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Overview

scope of the problem 
• assessing the toxicity of environmental chemicals

high-throughput screening (HTS)
• launching from the drug-discovery paradigm

computational (in silico) models
• molecular pathways and complex systems

virtual tissues 
• building blocks for a virtual embryo
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Environmental chemicals

need to understand health risks associated with 10K-30K 
chemicals in commerce and the environment

current testing strategy is low throughput, costly, and 
relies on high-dose effects in animal studies

only a minor fraction of chemicals of concern have data in 
sufficient depth or detail for risk assessment (IRIS <1K)

scientific and practical needs for a different way to test 
chemicals and predict toxicities more efficiently
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Vision of the new paradigm
NCCT (EPA), NCGC (NIH), NTP (NIEHS)

http://www.epa.gov/comptox/
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High Throughput Screening (HTS)

uses automation to rapidly identify active compounds 
that modulate a particular biomolecular target or pathway 

activities are tested in an ‘assay’ using microtiter plates 
and a vehicle of DMSO

assays are cell-based or cell-free (biochemical) systems 
and utilize recombinant technologies and human cells

provides starting point for functional understanding of the 
particular biochemical process in drug development
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Challenges and Opportunities

1. What fundamental targets emerge as we catalogue over a 
billion instances of in vitro perturbation?

2. What predictive signatures and pathways of toxicity will be 
unlocked from these HTS data?

3. How can we apply these data to different domains (e.g., 
predicting liver disease or developmental toxicity)?

4. Holy Grail: conquer the in silico reconstruction of tissues 
to evaluate biological plausibility of predictive signatures.
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chemical perturbation during formative 
stages of the reproductive cycle affecting:

• embryo and fetal development (birth defects)
• postnatal development (disabilities)
• fertility and reproduction
• general children’s health

Prenatal development is a system within a system

Developmental Toxicity
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1. TIMING: morphogenesis and differentiation require 
precisely timed genetic signals and responses 

2. SENSITIVITY: metabolic and regulatory pathways are 
prone to genetic errors and environmental disruptions

3. MULTIPLICITY: simple lesions propagated to complex 
phenotypes & complex lesions simple phenotypes

4. MATERNAL: impact of maternal exposure biology and 
physiology during prenatal and lactational stages

Factors underlying this complexity



Office of Research and Development
National Center for Computational Toxicology 10

Cell
Changes

Molecular
Pathways PhenotypeCellular

Networks

Cellular Systems
Internal

dose

Virtual Tissues

Tissues ToxRefDB⎨

⎨

⎨ ⎨Biochemical 
HTS

Cell-based 
HTP assays

Cellular HCS

SMOs,
ES cells

⎨⎨
‘omics

ToxCast™ Bioactivity Profiling



Office of Research and Development
National Center for Computational Toxicology 1111

ToxRefDB
Toxicity Reference Database

source data: 2073 guideline studies for 480     
chemicals, mostly pesticides (>$2B worth) 

prenatal studies: 751, mostly rat and rabbit, testing 387 
chemicals (283 chemicals tested in both species)

annotation: 988 terms for maternal and fetal effects 
based on enhanced DevTox.org lexicon

endpoints: lowest effect levels for maternal (mLEL) and 
developmental (dLEL) parameters and cLELs

www.epa.gov/ncct/toxrefdb/
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in vivo endpoints
(target, description)

ToxRefDB 387 chemicals, 751 prenatal studies,
988 effects annotated

283 chemicals x 293 effects 19 target
systems from rat (   ) and rabbit (   ) studies

Profiling developmental toxicity
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ToxCast™ bioactivity profiling

Cell-based assaysBiochemical HTS assays

309 chemicals
x 467 endpoints

www.epa.gov/ncct/toxcast/
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Biochemical HTS screen
309 chemicals x 239 biochemical assays

SOURCE: Knudsen et al. (submitted)

ENDPOINTS
MGR: multigenerational
CHR: chronic/cancer
DEV: prenatal development

CYP450
effector enzymes
GPCRs
nuclear receptors
channels, transporters
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Targets of Developmental Toxicity
predicted from ToxCast™by machine learning

SOURCE: ToxMiner v9, NCCT

IL1a
CXCL10

CCL2
CSF1

CXCL9

JUN
HNF-6

AhR
HIF1a

POU2F
TP53

NRF-1

CELL-CELL SIGNALS

TRANSCRIPTION FACTORS

PPARd
PLAUR

AR
ESRa
PXR
CAR

THRa
RARa
RARb
LXRb

PPARg
LXRa

GR

NUCLEAR RECEPTORS
TNFR-SF5

mtTSPO
PLAUR
ChMA7
ChRA4

SigmaR1
OPRL1
P2RY1

TNFR-SF10b
PTGER2

EGFR
OPRM1
AdoRA1

MEMBRANE RECEPTORSEFFECTORS
TUBA-1A

H2A-FX
SCN1A
MMP1
MAOA

ABCB11
MMP9

DUSP3
PTPN11
VCAM1

SELP
HLA-DRA
HMGCS2
SLC18A2

Matrix: 309 chemicals x 467 in vitro assays x 36 endpoints

Environmental chemicals that hit these in vitro assay targets
also produced developmental effects in prenatal studies
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early embryonic development tracked with H2B-EGFP 
by DSLM at 90s intervals over 18h

NR

LV

Digital embryo: image-based 
reconstruction of a zebrafish embryo
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optic vesicle development in early zebrafish embryos

Reverse engineering morphogenesis
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Cellular primitives
• growth (proliferation)
• death (apoptosis)
• differentiation (function)
• adhesion (DAH)
• shape (geometry)
• motility (cell migration)
• ECM (remodeling)
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Morphogenetic processes

After: Bard (2005) J Anat 206: 1 - 16

Morphogenetic movements
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• involution
• tractional forces
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VT: Virtues for Systems Modeling

incorporate knowledge of embryology and cell signaling 
pathways relevant to developmental processes

enable the emergence of higher-order of organization 
using cells as autonomous agents

implement predictive signatures from in vitro profiles 
(ToxCast) and analyze developmental trajectories

determine biological plausibility of the predictors based 
on in vivo profiles (ToxRefDB) 
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• Cell-based simulations
• Morphogenesis Manager

Virtual Embryo

CompuCell3D
MorphMan
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Limb Morphogenesis

cell growth & 
death

Polarized limb outgrowth

induced by 
FGFs from

the AER

Modeled in www.CompuCell3d.org environment
N Poplawski (chick limb) M Rountree (mouse limb)

SHH Hx/+

SHH +/+

GOAL: disruptions 
in cell signaling
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Cell Signaling

FGF8 FGF4

FGF4 supports 
SHH niche

Patterning of
limb outgrowth

SHH organizes
the paw
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Example: process of lens
induction & invagination

SOURCE: CB Chien lab (2009)
http://chien.neuro.utah.edu/

Zebrafish embryo eye

Driven by changes in cell
growth, shape and adhesion
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Lens Vesicle Formation

modeled with
CompuCell3d

www.compucell3d.org

mediated by cell
shape changes

lens vesicle detaches

edges will anneal

actin
purse-string

local growth

lens placode invaginates

pre-LENS

pre-RETINA

http://www.compucell3d.org/
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disruption of FGF8

network enabled 

Coupling to Gene
Regulatory Network

sine oculis network
(lens invagination)
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ToxCast™ predictors

How do we introduce predictors?

TP = 10 (WNT-CTNB, RAR, RXRa, TGFB and AHR) 
TP =   9 (IGF-1, PDGF, WNT, EGF)  
TP =   8 (chemokine production, epithelial-mesenchymal transformation, p53, hypoxia) 
TP =   7 (type-II TGFbeta receptor, SMAD protein nuclear translocation) 
TP =   5 (VEGF signaling, AP-1) 
TP =   4 (regulation of TGFB2 production, regulation of cyclic AMP) 
TP =   3 (hGR, glucocorticoid receptor activity, OPRM1, mu opioid receptor activity) 
 

EXAMPLE:
cleft palate (B)

chemicals = 12
assays = 37
relative risk (avg) = 6.24  

Assay True Positives

A B
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Morphogenesis Manager

MorphMan: open-source control center for reading & 
organizing multiple inputs from knowledgebase CC3D

Gantt chart project timelineGanttPV Tissue Project
Python

BioTapestry

Outputs

CC3D
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Entering cellular process data

Wolf LV, Yang Y, Wang J, Xie Q, Braunger B, et al. (2009) Identification of Pax6-Dependent Gene Regulatory Networks
in the Mouse Lens. PLoS ONE 4(1): e4159. 

Huang, S, Ingber, DE. (2006) A Non-Genetic Basis for Cancer Progression and Metastasis: Self-Organizing Attractors 
in Cell Regulatory Networks. Breast Disease 26: 27–54

Gene Networks Gantt Project Resources

Network States

Can add more columns
(e.g., chemically-perturbed system)
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Output example

sample Gantt spatial setup exported to CompuCell3D …

R Spencer, Environmental Modeling and Visualization Laboratory
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Output example

. . . then Gantt exports are imported into CompuCell3D and run

R Spencer, Environmental Modeling and Visualization Laboratory
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Self-regulating cellular systems

SOURCE: R Newman and T Otter
Crowley Davis Research, Inc. 
(http://www.cdres.com/)

Anatomical homeostasis
in a ‘virtual embryo’ modeled
with Endogenics software

“…it’s alive…”
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Virtual Embryo (NCCT)
Tom Knudsen 
Amar Singh (LHM)
Michael Rountree (SSC)
Richard Spencer (EMVL)
Rob DeWoskin (NCEA)
Nikal Keinstreuer
Nisha Sipes

Our Research Network

http://www.epa.gov/ncct/v-Embryo/

Virtual Embryo (NHEERL)
Sid Hunter 
Chris Lau
John Rogers
Stephanie Padilla
Kelly Chandler

Indiana University (CC3D)
Jim Glazier
Niko Poplawski
Maciej Swat
Abbas Shirinifard

Crowley-Davis (Endogenics)
Richard Newman
Tim Otter
Jeff Habig

ToxCast™ (NCCT)
Bob Kavlock
David Dix
Richard Judson
Keith Houck
Matt Martin
David Reif
Ann Richard
Jim Rabinowitz
Holly Mortensen

EU interactions
Virtual Physiome
ChemScreen (2010)

Virtual Liver (NCCT)
Imran Shah 
John Wambaugh
Rory Conolly
Woody Setzer
John Jack

Texas-Indiana Virtual STAR Center (NCER)
Maria Bondesson (U Houston)
Jan-Ake Gustafsson (U Houston)
Richard Finnell (Texas A&M)
Jim Glazier (Indiana U)
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