[image: C:\Users\Elaine.Scott\Documents\LaTex\____TEST____Frontiers_LaTeX_Templates_V2.5\Frontiers LaTeX (Science, Health and Engineering) V2.5 - with Supplementary material (V1.2)\logo1.jpg]		
		Supplementary Material
Supplementary Material 
for

Quantitative systems pharmacological analysis of drugs of abuse reveals the pleiotropy of their targets and the effector role of mTORC1
Fen Pei†, Hongchun Li†, Bing Liu* and Ivet Bahar*
Department of Computational and Systems Biology, School of Medicine, 
University of Pittsburgh, PA, 15213, USA




* Correspondence: Bing Liu liubing@pitt.edu and Ivet Bahar: bahar@pitt.edu
† These authors made equal contributions




Supplementary Figures and Tables

Supplementary Figures
	[image: Thumb]
Cocaine
	[image: Thumb]
Methylphenidate
	[image: Thumb]
Methamphetamine
	[image: Thumb]
Amphetamine

	[image: Thumb]
Phenmetrazine
	[image: Thumb]
Phendimetrazine
	[image: Thumb]
Pentobarbital
	[image: Thumb]
Zaleplon

	[image: Thumb]
Zolpidem
	[image: Thumb]
Glutethimide
	[image: Thumb]
Flunitrazepam
	[image: Thumb]
Diazepam

	[image: Thumb]
Lorazepam
	[image: Thumb]
Triazolam
	[image: Thumb]
Alprazolam
	[image: Thumb]
Chlordiazepoxide

	[image: Thumb]
Promethazine
	[image: Thumb]
Eszopiclone
	[image: Thumb]
Gamma Hydroxybutyric Acid (GHB)
	[image: Thumb]
      Meperidine

	[image: Thumb]
Fentanyl
	[image: Thumb]
Methadone
	[image: Thumb]
Loperamide
	[image: Thumb]
Oxymorphone

	[image: Thumb]
Hydromorphone
	[image: Thumb]
Hydrocodone
	[image: Thumb]
Oxycodone
	[image: Thumb]
Codeine

	[image: Thumb]
Morphine
	[image: Thumb]
Heroin
	[image: Thumb]
Buprenorphine
	[image: Thumb]
Cannabichromene

	[image: Thumb]
Dronabinol
	[image: Thumb]
Cannabidiol
	[image: Thumb]
Cannabinol
	[image: Thumb]
Anandamide

	[image: Thumb]
2-AG
	[image: Thumb]
Oxandrolone
	[image: Thumb]
Oxymetholone
	[image: Thumb]
Nandrolone

	[image: Thumb]
Psilocin
	[image: Thumb]
Dimethyltryptamine
	[image: Thumb]
Psilocybin
	[image: Thumb]
Lysergic Acid Diethylamide (LSD)

	[image: Thumb]
Ketamine
	[image: Thumb]
Phencyclidine
	[image: Thumb]
Midomafetamine
	[image: Thumb]
Mescaline

	[image: Thumb]
Dextrorphan
	[image: Thumb]
Dextromethorphan
	 
	 


Supplementary Figure 1. 2D structures of the 50 addictive drugs listed in Supplementary Table 1. The names of drugs/chemicals are colored green, blue, red, cyan, light brown, black and magenta for the 6 CNS stimulants, 13 CNS depressants, 12 opioids, 7 cannabinoids, 4 anabolic steroids and 10 hallucinogens, respectively. 
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[bookmark: _GoBack]Supplementary Figure 2. Prediction of new targets for known drugs of abuse. (A) Drug-target interactions are shown for three drugs of abuse, cocaine, cannabichromene and nandrolone. The colors of the drug nodes are consistent with the label colors in Figure 2C; the diamond nodes represent targets, the color of the target nodes is consistent with the label colors in Figure 2F; diamonds nodes with red borders represent predicted targets, diamond nodes without borders are the known targets; blue edges are known interactions and red edges are predicted interactions. Note that the norepinephrine transporter (NET/SLC6A2) and dopamine transporter (DAT/SLC6A3) are shared between cocaine and cannabichromene. Corticotropin-releasing factor receptor 1 (CRHR1) was predicted to be a new target shared between cannabichromene and nandrolone. See the full names of the known and predicted targets in the respective Supplementary Tables 2 and 3. (B) Drug-target interactions are shown for opioid receptors. Green diamonds are opioid receptors (OPRs): OPRM1, OPRD1 and OPRK1; 12 opioids interact with three OPRs either by existing evidence or prediction; hallucinogens ketamine and dextromethorphan also interact with three OPRs; a novel interaction between OPRM1 and the CNS stimulant methylphenidate was predicted.
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Supplementary Figure 3. Pathways distinguished by high numbers of targets associated with drugs of abuse, organized in five categories, as listed in Figure 4. The pathways listed in Supplementary Table 4 are ordered by the p-value calculated by merged targets. The bars here represent the number of known (gray) and predicted (white) proteins targeted by drugs of abuse in each pathway. Up to seven pathways have been included in each case.
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Supplementary Figure 4. Pathway and target enrichments in five functional categories and the overlap of targets in different categories. (A) Numbers of drug addiction pathways (red) and targets (gray) in the five pathway categories (NT: neurotransmission related pathways; SG: signal transduction pathways; DS: disease pathways; ANS: ANS-innervation related pathways and NP: neuroplasticity related pathways) identified from known (left) targets and predicted targets (right) exclude those pathways and targets involved in known drug-target interactions, respectively. (B) Numbers of overlapping known (left) and predicted (right) targets between NT, DS and SG pathway categories. (C) Overlap results as in (B), between NT, SG and NP pathway categories. (D) Overlap results as in (B), between NT, ANS and NP pathway categories. See detailed information on the identities of pathways and targets corresponding to the five functional categories in the Supplementary Table 4. 
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Supplementary Figure 5. The enriched overlapping pathways for lung/liver drugs and drugs of abuse. Enrichment p-values based on known (gray) or merged (light gray) targets (including both known and predicted targets) are calculated separately for each pathway, the pathways are ranked by the p-value calculated by merged targets of lung/liver drugs listed in Supplementary Table 7. There are 10 overlapping pathways with enrichment score (-log10(p-value)) over 2, between the pathways enriched by the examined sets of lung/liver drugs and drugs of abuse. Note that the neuroactive ligand-receptor interaction pathway, which has the highest enrichment score (known: 16.8, merged: 6.5 for lung/liver drugs; known: 104.6, merged: 93.05 for drugs of abuse) is not shown for visualization purpose. 
 

Supplementary Tables
Supplementary Table 1. 50 addictive drugs and their corresponding groups and identifiers
	Index
	Drug group and name
	DrugBank ID
	Pubchem ID
	# of targets
	Reference

	1
	CNS Stimulants
	Cocaine
	DB00907
	446220
	45
	(Gawin and Ellinwood, 1988)

	2
	
	Methylphenidate
	DB00422
	4158
	3
	(Klein-Schwartz, 2002)

	3
	
	Methamphetamine
	DB01577
	10836
	11
	(Winslow et al., 2007)

	4
	
	Amphetamine
	DB00182
	3007
	17
	(Kramer et al., 1967)

	5
	
	Phenmetrazine
	DB00830
	4762
	2
	(Mellar and Hollister, 1982)

	6
	
	Phendimetrazine
	DB01579
	30487
	3
	(Bolin et al., 2016)

	7
	CNS Depressants
	Pentobarbital
	DB00312
	4737
	27
	(Griffiths et al., 1979)

	8
	
	Zaleplon
	DB00962
	5719
	2
	(Dooley and Plosker, 2000)

	9
	
	Zolpidem
	DB00425
	5732
	13
	(Madrak and Rosenberg, 2001)

	10
	
	Glutethimide
	DB01437
	3487
	16
	(Jones and Mayberry, 1986)

	11
	
	Flunitrazepam
	DB01544
	3380
	16
	(Druid et al., 2001)

	12
	
	Diazepam
	DB00829
	3016
	24
	(Woody et al., 1975)

	13
	
	Lorazepam
	DB00186
	3958
	17
	(Troisi 2nd et al., 1993)

	14
	
	Triazolam
	DB00897
	5556
	20
	(Fleming, 1983)

	15
	
	Alprazolam
	DB00404
	2118
	17
	(Rush et al., 1993)

	16
	
	Chlordiazepoxide
	DB00475
	2712
	16
	(Hollister et al., 1961)

	17
	
	Promethazine
	DB01069
	4927
	19
	(Tsay et al., 2015)

	18
	
	Eszopiclone
	DB00402
	969472
	17
	(Hajak et al., 2003)

	19
	
	Gamma Hydroxybutyric Acid (GHB)
	DB01440
	11266
	2
	(Galloway et al., 2000)

	20
	Opioids
	Meperidine
	NA
	4058
	2
	(Joranson et al., 2000)

	21
	
	Fentanyl
	DB00813
	3345
	3
	(Gold et al., 2006)

	22
	
	Methadone
	DB00333
	4095
	11
	(Cicero and Inciardi, 2005)

	23
	
	Loperamide
	DB00836
	3955
	5
	(Lasoff et al., 2017)

	24
	
	Oxymorphone
	DB01192
	5284604
	3
	(Babalonis et al., 2016)

	25
	
	Hydromorphone
	DB00327
	5284570
	3
	(Walsh et al., 2008)

	26
	
	Hydrocodone
	DB00956
	5284569
	2
	(Babalonis et al., 2016)

	27
	
	Oxycodone
	DB00497
	5284603
	5
	(Harris et al., 2014)

	28
	
	Codeine
	DB00318
	5284371
	3
	(Kathiramalainathan et al., 2000)

	29
	
	Morphine
	DB00295
	5288826
	4
	(Preston et al., 1991)

	30
	
	Heroin
	DB01452
	5462328
	3
	(Büttner et al., 2000)

	31
	
	Buprenorphine
	DB00921
	644073
	4
	(Oconnor et al., 1988)

	32
	Cannabinoids
	Cannabichromene
	NA
	30219
	1
	(Poklis et al., 2010)

	33
	
	Dronabinol
	DB00470
	16078
	3
	(Calhoun et al., 1998)

	34
	
	Cannabidiol
	DB09061
	644019
	2
	(Robson, 2011)

	35
	
	Cannabinol
	NA
	2543
	2
	(Yamamoto et al., 2003)

	36
	
	Anandamide
	NA
	5281969
	2
	(Solinas et al., 2007)

	37
	
	2-AG
	NA
	5282280
	2
	(Solinas et al., 2007)

	38
	Steroids
	Oxandrolone
	DB00621
	5878
	1
	(Bahrke and Yesalis, 2004)

	39
	
	Oxymetholone
	DB06412
	5281034
	2
	(Bahrke and Yesalis, 2004)

	40
	
	Nandrolone
	DB13169
	9904
	2
	(Kouvelas et al., 2008)

	41
	Hallucinogens
	Psilocin
	NA
	4980
	11
	(Ludwig and Levine, 1965)

	42
	
	Dimethyltryptamine
	DB01488
	8441
	3
	(Winstock et al., 2014)

	43
	
	Psilocybin
	DB11664
	10624
	5
	(Passie et al., 2002)

	44
	
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Lysergic Acid Diethylamide (LSD)
	DB04829
	5761
	12
	(Simpson et al., 1997)

	45
	
	Ketamine
	DB01221
	3821
	20
	(Dotson et al., 1995)

	46
	
	Phencyclidine
	DB03575
	6468
	10
	(Slavney et al., 1977)

	47
	
	Midomafetamine
	DB01454
	1615
	8
	(Seger, 2010)

	48
	
	Mescaline
	NA
	4076
	2
	(Neiman et al., 2000)

	49
	
	Dextrorphan
	NA
	5360697
	1
	(Schwartz, 2005)

	50
	
	Dextromethorphan
	DB00514
	5360696
	21
	(Boyer, 2004)


‘# of targets’ counts the number of targets of drugs recorded in both DrugBank v5 (Wishart et al., 2018) and STITCH v5 (Szklarczyk et al., 2016).
Supplementary Tables 2-4 and 6 are presented in Excel files.


	Supplementary Table 5. Enrichment of the 190 targets of addictive drugs in the brain

	Category(a)
	Count
	Ref(b)
	ER(c)
	Targets(d)

	Elevated in brain
	49
	1460
	3.4%
	HTR5A; GABRB1; GRIA2; GABRG2; GABRG1; CHRNB2; GRIN2B; HTR2A; HTR2C; SLC6A17; GABRA5; GABRA4; GRIN1; GABRD; GABRA1; GABRB2; GABRA3; GABRA2; HRH3; P2RY12; SLC6A1; SLC6A7; OPRL1; CNR1; CACNA1A; GRIN3A; SLC6A11; SLC6A15; CHRM5; CHRM4; CHRM3; CHRM1; CHRNA4; OPRK1; GABRB3; ADRA1B; GRIK2; GABRQ; GRIN2C; GRIN2A; HTR3B; OPRD1; GRIN2D; HTR1A; CCKBR; GLP1R; DRD5; CRHR1; DRD1

	Moderately expressed in brain
	82
	13058
	0.6%
	SLC52A2; RAC2; PGRMC1; RAC1; CHRNB1; GABRP; CYBA; BRD4; PRCP; TSPO; SIGMAR1; ERBB2; NR3C1; HDAC6; S1PR1; EPHX2; MAPK14; PPARD; HMGCR; CTSS; CDK2; NR1H2; DPP7; NCF2; NCF1; SLC6A6; NCF4; GABRG3; SLC6A9; SLC6A8; ADRB2; BCHE; ADRB1; TMIGD3; ADRA2A; ADRA2C; HRH1; SLC6A13; SLC6A12; SLC6A16; CHRM2; CYBB; HTR7; AR; CARTPT; CHRNA2; POMC; ACHE; TACR1; ADRA1A; SLC6A20; ADRA1D; KCNH2; ALB; MAOB; MAOA; CHRNA7; HTR1B; GABRE; HTR1E; HTR1F; CHRNA5; PTGS2; IGF1R; PTGDR2; CRHR2; CALCRL; DHFR; PIK3CA; EGFR; THRB; IKBKB; PPARG; DHFR2; PTAFR; TYMS; SRD5A1; TRPV2; TRPV1; F10; P2RX7; CHEK1

	Not detected in brain
	59
	5095
	1.2%
	CHRNE; SLC6A2; SLC6A5; SLC6A4; GABRR1; CHRNA10; AOX1; GPR55; TRPA1; GABRA6; CNR2; CHRNB3; CHRNB4; ADRA2B; XDH; SLC6A19; SLC6A18; PGR; HTR2B; NPPB; SLC6A14; SCN11A; HTR3E; GRIN3B; OPRM1; CHRNG; CHRNA1; CHRNA3; CHRNA9; TAAR1; ORM1; ORM2; DRD2; DRD3; ADRB3; HTR3C; CHRND; HTR3A; HTR1D; SLC18A2; SLC18A1; SCN5A; VDR; ESR2; CCKAR; GCGR; TRPV4; CALCA; SLC6A3; GABRR2; GABRR3; HRH4; SCN10A; HTR6; HTR3D; CHRNA6; SLC18A3; GLRA1; DRD4

	Total
	190
	19613
	 
	

	(a)Categories of targets (genes) are defined based on the mRNA expression levels of genes with the unit of Transcript Per Million (TPM) (Uhlén et al., 2015). Elevated in brain: > 5-fold higher than other tissues (targets in bold are the most enriched in the brain); Moderately expressed in brain: at least 1 TPM in brain and other tissues; Not detected in brain: less than 1 TPM in brain. 
(b)Number of genes in human proteome belong to each category.
(c)Enrichment ratio (ER) is the ratio of between numbers in Count and Ref columns. The ER in category of “Elevated in brain” is ~5-fold higher than that in “Moderately expressed in brain”. 
(d)Predicted targets are colored in red.



Supplementary Table 7. 15 autophagy-modulating drugs(a) for liver and lung diseases.
	No.
	Drug name
	DrugBank ID
	Pubchem ID
	Disease
	Reference

	1
	Carbamazepine
	DB00564
	2554
	alpha1-antitrypsin deficiency; hepatic fibrosis; lung Proteinopathy
	(Hidvegi et al., 2010; Hidvegi et al., 2015)

	2
	Fluphenazine
	DB00623
	3372
	alpha1-antitrypsin deficiency; lung Proteinopathy
	(Li et al., 2014; Hidvegi et al., 2015)

	3
	Cantharidin
	NA
	5944
	alpha1-antitrypsin deficiency
	(Krichevsky et al., 2010)

	4
	Pimozide
	DB01100
	16362
	alpha1-antitrypsin deficiency
	(Park et al., 2010)

	5
	Tamoxifen
	DB00675
	2733525
	alpha1-antitrypsin deficiency
	(De Mol et al., 2010)

	6
	Phenylbutyric Acid
	NA
	4775
	alpha1-antitrypsin deficiency
	(Burrows et al., 2000)

	7
	Vorinostat
	NA
	5311
	alpha1-antitrypsin deficiency
	(Bouchecareilh et al., 2012)

	8
	Glycerol
	DB09462
	753
	alpha1-antitrypsin deficiency
	(Burrows et al., 2000)

	9
	Fluspirilene
	DB04842
	3396
	alpha1-antitrypsin deficiency
	(O'reilly et al., 2014)

	10
	Ezetimibe
	NA
	150311
	alpha1-antitrypsin deficiency
	(Yamamura et al., 2014)

	11
	Gemfibrozil
	DB01241
	3463
	COPD-emphysema
	(Bodas et al., 2017a)

	12
	Fisetin
	NA
	5281614
	COPD-emphysema
	(Bodas et al., 2017a)

	13
	Cysteamine
	NA
	6058
	COPD-emphysema
	(Bodas et al., 2016; Shivalingappa et al., 2016)

	14
	S-Nitrosoglutathione
	NA
	104858
	COPD-emphysema
	(Bodas et al., 2017b)

	15
	Rapamycin
	NA
	5284616
	lung fibrosis; cystic fibrosis
	(Kouvelas et al., 2008; Abdulrahman et al., 2011; Patel et al., 2012)


(a)These drugs are known autophagy modulators and have been reported to have therapeutic effects for liver and lung diseases.
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