[bookmark: OLE_LINK3]Table1 The comparison between PC-Simple and univariate test
	Gene Number
	Strategy Name
	Sensitivity
	Specificity
	PPV
	NPV
	F1
	F0.5

	50
	PC-Simple
	0.711 
	0.874 
	0.624 
	0.915 
	0.665
	0.64

	
	Univariate test
	0.849 
	0.440 
	0.298 
	0.913 
	0.441
	0.342

	70
	PC-Simple
	0.715 
	0.901 
	0.672 
	0.919 
	0.693
	0.68

	
	Univariate test
	0.872 
	0.455 
	0.308 
	0.927 
	0.455
	0.354

	100
	PC-Simple
	0.742 
	0.891 
	0.650 
	0.928 
	0.693
	0.667

	
	Univariate test
	0.906 
	0.409 
	0.292 
	0.943 
	0.442
	0.338

	150
	PC-Simple
	0.714 
	0.890 
	0.654 
	0.916 
	0.683
	0.665

	
	Univariate test
	0.882 
	0.402 
	0.296 
	0.923 
	0.443
	0.341


Note: The above metrics are the average of 20 simulation replicates. Parameter setting info: overall sample size is 100000, graph density is equal to 0.05, min weight in graph is 0.1, max weight is equal to min weight*1.2.  The boxplots were generated based on 20 replicates.
Table 2 Results of peripheral gene detection in different scenarios
	Parameter-setting
	Graph density
	Min weight in graph
	GTEx sample size
	Sensitivity
	Specificity
	PPV
	NPV

	SNP500-Gene50
	0.05
	0.1
	800
	0.163 
	0.983 
	0.868 
	0.672 

	
	0.05
	0.3
	800
	0.588 
	0.951 
	0.868 
	0.803 

	
	0.05
	0.5
	800
	0.688 
	0.916 
	0.867 
	0.812 

	SNP700-Gene70
	0.05
	0.1
	800
	0.144 
	0.977 
	0.820 
	0.618 

	
	0.05
	0.1
	2000
	0.324 
	0.945 
	0.881 
	0.570 

	
	0.05
	0.1
	8000
	0.837 
	0.654 
	0.684 
	0.821 

	
	0.05
	0.3
	800
	0.605 
	0.935 
	0.888 
	0.732 

	
	0.05
	0.3
	2000
	0.764 
	0.918 
	0.904 
	0.804 

	
	0.05
	0.3
	8000
	0.891 
	0.768 
	0.800 
	0.874 

	
	0.05
	0.5
	800
	0.749 
	0.918 
	0.901 
	0.779 

	
	0.1
	0.1
	800
	0.162 
	0.971 
	0.936 
	0.291 

	
	0.1
	0.3
	800
	0.749 
	0.971 
	0.982 
	0.584 

	
	0.1
	0.5
	800
	0.837 
	0.948 
	0.976 
	0.689 

	
	0.02
	0.1
	800
	0.162 
	0.978 
	0.699 
	0.835 

	
	0.02
	0.3
	800
	0.534 
	0.974 
	0.804 
	0.899 

	
	0.02
	0.5
	800
	0.700 
	0.971 
	0.854 
	0.931 

	SNP1000-Gene100
	0.05
	0.1
	800
	0.124 
	0.978 
	0.882 
	0.396 

	
	0.05
	0.3
	800
	0.631 
	0.957 
	0.952 
	0.644 

	
	0.05
	0.5
	800
	0.786 
	0.922 
	0.939 
	0.746 

	SNP1500-Gene150
	0.05
	0.1
	800
	0.142 
	0.984 
	0.964 
	0.277 

	
	0.05
	0.3
	800
	0.745 
	0.920 
	0.963 
	0.565 

	
	0.05
	0.5
	800
	0.833 
	0.916 
	0.966 
	0.673 


Note: The above metrics are the average of 20 simulation replicates

Table 3 Performance comparison between bootstrap and without bootstrap for gene-gene interaction inference
	Scenario name
	Value type
	Sensitivity
	Specificity
	PPV
	NPV

	Bootstrap
	Average
	0.625 
	0.998 
	0.902 
	0.990 

	
	Median
	0.626 
	0.998 
	0.900 
	0.990 

	Without bootstrap
	Average
	0.628 
	0.987 
	0.568 
	0.990 

	
	Median
	0.625 
	0.987 
	0.571 
	0.989 


Note: PPV: positive predictive value; NPV: negative predictive value. Parameter setting info: genotypes number is equal to 700, gene number equal to 70, overall sample size is 100000, GTEx sample size is 800, graph density is equal to 0.05, min weight in graph is 0.3, max weight is equal to min weight*1.2.  The boxplots were generated based on 10 replicates.
Table 4 Peripheral gene detection performance comparison between bootstrap and without bootstrap

	Scenario name
	Value type
	Sensitivity
	Specificity
	PPV
	NPV

	Bootstrap
	Average
	0.638 
	0.952 
	0.914 
	0.747 

	
	Median
	0.674 
	0.962 
	0.935 
	0.766 

	Without bootstrap
	Average
	0.841 
	0.673 
	0.691 
	0.821 

	
	Median
	0.863
	0.665
	0.701
	0.860


Note: PPV: positive predictive value; NPV: negative predictive value. Parameter setting info: genotypes number is equal to 700, gene number equal to 70, overall sample size is 100000, GTEx sample size is 800, graph density is equal to 0.05, min weight in graph is 0.3, max weight is equal to min weight*1.2.  The boxplots were generated based on 10 replicates.

Table 5 Number of causally relevant genes for some studied phenotypes in different tissues 
	Trait
	No. direct
	No. indirect
	No. direct & indirect
	No. indirect only
	No. total
	Prop. indirect
	Prop. direct & indirect

	Adipose Subcutaneous BMI
	114
	37
	2
	35
	151
	0.245
	0.013

	Adipose Subcutaneous Weight
	156
	19
	0
	19
	175
	0.109
	0.000

	Breast Mammary Breast cancer
	7
	0
	0
	0
	7
	0.000
	0.000

	Heart Left Ventricle AF
	9
	0
	0
	0
	9
	0.000
	0.000

	Nucleus Accumbens Basal Ganglia Anxiety
	4
	0
	0
	0
	4
	0.000
	0.000

	Pancreas Diabetes
	34
	0
	0
	0
	34
	0.000
	0.000

	Pancreas Glucose
	11
	0
	0
	0
	11
	0.000
	0.000

	Whole Blood Alanine aminotransferase
	56
	5
	0
	5
	61
	0.082
	0.000

	Whole Blood Alkaline phosphatase
	80
	18
	0
	18
	98
	0.184
	0.000

	Whole Blood Apolipoprotein B
	53
	17
	1
	16
	70
	0.243
	0.014

	Whole Blood C-reactive protein
	44
	17
	2
	15
	61
	0.279
	0.033

	Whole Blood CAD
	18
	8
	0
	8
	26
	0.308
	0.000

	Whole Blood Cholesterol
	50
	19
	0
	19
	69
	0.275
	0.000

	Whole Blood Cystatin C
	39
	10
	1
	9
	49
	0.204
	0.020

	Whole Blood DBP
	30
	1
	0
	1
	31
	0.032
	0.000

	Whole Blood Glycated haemoglobin (HbA1c)
	46
	6
	0
	6
	52
	0.115
	0.000

	Whole Blood HDL
	42
	3
	0
	3
	45
	0.067
	0.000

	Whole Blood Heart failure
	3
	0
	0
	0
	3
	0.000
	0.000

	Whole Blood Hypertension
	75
	3
	0
	3
	78
	0.038
	0.000

	Whole Blood IGF-1
	92
	0
	0
	0
	92
	0.000
	0.000

	Whole Blood LDL
	52
	19
	0
	19
	71
	0.268
	0.000

	Whole Blood Lipoprotein A
	5
	0
	0
	0
	5
	0.000
	0.000

	Whole Blood Neuroticism score
	22
	16
	0
	16
	38
	0.421
	0.000

	Whole Blood Oestradiol
	5
	0
	0
	0
	5
	0.000
	0.000

	Whole Blood Total bilirubin
	43
	5
	0
	5
	48
	0.104
	0.000

	Whole Blood Triglycerides
	89
	17
	0
	17
	106
	0.160
	0.000


Note: No. is the abbreviation of number; Prop. is the abbreviation for proportion; DBP is the abbreviation for diastolic blood pressure; SBP is the abbreviation for systolic blood pressure; WHR is the abbreviation for waist hip ratio;

Table 6 Examples of genes with estimated causal effects on different traits
	Traits
	Gene symbols
	IDA
	jointIDA
	Proportion indirect
	Gene type

	Whole Blood CAD
	ALDH2
	-0.0233
	-0.0233
	0.00%
	Directly causal

	Whole Blood CAD
	IL20RB
	0.0000
	0.0000
	0.00%
	Directly causal

	Whole Blood CAD
	CAMK1D
	0.0086
	0.0086
	0.00%
	Directly causal

	Whole Blood CAD
	EVI2A
	7.39E-05
	7.43E-14
	100%
	Indirectly causal

	Whole Blood C-reactive protein
	CARD9
	0.1523
	0.1519
	0.26%
	Directly & indirectly causal

	Whole Blood C-reactive protein
	IL18RAP
	-0.0752
	-0.0750
	0.27%
	Directly & indirectly causal

	Whole Blood C-reactive protein
	SPPL3
	-0.3206
	-0.3197
	0.28%
	Directly causal

	Whole Blood C-reactive protein
	CST3
	-0.0002
	-3.68E-05
	100%
	Indirectly causal

	Whole Blood LDL
	NECTN2
	0.1742
	0.1728
	0.80%
	Directly causal

	Whole Blood LDL
	POC5
	0.0742
	0.0735
	0.90%
	Directly causal

	Whole Blood LDL
	HLA-DRB1
	0.0351
	2.68E-08
	100%
	Indirectly causal

	Whole Blood LDL
	HLA-H
	0.0010
	1.53E-08
	100%
	Indirectly causal

	Whole Blood Triglycerides
	LPL
	-0.5835
	-0.5723
	1.92%
	Directly causal

	Whole Blood Triglycerides
	ZNF664
	0.1784
	0.1738
	2.58%
	Directly causal

	Whole Blood Triglycerides
	HLA-G
	0.0191
	1.12E-07
	100%
	Indirectly causal

	Whole Blood Triglycerides
	CST3
	-4.32E-06
	-8.51E-13
	100%
	Indirectly causal


Note: Proportion indirect = (ABS(IDA)-ABS(jointIDA))/ABS(IDA)*100%

Table 7 Results of split-half replication analysis

	Trait
	No. of genes (1st)
	No. of genes (2nd)
	No. of genes shared
	Significance of overlap

	Apolipoprotein B
	56
	51
	31
	<2.2E-16

	Breast cancer
	6
	5
	1
	1.16E-02

	CAD
	8
	9
	2
	3.02E-04

	Cholesterol
	52
	53
	31
	<2.2E-16

	C-reactive protein
	28
	24
	14
	<2.2E-16

	Diabetes
	15
	23
	4
	<2.2E-16

	HDL
	53
	71
	37
	<2.2E-16

	Hypertension
	32
	39
	10
	<2.2E-16

	Neuroticism
	15
	17
	3
	1.04E-04


Note: here 1st indicates the 1st half dataset from the UKBB for the studied trait while 2nd indicates the 2nd half. No. of genes here indicates the number of identified directly causal genes.

Table 8 Results of stability selection for 4 traits in the whole blood tissue 
	Trait
	q
	E(V)
	PFP
	E(V)/q

	BMI
	72
	10
	3.94E-03
	1.40E-01

	CAD
	12
	0.3
	1.13E-04
	2.38E-02

	HDL
	65
	8
	3.20E-03
	1.27E-01

	SBP
	38
	3
	1.09E-03
	7.39E-02


Note: Here q denotes the average number of identified core genes; E(V) denotes the number of falsely identified core genes; PFP indicates the proportion of false positives: PFP=E(V)/p, where p denotes the number of genes.


Table 9 Open targets enrichment analysis result based on overall association score for our proposed method

	Trait
	Tissue
	P
	HMP

	CAD
	Adipose Subcutaneous
	4.77E-03
	2.78E-04

	Diabetes
	Adipose Subcutaneous
	3.02E-04
	5.66E-08

	CAD
	Adipose Visceral Omentum
	8.71E-03
	6.27E-05

	Diabetes
	Adipose Visceral Omentum
	8.68E-05
	5.54E-07

	CAD
	Artery Coronary
	1.11E-05
	1.27E-05

	Breast cancer
	Breast Mammary
	1.79E-01
	8.62E-02

	CAD
	Cortex
	1.41E-01
	1.10E-02

	Diabetes
	Cortex
	1.60E-01
	4.21E-03

	Atrial fibrillation
	Heart Left Ventricle
	4.56E-03
	3.90E-05

	CAD
	Heart Left Ventricle
	2.61E-02
	1.07E-03

	Diabetes
	Pancreas
	4.10E-06
	3.82E-05

	Prostate cancer
	Prostate
	8.52E-02
	1.91E-02

	Atrial fibrillation
	Whole Blood
	1.11E-02
	3.26E-04

	Breast cancer
	Whole Blood
	1.18E-03
	5.92E-03

	CAD
	Whole Blood
	3.54E-02
	2.47E-04

	Diabetes
	Whole Blood
	9.98E-04
	2.02E-08

	Hypertension
	Whole Blood
	1.64E-07
	1.51E-07


Note: here P indicates the p-value derived from the enrichment test under the association score cutoff of 0. HMP is the abbreviation for harmonic mean p-value, this column indicates the harmonic mean p-value for 10 different association score cutoffs between 0 and 1 with a step size of 0.1.

Table 10 Comparison between our proposed method and the univariate test in identifying potential targets under the overall association score 

	Trait
	Tissue
	P
	HMP

	CAD
	Adipose Subcutaneous
	3.62E-03
	2.51E-02

	Diabetes
	Adipose Subcutaneous
	1.70E-08
	1.64E-07

	CAD
	Adipose Visceral Omentum
	3.99E-03
	1.89E-02

	Diabetes
	Adipose Visceral Omentum
	1.30E-08
	1.29E-08

	CAD
	Artery Coronary
	5.16E-04
	1.68E-03

	Breast cancer
	Breast Mammary
	3.50E-02
	1.47E-01

	CAD
	Cortex
	1.07E-01
	4.85E-01

	Diabetes
	Cortex
	3.53E-04
	3.02E-03

	Atrial fibrillation
	Heart Left Ventricle
	4.33E-02
	9.06E-02

	CAD
	Heart Left Ventricle
	9.53E-03
	5.68E-02

	Diabetes
	Pancreas
	1.57E-10
	1.57E-09

	Atrial fibrillation
	Whole Blood
	9.10E-02
	2.82E-01

	Breast cancer
	Whole Blood
	7.77E-05
	7.66E-04

	CAD
	Whole Blood
	3.99E-03
	2.72E-02

	Diabetes
	Whole Blood
	1.15E-08
	1.15E-07

	Hypertension
	Whole Blood
	3.66E-16
	3.66E-15


Note: here P indicates the p-value derived from the enrichment test under the association score cutoff of 0. HMP is the abbreviation for harmonic mean p-value, this column indicates the harmonic mean p-value for 10 different association score cutoffs between 0 and 1 with a step size of 0.1.

Table 11 Top ranked novel genes identified from our proposed method compared with the univariate test

	Trait
	Tissue
	Genes

	CAD
	Adipose Subcutaneous
	IRS1, LMOD1, DISP1, NME7, EIF3M

	Diabetes
	Adipose Subcutaneous
	BHMT, NDUFAF6, TSEN2, ARL14EP, SETD9

	CAD
	Adipose Visceral Omentum
	TRUB1, SNX27, NME7, BROX, SYTL2

	Diabetes
	Adipose Visceral Omentum
	CTSW, CCDC92, IRS1, JMJD7, ITIH4

	CAD
	Artery Coronary
	TMEM116, PTGIS, PPFIBP2, C12orf43, GNB3

	Breast cancer
	Breast Mammary
	ATXN3, FAM227B, CPNE3, PTK6, PRPH2

	CAD
	Cortex
	PRR19, SLC39A4, DPY19L1, PIGO

	Diabetes
	Cortex
	TXNDC15, GSDME, ARFRP1, INPP5E, PLA2G4B

	Atrial fibrillation
	Heart Left Ventricle
	LINC00672, CENPS

	CAD
	Heart Left Ventricle
	NDUFAF1, MARCKSL1P, BROX, LIN7B, CDC37

	Diabetes
	Pancreas
	FXYD2, EXTL1, PCBD1, ST6GAL1, TCF3

	Atrial fibrillation
	Whole Blood
	CCDC92, SPAG1, ZBTB38

	Breast cancer
	Whole Blood
	SLC22A5, ZBTB38, ANGPTL6, GDI2

	CAD
	Whole Blood
	MEAF6, CHP1, OSER1, STRIP1, TBKBP1

	Diabetes
	Whole Blood
	ZNF502, FBRSL1, SETD9, RAB29, ZNF320

	Hypertension
	Whole Blood
	NEGR1, OPRL1, WAC, PRELID1, CARD8


Note: here we listed the top 5 novel core genes identified from our method but the univariate test. The number of identified trait-associated genes is the same as that derived from our proposed method for the studied traits.


Table 12 Causal effects estimation for the top 10 ‘genes’ with largest absolute IDA in multiple traits analysis (BMI->CAD)

	Genes
	IDA
	jointIDA
	Proportion indirect
	Gene type

	ALDH2
	-0.0232
	-0.0231
	0.53%
	Directly causal

	LPL
	-0.0202
	-0.0201
	0.53%
	Directly causal

	BMI*
	0.0191
	0.0191
	0.39%
	Directly causal

	LIPA
	0.014
	0.0139
	0.53%
	Directly causal

	BCKDK
	-0.0128
	0
	100.00%
	Indirectly causal

	NEGR1
	0.0103
	0
	100.00%
	Indirectly causal

	CWF19L2
	0.0092
	0.0092
	0.54%
	Directly causal

	CAMK1D
	0.009
	0.009
	0.53%
	Directly causal

	PUS7
	-0.008
	0
	100.00%
	Indirectly causal

	UBE2Z
	-0.007
	-0.0082
	-18.52%
	Directly & Indirectly causal


Note: BMI*  is predicted from calculated polygenic risk scores
