD1
	0.51
	0.37
	0.4
	0.0202
	34.67
	34.98
	0.31
	normal

	CD3D
	0.52
	0.42
	0.48
	0.0562
	34.98
	34.75
	0.23
	normal


AUC, area under the curve; FPR, false positive rate; PDCD1, programmed cell death 1; TPR, true positive rate.



CTLA4 Cluster
The CTLA4 cluster contains 17 members. The ROCs are presented in Figure S10 and the corresponding AUCs, FPRs, TPRs, threshold Tg, and population risks are listed in Table S11. There are 10 members with Pδ ≥ 5%, accounting for 59%. Similar to PD1, PTPN11 is still the one with maximal Pδ. CD276 and CD86 are the next highest two over-expressed genes with Pδ very close to PTPN11. CTLA4 itself, CD80, and GRB2 are over-expressed with modest Pδ. CD276, also known as B7-H3, CD80, and CD86 belong to the same B7 family as PD-L1. CTLA4 is a homologue of CD28 and they are coreceptors. GRB2, called growth factor receptor-bound protein 2, is an important adaptor participating in CD28 and CTLA4 signaling mechanism.30 CD80/86 binds to CD28 while CTLA4 reduces their interaction time. Synergistically with CTLA4, CD276 inhibits T cell activation by inhibiting IL-2 secretion, and evidence suggested that IL20RA is a receptor of CD276.31
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Fig. S10. Univariate ROCs of 17 genes in the CTLA4 cluster. AUC, area under the curve; ROC, receiver operating characteristic.

Table S11. AUCs and recurrence risks of CTLA4 genes ordered by Pδ
	GENE
	AUC
	FPR
	TPR
	Tg
	Pabove(%)
	Pbelow (%)
	Pδ (%)
	Status

	PTPN11
	0.64
	0.39
	0.62
	0.003
	45.81
	25.1
	20.71
	up

	CD276
	0.62
	0.39
	0.6
	0.0269
	44.84
	26.25
	18.59
	up

	CD86
	0.54
	0.33
	0.49
	0.0829
	44.15
	28.91
	15.24
	up

	NFAT5
	0.59
	0.41
	0.62
	0.0219
	27.59
	40.14
	12.55
	down

	NFATC2IP
	0.59
	0.46
	0.62
	0.0034
	29.1
	40.76
	11.66
	down

	GRB2
	0.56
	0.47
	0.6
	0.0076
	40.49
	28.94
	11.55
	up

	NFAM1
	0.56
	0.4
	0.52
	0.0249
	30.21
	37.93
	7.72
	down

	CTLA4
	0.54
	0.41
	0.49
	0.049
	38.68
	31.85
	6.83
	up

	CD80
	0.54
	0.47
	0.54
	0.0012
	37.82
	31.97
	5.85
	up

	NFATC2
	0.53
	0.52
	0.62
	0.0134
	32.16
	37.89
	5.73
	down

	CD28
	0.51
	0.45
	0.49
	0.0201
	36.89
	33.07
	3.82
	normal

	NFATC1
	0.52
	0.38
	0.45
	0.0334
	32.77
	36.07
	3.3
	normal

	NFATC4
	0.53
	0.43
	0.53
	0.0131
	33.33
	36.03
	2.7
	normal

	NFATC3
	0.51
	0.41
	0.47
	0.0303
	35.57
	34.38
	1.19
	normal

	CD274
	0.5
	0.46
	0.49
	0.0626
	34.39
	35.15
	0.76
	normal

	LCK
	0.51
	0.39
	0.46
	0.0851
	35.24
	34.56
	0.68
	normal

	FOXP3
	0.5
	0.44
	0.43
	0.0132
	34.93
	34.8
	0.13
	normal


AUC, area under the curve; FPR, false positive rate; TPR, true positive rate.
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