
Genetic Regulatory Genetic Regulatory 
Network Modeling and Network Modeling and 
Data Integration Data Integration 

ilya shmulevichilya shmulevich
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genetic networksgenetic networks

Complex regulatory Complex regulatory 
networks among genes networks among genes 
and their products control and their products control 
cell behaviors such as:cell behaviors such as:
–– cell cyclecell cycle
–– apoptosisapoptosis
–– cell differentiationcell differentiation
–– communication between communication between 

cells in tissuescells in tissues
A paramount problem is to A paramount problem is to 
understand the dynamical understand the dynamical 
interactionsinteractions among these among these 
genes, transcription genes, transcription 
factors, and signaling factors, and signaling 
cascades, which govern the cascades, which govern the 
integrated behavior of the integrated behavior of the 
cell.cell.

Analogy: circuit diagram
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Map of the TLR signaling pathway in the Map of the TLR signaling pathway in the 
macrophagemacrophage
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GoalsGoals

1.1. Discover and understand the Discover and understand the 
underlying gene regulatory underlying gene regulatory 
mechanisms by means of inferring mechanisms by means of inferring 
them from data.them from data.

2.2. By using the inferred model, By using the inferred model, 
endeavor to make useful predictions endeavor to make useful predictions 
by mathematical analysis and by mathematical analysis and 
computer simulations.computer simulations.
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Clinical ImpactClinical Impact

ModelModel--based and computational based and computational 
analysis cananalysis can
–– open up a window on the physiology of open up a window on the physiology of 

an organism and disease progression;an organism and disease progression;
–– translate into accurate diagnosis, target translate into accurate diagnosis, target 

identification, drug development, and identification, drug development, and 
treatment.treatment.
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What class of models What class of models 
should be chosen?should be chosen?

The selection should be made in view The selection should be made in view 
ofof
–– data requirementsdata requirements
–– goals of modeling and analysis.goals of modeling and analysis.

Data Model Goals
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Classical tradeoffClassical tradeoff

A A ““finefine”” model with many parametersmodel with many parameters
–– may be able to capture detailed may be able to capture detailed ““lowlow--levellevel””

phenomena (protein concentrations, phenomena (protein concentrations, 
reaction kinetics);reaction kinetics);

–– requires large amounts of data for inferencerequires large amounts of data for inference
A A ““coarsecoarse”” model with low complexitymodel with low complexity
–– may succeed in capturing only may succeed in capturing only ““highhigh--levellevel””

phenomena (e.g. which genes are ON/OFF);phenomena (e.g. which genes are ON/OFF);
–– requires smaller amounts of datarequires smaller amounts of data
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OckhamOckham’’s Razors Razor

Underlies all scientific theory Underlies all scientific theory 
building.building.
Model complexity should Model complexity should 
never be made higher than never be made higher than 
what is necessary to faithfully what is necessary to faithfully 
““explain the data.explain the data.””
What What kindkind of data do we have of data do we have 
and and how muchhow much??

William of Ockham 
(1280-1349)

http://www.flowmap.com/graphics/newsarticles/5_summary.jpg
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Boolean NetworksBoolean Networks

1.1. To what extent do To what extent do 
such models such models 
represent reality?represent reality?

2.2. Do we have the Do we have the 
““rightright”” type of data type of data 
to infer these to infer these 
models?models?

3.3. What do we hope What do we hope 
to learn from them?to learn from them?
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Basic Structure of Basic Structure of 
Boolean NetworksBoolean Networks

A

X

B

Boolean function
A B X
0 0 1
0 1 1
1 0 0
1 1 1

1 means active/expressed
0 means inactive/unexpressed

In this example, two genes (A and B) regulate gene X. In 
principle, any number of “input” genes are possible. 
Positive/negative feedback is also common (and necessary
for homeostasis).
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Dynamics of Boolean Dynamics of Boolean 
NetworksNetworks

0 1 1 0 01
A B C D E F Time

1

A

1

B

0

C

1

D

1

E

0

F
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State Space of Boolean NetworksState Space of Boolean Networks

Picture generated using the program DDLab.

equate cellular states (or equate cellular states (or 
fates) with attractors.fates) with attractors.
attractor states are attractor states are stable stable 
under small perturbationsunder small perturbations
–– most perturbations cause most perturbations cause 

the network to flow back to the network to flow back to 
the attractor.the attractor.

–– some genes are more some genes are more 
importantimportant and changing and changing 
their activation can cause their activation can cause 
the system to transition to the system to transition to 
a different attractor.a different attractor.
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Taylor, Galitski

Non-Filamentous

Filamentous

Environmental Input

Mpt5

Cdc42

Dig1/2
Kss1

Ras2

Ste11
Ste20

Ste7

Tec1-Ste12

Boolean model of the yeast Boolean model of the yeast 
filamentation networkfilamentation network
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But can we extract But can we extract 
meaningful biological meaningful biological 
information from gene information from gene 
expression data entirely in expression data entirely in 
the binary domain?the binary domain?

We reasoned that if genes, when quantized We reasoned that if genes, when quantized 
to only two levels (1 or 0) would not be to only two levels (1 or 0) would not be 
informative in separating known subclasses informative in separating known subclasses 
of tumors, then there would be little hope of tumors, then there would be little hope 
for Boolean inference of real genetic for Boolean inference of real genetic 
networks.networks.
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Gene expression analysis in Gene expression analysis in 
the binary domainthe binary domain

By using binary gene By using binary gene 
expression data and expression data and 
Hamming distance as Hamming distance as 
a similarity metric, a a similarity metric, a 
separation between separation between 
different subtypes of different subtypes of 
gliomas is evident, gliomas is evident, 
using using 
multidimensional multidimensional 
scaling.scaling.

Shmulevich, I. and Zhang, W. (2002) Bioinformatics 18(4), 555-565.
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Boolean FrameworkBoolean Framework

Limited amounts of data and the Limited amounts of data and the 
noisy nature of the noisy nature of the 
measurements can make useful measurements can make useful 
quantitative inferences quantitative inferences 
problematic and a coarseproblematic and a coarse--scale scale 
qualitative modeling approach qualitative modeling approach 
seems to be justified.seems to be justified.
Boolean idealization enormously Boolean idealization enormously 
simplifies the modeling task.simplifies the modeling task.
We wish to study the collective We wish to study the collective 
regulatory behavior without regulatory behavior without 
specific quantitative details.specific quantitative details.
Boolean networks qualitatively Boolean networks qualitatively 
capture typical genetic behavior.capture typical genetic behavior.

•• Albert, R & Albert, R & OthmerOthmer, , 
H.G. (2003) H.G. (2003) J. J. TheorTheor. . 
BiolBiol. . 223223, 1, 1--18.18.
•• Mendoza, L., Mendoza, L., 
ThieffryThieffry, D. & , D. & 
AlvarezAlvarez--BuyllaBuylla, R.E. , R.E. 
(1999) (1999) Bioinformatics Bioinformatics 
1515, 593, 593--606.606.
•• Huang, S. & Huang, S. & IngberIngber, , 
D. E. (2000)  D. E. (2000)  Exp. Exp. 
Cell Res.Cell Res. 261,261, 9191--103.103.
•• Li F, Long T, Lu Y, Li F, Long T, Lu Y, 
OuyangOuyang Q, Tang C. Q, Tang C. 
(2004) (2004) PNASPNAS. . 
101(14):4781101(14):4781--6.6.
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Probabilistic Boolean Networks Probabilistic Boolean Networks 
(PBN)(PBN)

Share the appealing ruleShare the appealing rule--based properties of Boolean based properties of Boolean 
networks.networks.
Robust in the face of uncertainty.Robust in the face of uncertainty.
Dynamic behavior can be studied in the context of Dynamic behavior can be studied in the context of 
Markov Chains.Markov Chains.
–– Boolean networks are just special cases.Boolean networks are just special cases.

Close relationship to (dynamic) Bayesian networksClose relationship to (dynamic) Bayesian networks
–– Explicitly represent probabilistic relationships between Explicitly represent probabilistic relationships between 

genes. genes. ((LLäähdesmhdesmääkiki et alet al. (2006) . (2006) Sig. ProcSig. Proc., 86(4):814., 86(4):814--834834))
–– Can represent the same joint probability distribution.Can represent the same joint probability distribution.

Allow quantification of influence of genes on other Allow quantification of influence of genes on other 
genes (stay tuned for examples)genes (stay tuned for examples)

Shmulevich et al. (2002) Proceedings of the IEEE, 90(11), 1778-1792.
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Model Inference from Model Inference from 
Gene Expression DataGene Expression Data

Two approaches:Two approaches:
–– Coefficient of DeterminationCoefficient of Determination (Dougherty (Dougherty 

et al.et al. 2000)2000)
–– BestBest--Fit ExtensionsFit Extensions

Lähdesmäki et al. (2003) Machine Learning, 52, 147-167.
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Coefficient of Coefficient of 
Determination (COD)Determination (COD)

COD is used to discover associations COD is used to discover associations 
between variables.between variables.
It measures the degree to which the It measures the degree to which the 
expression levels of an observed gene set expression levels of an observed gene set 
can be used to improve the prediction of the can be used to improve the prediction of the 
expression of a target gene relative to the expression of a target gene relative to the 
best possible prediction in the absence of best possible prediction in the absence of 
observations.observations.
Using the COD, one can find sets of genes Using the COD, one can find sets of genes 
related multivariately to a given target gene.related multivariately to a given target gene.
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COD DefinitionCOD Definition

1i
x

2i
x

ki
x

ix Target geneObserved genes

Optimal Predictor

( )
kiii xxxf ,,,

21
K

i

opti

ε
εε

θ
−

=
εi is the error of the best (constant) estimate of xi in 
the absence of any conditional variables

εopt is the optimal error achieved by f
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Constraints During Constraints During 
InferenceInference

Constraining the class of predictors can Constraining the class of predictors can 
have advantages:have advantages:
–– lessening the data requirements for reliable lessening the data requirements for reliable 

estimation;estimation;
–– incorporating prior knowledge of the class of incorporating prior knowledge of the class of 

functions representing genetic interactions;functions representing genetic interactions;
–– certain classes of functions are more plausible certain classes of functions are more plausible 

from the point of view of evolution, noise from the point of view of evolution, noise 
resilience, network dynamics, etc.resilience, network dynamics, etc.
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Example of Constraint: Post Example of Constraint: Post 
ClassesClasses

•• The class is sufficiently large (this is important for The class is sufficiently large (this is important for 
inference).inference).

•• An abundance of functions from this class will tend An abundance of functions from this class will tend 
to prevent chaotic behavior in networks.to prevent chaotic behavior in networks.

•• Eukaryotic cells are not chaotic! Eukaryotic cells are not chaotic! (Shmulevich (Shmulevich et al. et al. (2005) (2005) 
PNASPNAS 102(38), 13439102(38), 13439--13444.)13444.)

•• Functions from this class have a natural way to Functions from this class have a natural way to 
ensure robustness against noise and uncertainty.ensure robustness against noise and uncertainty.

Emil Post (1897Emil Post (1897--1954)1954)

Shmulevich et al. (2003) PNAS 100(19), 10734-10739.
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SubnetworksSubnetworks
Theory and ExamplesTheory and Examples

aim: discover relatively small subnetworksaim: discover relatively small subnetworks
–– whose genes interact significantly andwhose genes interact significantly and
–– whose genes are not strongly influenced by whose genes are not strongly influenced by 

genes outside the subnetwork.genes outside the subnetwork.

Principle of AutonomyPrinciple of Autonomy
Start with a Start with a ‘‘seedseed’’ gene set and iteratively gene set and iteratively 
adjoin new genes so as to enhance adjoin new genes so as to enhance 
subnetwork autonomy.subnetwork autonomy.
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Growing AlgorithmGrowing Algorithm

To achieve network autonomy, 
both of these strengths of 

connections should be high.

The sensitivity of Y
from the outside 
should be small.

Various stopping criteria can be used

Hashimoto et al. (2004) Bioinformatics 20(8): 1241-1247.
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Modeling, Inference, and Simulation of Genetic Networks with 
Probabilistic Boolean Networks

NFNFκκBB

IGFBP2IGFBP2

TNFR2TNFR2

ILKILK

GRB2GRB2

FGF7FGF7

FSHRFSHR

PTK7PTK7

VEGFVEGF

GNB2GNB2

MAP kinase 1MAP kinase 1

cc--relrel

GRB2GRB2

FGF7FGF7

FSHRFSHR

PTK7PTK7

VEGFVEGF

GNB2GNB2

MAP kinase 1MAP kinase 1

cc--relrel
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Cancer tissues need nutrients. 
Gliomas are highly angiogenic.

Expression of VEGF is often 
elevated.
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VEGF is elevated in advanced stage of gliomas
Confirmation and localization by tissue microarray
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VEGF protein is secreted outside the 
cells and binds to its receptor on the 

endothelial cells to promote their 
growth.
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GRB2GRB2

FGF7FGF7

FSHRFSHR

PTK7PTK7

VEGFVEGF Member of fibroblast 
growth factor family

Follicle-stimulating 
hormone receptor

Tyrosine kinase 
receptor

• The protein products of all four genes are part 
of signal transduction pathways that involve 
surface tyrosine kinase receptors.
• These receptors, when activated, recruit a 
number of adaptor proteins to relay the signal to 
downstream molecules
• GRB2 is one of the most crucial adaptors that 
have been identified.
• GRB2 is also a target for cancer intervention 
because of its link to multiple growth factor 
signal transduction pathways.
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GRB2GRB2

GNB2GNB2

• Molecular studies have 
demonstrated that activation of 
protein tyrosine kinase receptor-
GRB-2 complex activates ras-MAP 
kinase-NFκB pathway to complete 
the signal relay from outside the 
cells to the nucleus.
• GNB2 is a ras family member.

MAP kinase 1MAP kinase 1

cc--relrel • GNB2 influences MAP 
kinase 1, which in turn 
influences c-rel, an NFκB 
component.
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PBN web pagePBN web page
http://personal.systemsbiology.net/ilya/PBN/PBN.htm

• Reprints
• Software (BN/PBN MATLAB Toolbox)
• Posters/Presentations
• Workshops
• Links
• PBN People
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PBN CollaboratorsPBN Collaborators
Wei Zhang
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Ronaldo Hashimoto
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Integration of Integration of 
Heterogeneous InformationHeterogeneous Information



3737

Map of the TLR signaling pathway in the Map of the TLR signaling pathway in the 
macrophagemacrophage
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Transcriptional responses to TLR ligands Transcriptional responses to TLR ligands 
are highly coordinated and stimulus are highly coordinated and stimulus 
dependentdependent

Bin Li
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Alistair Rust, Stephen Ramsey, Mark Robinson

Transcription factor binding site predictionTranscription factor binding site prediction
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Identifying transcription factors regulating a Identifying transcription factors regulating a 
set of coset of co--expressed genesexpressed genes

Bin Li
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TLR signaling pathway and downstream TLR signaling pathway and downstream 
predictedpredicted transcription factors: using transcription factors: using 
proteinprotein--protein interactionsprotein interactions

ATF3 (red) is 
predicted to interact
with a number of TFs, 
including members of 
the AP1 (light
blue) and NF-kB (light 
green) TF complexes.

Bin Li
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SEQUEST

mergeCondsVERA/SAMmergeRepspreprocess dapple

ProteinProphetASAPRatioPeptideProphet

Proteomics Pipeline
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BioModules

Expression

Interaction
DBs

R

SBML
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model refinement & analysis tools

> Program 

informatics pipelineinformatics pipeline
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SBEAMS SBEAMS –– MicroarrayMicroarray
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SBEAMS SBEAMS –– InteractionsInteractions

Paul Shannon, Eric Deutsch, Martin Korb, Vesteinn Thorsson, Kelly Smith
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Directions (Directions (CytoscapeCytoscape))

ModelModel--based perturbation analysisbased perturbation analysis
–– how does transient or permanent perturbation how does transient or permanent perturbation 

affect the other nodes and what is the longaffect the other nodes and what is the long--run run 
behavior of the network?behavior of the network?

Intervention and controlIntervention and control
–– what is the optimal intervention strategy for a what is the optimal intervention strategy for a 

particular steadyparticular steady--state behavior?state behavior?

Integration of inference enginesIntegration of inference engines
–– BNsBNs, PBNs, , PBNs, DBNsDBNs, etc., etc.

SteadySteady--state analysisstate analysis
–– what is the joint steadywhat is the joint steady--state distribution of a state distribution of a 

group of genes?group of genes?
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Directions (Directions (CytoscapeCytoscape))

Viewing stateViewing state--space (dynamics)space (dynamics)
–– deterministic or probabilisticdeterministic or probabilistic

Viewing transitions between steadyViewing transitions between steady--states states 
(attractors)(attractors)
–– which gene perturbations cause a transition from which gene perturbations cause a transition from 

one attractor to another?one attractor to another?

Functionality within an enterprise Functionality within an enterprise 
(distributed component(distributed component--based) architecture based) architecture 
(web services)(web services)
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