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Toxicity: a cross-scale phenomenon

Environmental Protection
Agency

genomics
proteomics
metabolomics
cellulomics

Tissues

Molecular

Pathways

PARADIGM: cell changes are causally linked to perturbation of molecular
pathways; tissue lesions are then propagated by dynamic cellular networks

CHALLENGE: computational models that integrate detailed information captured
at different biological scales to predict key events leading to adverse outcomes

- Office of Research and Development >
National Center for Computational Toxicology



wEPA Profiling Developmental Activity

United States

gy et Toxicity Reference Database (ToxRefDB)

ToxRefDB holds source data captured

from comprehensive in vivo studies
www.epa.gov/ncct/toxrefdb

104

target: kidney
description: absent renal papilla
code: UG_REN_3.1080.5013

N~ i .
n N
target: sternebra |
- ~ description: incomplete ossification
{\ code: SK_AXL 2.1099.5130
g — n

target: hindpaw ﬁl ’ m ) l)‘l"ll. | || ’ |; Iii ! 1

description: palydactyly (digit 1) il s
code: SK_APP_2.1051.5234 _ [ ']: !

O T e
i it 1 ‘il

images from www. DevTox.org

387 chemicals, 988 annotated effects

www.DevTox.org, 751 prenatal studies 283 chemicals x 293 effects - 19 endpoint targets

culled from rat and rabbit studies

- Office of Research and Development SOURCE: Knudsen et a/.’ submitted 3
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Input: ToxCast™ chemical library reveals a complex
linkage between molecular target and fetal endpoint

1. which signaling networks and morphogenetic processes
characterize sensitive systems at susceptible stages?

2. what computational tools can we use to navigate the complexity of
state changes in a dynamical system?

3. can computational models be built to predict dysmorphogenesis
across chemical class, dose, species, stage, and genetic makeup?

Output: modular reconstruction of a developing tissue using
computer models that execute rules in morphogenesis

Office of Research and Development
National Center for Computational Toxicology



SEPA Digital embryo: ZFET morphogenesis
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future dorsal side

14 Newember A0 510

animal view

Reconstruction of zebrafish early embryonic development
tracking H2B-EGFP by DSLM at 90s intervals over 18h

- Office of Research and Development Source: Keller et al. (2008) Science 322: 1065-1069
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2 EPA Cell-based models (CC3D):
S e vertebrate segmentation clock

Environmental Protection

Aaencv
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. 50 = -l - - 50 l Cells with high Ephad
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Cells with low apheinB2

s st \l____/ = Cells with High ephiinB2
- Cells with unitorm N-caciherin and N-CAM
51 1

Cells with 1o Epliad o epheinB2

In silico model, CompuCell3D software
SOURCE: Jim Glazier, Indiana University

Prenatal exposure, boric acid
SOURCE: John Rogers, RTD/EPA

. Hes1-EGFP time-lapse (3h) clock-wavefront
SOURCE: Masamizu et al. (2006) PNAS USA 103:1313-18

- Office of Research and Development
National Center for Computational Toxicology
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Morphogenesis toolbox

Core developmental processes

e patterning (sets up future events)

e timing (clocks and oscillators)

» differentiation (cell diversification)

* morphogenesis (tissue organization)

Cellular primitives
 growth (proliferation)
 death (apoptosis)

o differentiation (function)
» adhesion (DAH)

* shape (geometry)

» motility (cell migration)
« ECM (remodeling)

- Office of Research and Development
National Center for Computational Toxicology

Morphogenetic movement

« folding MW

* epiboly

e convergent extension

* branching morphogenesis

» cell condensation

» cell sorting

* trans-differentiation

* cavitation - (T TTTT]]
|

e involution

e tractional forces

Directed cell movement
 contact guidance (boundaries)
 haptotaxis (ECM tracks)

» chemotaxis (chemical signals)

Source: Bard (2005) J Anat 206: 1 - 16 7



SEPA  EpA's Virtual Embryo

Environmental Protection
Agency

abstraction: represent the morphogenetic
blueprint of the target system

system wiring: build signaling networks
for core developmental processes

cell-based rules: computer program
(CC3D) implementing cellular primitives

computational model: execute
developmental trajectories in silico

Office of Research and Development
National Center for Computational Toxicology
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SEPA Early eye development

United States

Envionmental Protecion — ~CaysS 8-11 mouse = ~20-37 days human gestation

Agency

SEM series K Sulik, http://www.med.unc.edu/embryo images/unit-eye/eye h  tms/eyetoc.htm

- Office of Research and Development
National Center for Computational Toxicology



<EPA A real morphogenetic blueprint
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701 min
reverse-engineering the cellular dynamics of optic vesicle
formation in the zebrafish embryo using DSLM
I Cficeof B e icology Source: Keller et al. (2008) Science 322: 1065 — 106 9 10



EPA Building a signaling network
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e summarization
« classification

* clustering
DATABASES + - ontologies
1Y) * concepts
e correlations
e causality
A
- structured - unstructured
- computable - algorithms needed to put in computable form
- easier to curate - difficult to manage and control
- QA/QC - noisy (filtering becomes essential)
- semantics/metadata - ambiguous - cricket the game or cricket the bug?
- accurate but laborious - coarse but fast
I e o e oy SOURCE: Amar Singh, LHM 1
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Gene expression databases:

EMAGE: Edinburgh Mouse Atlas Gene Expression
MPQO: Jax Mouse Phenotype Ontology Browser
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Literature-mining: establishing relevant
gene-gene and gene-phenotype associations
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E678 - % |PURPOSE: The PAXE gene was first described as a candidate for human aniridia. However, PAXE expression is not restricted to the eye and it appears to be crucial for brain development
BB € |We studied PAYE mutations in a large spectrum of patients who presented with aniridia phenotypes, Peterss+ anomaly, and anterior segment malformations associated or not with
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TM PubMed returned 5,889 records for these
genes in development across 4 species (rat,
mouse, zebrafish, human)
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Computing relevance scores for association of
gene-malformation in the eye based on co-
occurrence of DevTox terms in the abstracts
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master selector of the eye
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Pax6
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mutation
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- Office of Research and Development 14
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<EPA Discrete Dynamical Network (DDN)

United States
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Agency

DDNSs: ‘state machines’

analysis of state trajectories

follow effects of chemical perturbation

run network forward to find attractor states
run backwards to disclose historical paths

basin of
attraction

- Office of Research and Development 15
National Center for Computational Toxicology



SEPA System wiring diagram

Agency
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Software: A Wuensche, http://www.ddlab.com/

(518)
7 transcription factors network size (n) = 13 nodes
3 receptor systems network connectivity (k) = 3

3 signal ligands Boolean states (2") = 8192

- Office of Research and Development 16
National Center for Computational Toxicology



<EPA Simple RBN state dynamics e
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topology
n=3
k=2

23 states

rules
0>1
0>2
241
2>0

stable patterns
(attractors)

- Office of Research and Development Attractor field (n=3, k=2)

National Center for Computational Toxicology modeled with DDLab v2k2 rule(dec)14 o



SEPA State attractor field of some e

uemmensroecion——T)OF@ cOmMpPlex networks

ordered dynamics

on or off configurations
(STATE A, STATE B)

chaotic dynamics random dynamics
loss of Pax6 function random assortment

network size (n) = 13 nodes
network connectivity (k) = 3
Boolean states (2") = 8192

Peter's Anomaly

- Office of Research and Development 18
National Center for Computational Toxicology
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EPA Cell-based models:

United States

mensy o CompuCell 3D (CC3D)

.
PR

L
&

Source: Glazier, Marrakesh (2008)

Office of Research and Development
National Center for Computational Toxicology

Source: M Rountree, NCCT (2009)
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SEPA Predictive arrays: disrupting specific

enronmental Proecin — [100@S 1N the network code for lens induction
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SEPA Developmental trajectory of lens:

United States

evromenatroecion 5000 MC-steps in CC3D (24h in mouse)

depth
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Figure 3: (4) Development of a nearly perfect cybe embrvo, F=0.938, missing the § corner cells. Darker cells have accumulated cell

division factor, and the darkest cells are readyfto divide. (B) Growth of the embivo. Bevond step 325, the embryo is stable. (C) Self-
repair of cube embrvo. Ablation of 19 cells iy repaived perfectly.

deleted cells

SOURCE: CellSim™, R Newman, 2006, Crowley
Davis Research, Inc. (http://www.cdres.com/)
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Can explore conditions that would
be too difficult on a real embryo ...

Input: data

systems model

X core [ higher-order
processes — T /* processes
- growth D D < VT-SE - homeostasis [
- signaling - adaptation f;’ !
- metabolism £l L)L L —
CallSim™ o -

Output: prediction

* HTP hypothesis testing (sweeps)

« self-regulating dynamic models
e responses to stimuli / injury / mutation
« discover key parameters in the system

Office of Research and Development
National Center for Computational Toxicology
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v-Tissues 2009
First International Workshop on Virtual Tissues

Hosted by National Center for Computational Toxicology
April 21-22 EPA Campus, RTP, NC

Please register to participate
www.epa.gov/ncct/virtual _tissues

- Office of Research and Development
National Center for Computational Toxicology
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» Motivation: scientific needs to understand mechanisms of toxicity
and predict developmental defects from complex datasets

< Research goal: simulate as embryonic tissues react to perturbation
across chemical class, system, stage, genetic makeup, dose and time

< Data needs: detailed knowledge of molecular embryology, cell
signaling pathways, and cellular phenotypes

< Output models: modular reconstruction of a developing embryo from
cell-based models of morphogenesis and differentiation

- Office of Research and Development o5
National Center for Computational Toxicology
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EPA’s Virtual Embryo Project is seeking fellows, pa  rtners, &
research collaborators: visit  http://www.epa.gov/ncct/v-Embryo/
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