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Purpose

Develop an automated 
process to develop lists of 
positive and negative in 
vitro reference chemicals 
for target genes and/or 
cell processes

Use case study targets 
for which to generate 
reference chemicals

Use only ToxCast/Tox21 
data [initially no new 
experiments or literature 
review included]

A reference chemical is one that gives consistent results (active vs inactive) 
across multiple different assays that measure activity 

against a target or molecular mechanism (Judson et al, 2019)

Purpose

The views expressed are those of the authors and do not necessarily represent the policies of the US EPA



Candidate Targets for Case Studies

Gene Targets List Gene 
Symbol(s) Assay Sources

Androgen Receptor AR ACEA, ATG, NVS, OT, TOX21, UPITT
Estrogen Receptors ESR1/2 ACEA, ATG, NVS, OT, TOX21
Glucocorticoid Receptor NR3C1 ATG, NVS, TOX21
Peroxisome Proliferator 
Activated Receptor Gamma PPARG ATG, NVS, OT, TOX21

Progesterone Receptor PGR ATG, NVS, TOX21
Retinoic Acid Receptors RARA/B/G ATG, NVS, TOX21
Thyroid Hormone Receptor TRA/B ATG, NVS, TOX21
Tumor Protein P53 TP53 APR, ATG, TOX21

Cell Processes List Assay Sources
Mitochondria Toxicity APR, NCCT, NVS, TOX21
Stress Pathways APR, ATG, TOX21

For a candidate target to be included for generating reference chemicals, it needs to have at 
least 3 orthogonal assays (ideally from different source groups and using different technologies)

Assay Abbreviations ACEA: ACEA Biosciences, ATG: Attagene, NVS: NovaScreen, OT: Oddessy Theta, TOX21: Tox21, UPITT: University of Pittsburg, NCCT: National Center for Computational Toxicology (now CCTE)

Candidate Targets for Case Studies



Candidate Target List Gene Symbol(s) Assay Sources
Acetylcholinesterase AChE NVS, TOX21
Cytochrome P450 Enzymes CYP19A1 + CYP3A4 NVS, TOX21
G-Protein Coupled Receptor GPCR ERF, NVS
Transforming Growth Factor Beta 1 TGFB1 ATG, BSK

Excluded because there are only two assay source groups 
[minimum of three sources were necessary to be included in our list]

Assay Abbreviations ATG: Attagene, BSK: BSK Associates, ERF: Eurofins, NVS: NovaScreen, TOX21: Tox21 

Other Gene Targets that were considered



Quality Control: Will start by filtering the assay data to remove cytotoxic doses

Positive reference chemicals: will need to be consistently positive in the target 
assays at concentrations below the burst

Negative reference chemicals: will need to be consistently negative for the target 
assays, but will be checked that they have positive activity in off-target assays

Results Goal: Generate at least 2+ reference chemicals per target, but 10+ 
reference chemicals per target would be best, with a range of potencies

Assessment of method performance:
Compare to expert-panel selected reference chemicals (ER/AR)
Conduct literature search to identify supporting or contradictory information

Proposed Methods and Goals



Two workflows to compare:
• Majority rule

If the majority of assays are positive 
(around a similar concentration), then the 
chemical is deemed a reference chemical

• Biological context
Use assays for different parts of the 
biological pathways and ensure that a 
chemical is activating the pathway 
(around a similar concentration) for it to 
be deemed a reference chemical

Grouping of Assays by Biological Context

Judson, Richard, et al. "Selecting a minimal set of androgen receptor assays for 
screening chemicals." Regulatory Toxicology and Pharmacology 117 (2020): 104764.

*Similar concentration refers to concentrations within 10-fold

Proposed Methods, Continued

Tox21 ATG NVS
Some sources have multiple assays for the target

Majority rule testing workflow



Candidate Targets for Case Studies

Gene Targets List Gene 
Symbol(s) Assay Sources

Androgen Receptor AR ATG, NVS, TOX21, ACEA, OT, UPITT
Estrogen Receptors ESR1/2 ATG, NVS, TOX21, ACEA, OT
Glucocorticoid Receptor NR3C1 ATG, NVS, TOX21
Peroxisome Proliferator 
Activated Receptor Gamma PPARG ATG, NVS, TOX21, OT

Progesterone Receptor PGR ATG, NVS, TOX21
Retinoic Acid Receptors RARA/B/G ATG, NVS, TOX21
Thyroid Hormone Receptor TRA/B ATG, NVS, TOX21
Tumor Protein P53 TP53 APR, ATG, TOX21

Cell Processes List Assay Sources
Mitochondria Toxicity APR, NVS, TOX21, NCCT
Stress Pathways APR, ATG, TOX21

Proposal: we will compare results when restricting the process to the most 
common assay sources to the findings when all assay sources are included

Assay Abbreviations ACEA: ACEA Biosciences, ATG: Attagene, NVS: NovaScreen, OT: Oddessy Theta, TOX21: Tox21, UPITT: University of Pittsburg, NCCT: National Center for Computational Toxicology (now CCTE)

Candidate Targets for Case Studies



Potential Application:
Adverse Outcome Pathways (AOPs) Validation

• Screen chemicals that disrupt any part of AOP pathways to generate 
reference chemicals for particular adverse outcomes

• Compare list of reference chemicals with zebrafish toxicity screen results 
and other curated findings, such as from CPP13 for RAR AOPs

Example AOPs for developmental defects from RAR pathway perturbation
Knudsen, Thomas B., 
Jocylin D. Pierro, and 
Nancy C. Baker. "Retinoid 
signaling in skeletal 
development: Scoping the 
system for predictive 
toxicology." Reproductive 
Toxicology 99 (2021): 
109-130.

Adverse Outcome Pathway (AOP) Framework (OECD 2014)



Timeline and Deliverables

Timeframe Project progress goal
May 2021 – Dec 2021 Selection of targets (genes/cell processes)

Determine methods and start data analysis
Jan 2022 – June 2022 Data analysis
July 2022 – Dec 2022 Write manuscript on gene/cell processes targets 

Apply methods to AOPs of interest with comparisons to zebrafish data
Jan 2023 – June 2023 Submit manuscript for gene/cell processes targets

Write manuscript for AOP target
June 2023 – Dec 2023 Submit manuscript for AOP application

Conclude CPP
TBD Present work to APRCA and/or OECD



Increase speed of 
generating new 

reference chemical lists 
by automating the 

process and removing 
the need for upfront 

literature review

The list of assays and 
reference chemicals 

could be used to 
validate new assays 

or AOPs

Improve chemical 
screening abilities 

when assessing 
chemical toxicity

Big Picture – Benefits



Comments?



Extra slides 
for Q&A



Judson, Richard, et al. "Selecting a minimal set of androgen receptor assays for 
screening chemicals." Regulatory Toxicology and Pharmacology 117 (2020): 104764.



Expert Curated List
in vitro left image
Kleinstreuer et al 2017

https://doi.org/10.1021/acs.ch
emrestox.6b00347

in vivo right image
Kleinstreuer et al 2018

https://doi.org/10.1016/j.repr
otox.2018.08.017

Androgen Receptor Reference Chemicals

https://doi.org/10.1021/acs.chemrestox.6b00347
https://doi.org/10.1016/j.reprotox.2018.08.017


Expert Curated List
Browne et al 2015

https://doi.org/10.1021/acs.est.5b02641

Estrogen Receptor Reference Chemicals



Androgen Receptor, Example of Assays

assay source_group intended_target biological_process biological_process_2 organism tissue cell_short_
name version

ACEA_AR_agonist_AUC ACEA AR androgen receptor old
ACEA_AR_antagonist_AUC ACEA AR androgen receptor old
ACEA_AR_agonist_80hr ACEA AR human prostate 22Rv1 new
ACEA_AR_antagonist_80hr ACEA AR human prostate 22Rv1 new
ATG_AR_TRANS_up ATG_TRANS AR androgen receptor nuclear receptor ATG human liver HepG2 old
NVS_NR_cAR NVS_NR AR androgen receptor nuclear receptor NVS chimpanzee old
NVS_NR_hAR NVS_NR AR androgen receptor nuclear receptor NVS human old
NVS_NR_rAR NVS_NR AR androgen receptor nuclear receptor NVS rat prostate old

OT_AR_ARELUC_AG_1440 OT AR androgen receptor nuclear receptor OT chinese 
hamster ovary CHO-K1 old

OT_AR_ARSRC1_0480 OT AR androgen receptor nuclear receptor OT human kidney HEK293T old
OT_AR_ARSRC1_0960 OT AR androgen receptor nuclear receptor OT human kidney HEK293T old
TOX21_AR_BLA_Agonist_ratio Tox21_BLA_Agonist AR androgen receptor nuclear receptor Tox21 human kidney HEK293T old
TOX21_AR_BLA_Antagonist_ratio Tox21_BLA_Antagonist AR androgen receptor nuclear receptor Tox21 ant human kidney HEK293T old
TOX21_AR_LUC_MDAKB2_Agonist Tox21_LUC_Agonist AR androgen receptor nuclear receptor Tox21 human breast MDA-kb2 old

TOX21_AR_LUC_MDAKB2_Agonist2 Tox21_LUC_Agonist AR regulation of transcription 
factor activity

regulation of transcription 
factor activity new

TOX21_AR_LUC_MDAKB2_Antagonist Tox21_LUC_Antagonist AR androgen receptor nuclear receptor Tox21 ant human breast MDA-kb2 old
TOX21_AR_LUC_MDAKB2_Antagonist2 Tox21_LUC_Antagonist AR androgen receptor nuclear receptor Tox21 ant human breast MDA-kb2 old



ESR1/ESR2, Example of Assays 

assay source_group intended_target biological_process biological_process_2 organism tissue cell_short_
name version

ACEA_ER_80hr ACEA ESR1 estrogen receptor cell proliferation human breast T47D new
ACEA_T47D_80hr_Positive ACEA ESR1 estrogen receptor nuclear receptor ACEA human breast T47D old
ACEA_T47D_AUC_ER_agonist ACEA ESR1 estrogen receptor old
ATG_ERE_CIS_up ATG_CIS ESR1 estrogen receptor nuclear receptor ATG human liver HepG2 old
ATG_ERa_TRANS_up ATG_TRANS ESR1 estrogen receptor nuclear receptor ATG human liver HepG2 old
NVS_NR_bER NVS_NR ESR1 estrogen receptor nuclear receptor NVS bovine uterus old
NVS_NR_hER NVS_NR ESR1 estrogen receptor nuclear receptor NVS human old
NVS_NR_mERa NVS_NR Esr1 estrogen receptor nuclear receptor NVS mouse old
OT_ER_ERaERa_0480 OT ESR1 estrogen receptor nuclear receptor OT human kidney HEK293T old
OT_ER_ERaERa_1440 OT ESR1 estrogen receptor nuclear receptor OT human kidney HEK293T old
OT_ERa_EREGFP_0120 OT ESR1 estrogen receptor nuclear receptor OT human cervix HeLa old
OT_ERa_EREGFP_0480 OT ESR1 estrogen receptor nuclear receptor OT human cervix HeLa old

OT_ERa_ERELUC_AG_1440 OT ESR1 estrogen receptor regulation of gene expression chinese 
hamster ovary CHO-K1 new

OT_ERa_ERELUC_ANT_1440 OT ESR1 estrogen receptor regulation of gene expression chinese 
hamster ovary CHO-K1 new

TOX21_ERa_BLA_Agonist_ratio Tox21_BLA_Agonist ESR1 estrogen receptor nuclear receptor Tox21 human kidney HEK293T old
TOX21_ERa_BLA_Antagonist_ratio Tox21_BLA_Antagonist ESR1 estrogen receptor nuclear receptor Tox21 ant human kidney HEK293T old
TOX21_ERa_LUC_BG1_Agonist Tox21_LUC_Agonist ESR1 estrogen receptor nuclear receptor Tox21 human ovary BG1 old
TOX21_ERa_LUC_BG1_Antagonist Tox21_LUC_Antagonist ESR1 estrogen receptor nuclear receptor Tox21 ant human ovary BG1 old
OT_ER_ERaERb_0480 OT ESR1,ESR2 estrogen receptor nuclear receptor OT human kidney HEK293T old
OT_ER_ERaERb_1440 OT ESR1,ESR2 estrogen receptor nuclear receptor OT human kidney HEK293T old
OT_ER_ERbERb_0480 OT ESR2 estrogen receptor nuclear receptor OT human kidney HEK293T old
OT_ER_ERbERb_1440 OT ESR2 estrogen receptor nuclear receptor OT human kidney HEK293T old

OT_ERb_ERELUC_ANT_1440 OT ESR2 estrogen receptor regulation of gene expression chinese 
hamster ovary CHO-K1 new



PPARG 

assay source_group intended_target biological_process biological_process_2 organism tissue
cell_short_
name version

ATG_PPARg_TRANS_up ATG_TRANS PPARG ppar signaling nuclear receptor ATG human liver HepG2 old
NVS_NR_hPPARg NVS_NR PPARG ppar signaling nuclear receptor NVS human old
TOX21_PPARg_BLA_Agonist_ratio Tox21_BLA_Agonist PPARG ppar signaling nuclear receptor Tox21 human kidney HEK293T old
TOX21_PPARg_BLA_antagonist_ratio Tox21_BLA_Antagonist PPARG ppar signaling nuclear receptor Tox21 ant human kidney HEK293 old



RAR family 

assay source_group intended_target biological_process biological_process_2 organism tissue cell_short_
name version

ATG_RARa_TRANS_up ATG_TRANS RARA nuclear receptor ATG nuclear receptor ATG human liver HepG2 old
NVS_NR_hRAR_Antagonist NVS_NR RARA nuclear receptor NVS nuclear receptor NVS human old
NVS_NR_hRARa_Agonist NVS_NR RARA nuclear receptor NVS nuclear receptor NVS human old
ATG_DR5_CIS_up ATG_CIS RARA RARB RARG nuclear receptor ATG nuclear receptor ATG human liver HepG2 old

TOX21_RAR_LUC_Agonist Tox21_BLA_Agonist RARA RARG regulation of transcription 
factor activity

regulation of transcription factor 
activity new

TOX21_RAR_LUC_Antagonist Tox21_LUC_Antagonist RARA RARG regulation of transcription 
factor activity

regulation of transcription factor 
activity new

ATG_RARb_TRANS_up ATG_TRANS RARB nuclear receptor ATG nuclear receptor ATG human liver HepG2 old
ATG_RARg_TRANS_up ATG_TRANS RARG nuclear receptor ATG nuclear receptor ATG human liver HepG2 old



TGFB1 

assay source_group intended_target biological_process biological_process_2 organism tissue cell_short_name version
ATG_TGFb_CIS_up ATG_CIS TGFB1 inflammation up inflammation up human liver HepG2 old

BSK_BE3C_TGFb1_down BSK_down TGFB1 inflammation down inflammation down human lung bronchial epithelial cell old

BSK_KF3CT_TGFb1_down BSK_down TGFB1 inflammation down inflammation down human skin keratinocytes and 
foreskin fibroblasts old

BSK_BE3C_TGFb1_up BSK_up TGFB1 inflammation up inflammation up human lung bronchial epithelial cell old

BSK_KF3CT_TGFb1_up BSK_up TGFB1 inflammation up inflammation up human skin keratinocytes and 
foreskin fibroblasts old



TP53 

assay source_group intended_target biological_process biological_process_2 organism tissue cell_short_
name version

APR_HepG2_p53Act_1h_dn APR_dn TP53 apoptosis down apoptosis down human liver HepG2 old
APR_HepG2_p53Act_24h_dn APR_dn TP53 apoptosis down apoptosis down human liver HepG2 old
APR_HepG2_p53Act_72h_dn APR_dn TP53 apoptosis down apoptosis down human liver HepG2 old
APR_HepG2_p53Act_24h_up APR_up TP53 apoptosis up apoptosis up human liver HepG2 old
APR_HepG2_p53Act_72h_up APR_up TP53 apoptosis up apoptosis up human liver HepG2 old
APR_HepG2_p53Act_1h_up APR_up TP53 apoptosis up (remove) apoptosis up human liver HepG2 old
ATG_p53_CIS_up ATG_CIS TP53 apoptosis up (remove) apoptosis up human liver HepG2 old
TOX21_p53_BLA_p1_ratio Tox21_BLA_Agonist TP53 apoptosis up apoptosis up human intestinal HCT116 old
TOX21_p53_BLA_p2_ratio Tox21_BLA_Agonist TP53 apoptosis up apoptosis up human intestinal HCT116 old
TOX21_p53_BLA_p3_ratio Tox21_BLA_Agonist TP53 apoptosis up apoptosis up human intestinal HCT116 old
TOX21_p53_BLA_p4_ratio Tox21_BLA_Agonist TP53 apoptosis up apoptosis up human intestinal HCT116 old
TOX21_p53_BLA_p5_ratio Tox21_BLA_Agonist TP53 apoptosis up apoptosis up human intestinal HCT116 old



assay source_group intended_target biological_process biological_process_2 organism tissue cell_short_name version
APR_HepG2_OxidativeStress_1h_dn APR_dn oxidative stress down oxidative stress down human liver HepG2 old
APR_HepG2_OxidativeStress_24h_dn APR_dn oxidative stress down oxidative stress down human liver HepG2 old
APR_HepG2_OxidativeStress_72h_dn APR_dn oxidative stress down oxidative stress down human liver HepG2 old
APR_HepG2_StressKinase_1h_dn APR_dn oxidative stress down oxidative stress down human liver HepG2 old
APR_HepG2_StressKinase_24h_dn APR_dn oxidative stress down oxidative stress down human liver HepG2 old
APR_HepG2_StressKinase_72h_dn APR_dn oxidative stress down oxidative stress down human liver HepG2 old
APR_HepG2_OxidativeStress_24h_up APR_up oxidative stress up oxidative stress up human liver HepG2 old
APR_HepG2_OxidativeStress_72h_up APR_up oxidative stress up oxidative stress up human liver HepG2 old

APR_HepG2_OxidativeStress_1h_up APR_up
oxidative stress up 
(remove) oxidative stress up human liver HepG2 old

APR_HepG2_StressKinase_1h_up APR_up
oxidative stress up 
(remove) oxidative stress up human liver HepG2 old

APR_HepG2_StressKinase_24h_up APR_up
oxidative stress up 
(remove) oxidative stress up human liver HepG2 old

APR_HepG2_StressKinase_72h_up APR_up
oxidative stress up 
(remove) oxidative stress up human liver HepG2 old

TOX21_ESRE_BLA_ratio Tox21_BLA_Agonist ATF6 ER stress ER stress human cervix HeLa old

ATG_MRE_CIS_up ATG_CIS MTF1
oxidative stress up 
(remove) oxidative stress up human liver HepG2 old

ATG_NRF2_ARE_CIS_up ATG_CIS NFE2L2 oxidative stress up oxidative stress up human liver HepG2 old
ATG_NRF1_CIS_up ATG_CIS NRF1 oxidative stress up oxidative stress up human liver HepG2 old
ATG_SREBP_CIS_up ATG_CIS SREBF1 ER stress ER stress human liver HepG2 old
ATG_Xbp1_CIS_up ATG_CIS XBP1 ER stress ER stress human liver HepG2 old

Stress pathways, Example of Assays



assay source_group intended_target biological_process biological_process_2 organism tissue cell_short_name version
APR_HepG2_MitoMass_1h_dn APR_dn mitochondrial disruption down mitochondrial disruption down human liver HepG2 old
APR_HepG2_MitoMass_24h_dn APR_dn mitochondrial disruption down mitochondrial disruption down human liver HepG2 old
APR_HepG2_MitoMass_72h_dn APR_dn mitochondrial disruption down mitochondrial disruption down human liver HepG2 old
APR_HepG2_MitoMembPot_1h_dn APR_dn mitochondrial disruption down mitochondrial disruption down human liver HepG2 old
APR_HepG2_MitoMembPot_24h_dn APR_dn mitochondrial disruption down mitochondrial disruption down human liver HepG2 old
APR_HepG2_MitoMembPot_72h_dn APR_dn mitochondrial disruption down mitochondrial disruption down human liver HepG2 old
APR_Hepat_MitoFxnI_1hr_dn APR_hepat_dn mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_1hr_MEAN_dn APR_hepat_dn mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_24hr_dn APR_hepat_dn mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_24hr_MEAN_dn APR_hepat_dn mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_48hr_dn APR_hepat_dn mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_48hr_MEAN_dn APR_hepat_dn mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_1hr_MEAN_up APR_hepat_up mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_1hr_up APR_hepat_up mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_24hr_MEAN_up APR_hepat_up mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_24hr_up APR_hepat_up mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_48hr_MEAN_up APR_hepat_up mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_Hepat_MitoFxnI_48hr_up APR_hepat_up mitochondrial depolarization mitochondrial depolarization rat liver hepatocyte new
APR_HepG2_MitoMass_24h_up APR_up mitochondrial disruption up mitochondrial disruption up human liver HepG2 old
APR_HepG2_MitoMass_72h_up APR_up mitochondrial disruption up mitochondrial disruption up human liver HepG2 old
APR_HepG2_MitoMass_1h_up APR_up mitochondrial disruption up (remove) mitochondrial disruption up human liver HepG2 old
APR_HepG2_MitoMembPot_1h_up APR_up mitochondrial disruption up (remove) mitochondrial disruption up human liver HepG2 old
APR_HepG2_MitoMembPot_24h_up APR_up mitochondrial disruption up (remove) mitochondrial disruption up human liver HepG2 old
APR_HepG2_MitoMembPot_72h_up APR_up mitochondrial disruption up (remove) mitochondrial disruption up human liver HepG2 old
NVS_ENZ_rMAOAC NVS_ENZ Maoa mitochondrial disruption up enzyme blocking rat brain old
NVS_ENZ_rMAOAP NVS_ENZ Maoa mitochondrial disruption up enzyme blocking rat liver old
NVS_ENZ_rMAOAC_Activator NVS_ENZ_Activator Maoa mitochondrial disruption down enzyme anti-blocking rat brain old
NVS_ENZ_rMAOAP_Activator NVS_ENZ_Activator Maoa mitochondrial disruption down enzyme anti-blocking rat liver old
NVS_ENZ_rMAOBC NVS_ENZ Maob mitochondrial disruption up enzyme blocking rat brain old
NVS_ENZ_rMAOBP NVS_ENZ Maob mitochondrial disruption up enzyme blocking rat brain old
NVS_ENZ_rMAOBC_Activator NVS_ENZ_Activator Maob mitochondrial disruption down enzyme anti-blocking rat brain old
NVS_ENZ_rMAOBP_Activator NVS_ENZ_Activator Maob mitochondrial disruption down enzyme anti-blocking rat brain old
TOX21_MMP_ratio_down Tox21_BLA_Agonist mitochondrial disruption down old
Tox21_MitochondrialToxicity_ratio Tox21_BLA_Agonist mitochondrial disruption up mitochondrial disruption up human liver HepG2 old
TOX21_MMP_ratio_up Tox21_BLA_Agonist mitochondrial disruption up old
NVS_MP_hPBR NVS_MP TSPO mitochondrial disruption up mitochondrial disruption up human intestinal old
NVS_MP_rPBR NVS_MP Tspo mitochondrial disruption up mitochondrial disruption up rat kidney old
TOX21_MMP_fitc Tox21_LUC_Agonist mitochondrial depolarization mitochondrial depolarization human liver HepG2 new
TOX21_MMP_rhodamine Tox21_LUC_Agonist mitochondrial depolarization mitochondrial depolarization human liver HepG2 new

Mitochondria, Example of Assays
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