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• Assay selection strategy
• Assays by platform
• What is being measured
• Assay format
• Interferences
• Example curve fits

• Assay results interpretation

Overview of ToxCast/Tox21 Bioactivity Assays

High-Throughput Assays
• No precise definition
• Batch testing of compounds
• Usually in microtiter plates (48, 96, 

384, 1536 well plates)
• For ToxCast it refers to hundreds to 

thousands of compounds at multiple 
concentrations

• Tox21 uses qHTS format: ⁓8,500 
samples at 15 concentrations



Assay Selection Strategy

• Several rounds of solicitations for broad ranges of assays covering target gene families, 
critical pathways, toxicity phenotypes, complex cell culture systems, gene expression, 
developmental pathways

• Required:
• Ability to efficiently screen thousands of chemicals
• Existing, validated assays
• Quality Assurance/Quality Control program

• Lack of extensive list of defined toxicity pathways/targets required broad approach



ToxCast Data Sources 
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ToxCast Released Data Sets

• Biochemical
• Novascreen (PerkinElmer)

• Model Organism
• Zebrafish

• Cell-Based
• ACEA
• Attagene
• BioSeek (DiscoveRx)
• Apredica (Cyprotex)
• OdysseyThera
• Tox21 (NIH/NCATS)
• CeeTox
• NHEERL/ORD/EPA



Novascreen (PerkinElmer): 
Biochemical Assays

• Protein super-families
• GPCR
• Kinase
• Phosphatase
• Protease
• Ion channel
• Nuclear receptor
• Other enzyme
• CYP P450 inhibition
• Transporters

• Various formats:
• Radioligand receptor binding
• Fluorescent receptor binding
• Fluorescent enzyme substrate-intensity/quench
• Fluorescent enzyme substrate-mobility shift

• Initial screening:
• 25 µM in duplicate
• 10 µM in duplicate (CYPs)

• Positive controls
• Assay specific
• Vendor selected

• Normalize data to assay window
• % of control activity (central reference – scalar 

reference)



NVS Testing Strategy

• Initial Single Concentration Testing
• 25 µM high concentration
• 10 µM for CYPs

• Retest actives:
• 2*Median Absolute Deviation (MAD)   or 30% 

activity from single conc
• 8 conc/3-fold serial dilutions

• 50 µM high conc
• 25 µM high conc for CYPs

• Normalization: Percent activity of assay window (DMSO 
to Positive Control)

• Fit to Constant, Hill and Gain-Loss Models

• Activity Calls:
• Hill or Gain-Loss Model Winner (based on AIC)
• 5*BMAD (Baseline MAD) or 20% Activity



NVS: What do the assays measure?

• Mainly direct effects of chemical on target protein (MIE potential)
• Inhibition (activation) of enzyme activity
• Inhibition of ligand binding

• False positives:
• Fluorescent compounds—emission and quenching
• Reactive compounds/covalent modification of target
• Physical effects—colloid aggregation of target
• Operational mistakes/variability
• Lack of biotransformation

• False negatives:
• Solubility
• Inappropriate enzymatic conditions
• Target protein not physiological
• Operational mistakes/variability
• No xenobiotic metabolism



ACEA: Real Time Cell Growth Kinetics

• Human T47D breast carcinoma cell 
line

• Estrogen-responsive
• Measured both increased and 

decreased E2-induced proliferation
• Measured cytotoxicity (viability)

• Concentration-response testing
• 8 conc/3-fold serial dilutions
• Duplicate wells

• Positive controls: E2 and MG132
• Real-time measurements during 

exposure (0-120 hr)
• AC50s calculated for both increased 

and decreased proliferation using one 
time point (80 hr)
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Proliferation and Cytotoxicity Measured
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Proliferation 
measured and 
scaled to E2 
positive control

T47D Human Mammary Cancer Cell Line 

Cytotoxicity 
measured and 
scaled to 
MG132



ACEA: What is measured?

• Enhanced proliferation of an estrogen-sensitive cell line
• General cytotoxicity in transformed cell line
• False positives

• No obvious interference
• Operational mistakes/variability
• Limited xenobiotic metabolism

• False negatives
• Operational error
• Solubility
• Lack of appropriate toxicity targets (irrelevant cell line)
• Operational mistakes/variability
• Lack of biotransformation
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Androgen induced proliferation/antagonism (22RV1 cell line) coming soon



Attagene Multiplexed Transcription 
Factor Reporter Assays

• Modulation of TF activity in human hepatoma HepG2 cells

• Multiplexed reporter gene assays (two assays, multiple endpoints)
• cis 52 assays (response element driving reporter)
• trans 29 assays (GAL4-NR_LBD driving reporter) “ligand detection”

• High concentration 200 µM (or limit of quality RNA)

• Seven concentrations, 3-fold serial dilutions, 24 hr exposure

• Cells harvested, RNA isolated, processed for reporter gene quantitation
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Attagene Technology
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Attagene: What Is Being Measured?

• cis Assays
• Up/down regulation of endogenous transcription factor 

activity in transformed cell line
• False positives

• General cytotoxic response resulting in non-specific 
transcriptional activity

• Promiscuity of response elements
• Statistical, not biologically, significant response
• Operational mistakes/variability

• False negatives
• Solubility
• Cytotoxicity
• Operational
• Lack of endogenous machinery
• Lack of biotransformation

• trans Assays
• Nuclear receptor agonist activity
• False positives

• General cytotoxic response resulting in non-specific 
transcriptional activity

• Statistical, not biologically, significant response
• Operational

• False negatives
• Solubility
• Cytotoxicity
• Operational mistakes/variability
• Lack of endogenous machinery
• Lack of biotransformation
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BioSeek: BioMAP Technology Platform

Assays

Human primary cells 
Disease-like culture 
conditions

LPS

BF4T

SM3C

Profile Database Informatics

Biological responses to 
drugs and stored in the 
database

Specialized informatics tools 
are used to mine and analyze 
biological data

Primary Human Cell-Based Assay Platform for Human Pharmacology
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BioSeek Assays for Phase II
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BioSeek Assays

• Chemicals tested at 8 (or 4) concentrations: 40, 13.3, 4.4, 1.5 µM, single (duplicate) well

• Exposure started 1 hr before stimulation of cell signaling pathways

• Following 24 hr exposure, endpoints measured by ELISA (also Alamar blue, SRB staining, and 
microscopy)

• Up and down regulation distinguished; log10 Fold-Change

Repeats of colchicine positive control
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BioSeek Assays: What is Being Measured?

• Effects of chemicals on signaling pathways in primary human cells measured by 
levels of downstream effector molecules

• False positives
• Cytotoxicity (down-regulation in particular)
• Statistical vs biological significance
• Operational mistakes/variability

• False negatives
• Solubility
• Limited xenobiotic metabolism
• Cytotoxicity
• Operational mistakes/variability
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Apredica: High-Content Screening of 
Phenotypic Toxicity Parameters

Technology: automated fluorescent microscopy
Objective: Determine effects of chemicals on toxicity biomarkers in human hepatoma HepG2 

cells

Cell Cycle

CSK Integrity 

DNA Damage

Oxidative 
Stress

Stress Pathway
Activation

Organelle
Functions

Panel 1 design*:
• Multiple mechanisms of toxicity
• Acute, early & chronic exposure
• 384-well capacity
• HepG2
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Apredica: CellCiphr Cell Health Panel

• 10-point conc-response (200 µM-39 nM) in 
duplicate

• Two time points ([1 hr], 24 hr, 72 hr)
• 10 endpoints per assayBiomarker Measurement Positive Control Z'

Stress Pathway Phospho-c-jun Anisomycin 0.63
Oxidative Stress Phospho-Histone H2A.X Camptothecin 0.7
Mitochondrial Function Mitochondrial membrane potential CCCP 0.55
Mitochondrial Mass Mitochondrial mass CCCP 0.35
Cell Loss Cell number Camptothecin 0.56
Cell Cycle DNA content Paclitaxel 0.54
DNA Degradation DNA structure Paclitaxel 0.6
Nuclear Size Area of nuclear region Paclitaxel 0.63
DNA Damage Detection of p53 Camptothecin 0.43
Mitotic Arrest Phospho-Histone-H3 Paclitaxel 0.63
Cytoskeletal Integrity Detection of α-tubulin Paclitaxel 0.3
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Multiplexed Endpoints, Multiple Time Points
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Apredica: What is Being Measured?

• Cellular toxicity phenotypes in a transformed cell line

• False positives
• Imaging artifacts
• Fluorescent compounds
• Statistical vs biological significance
• Operational mistakes/variability

• False negatives
• Solubility
• Cytotoxicity
• Lack of biotransformation
• Operational mistakes/variability
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Odyssey Thera Assays

• “Live cell discovery” assays

• Protein-fragment complementation assay 
(PCA)

• Measures direct interaction of 
proteins in living cell

• Pathway approach by targeting 
critical nodes

• Nuclear receptors

• Varied cell signaling

• 6 conc in triplicate

• Multiple time points for some assays EGFR:Grb2

AR:Src1

ERβ:ERβ
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OdysseyThera Assays: What is Being Measured?

• False positives
• Fluorescent  compounds (“Fluorescence” assay control)
• Imaging artifacts (“Empty Reporter” assay control)
• Statistical vs biological significance
• Cytotoxicity
• Operational mistakes/variability

• False negatives
• Fluorescent compounds
• Cytotoxicity
• Operational mistakes/variability
• Lack of biotransformation
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Zebrafish Embryo Development Assay

• Integrated, highly conserved model of development
• Applicable to both human and eco toxicology
• Experimental design

• Duration of experiment: 6 days with repeat dosing
• Initial single dose testing (80 uM)
• Dose-response for all actives plus a subset of inactives
• 8 concentrations, 3 replicates

• Malformation visual assessment manually and by automated microscopy
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Zebrafish Developmental Assay
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0 hr 4 hr 6 hr
mesh 
well 
plate

144 hr120 hr96 hr72 hr48 hr24 hr

Is the larvae alive?

Record as “Dead” Is the larvae hatched?

Record as “Did not hatch” Perform basic malformation assessment

Zebrafish imaging

Fertilization

Wash
embryos

Single
embryo/well

Water
change

Water
change

Water
change

Water
change

Water
change

0.6% bleach Chemical
treatment

10% Hank’sChemical
treatment

Chemical
treatment

Chemical
treatment

Chemical
treatment

No

No

Yes

Yes

Assess
Each well

Plate Design

(Terata = 40)

(Terata = 20)

ArrayScan® High content
imaging

Padilla lab      ORD/EPA
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Example Curve Fits

28

Tanguay_ZF data also available in invitrodb. Independent of these NHEERL                                          
assays but generally similar methods. Tested by Robert Tanguay, Oregon State University.



CellszDirect (CZD) Human Hepatocyte Gene Expression

• Primary Human Hepatocytes
• 96-well format
• 5 Nuclear Receptor Pathways 

(AhR, CAR, PXR, PPARα, FXR)
• 14 Toxicologically relevant gene 

targets
• 5 Concentrations (.004, .04, .4, 4, 

40 µM)
• 3 Time points (6, 24, 48 hours)
• Quantitative RNase protection 

assay



CZD: What is Being Measured?

• Induction/repression of gene expression in primary hepatocytes
• Cells have high levels of xenobiotic metabolism
• Chemical dilution series (10-fold) reduces sensitivity, especially for low 

potency effects
• False positives

• Statistical vs biological significance
• Cytotoxicity (antagonist format)
• Operational mistakes/variability

• False negatives
• Cytotoxicity
• Operational mistakes/variability

Coming soon: expanded target gene panel (96 genes) using HepaRG cells (human liver line with 
relatively high levels of xenobiotic metabolism)



Tox21 (NIH/NCATS) Reporter Gene Assays

• Quantitative HTS: 
• 15 conc, n>= 3
• 1536-well plate format
• 10K samples tested (8.5K unique structures)

• Nuclear Receptors: AR, ERα, ERβ, PPARγ, PPARδ, GR, TR, GR, PR, PXR, CAR, RAR, RXRα, ERR, (AhR)
• GAL4 System (ligand detection assay) and full-length receptors
• β-lactamase or luciferase reporter gene assays
• Agonist and antagonist mode
• Viability assays measured in parallel

• Stress response and other pathways: mitochondrial toxicity, DNA damage, HSR, p53, ARE/NRF2, AP-1, HIF-1α

• Other assays: aromatase inhibition, hERG, Hedgehog/Gli1, AChE, TRHR, TSHR

• Viability assays
• Counter screens to all antagonist assays
• Endpoint assays and real-time viability for select cell lines

31 https://ncats.nih.gov/tox21/projects/assays



NCGC Assays: What is Being Measured?

• False positives
• Fluorescent  compounds
• Statistical vs biological 

significance
• Gal4_NR-LBD may not be 

physiological
• Cytotoxicity (antagonist 

format)
• Operational 

mistakes/variability

• False negatives
• Fluorescent compounds
• Cytotoxicity
• Gal4_NR-LBD not 

physiological
• Operational 

mistakes/variability
• Lack of biotransformation
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Bortezomib

RU486

Digitoxin BortezomibMifepristone



General Guidance on Interpretation

• No single assay can be relied on as a definitive answer for many reasons
• Orthogonal assays provide weight-of-evidence to build confidence
• Compare your result to reference chemicals if at all possible
• Beware assay technology interference (true false positive)
• Ensure your concentration-response effects are reasonable for a biological 

mechanism
• Use the big picture—where does your result of interest stand with respect 

to the rest of your dataset?



Bisphenol A ToxCast actives



EPA’s National Center for Computational Toxicology

Thank You for Your Attention!
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