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Table S1. Description of dataset.

	Assay
	Actives
	Inactives
	Total Compounds
	% of actives

	ACEA_T47D_80hr_Negative
	34
	90
	124
	27.4%

	APR_HepG2_CellLoss_24h_dn
	33
	55
	88
	37.5%

	APR_HepG2_CellLoss_72h_dn
	43
	45
	88
	48.9%

	BSK_3C_Proliferation_down
	52
	54
	106
	49.1%

	BSK_3C_SRB_down
	45
	61
	106
	42.5%

	BSK_3C_Vis_down
	41
	65
	106
	38.7%

	BSK_4H_SRB_down
	34
	72
	106
	32.1%

	BSK_CASM3C_Proliferation_down
	36
	70
	106
	34.0%

	BSK_hDFCGF_Proliferation_down
	50
	56
	106
	47.2%

	BSK_LPS_SRB_down
	39
	67
	106
	36.8%

	BSK_SAg_Proliferation_down
	48
	58
	106
	45.3%

	BSK_SAg_SRB_down
	36
	70
	106
	34.0%

	Combined Endpoint
	86
	49
	135
	63.7%




Figure S1. Distribution of active and inactive compounds among selected endpoints.
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Figure S2. (a)The distribution of chemical space of the 135 compounds used in this study compared to all compounds present in the same 12 assays from ToxCast. The chemical space was defined by the first two principal components PC1 and PC2 calculated and normalised from following properties for each compound: molecular weight, topological polar surface area, number of rotatable bonds, number of hydrogen bond donors, number of hydrogen bond acceptors and the partition coefficient between octanol and water (log P). The explained variance by first two components of PCA was determined as 78.8%. (b) Chemical space magnified to fit area of interest. We infer that our selected dataset is well representative of the diverse chemical space of the original ToxCast assays.
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[bookmark: _GoBack]Figure S3. Pairwise Tanimoto similarity (Tc) of compounds in the dataset used in this study using (a) 166 public MACCS keys and (b) Morgan Fingerprints of radius 2 and 2048 nbits. Contour graph of Tanimoto similarity coefficients to show the molecule similarity using (c) 166 public MACCS keys and (d) Morgan Fingerprints of radius 2 and 2048 nbits. This shows that in our dataset, majority pairs of compounds are structurally diverse with Tc <0.85 for MACCS keys and Tc<0.40 for Morgan Fingerprints.

Table S2.  Hyperparameter search spaces for Random Forest model.
	Algorithm
	Parameters Space

	max depth
	10, 15, 20

	min_samples_leaf
	3, 6, 12, 15

	min_samples_split
	6, 9, 12, 15

	n_estimators
	100, 200, 300, 700

	criterion
	gini, entropy

	class weight
	None, balanced







Table S3. Explained variance using the first two principal components PC1 and PC2  from PCA and silhouette scores for 5 clusters among selected endpoints. 
	Assay
	PCA Explained Variance^   (%)
	Mean Silhouette Score

	ACEA_T47D_80hr_Negative
	72.7*
	 0.36*

	APR_HepG2_CellLoss_24h_dn
	72
	0.4

	APR_HepG2_CellLoss_72h_dn
	72
	0.4

	BSK_3C_Proliferation_down
	72.1
	0.4

	BSK_3C_SRB_down
	72.1
	0.4

	BSK_3C_Vis_down
	72.1
	0.4

	BSK_4H_SRB_down
	72.1
	0.4

	BSK_CASM3C_Proliferation_down
	72.1
	0.4

	BSK_hDFCGF_Proliferation_down
	72.1
	0.4

	BSK_LPS_SRB_down
	72.1
	0.4

	BSK_SAg_Proliferation_down
	72.1
	0.4

	BSK_SAg_SRB_down
	72.1
	0.4

	Combined Endpoint
	72.8
	0.36


 (*For the combined endpoint and the assay, ACEA_T47D_80hr_Negative, (which was a real-time cell growth kinetics proliferation decrease assay for human breast cell line) only 4 clusters were used based on PCA.)



Table S4. Aggregated metrics for Random Forest model using shuffle stratified splitting. In this method, all data is randomly stratified split using for both loops in the nested cross validation. Hence all models get a diverse set of chemicals to train and further tested in a chemical space which should be like the one the model trained. Evaluated metrics include Specificity, Sensitivity Balanced Accuracy (BA), Mathew’s Correlation constant (MCC) and Area Under Curve- Receiver Operating Characteristic (AUC-ROC) 
	
Target
	
Descriptor
	Specificity
	Sensitivity
	BA
	MCC
	AUC-ROC

	ACEA_T47D_80hr_Negative
	CP
	0.94
	0.26
	0.60
	0.29
	0.63

	
	ErG
	0.92
	0.15
	0.53
	0.10
	0.59

	
	ErG+CP
	0.96
	0.29
	0.62
	0.35
	0.65

	
	Morgan
	0.98
	0.00
	0.49
	-0.08
	0.61

	
	Morgan+CP
	0.93
	0.29
	0.61
	0.30
	0.65

	APR_HepG2_CellLoss_24h_dn
	CP
	0.87
	0.42
	0.65
	0.34
	0.68

	
	ErG
	0.84
	0.36
	0.60
	0.23
	0.68

	
	ErG+CP
	0.91
	0.39
	0.65
	0.36
	0.72

	
	Morgan
	0.85
	0.30
	0.58
	0.19
	0.61

	
	Morgan+CP
	0.93
	0.39
	0.66
	0.39
	0.68

	APR_HepG2_CellLoss_72h_dn
	CP
	0.81
	0.53
	0.67
	0.36
	0.68

	
	ErG
	0.60
	0.64
	0.62
	0.25
	0.67

	
	ErG+CP
	0.79
	0.49
	0.64
	0.29
	0.71

	
	Morgan
	0.81
	0.69
	0.75
	0.51
	0.83

	
	Morgan+CP
	0.86
	0.49
	0.67
	0.37
	0.67

	BSK_3C_Proliferation_down
	CP
	0.69
	0.50
	0.60
	0.20
	0.64

	
	ErG
	0.65
	0.69
	0.67
	0.34
	0.75

	
	ErG+CP
	0.79
	0.67
	0.73
	0.46
	0.79

	
	Morgan
	0.67
	0.61
	0.64
	0.28
	0.70

	
	Morgan+CP
	0.73
	0.50
	0.62
	0.24
	0.68

	BSK_3C_SRB_down
	CP
	0.67
	0.49
	0.58
	0.16
	0.57

	
	ErG
	0.66
	0.40
	0.53
	0.06
	0.61

	
	ErG+CP
	0.75
	0.42
	0.59
	0.19
	0.63

	
	Morgan
	0.75
	0.22
	0.49
	-0.03
	0.53

	
	Morgan+CP
	0.79
	0.33
	0.56
	0.13
	0.56

	BSK_3C_Vis_down
	CP
	0.88
	0.54
	0.71
	0.45
	0.73

	
	ErG
	0.86
	0.32
	0.59
	0.21
	0.67

	
	ErG+CP
	0.85
	0.44
	0.64
	0.32
	0.71

	
	Morgan
	0.82
	0.32
	0.57
	0.15
	0.63

	
	Morgan+CP
	0.89
	0.46
	0.68
	0.40
	0.70

	BSK_4H_SRB_down
	CP
	0.92
	0.41
	0.66
	0.39
	0.70

	
	ErG
	0.93
	0.26
	0.60
	0.27
	0.70

	
	ErG+CP
	0.93
	0.44
	0.69
	0.44
	0.74

	
	Morgan
	0.89
	0.06
	0.47
	-0.08
	0.56

	
	Morgan+CP
	0.93
	0.38
	0.66
	0.39
	0.72

	BSK_CASM3C_Proliferation_down
	CP
	0.84
	0.36
	0.60
	0.23
	0.63

	
	ErG
	0.81
	0.58
	0.70
	0.40
	0.81

	
	ErG+CP
	0.86
	0.36
	0.61
	0.25
	0.74

	
	Morgan
	0.81
	0.19
	0.50
	0.01
	0.54

	
	Morgan+CP
	0.87
	0.36
	0.62
	0.27
	0.65

	BSK_hDFCGF_Proliferation_down
	CP
	0.62
	0.59
	0.60
	0.21
	0.63

	
	ErG
	0.58
	0.84
	0.71
	0.44
	0.76

	
	ErG+CP
	0.64
	0.57
	0.61
	0.21
	0.68

	
	Morgan
	0.68
	0.70
	0.69
	0.38
	0.73

	
	Morgan+CP
	0.66
	0.61
	0.63
	0.27
	0.66

	BSK_LPS_SRB_down
	CP
	0.84
	0.49
	0.66
	0.35
	0.71

	
	ErG
	0.79
	0.49
	0.64
	0.29
	0.69

	
	ErG+CP
	0.81
	0.51
	0.66
	0.33
	0.73

	
	Morgan
	0.87
	0.10
	0.48
	-0.05
	0.58

	
	Morgan+CP
	0.85
	0.46
	0.66
	0.34
	0.71

	BSK_SAg_Proliferation_down
	CP
	0.72
	0.42
	0.57
	0.15
	0.58

	
	ErG
	0.69
	0.52
	0.61
	0.21
	0.63

	
	ErG+CP
	0.74
	0.46
	0.60
	0.21
	0.63

	
	Morgan
	0.62
	0.54
	0.58
	0.16
	0.60

	
	Morgan+CP
	0.74
	0.40
	0.57
	0.15
	0.59

	BSK_SAg_SRB_down
	CP
	0.86
	0.31
	0.58
	0.19
	0.63

	
	ErG
	0.84
	0.33
	0.59
	0.20
	0.72

	
	ErG+CP
	0.87
	0.36
	0.62
	0.27
	0.68

	
	Morgan
	0.81
	0.22
	0.52
	0.04
	0.60

	
	Morgan+CP
	0.84
	0.33
	0.59
	0.20
	0.66

	Combined Endpoint
	CP
	0.45
	0.77
	0.61
	0.22
	0.59

	
	ErG
	0.57
	0.71
	0.64
	0.28
	0.68

	
	ErG+CP
	0.43
	0.79
	0.61
	0.23
	0.63

	
	Morgan
	0.53
	0.73
	0.63
	0.26
	0.67

	
	Morgan+CP
	0.47
	0.76
	0.61
	0.23
	0.61





Table S5. Cluster-averaged metrics for Random Forest model using leave-one-cluster-out splitting. In this method, all data is split using leave-one-cluster for the outer loop. The inner loop used a K-fold stratified random split for training. Hence the model trains on a chemical space which is relatively distant from that of the test set. The results of all the blind test sets are averaged (and standard deviation calculated) to give final metric values. This ensures that each fold was given equal weightage irrespective of its size. Evaluated metrics include Specificity, Sensitivity, Balanced Accuracy (BA), Mathew’s Correlation constant (MCC) and Area Under Curve- Receiver Operating Characteristic (AUC-ROC) 
	Target
	Descriptor
	Specificity
	Sensitivity
	BA
	MCC
	AUC-ROC

	ACEA_T47D_
80hr_Negative
	CP
	0.93 ± 0.06
	0.33 ± 0.13
	0.63 ± 0.06
	0.28 ± 0.14
	0.74 ± 0.13

	
	ErG
	0.92 ± 0.11
	0.09 ± 0.12
	0.5 ± 0.0
	0.01 ± 0.01
	0.47 ± 0.11

	
	ErG+CP
	0.94 ± 0.06
	0.28 ± 0.13
	0.61 ± 0.04
	0.26 ± 0.08
	0.76 ± 0.13

	
	Morgan
	0.9 ± 0.18
	0.0 ± 0.0
	0.45 ± 0.09
	-0.05 ± 0.09
	0.46 ± 0.07

	
	Morgan+CP
	0.92 ± 0.08
	0.33 ± 0.17
	0.63 ± 0.08
	0.28 ± 0.18
	0.74 ± 0.14

	APR_HepG2_
CellLoss_
24h_dn

	CP
	0.93 ± 0.06
	0.5 ± 0.36
	0.72 ± 0.17
	0.42 ± 0.27
	0.78 ± 0.15

	
	ErG
	0.76 ± 0.33
	0.36 ± 0.35
	0.56 ± 0.07
	0.14 ± 0.19
	0.64 ± 0.19

	
	ErG+CP
	0.89 ± 0.14
	0.51 ± 0.31
	0.7 ± 0.11
	0.39 ± 0.19
	0.78 ± 0.16

	
	Morgan
	0.77 ± 0.2
	0.28 ± 0.17
	0.53 ± 0.04
	0.06 ± 0.09
	0.56 ± 0.11

	
	Morgan+CP
	0.9 ± 0.1
	0.5 ± 0.36
	0.7 ± 0.17
	0.37 ± 0.28
	0.77 ± 0.16

	APR_HepG2_
CellLoss_
72h_dn
	CP
	0.65 ± 0.22
	0.54 ± 0.17
	0.59 ± 0.05
	0.17 ± 0.08
	0.67 ± 0.13

	
	ErG
	0.52 ± 0.25
	0.52 ± 0.34
	0.52 ± 0.11
	0.03 ± 0.24
	0.56 ± 0.16

	
	ErG+CP
	0.61 ± 0.24
	0.56 ± 0.2
	0.58 ± 0.09
	0.15 ± 0.17
	0.69 ± 0.11

	
	Morgan
	0.65 ± 0.12
	0.49 ± 0.21
	0.57 ± 0.09
	0.12 ± 0.14
	0.65 ± 0.12

	
	Morgan+CP
	0.7 ± 0.17
	0.49 ± 0.2
	0.6 ± 0.05
	0.17 ± 0.07
	0.68 ± 0.11

	BSK_3C_
Proliferation
_down
	CP
	0.73 ± 0.24
	0.64 ± 0.14
	0.68 ± 0.11
	0.28 ± 0.15
	0.75 ± 0.12

	
	ErG
	0.54 ± 0.28
	0.58 ± 0.29
	0.56 ± 0.13
	0.12 ± 0.21
	0.62 ± 0.18

	
	ErG+CP
	0.73 ± 0.27
	0.7 ± 0.13
	0.71 ± 0.09
	0.35 ± 0.1
	0.83 ± 0.11

	
	Morgan
	0.52 ± 0.27
	0.57 ± 0.24
	0.54 ± 0.09
	0.07 ± 0.17
	0.6 ± 0.12

	
	Morgan+CP
	0.75 ± 0.23
	0.54 ± 0.12
	0.65 ± 0.12
	0.22 ± 0.18
	0.73 ± 0.11

	BSK_3C_
SRB_down
	CP
	0.72 ± 0.16
	0.47 ± 0.21
	0.6 ± 0.09
	0.18 ± 0.15
	0.67 ± 0.12

	
	ErG
	0.73 ± 0.3
	0.23 ± 0.34
	0.48 ± 0.05
	-0.04 ± 0.09
	0.53 ± 0.12

	
	ErG+CP
	0.69 ± 0.27
	0.52 ± 0.24
	0.61 ± 0.12
	0.2 ± 0.21
	0.69 ± 0.1

	
	Morgan
	0.62 ± 0.22
	0.43 ± 0.32
	0.52 ± 0.14
	0.06 ± 0.26
	0.51 ± 0.17

	
	Morgan+CP
	0.75 ± 0.15
	0.47 ± 0.21
	0.61 ± 0.07
	0.2 ± 0.13
	0.66 ± 0.06

	BSK_3C_
Vis_down
	CP
	0.83 ± 0.07
	0.7 ± 0.24
	0.76 ± 0.14
	0.49 ± 0.25
	0.74 ± 0.12

	
	ErG
	0.71 ± 0.3
	0.43 ± 0.4
	0.57 ± 0.17
	0.11 ± 0.37
	0.55 ± 0.12

	
	ErG+CP
	0.76 ± 0.08
	0.62 ± 0.26
	0.69 ± 0.14
	0.34 ± 0.24
	0.73 ± 0.14

	
	Morgan
	0.72 ± 0.23
	0.31 ± 0.27
	0.52 ± 0.04
	0.02 ± 0.08
	0.53 ± 0.1

	
	Morgan+CP
	0.81 ± 0.04
	0.54 ± 0.18
	0.68 ± 0.1
	0.34 ± 0.17
	0.7 ± 0.12

	BSK_4H_
SRB_down
	CP
	0.85 ± 0.12
	0.53 ± 0.25
	0.69 ± 0.07
	0.4 ± 0.11
	0.74 ± 0.09

	
	ErG
	0.71 ± 0.2
	0.54 ± 0.32
	0.62 ± 0.08
	0.22 ± 0.12
	0.67 ± 0.08

	
	ErG+CP
	0.89 ± 0.07
	0.53 ± 0.25
	0.71 ± 0.1
	0.43 ± 0.16
	0.78 ± 0.12

	
	Morgan
	0.86 ± 0.27
	0.1 ± 0.2
	0.48 ± 0.04
	-0.03 ± 0.06
	0.59 ± 0.13

	
	Morgan+CP
	0.92 ± 0.07
	0.53 ± 0.25
	0.72 ± 0.09
	0.49 ± 0.14
	0.72 ± 0.11

	BSK_CASM3C_
Proliferation
_down
	CP
	0.9 ± 0.1
	0.48 ± 0.19
	0.69 ± 0.07
	0.37 ± 0.13
	0.77 ± 0.12

	
	ErG
	0.7 ± 0.1
	0.5 ± 0.24
	0.6 ± 0.07
	0.16 ± 0.11
	0.75 ± 0.11

	
	ErG+CP
	0.91 ± 0.09
	0.55 ± 0.3
	0.73 ± 0.11
	0.44 ± 0.15
	0.81 ± 0.1

	
	Morgan
	0.88 ± 0.12
	0.22 ± 0.19
	0.55 ± 0.08
	0.1 ± 0.15
	0.5 ± 0.17

	
	Morgan+CP
	0.94 ± 0.1
	0.45 ± 0.2
	0.69 ± 0.1
	0.43 ± 0.21
	0.76 ± 0.12

	BSK_hDFCGF_
Proliferation
_down
	CP
	0.71 ± 0.27
	0.65 ± 0.27
	0.68 ± 0.15
	0.25 ± 0.22
	0.71 ± 0.13

	
	ErG
	0.61 ± 0.37
	0.65 ± 0.18
	0.63 ± 0.1
	0.15 ± 0.16
	0.58 ± 0.08

	
	ErG+CP
	0.64 ± 0.37
	0.62 ± 0.28
	0.63 ± 0.11
	0.17 ± 0.14
	0.69 ± 0.14

	
	Morgan
	0.79 ± 0.18
	0.55 ± 0.2
	0.67 ± 0.15
	0.22 ± 0.21
	0.77 ± 0.17

	
	Morgan+CP
	0.7 ± 0.28
	0.66 ± 0.31
	0.68 ± 0.16
	0.26 ± 0.24
	0.68 ± 0.18

	BSK_LPS_
SRB_down
	CP
	0.82 ± 0.16
	0.41 ± 0.13
	0.61 ± 0.08
	0.25 ± 0.21
	0.7 ± 0.06

	
	ErG
	0.58 ± 0.36
	0.49 ± 0.16
	0.54 ± 0.14
	0.07 ± 0.3
	0.62 ± 0.15

	
	ErG+CP
	0.79 ± 0.17
	0.52 ± 0.23
	0.66 ± 0.08
	0.31 ± 0.16
	0.7 ± 0.09

	
	Morgan
	0.75 ± 0.21
	0.31 ± 0.37
	0.53 ± 0.14
	0.03 ± 0.22
	0.55 ± 0.19

	
	Morgan+CP
	0.81 ± 0.18
	0.38 ± 0.15
	0.59 ± 0.04
	0.23 ± 0.15
	0.72 ± 0.06

	BSK_SAg_
Proliferation
_down
	CP
	0.68 ± 0.17
	0.49 ± 0.23
	0.58 ± 0.09
	0.16 ± 0.15
	0.65 ± 0.15

	
	ErG
	0.49 ± 0.37
	0.5 ± 0.17
	0.49 ± 0.16
	0.0 ± 0.28
	0.58 ± 0.19

	
	ErG+CP
	0.63 ± 0.24
	0.59 ± 0.31
	0.61 ± 0.1
	0.22 ± 0.19
	0.71 ± 0.12

	
	Morgan
	0.6 ± 0.12
	0.41 ± 0.14
	0.51 ± 0.08
	0.01 ± 0.15
	0.51 ± 0.15

	
	Morgan+CP
	0.72 ± 0.17
	0.52 ± 0.23
	0.62 ± 0.09
	0.23 ± 0.15
	0.7 ± 0.1

	BSK_SAg_
SRB_down
	CP
	0.79 ± 0.13
	0.32 ± 0.15
	0.56 ± 0.05
	0.13 ± 0.11
	0.62 ± 0.08

	
	ErG
	0.72 ± 0.22
	0.42 ± 0.32
	0.57 ± 0.08
	0.14 ± 0.13
	0.59 ± 0.07

	
	ErG+CP
	0.8 ± 0.15
	0.41 ± 0.24
	0.61 ± 0.07
	0.21 ± 0.11
	0.69 ± 0.08

	
	Morgan
	0.9 ± 0.1
	0.22 ± 0.13
	0.56 ± 0.04
	0.13 ± 0.1
	0.54 ± 0.08

	
	Morgan+CP
	0.83 ± 0.14
	0.36 ± 0.18
	0.59 ± 0.06
	0.2 ± 0.12
	0.65 ± 0.07

	Combined
Endpoint
	CP
	0.5 ± 0.38
	0.62 ± 0.09
	0.56 ± 0.2
	0.03 ± 0.3
	0.56 ± 0.2

	
	ErG
	0.41 ± 0.35
	0.82 ± 0.12
	0.61 ± 0.17
	0.17 ± 0.23
	0.61 ± 0.17

	
	ErG+CP
	0.47 ± 0.35
	0.72 ± 0.09
	0.59 ± 0.15
	0.1 ± 0.2
	0.59 ± 0.15

	
	Morgan
	0.38 ± 0.38
	0.69 ± 0.28
	0.53 ± 0.07
	0.05 ± 0.11
	0.53 ± 0.07

	
	Morgan+CP
	0.55 ± 0.35
	0.67 ± 0.13
	0.61 ± 0.18
	0.12 ± 0.27
	0.61 ± 0.18



(For the combined endpoint and the assay, ACEA_T47D_80hr_Negative assay, only 4 clusters were used based on PCA and hence a group 4-fold was used in the outer loop for this assay.)
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Figure S4. Area Under Curve- Receiver Operating Characteristic (AUC-ROC) performance of cluster averaged models for 12 assays. The whiskers extend to the lowest (highest) data point still within 1.5 IQR (interquartile range) of the lower (upper) quartile.
CP: Cell Painting
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Figure S5. Mathew’s Correlation constant (MCC) performance of cluster averaged models for 12 assays. The whiskers extend to the lowest (highest) data point still within 1.5 IQR (interquartile range) of the lower (upper) quartile. CP: Cell Painting
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Figure S6. Balanced Accuracy (BA) performance of cluster averaged models for 12 assays. The whiskers extend to the lowest (highest) data point still within 1.5 IQR (interquartile range) of the lower (upper) quartile.
CP: Cell Painting

Table S7 Feature Importance of Cell Painting descriptors. The mean feature importance value is calculated using 10-fold permutation importance from held-out test sets based on balanced accuracy and having a positive permutation score. Only 9 of the 12 assays contained common features over the folds, that is, features appearing in two or more folds out of the five-fold cross validation are considered. The features are grouped together by compartment and feature group to which they belong.
	[bookmark: _Hlk59008639]Assay
	Feature
	Mean Feature Importance
	Compartment
	Feature Group

	APR_HepG2_
CellLoss_24h_dn
	Cells_Granularity_8_Mito
	0.0357
	Cells
	Granularity

	
	Cells_Intensity_StdIntensity_Mito
	0.0263
	Cells
	Intensity
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