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Scope of the Problem:
developmental (prenatal) defects
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� developmental endpoints are likely sensitive to many 
chemicals a fetus may exposed to via the environment

� testing methods for developmental endpoints are 
expensive, time consuming, and use lots of animals

� not sensitive to developmental endpoints such as subtle 
malformations, functional defects or fetal programming

� nos. of chemicals requiring evaluation for developmental 
toxicity far exceeds what has and can be delivered

Limitations of the current strategy



� genome-based technologies coupled with advances in 
robotics generates data comprehensively and efficiency

� use bioinformatics and computational biology to build 
systems-based models of detailed embryological events

� potential to significantly accelerate understanding of 
chemical mechanisms and toxicity pathways in vitro

� Holy Grail: revolutionize the way scientifically defensible 
predictions of toxicity in vivo can be based

New strategy: systems biology



high-throughput bioactivity profiling

SOURCE: Fliri et al. (2005) PNAS 102: 261–266

EPA’s ToxCast™ Research
Program: predictive signatures for
thousands of environmental chemicals

SOURCE: David Dix, NCCT



(A) Eye Reduction Defects (ERD) with 2-chloro-2’-deoxyadenosine (2CdA) on day 8
(B) Fetal Alcohol Syndrome (FAS) with ethanol (EtOH) exposed on gestation day 8
(C) Fetal Minamata Disease (FMD) with methylmercury (MeHg) exposed on day 9
(D) Remediation: co-exposed to mitochondrial BDZ_P ligand (PK11195) on day 8 or 9
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in vivo animal models



Aggregated DTX
Virtual Docking
BioSeek
NovaScreen

Assay ribbon

ToxCast™ 320 chemicals

cold hot

bioactivity profile: ~280 chemicals from ~1300 
prenatal studies (ToxRefDB_3700) clustered by ~380 assays and 
anchored to aggregate developmental toxicity

BDZ_P_H
BDZ_P_R



BDZP: peripheral-type benzodiazepine receptor (new 
name TSPO for mitochondrial 18K TranSPOrter)

Putative functions: 
steroidogenesis (StAR)
oxygen sensing (NRF1)
apoptosis (BCL2)
genomic signals (p53)



core gene network in early embryos



components network graph

Based on MW Covert (2006) Integrated regulatory and metabolic models. In: Computational
Systems Biology, edited by A Kriete and R Eils, Elsevier Academic Press (page 194)

computational systems models:
why mathematical modeling is urgently needed

functional model

STIMULUS RESPONSE

INPUT (I) OUPUT (O)



… our ability to create mathematical 
models describing the function of 
biological networks will become just as 
important as traditional lab skills and 
thinking - D Butler (2001) Nature 409, 758-760

“Molecular biology took Humpty 
Dumpty apart … mathematical 
modeling is required to put him back 
together again …”

– Schnell et al. (2007) Am Sci 95:134

in the new vision …



THE VIRTUAL
EMBRYO

� far-reaching new program
to develop a sophisticated
computer model of a 
human embryo …

� help regulators better understand the developmental risks 
posed by chemicals and other environmental stressors

� help the agency better identify sensitive subpopulations 
and, ultimately, allow researchers to rapidly predict a 
chemical’s potential developmental toxicity

http://insideepa.com/secure/epa_search.

SOURCE: Matt Shipman, Risk Policy 
Report, Vol 15, No.2 - January 8 2008



developmental pathways

traditional prenatal studies 

stem cells Z-fish embryos
HTP screening assays

in silico morphogenesis (CC3D)

artificial life simulators
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- S. Kubrick, 1968 “Starchild”



cell biology
biochemistry

molecular
biology

genomics
bioinformatics

systems
biology

descriptive
biology

virtual
biology

computational embryology:
impact of the human genome project



Developmental Systems Biology

� virtual tissues and artificial life simulators as models to 
study morphogenesis and predict defects in silico

� addresses how mechanisms at one scale (cellular) 
interact to produce higher level (tissue) phenomena

� just as molecular networks determine local cell behavior, 
discrete cellular networks drive morphogenesis

� myriad of agents that can disrupt morphogenesis 
requires understanding systems at a network-level



research prototype:
vertebrate eye development

Attributes:
� good literature base
� human relevance
� reciprocal tissue interactions
� morphogenetic cell death
� range of ocular phenotypes
� often non-syndromic
� genetic susceptibility
� environmental sensitivity
� developmental ontology
� self-regulating gene networks
� conservation of cell signaling
� mitochondrial dependency
� cellular interaction networks
� simple/complex

Peters’ anomaly murine phenocopy

SOURCE: Wubah et al. (2001) Teratology 64: 154-169 
Charlap et al. (2003) Birth Def Res A 67: 108-115

eye reduction defects



Key event: lens vesicle �� optic vesicle

CELLULAR AUTOMATA
cellular Potts model

BIOCHEMICAL FIELDS
Reaction-Diffusion eq.

STATE TRANSITIONS
cell type & state module

NETWORK LOGIC
information flow

cell-based processes driving the formal system

PLE

PNR

FGF8

BMP4

PATTERNING
cell interaction

MORPHOGENESIS
cytoskeletal remodeling

cell-based processes driving the natural system

CELL DIFFERENTIATION
crystallins, Photorec. genes

SELECTIVE GROWTH
proliferation and apoptosis

BMP4



gene regulatory networks (GRNs)

INPUT SIGNAL PROCESSOR OUTPUT RESPONSE

Developmental 
Signals

Wnt, TGFβ, Shh, RTK, 
Notch-Delta, NF-kB, 

PCD, nuclear hormone 
receptors, RPTPs, 

receptor GC, cytokines, 
NO, GPCRs, integrins, 

CADs, gap junction, 
ligand-gated cation
channels, UPR, p53

Morphoregulatory
Responses

patterning

proliferation 

apoptosis 

differentiation
adhesion

motility

shape
ECM remodeling



http://genex.hgu.mrc.ac.uk/

building developmental GRNs: 
capturing data from EMAGE database

63 genes (TS12-18)
captures 2164 PMIDs

Sl.No. G ene 1 Gene 2 Searc h 1 Search 2 PMID Web link T itle Author s Read Relevant New Information

1 cyc shh fetal  or embryo mouse or  mice or zebrafish or rat12783802 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12783802&dopt=AbstractA temperature-sensitive mutation in the nodal-related gene cyclops reveals that the floor  plate is induced during gastrulation in zebrafish.T ian J., Yam C., Balasundaram G., Wang H., Gore A., Sampath K. (Development. 2003 Jul ; 130(14):3331-42)Y Y N
2 cyc shh fetal  or embryo mouse or  mice or zebrafish or rat10952887 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10952887&dopt=AbstractDirect action of the nodal- related s ignal cyclops in induction of sonic hedgehog in the ventral  midl ine of the CNS.Mül ler F., Alber t S., Blader P., Fischer N., Hallonet M., Str ähle U. (Development. 2000 Sep; 127( 18):3889-97)Y Y Y

3 cyc shh fetal  or embryo mouse or  mice or zebrafish or rat10694427 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10694427&dopt=AbstractTwo distinct cel l populations in the floor plate of the zebrafish are induced by di fferent pathways.O denthal  J., van Eeden F., Haffter P., Ingham P., Nüsslein-Volhard C. (Dev Biol. 2000 Mar 15; 219(2) :350-63)Y N N

4 cyc shh fetal  or embryo mouse or  mice or zebrafish or rat8946241 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8946241&dopt=AbstractExpression of axial  and sonic hedgehog in wildtype and midl ine defective zebrafish embryos.Strähle U., Blader  P., Ingham P. (Int J Dev Biol. 1996 Oct; 40(5) :929-40)Y N N
5 cyc shh fetal  or embryo mouse or  mice or zebrafish or rat8674416 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8674416&dopt=AbstractComplex expression of the zp-50 pou gene in the embryonic zebrafish brain is al tered by overexpression of sonic hedgehog.Hauptmann G., Ger ster  T . (Development. 1996 Jun; 122(6):1769-80)Y N N

6 shh pax2 fetal  or embryo mouse or  mice or zebrafish or rat11731484 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11731484&dopt=Abstractvhnf1, the MO DY5 and familial GCKD-associated gene, regulates regional  specification of the zebrafish gut, pronephros, and hindbr ain.Sun Z., Hopkins N. (Genes Dev. 2001 Dec 1; 15(23) :3217-29)Y N N
7 shh pax2 fetal  or embryo mouse or  mice or zebrafish or rat10601036 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10601036&dopt=AbstractVax1, a novel homeobox-containing gene, directs development of the basal  f orebrain and visual system.Hallonet M., Hollemann T ., Pieler  T ., Gruss P. (Genes Dev. 1999 Dec 1; 13(23):3106-14)Y Y Y

8 shh pax2 fetal  or embryo mouse or  mice or zebrafish or rat9655820 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9655820&dopt=AbstractSonic hedgehog is not required for the induction of medial floor plate cells in the zebrafis h.Schauer te H., van Eeden F., Fr icke C., O denthal J., Strähle U., Haffter P. (Development. 1998 Aug; 125(15) :2983-93)Y N N
9 shh otx1 fetal  or embryo mouse or  mice or zebrafish or rat15105370 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15105370&dopt=AbstractOtx2 regulates the extent, identi ty and fate of neuronal progenitor domains in the ventral midbrain.Puelles E., Annino A., Tuorto F., Usiello A., Acampora D., Czerny T ., Brodski C., Ang S., W urst W., Simeone A. (Development. 2004 May; 131(9) :2037-48)Y N N

10 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat17470285 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17470285&dopt=AbstractRybp, a polycomb complex-assoc iated protein, is  required for mouse eye development.Piri ty M., Wang W ., W olf L., Tamm E., Schreiber-Agus N., Cvekl  A.Y YN (development 10.5 and up)Y

11 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat17166916 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17166916&dopt=AbstractLmx1b is  essential for Fgf8 and Wnt1 expression in the isthmic organizer  during tectum and cerebel lum development in mice.G uo C., Qiu H., Huang Y., Chen H., Yang R., Chen S., Johnson R., Chen Z., Ding Y. (Development. 2007 Jan; 134(2):317-25)Y N N
12 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat16934393 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16934393&dopt=AbstractA role for GnRH in early brain regionalization and eye development in zebrafish.W u S., Page L., Sherwood N.Y Y Y

13 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat14711874 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14711874&dopt=AbstractPrep1.1 has essential genetic functions  in hindbrain development and cranial neural  crest cell  differentiation.Deflor ian G., Tiso N., Ferretti E., Meyer  D., Blas i F., Bor tolussi M., Argenton F. (Development. 2004 F eb; 131(3):613-27)Y D? Y

14 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat12970747 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12970747&dopt=AbstractPaired-Box genes are frequently expressed in cancer and often required for cancer cell survival.Mur atovska A., Zhou C., He S., Goodyer P., Eccles M. (Oncogene. 2003 Sep 11; 22(39) :7989-97)Y N N

15 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat12756174 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12756174&dopt=AbstractRetinal  pigmented epithelium determination requires the redundant activities of Pax2 and Pax6.Bäumer N., Marquardt T., Stoykova A., Spieler D., Treichel D., Ashery-Padan R., Gruss  P. (Development. 2003 Jul ; 130(13):2903-15)Y Y Y

16 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat11804780 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11804780&dopt=AbstractDach1, a vertebrate homologue of Drosophila dachshund, is  expressed in the developing eye and ear of both chick and mouse and is regulated independently of Pax and Eya genes.Heanue T., Davis R., Rowitch D., Kispert A., McMahon A., Mardon G., Tabin C. (Mech Dev. 2002 Feb; 111(1-2):75-87)Y YN (Day 13 up)N
17 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat11458394 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11458394&dopt=AbstractSix3 promotes the formation of ec topic optic vesic le-like structures in mouse embr yos.Lagutin O ., Zhu C., Furuta Y., Rowitch D., McMahon A., Oliver G. (Dev Dyn. 2001 Jul ; 221(3) :342-9)Y Y N

18 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat11003833 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11003833&dopt=AbstractSpatial speci fication of mammalian eye terri tories by rec iprocal transcriptional repression of Pax2 and Pax6.Schwarz M., Cecconi F., Ber nier G., Andrejewski N., Kammandel B., Wagner M., Gruss P. (Development. 2000 Oct; 127(20):4325-34)Y Y N

19 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat10601036 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10601036&dopt=AbstractVax1, a novel homeobox-containing gene, directs development of the basal  f orebrain and visual system.Hallonet M., Hollemann T ., Pieler  T ., Gruss P. (Genes Dev. 1999 Dec 1; 13(23):3106-14)Y Y Y

20 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat10051661 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10051661&dopt=AbstractEctopic bone morphogenetic proteins 5 and 4 in the chicken forebrain lead to cyc lopia and holopr osencephaly.G olden J., Brac ilovic  A., McFadden K., Beesley J., Rubenstein J., Grinspan J. (Pr oc Natl  Acad Sci U S A. 1999 Mar  2; 96(5):2439-44)Y N N

21 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat9831649 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9831649&dopt=AbstractZebrafish contains two pax6 genes involved in eye development.Nornes S., Clarkson M., Mikkola I., Pedersen M., Bardsley A., Mar tinez J., Krauss  S., Johansen T. (Mech Dev. 1998 Oct; 77(2):185-96)Y Y Y

22 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat9655820 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9655820&dopt=AbstractSonic hedgehog is not required for the induction of medial floor plate cells in the zebrafis h.Schauer te H., van Eeden F., Fr icke C., O denthal J., Strähle U., Haffter P. (Development. 1998 Aug; 125(15) :2983-93)Y N N

23 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat9297966 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9297966&dopt=AbstractPax genes and organogenesis.Dahl E., Koseki H., Bal ling R. (Bioessays. 1997 Sep; 19(9):755-65)Y Y N

24 Pax2 pax6 fetal  or embryo mouse or  mice or zebrafish or rat8126546 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8126546&dopt=AbstractRoles of Pax-genes in developing and adult brain as suggested by expression patterns.Stoykova A., Gr uss P. (J  Neurosci . 1994 Mar; 14(3 Pt 2):1395-412)Y N N

25 pax6 rx1 fetal  or embryo mouse or  mice or zebrafish or rat12142024 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12142024&dopt=AbstractThe homeobox gene mbx is involved in eye and tectum development.Kawahara A., Chien C., Dawid I. (Dev Biol . 2002 Aug 1; 248(1):107-17)Y Y Y (Did not understand well)

26 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat17825048 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17825048&dopt=AbstractPAX6 and SO X2-dependent regulation of the Sox2 enhancer N-3 involved in embryonic visual system development.Inoue M., Kamachi Y., Matsunami H., Imada K., Uchikawa M., Kondoh H. (Genes Cells . 2007 Sep; 12(9) :1049-61)Y

27 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat17470285 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17470285&dopt=AbstractRybp, a polycomb complex-assoc iated protein, is  required for mouse eye development.Piri ty M., Wang W ., W olf L., Tamm E., Schreiber-Agus N., Cvekl  A.Y YN Y

28 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat17066077 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17066077&dopt=AbstractSix3 activation of Pax6 expression is  essential for  mammalian lens induction and s peci fication.Liu W., Lagutin O., Mende M., Streit A., Oliver  G. ( EMBO J. 2006 Nov 15; 25(22):5383-95)Y Y Y

29 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat15926496 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15926496&dopt=Abstract[Understanding lens differ entiation from the analysis  of crystallin gene regulation]Uchikawa M., Kamachi  Y., Kondoh H. (T anpakushitsu Kakusan Koso. 2005 May; 50(6 Suppl):655-63)Y

30 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat15855760 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15855760&dopt=AbstractThe involvement of neural  retina pax6 in lens fiber  di fferentiation.Reza H., Yasuda K. ( Dev Neurosci . 2004; 26(5-6):318-27)Y Y Y
31 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat15652703 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15652703&dopt=AbstractRequirement of mesodermal retinoic acid generated by Raldh2 for posterior neural transformation.Molotkova N., Molotkov A., Sirbu I., Duester G. (Mec h Dev. 2005 Feb; 122(2) :145-55)Y N N

32 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat15558474 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15558474&dopt=AbstractInterplay of Pax6 and SOX2 in lens development as a paradigm of genetic switch mechanisms for cell dif ferentiation.Kondoh H., Uchikawa M., Kamachi Y. (Int J  Dev Biol . 2004; 48(8-9):819-27)Y YN* YN*
33 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat12710953 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12710953&dopt=AbstractPax6 autoregulation mediated by direct interaction of Pax6 protein with the head surface ectoderm-speci fic  enhancer  of the mouse Pax6 gene.Aota S., Nakajima N., Sakamoto R., Watanabe S., Ibaraki N., Okazaki K. (Dev Biol. 2003 May 1; 257(1) :1-13)Y Y Y

34 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat12642482 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12642482&dopt=AbstractCell -autonomous involvement of Mab21l1 is essential for lens placode development.Yamada R., Mizutani- Koseki Y., Hasegawa T., Osumi N., Kosek i H., Takahashi N. (Development. 2003 May; 130(9) :1759-70)Y N* Y*

35 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat11069887 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11069887&dopt=AbstractPax6 activity in the lens primordium is required for lens formation and for correct placement of a s ingle retina in the eye.Ashery-Padan R., Marquardt T ., Zhou X., Gruss P. (Genes Dev. 2000 Nov 1; 14(21):2701-11)Y N* N
36 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat9851982 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9851982&dopt=AbstractBMP4 is essential for lens induction in the mouse embryo.Furuta Y., Hogan B. (Genes Dev. 1998 Dec 1; 12(23):3764-75)Y Y* Y*

37 pax6 sox2 fetal  or embryo mouse or  mice or zebrafish or rat9609835 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9609835&dopt=AbstractInvolvement of Sox1, 2 and 3 in the early and subsequent molecular  events of lens induction.Kamachi Y., Uc hikawa M., Collignon J., Lovell -Badge R., Kondoh H. (Development. 1998 Jul; 125(13) :2521-32)Y Y N
38 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat17470285 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17470285&dopt=AbstractRybp, a polycomb complex-assoc iated protein, is  required for mouse eye development.Piri ty M., Wang W ., W olf L., Tamm E., Schreiber-Agus N., Cvekl  A.Y YN (development 10.5 and up)Y

39 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat17066077 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17066077&dopt=AbstractSix3 activation of Pax6 expression is  essential for  mammalian lens induction and s peci fication.Liu W., Lagutin O., Mende M., Streit A., Oliver  G. ( EMBO J. 2006 Nov 15; 25(22):5383-95)Y Y Y

40 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat16765103 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16765103&dopt=AbstractIdentification of genes  expressed in retinal  progenitor/stem cell colonies isolated from the ocular c il iary body of adul t mice.Lord-Grignon J., Abdouh M., Bernier G. (Gene Expr Patterns. 2006 O ct; 6(8) :992-9)Y Y* Y*
41 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat15569927 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15569927&dopt=AbstractTyrosine phosphor ylation si tes on FRS2alpha responsible for  Shp2 recruitment are critical for  induction of lens and retina.G otoh N., Ito M., Yamamoto S., Yoshino I., Song N., W ang Y., Lax I., Schlessinger J., Shibuya M., Lang R. (Proc Natl Acad Sci U S A. 2004 Dec 7; 101(49) :17144-9)Y

42 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat15366004 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15366004&dopt=AbstractRaldh2 expression in optic vesic le generates a retinoic ac id signal  needed for  invagination of retina during optic  cup formation.Mic F ., Molotkov A., Molotkova N., Duester G. (Dev Dyn. 2004 Oct; 231(2) :270-7)Y
43 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat12642482 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12642482&dopt=AbstractCell -autonomous involvement of Mab21l1 is essential for lens placode development.Yamada R., Mizutani- Koseki Y., Hasegawa T., Osumi N., Kosek i H., Takahashi N. (Development. 2003 May; 130(9) :1759-70)Y N N

44 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat11956759 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11956759&dopt=Abstractexma: an X-linked insertional mutation that disrupts forebrain and eye development.Cunningham D., Xiao Q., Chatterjee A., Sul ik  K., Juriloff D., Elder  F., Harrison W., Schuster G., Overbeek P., Herman G. ( Mamm Genome. 2002 Apr; 13(4):179-85)Y N N
45 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat11458394 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11458394&dopt=AbstractSix3 promotes the formation of ec topic optic vesic le-like structures in mouse embr yos.Lagutin O ., Zhu C., Furuta Y., Rowitch D., McMahon A., Oliver G. (Dev Dyn. 2001 Jul ; 221(3) :342-9)Y Y N

46 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat10502109 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10502109&dopt=AbstractMouse Dach, a homologue of Drosophila dachshund, is  expressed in the developing retina, br ain and limbs.Davis R., Shen W., Heanue T., Mardon G. (Dev Genes Evol. 1999 Sep; 209(9) :526-36)Y Y* YN*

47 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat10090721 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10090721&dopt=AbstractSix3 overexpression ini tiates the formation of ectopic retina.Loosl i F., Winkler S., Wittbrodt J . ( Genes Dev. 1999 Mar  15; 13(6):649-54)Y Y Y
48 pax6 six3 fetal  or embryo mouse or  mice or zebrafish or rat9651515 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9651515&dopt=AbstractSix3, a medaka homologue of the Drosophila homeobox gene sine oculis  is expressed in the anterior embryonic shield and the developing eye.Loosl i F., Köster R., Carl M., Krone A., Wittbrodt J . ( Mech Dev. 1998 Jun; 74(1-2):159-64)Y Y Y

49 sox2 foxe3 fetal  or embryo mouse or  mice or zebrafish or rat12642482 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12642482&dopt=AbstractCell -autonomous involvement of Mab21l1 is essential for lens placode development.Yamada R., Mizutani- Koseki Y., Hasegawa T., Osumi N., Kosek i H., Takahashi N. (Development. 2003 May; 130(9) :1759-70)Y N N
50 vax1 chx10 fetal  or embryo mouse or  mice or zebrafish or rat17470285 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17470285&dopt=AbstractRybp, a polycomb complex-assoc iated protein, is  required for mouse eye development.Piri ty M., Wang W ., W olf L., Tamm E., Schreiber-Agus N., Cvekl  A.Y YN (development 10.5 and up)Y

51 chx10 lhx2 fetal  or embryo mouse or  mice or zebrafish or rat15385160 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15385160&dopt=AbstractRequirement for Mab21l2 dur ing development of murine retina and ventral body wall .Yamada R., Mizutani- Koseki Y., Koseki H., Takahashi  N. (Dev Biol. 2004 O ct 15; 274(2):295-307)Y N N

52 chx10 mitf fetal  or embryo mouse or  mice or zebrafish or rat16420417 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16420417&dopt=AbstractLoss of retinal progenitor cells leads to an increase in the r etinal stem cell  population in vivo.Coles B., Horsford D., McInnes R., van der Kooy D. (Eur J Neur osci. 2006 Jan; 23(1):75-82)Y N N
53 chx10 mitf fetal  or embryo mouse or  mice or zebrafish or rat15459106 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15459106&dopt=AbstractTransdifferentiation of the retina into pigmented cells in ocular retardation mice defines a new function of the homeodomain gene Chx10.Rowan S., Chen C., Young T., Fisher  D., Cepko C. (Development. 2004 Oct; 131(20):5139-52)Y N N

54 chx10 mitf fetal  or embryo mouse or  mice or zebrafish or rat11023863 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11023863&dopt=AbstractExtraocular mesenchyme patterns the optic  vesicle dur ing early eye development in the embryonic chick.Fuhrmann S., Levine E., Reh T . (Development. 2000 Nov; 127(21):4599-609)Y Y Y
55 chx10 mitf fetal  or embryo mouse or  mice or zebrafish or rat10903182 http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10903182&dopt=AbstractSignaling and transcriptional regulation in early mammalian eye development: a link between FGF and MITF.Nguyen M., Arnheiter H. (Development. 2000 Aug; 127(16) :3581-91)Y Y Y

56 Pax6 Meis fetal  or embryo mouse or  mice or zebrafish or rat12183364 http://www.ncbi.nlm.nih.gov/pubmed/12183364?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSumMeis homeopr oteins directly regulate Pax6 during vertebr ate lens morphogenesis.Zhang X, Friedman A, Heaney S, Purcel l P, Maas RL.Y Y Y



GRN for early eye development: built 
by semi-automated database  + literature mining

SOURCE: Knudsen and Singh (2008), manuscript in preparation



consequences of perturbing GRNs
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simulation: surface representation

Model of the eye constructed with Blender 2.5 software, Blender foundation, http://www.blender.org
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MORPHOMETRY: on-line atlases and SEM image banks of mouse eye development



challenge: modeling catastrophe in silico
small changes in nonlinear system � sudden shifts in behavior

SOURCE: Saunders, 1980, Cambridge University Press NY

STATE A STATE B
G

es
ta

tio
n 
�� ��

exposure

A

B

Zee
man

critical
point



FAS network: genes affected in the rudimentary 
forebrain during maternal alcohol exposure

SOURCE: Green ML, Singh AV, Zhang Y, Nemeth KA, Sulik KK and Knudsen TB (2007) 
Reprogramming of genetic networks during initiation of the fetal alcohol syndrome. Devel
Dynam 236: 613-631



Functional models: differential cell adhesion 
in mouse embryos modeled in silico

Cell sorting automaton (computational)
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toolbox for in silico morphogenesis:
agent-based model of chick limb development 

CompuCell3D Rendering at steps 1750, 2750, 3250
SOURCE: Cickovski et al. (2005) IEEE/ACM Trans Comput Biol Bioinfor 2: 1-15



Complicated for sure but inevitably …

� computational models will be needed to unravel 
biological complexity

� virtual tissues and artificial life simulators will become 
more common research techniques

� in silico experiments can test the complex factors that 
influence morphogenesis and teratogenesis

� e-science will need to close the gap between virtual 
biology and the real world 
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