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Gene expression mechanism
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Gene Interaction network
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Gene regulatory network

\+

Gene A

~

a simple network model

Gene B

AB2005 Tutorial 2005/11/28




" JE
System identification problem
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System identification problem

Knowledge on the System

Input

System Model

» Different environments
» EXperimental operations

(e.qg., disruption of particular genes)
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System identification problem

DNA sequence in regulatory regions
Functional information on genes

Structural information of protein-DNA complex
Cross-species genome comparison ...

Input Output
System Model

» Different environments Measuring
» Experimental operations Gene expression level
(e.g., disruption of particular genes) (DNA Microarray)
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DNA microarrays

DNA microarrays are used for measuring the expression levels of large
numbers of genes simultaneously.
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DNA microarrays

Data# 1 2 3 4
gene, 318 | 045 763| 1.2
gene, 025| 553| 0.87| 461
gene, 1.26| 0.01| 6.17| 0.87

different environments
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time 0 1 2 3
gene, 143 056 3.78| 0,03
gene, 084 411| 0.36] 1.56
gene, 239 043 2.28| 0.56
time-series




Sequence analysis

Transcription factors recognize patterns.

Transcription factor: PerR

Regulate . . .
d Op:ro J*Slam Reqilauo Azi(i)tlitl)tne 7Locnat|o Binding seq.(cis-element) % Reference Year
gene & w pee e n i
ahnC 4118058..411811 CTTGACAAAAAATATATATTAATTAATAATTCATATATAATT
ahpC F P ND Negative 9 " ND AGAATTATTATTGAAAGCGA FT Herbig, A. F., etal. | 2001
- . . g g, M.
fur ND ND Negative ‘2‘449580 244959 -49:-35 TTATAATAATTATAG FT Ztugln thong, M 2002
hemA ND ND Negative 2878294..287832 ND AGAAACTATGTTATAATTATTATAAATAA FT Herbia. A E. etal. | 2001
2878248..287828 TTCTATGTTAGAATGATTATAAATTAAGATTGGGTGTTGGG
hemA ND ND Negative 9 " ND G FT Herbig, A. F., etal. | 2001
CTATTTTATAATAATTATAAAATAATATTGACTTTTTACTTA
katA ND ND Negative 960520..960577 ND GAGATGATATTATGTT FT Herbig, A. F., etal. | 2001
3382535, 338258 TCTAAATTATAATTATTATAATTTAGTATTGATTTTTATTTAG
mrgA ND ND Negative 9 " ND TATATGATATAA FT Herbig, A. F., etal. | 2001
B = .
erR ND ND Negative 043933, 943958 . TTACACTAATTATAAACATTACAATG FT Fuangthong, M 2002
pers 13:+13 etal.
perR ND ND Negative | 943942..943964 4418 | [TATAAACATTACAATGTAAGAA FT —q—q*—*zt“gl” thong. M 2002
1450655..145070 TAATGATAATTATTATCAAAAAGAAATTAAAATAATTATAAT
ykvW ND ND Negative 5 " -75:-25 TGAAATTCT FT Gaballa, A., et al. 2002
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Sequence analysis
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Sequence analysis

Clustering genes using expression data
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Question

m  Which formalisms can be used for modeling gene regulatory
networks?

m Each formalism should deal with
vector states,
dependence on genes, and
dynamics on gene expression.
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Classification of systems

Systems
Static Dynamic
Continuous Hybrid Discrete
states states states
Time-driven Event-driven

Deterministic
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Stochastic
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Classification of models

Deterministic / Stochastic : Is the model deterministic (e.g. Boolean
networks) or stochastic (e.g. Bayesian networks)?

Discrete / Continuous / Hybrid : Is the model defined on discrete
state changes (e.g. automata) or continuous state changes (e.g.
differential equations) or a mixture of discrete and continuous state
change (e.g. hybrid automata)?

Qualitative / Quantitative : Does the model capture the qualitative
nature of the system (e.g. qualitative reasoning and simulation
models) or run on numerical values?

Detailed or not: Does the model include the information on which
TFs are bound to the regulatory region of each gene or include the
information only on the positive/negative effect of genes to other
genes?
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Boolean networks

next-state function

NOT
X1 =X,
X"y 1= Xy A Xg
AND X'3 1= =Xy

@ X

Deterministic, Discrete-value, Discrete-time, Synchronous
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Boolean networks - learning

[Akutsu 1999]

Given a time-series data D = { X, ..., X, } of instances of [x,, ..., X.],
find a network that best matches D.

time| 0| 12| 3
X4 1101110
X, 0j1/0]1
X3 1101110

time-series expression data

Each value of xi(t) is a logical value indicating whether gene i is
expressed or not at time step t.
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Petri nets

[101]
[010]

[100]  [011]

[101]

Reachability tree

Deterministic, Discrete-value, Discrete-time, Asynchronous
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Dynamics of Petri Nets
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Stochastic Petri nets

A;: firing rate
X, »
Each transition has an
exponentially distributed
n n random variable that
3 [t 2|1 3|1 represents firing delay.
X4 X

2 |15

Stochastic, Discrete-value, Continuous-time, Event-driven
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Differential equations

General form:

dx, . _E(x ... i=1...
E—Fi (X, 1Xn) F. (X’ ’Xn) (I L ’n)

An approximation form (S-system) [Okamoto 2001]:

dx. g L
d—t':ain?” —,Bin?” (i=1---,n)
j=1

j=1
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Differential equations

linear differential equations

a0/ dt= ¢, —a,, XD
dx,(t) / dt = @z, X5(t) + @y, X,(1)

dX() / At = Cy + 83 Xy (1) — 85 X4(1)

dx,(t) / dt = @y, X, (t) — 84 X5() — Ay X4(1)

Deterministic, Continuous-value, Continuous-time
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Bayesian networks

@ @ conditional probabilities

P(X5 | 7(X5)), 7(X5) = { X3, X, },

(0
P(X5 | 7(X3)), 7(X3) = { X1, X, },
@ @ . P(Xs | 7(Xe)), (Xs) = { X},

P(Xy, ..., Xg) = Iy , P(XT| p(xi))
= P(x))P(x5) P(X5 | 7(X3))P(X,) P(Xs5 | 7(X5)) P(Xg | 72(Xg))-

Stochastic, Continuous/Discrete-value, Static
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Bayesian networks - learning

[Friedman 1999]

Given a training set D = { X,, ..., X, } of instances of [x,, ..., X.],
find a network that best matches D.

X, |318]045|7.63| 1.
X, |025|553]087| 4.61

X, |126]001]6.17] 087 (%) (%) (%)

Each value of xi(j) represents the expression level of gene i
under environment j.
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Fuzzy Petri nets

X
X5 \é
/

F:0.7
(D)
%

Each place has a fuzzy value in interval [0, 1].
0.6 = max(0, min(0.7, min(0.4, 0.8)), min(0.8, 0.6)).

Fuzzy, Continuous-value, Static
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Hybrid systems
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Gene interaction as a hybrid system
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Gene Interaction as a hybrid system
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Hybrid Petri nets

Valve: open
| ‘ Pump: off

pump
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Hybrid Petri nets
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Hybrid Petri nets

Maximum firing rate
ye

) K

Continuous transition
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Hybrid Petri nets

Discrete transition

) K

Delay before firing
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Symbolic execution by CLP

conditions on event occurrence

nextevent([L, 0, 0, P4, D1, D2], T, [0, 1, 0, P4, D1, 0], T + D):- |, D = 90 - D1.

nextevent([L, 0, P3, P4, D1, D2], T, [0, 1, P3-3*D, P4 + 3* D, D1, 0], T + D):- D = 90 - D1.
nextevent([L, 0, P3, P4, D1, D2], T, [1, 0,0, P4 +3*D,D1+D, D2], T + D):-D=P3/3.
nextevent([0, 1, P3, 0, D1, D2], T, [1, 0, P3, 0,0, D2], T+ D):- |, D = 75 - D2.

nextevent([0, 1, P3, P4, D1, D2, T, [1,0, P3+ 2*D, P4-2*D, 0, D2], T + D):- D = 75 - D2.
nextevent([0, 1, P3, P4, D1, D2], T, [0, 1, P3+2*D, 0, D1, D2 + D], T + D):- D = P4/ 2,

exec(S, T):- min(Tnext, nextevent(S, T, S1, Tnext)), exec(S1, Tnext)).

current state  finding the earliest event next state

CLP (Constraint Logic Programming)
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Gene interaction as a hybrid system
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Models using incomplete knowledge

o total
O +
amtA amtB
| |
M* M*
A B | I
pressureA pressureB
physical system
+
i = INF _I
" . = AMAX d pAB
. # s o I
h e, v
' I ; :»A I
AMTA flowAB
gualitative behavior QSIM Model [Kuipers]
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Summary

deterministic

Boolean networks
Petri nets

hybrid Petri nets
QSIM

hybrid

differential equations
continuous

A

simple network models

» static

dynamic <
stochastic Petri nets

stochastic

v

Bayesian networks
Fuzzy Petri nets

Models for representing gene interaction
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