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In In silicosilico ModelingModeling ^̂

Mapping biology into computation has interacting aspects:
• Biological theory (domain specific knowledge)
• Model development (methodological knowledge)

Overview
• The Challenge of Biological Complexity
• Current practices in systems design and analysis

^ in vivo (in live organisms), in vitro (in the lab), in silico (in the computer)
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Modeling projectsModeling projects

Cancer – P53 network

Neurogenesis

C. elegansontogeny

Plant growth
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Sample QuestionsSample Questions

1. Why is the level of abstraction important for a biological model?
a. What are the challenges in finding an appropriate level?
b. What does in silico modeling mean?

2. How can the same set of genes be in every cell type, yet the cells look 
so different?
a. What’s a stem cell?
b. Why is cancer considered a disease of gene regulation, and not just 

individual genes?
3. What is the  Artificial Genome (AG) model?

a. Why is the AG model relevant to modeling biology?
b. What range of effects can mutation in the AG model have on the 

structure of the derived GRN?
4. What is a Genetic Regulatory Network (GRN)? 

a. Give real and artificial examples
5. How can a lineage tree represent the development of an organism?
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The Challenge of The Challenge of 

Biological ComplexityBiological Complexity

From DNA to behaviour, 
biological systems span 
multiple temporal and 

spatial scales. 

The essence of modeling 
is finding the right levels 

of abstraction..

Image courtesy of Mark Ellisman, UCSD
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Network insights into Network insights into 
normal & abnormal normal & abnormal behaviourbehaviour in cellsin cells

• Cell Biology
Normal dynamics

• Genes control a cell’s behaviour through regulated sequences of 
activity

• Development, wound healing
• Stem cells, neurogenesis (new brain cells)

Abnormal dynamics
• Uncontrolled cell growth – cancer
• Alzheimer’s Disease, Parkinson’s, epilepsy, schizophrenia …

• General principles span many disciplines
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Case Study 1. Simple simulation of Case Study 1. Simple simulation of 
cell dynamics and cancercell dynamics and cancer

• Cancer used to be viewed as a disease of the genes
• Now it is viewed as a disease of cell regulation – the 

regulatory messages from networks of genes that control 
the cell’s behaviour.

• A genetic regulatory network is a set of genes that regulate 
other genes and the interactions between them. 
• Regulatory genes are organised into a network. 
• Real GRNsare derived from biological systems (e.g. the set of 

genes that surround the P53 gene); 
• others are simulations derived from artificial genome models, or

created directly at the network level.
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Modeling cancer Modeling cancer 
Cell dynamics gone wrongCell dynamics gone wrong

Interdisciplinary Team:

Molecular biologists
Geneticists

Epidemiologists
Clinicians

Computer scientists
Biomedical engineers
Data Base designers

Mathematicians
Network modelers

The p53 The p53 
NetworkNetwork

Network courtesy of Jennifer Hallinan IMB&ITEE

P53 network courtesy of Jennifer Hallinan
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How can a network illustrate cancer dynamics? How can a network illustrate cancer dynamics? 
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Software from James Watson

Gene Network Gene Network 
Expression (5 genes)Expression (5 genes)
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Software from James Watson

Gene Network Expression (100 genes)Gene Network Expression (100 genes)
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State SpacesState Spaces

Software: Kai Willadsen

Normal cell

Cell death

Tumor cell

Copyright J. Wiles 2005 http://www.stemcellresearchfoundation.org/WhatsNew/Pluripotent.htm

All your cells 
have the same 
set of genes.

But only some 
genes are active 
in each cell type.

Brain cells, heart cells, liver cells:Brain cells, heart cells, liver cells:
Same components Same components –– different dynamicsdifferent dynamics
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Observations from the Cancer analogyObservations from the Cancer analogy

• Patterns of gene activity depend on the dynamics of the 
regulatory network not just the individual genes.
– Changing the activation of a gene can change the transient 

dynamics without affecting the long term dynamics
– Gene mutations can have cumulative effects

• The same components can have different dynamics
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Case Study 2. Modeling new brain cellsCase Study 2. Modeling new brain cells

Network modelers are working with neuroscientists to model how neural stem 
cells divide and differentiate into new brain cells, both under normal conditions 
and for medical therapies.

Collaboration with Salk Institute and UCSD
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Case Studies 3 & 4.Case Studies 3 & 4.
Mapping Biology onto ComputationMapping Biology onto Computation

DNA 
Sequence

OrganismMultiple processes from 
expression to 
development

..GTCATACTATAATCCTGGTCAT
CATGTCTGCTCTACATCGTGTC
TACTCTGTTATACTTTACTGTCT
TACTCTCACATATATCTCGTCAC
TGCATGCCATGTTACATCGTGT
CTACTCTGTTATACTTTACTACA
TATATCTCGTCACTGCCTGT...

Sequence Gene expression
Network Interactions

Grammar
Lineage trees
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TATA

AA
regulates

CAG ACGACGATCAGCGTCGTAACGATATAGCAGCATCAGCGAAT

Gene Product Gene Product

regulatory region

• DNA as string
• Gene as agent
• Genetic regulation as network

The Artificial GenomeThe Artificial Genome
DNA sequence containing two genes

Genetic network

Diagram adapted from Reil (1999). Dynamics of Gene Expression in an Artificial Genome.

BB
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The Artificial Genome ModelThe Artificial Genome Model

• The AG model represents DNA as a string of bases
– Special sequences (TATA) denote the start of a gene
– The 6 bases following the TATA sequence represent the gene itself

• The AG model represents genes as nodes in a network and interactions 
between genes as links between nodes
– The sequences between one gene and the next TATA box are the promoter 

region for a gene
– When a gene product (defined by the gene sequence) matches a 

subsequence in the promoter region of another gene, it regulates that gene 
(ie, turns it on or off).

– The set of genes and their interactions forms a network
• Mutations change one or more bases in the DNA sequence.

– These changes can affect a TATA box, the gene itself (and hence its gene 
product and out degree - the links it will form to other genes), or the 
promoter region of a gene and the links from other genes
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TTTGTGAGACTGTTGGTTTGTGAGACTGTTGGTATATATATTAACCTTAACCTCGTGCTCGTGC
TAGTCTGATAGTCTGATATATATACCACAACCACAATGCAAGAGTGTTAATGCAAGAGTGTTAA
TACATAAACCGGTTGGTAAAGCGAGATGTTAGTACATAAACCGGTTGGTAAAGCGAGATGTTAG
TATATATACTACTACTACTAAATGGGCAAGCACTTACAACCGAATGGGCAAGCACTTACAACCG
GCGAGGGGCGAGGGTATATATACATTCACATTCAGTTACCAATCATGCGTTACCAATCATGC
AGACAACCGTTACAGACAACCGTTACTATATATAGGTTAAGGTTAACATACTATCCATACTATC

Evolving NetworksEvolving Networks
Single point mutation, duplication, translocationSingle point mutation, duplication, translocation

TTTGTGAGACTGTTGGTTTGTGAGACTGTTGGTATACCAATTAACCTTAACCTCGTGCTCGTGC
TAGTCTGATAGTCTGATATATATACCACAACCACAATGCAAGAGTGTTAATGCAAGAGTGTTAA
TACATAAACCGGTTGGTAAAGCGAGATGTTAGTACATAAACCGGTTGGTAAAGCGAGATGTTAG
TATATATACTACTACTACTAAATGGGCAAGCACTTACAACCGAATGGGCAAGCACTTACAACCG
GCGAGGGGCGAGGGTATATATACATTCACATTCAGTTACCAATCATGCGTTACCAATCATGC
AGACAACCGTTACAGACAACCGTTACTATATATAGGTTAAGGTTAACATACTATCCATACTATC

Original 
Network

definesdefines

Watson, J., Geard, N. &  Wiles, J.  Towards more biological mutation operators in 
gene regulation studies. BioSystems (2004).
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Cells types as basins of attraction in Cells types as basins of attraction in 
gene expression spacegene expression space

• Attractor basins are a way of viewing an 
entire state space – all possible expression 
patterns

• Each possible expression pattern 
corresponds to a point in the state space (2n)

A

E
C

D

B

Sample basins from Kai Willadsen Copyright J. Wiles 2005

Some sample state spacesSome sample state spaces

Pajek

Pajek

Pajek

N=8, K=1 N=8, K=4

N=8, K=8

Sample basins from Kai Willadsen
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What types of cell lineages are generated by What types of cell lineages are generated by 
““ randomrandom”” genetic regulatory networks?genetic regulatory networks?
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Tree Demo
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““ RandomRandom”” genetic regulatory networks create a range of genetic regulatory networks create a range of 
behavioursbehaviours

• Regular trees
• Nearly regular
• Different classes
• Asymmetric
• Parameterized
• Irregular

Software by Brad Tonkes
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Mapping Biology onto ComputationMapping Biology onto Computation

DNA 
Sequence

OrganismMultiple processes from 
expression to 
development

..GTCATACTATAATCCTGGTCAT
CATGTCTGCTCTACATCGTGTC
TACTCTGTTATACTTTACTGTCT
TACTCTCACATATATCTCGTCAC
TGCATGCCATGTTACATCGTGT
CTACTCTGTTATACTTTACTACA
TATATCTCGTCACTGCCTGT...

Sequence Gene expression
Network Interactions

Grammars
Lineage trees
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Case Study 3. Case Study 3. 
ModelingModeling a developing organisma developing organism
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Ricardo Ricardo AzevedoAzevedo (developmental biologist) at (developmental biologist) at 
the Houston Worm Lab (C. the Houston Worm Lab (C. eleganselegans))
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Developmental biologyDevelopmental biology

• Every organism begins as a single cell
– The cell divides, and then divides again and again
– As the mass of cells grows, some cells specialise into specific 

types – heart, lung, brain cells
– A stem cell is a cell that can give rise to any other type of cell
– A differentiated cell is one that has specialised for a specific task

• The complete cell lineage tree of the small worm, C. 
elegans, has been mapped.
– It has 959 cells in the adult
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C. C. eleganselegans ontogenyontogeny

Images from celdev.mov
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Simulation of developmentSimulation of development
C. C. eleganselegans lineagelineage

� � � � � � � 	 � � � � � �� � � � � � � � � �� �
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 �� � 
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Simulations by Brad Tonkesand Nic Geard

Copyright J. Wiles 2005

Case Study 4. Case Study 4. ModelingModeling plant growthplant growth
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Body plans as grammars: Body plans as grammars: 
evolving the parameters of an Levolving the parameters of an L--system for a plantsystem for a plant

/* ****** L-System ****** */

#define STEPS 35
#define SIDEDELAY 4
#define MAINDELAY 6
#define GROWTHRATE 1.1
#define MAXIMUM 10
#define ANGLE 30

Lsystem: 1
derivation length: STEPS
Axiom: A(0)

A(delay) : delay==0 --> F(1)[+(ANGLE)A(SIDEDELAY)][-(ANGLE)A(SIDEDELAY)]A(MAINDELAY)
A(delay) : delay>0 --> A(delay-1)
F(len) : len<MAXIMUM--> F(len*GROWTHRATE)
endlsystem
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Modelling plant growthModelling plant growth
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Bean plant model by James Watson Copyright J. Wiles 2005

Generic Network DemoGeneric Network Demo
Design and Visualization componentsDesign and Visualization components

DEMODEMO
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Tools and techniques usedTools and techniques used

AG 
GRNs
RBNs

C++
Pajek

Neural Nets
Matlab
Vis tools
Analysis

AG
GRNs, NNs

Lineage trees
EC, ML
Matlab

AG, GRN
L-systems
L-studio
EC

Challenge: How would you extend these 
studies?
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CollaboratorsCollaborators

Jennifer Hallinan, Daniel Bradley, John Mattick (IMB, ACB)
James Watson, Kai Willadsen, Nic Geard (ITEE, ACCS)

Fred Gage, Brad Aimone, Jeff Elman (Salk, UCSD)
Ricardo Azevedo, Rolf Lohaus (Houston)

Jim Hanan (ACCS, ACB)
Brad Tonkes (UNSW)

Contact: 
Janet Wiles

wiles@itee.uq.edu.au
Division of Complex & Intelligent Systems

ITEE, The University of Queensland

Sources
Screen images are from James Watson, Kai Willadsen and Nic Geard’ sPhD research
Software from Brad Tonkes postdoc
P53 network courtesy of Jennifer Hallinan
c. elegans from Ricardo Azevedo’ sWorm lab
Neurons &  brain images are from Wiles &  Wiles 2003 The Memory Book, ABC books


