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@ A Toy model
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@ Simglest Boolean simulation:
ynchronous updates

/ l AND System can reach

— steady state or oscillate

x;(t +1) = By(x; (1), X5 (2), .., Xiny. (1).



&)

Boolean simulation performed

using pseudo-steady state

-

Algorithm penalizes lack of steady state, only
effective for one ‘early’ time

~

J

Klamt, S., Saez-Rodriguez, J., Lindquist, J., Simeoni, L., Gilles, E. D., BMC Bioinformatics, 7:56,2006.



:l ligand
7] inhibition
:l readout

1
LB =
'\ A
] o (] o]

v v
|CREB| | AP1 |<)—| c-Jun|

Identifies

strong active links
(except feedbacks)

Stim

Inh

NFxB

Q_AAAMA‘ NANBANNAN

QARG NN

23
%
..g........-
>
by
=

N DAL
A / E A /7 LA
9 /7 ANV 9 / AAAAA N
] v | e sespogonsatton
059 s s
| %_AAQN‘MAAAAA YAYVA e_AAéAéAAAAAAAAA a iAAéN:AAAAAAAAAA A
— : : " A
0.5 5 : .
_ipenioanlnte| o pivesontnton
| | | | |
0 10 300 10 300 10 300 10 300 10 300 10 30

4
en

0]
MacNamara A Terfve C Henriques D Penalver B Saez-Rodriguez J Phys Biol 9 045003, 2012




Boolean 1-steady state recovers EMBL-EBI
strong active links except feedback & | RWH
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@ Constrained Fuzzy Logic
can handle quantitative differences

e Boolean modeling can not describe quantitative aspects
(e.g. intermediate activation)

Boolean

= Fuzzy logic can model |
quantitative signaling =208
data = 0.6|
(Aldridge et al. Plos 04|
Comp. Bio. 2009) O
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Input Value

= Constrained Fuzzy Logic

Morris MK, Saez-Rodriguez J, Clarke D, Sorger PK, Lauffenburger DA, PloS Comp Bio 2011
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7] inhibition
:l readout
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:l ligand
7] inhibition
:l readout

| EK| |p90RSK| | p38 | |JNK1|

v v
|CREB| | AP1 |<1—| c-Jun|

ERK API1 GSK-3 p38 NFkB Stim Inh
oSN VTNV '
ponptent o0 und] ot sveper| | oot Core lsbosninptunony
RIS R N
E / E A A E AA AN i
5 / BB QA’ Dol | AN AN . fA%AAAAAAAAAA
. B AL NSNS A
0.5 - : : .
ONSPAOABNANNNNA gAmAf:iAAAAAAMAA
| AAAG N :
A 'AA AN '
059 77 AN A
e ’ DANNN \ a2, ;A’A&A‘:AAAAMMAA
N AAAA QAZAMMMMM .
0.5 ] ,?MAAAA AAA I i
N : S e ™
— e
enndopnatian, | oo - LoonsRonsnntn an
T 2on, oo AN BRSNS [
054 7i44 5 ' AN
L/ B a s
— - I-§ i
: N :
0.5 - 5 g N 5
_&MMAAAAAA | I e oot} pospipesnatsod]
n : VYV YN 'MMAAAAA AR :
N :
0.5 : : B :
] : : AAiAAAA oasdan] (X \ ADLLANNE
0.5 ' : f% SAN AAfAA
AAAAA BABNNSANAN AAAAAMMAMAAAA ?A E M‘}‘AAAMAMAA N
=t S T i T T ? T T
0 10 300 10 300 10 300 10 300 10 300 10 30 “'a)

MacNamara A Terfve C Henriques D Penalver B Saez-Rodriguez J Phys Biol 9 045003, 2012

tnfa
pi3ki

—f1
)



@ Approximation of transient behaviour RWTH

using multiple time-scales
° - (ii) Train T =2 — find gates not active at 1 =1

/ l that explain evolution from 1 =1 to 1 =2

Rough approximation of dynamics,
still computationally efficient

- (i) Train T =1 — get early events




Multiple pseudo-steady-state captures RWTH
feedbacks that lead to transient signals
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Approximation of dynamics using RWTH
synchronous simulation & multiple time-scales

Constant
“‘weak”

Rough approximation of dynamics,
still computationally efficient

A




Synchronous simulation RWTH
captures oscillatory behaviour
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@ From Boolean to continuous and dynamic RWTH
models within CelINOpt

Boolean multi , sync.

Boolean (binary) I fime-scale dynamics
logic steady state 1 1

0 > 0

1
st
ot

Output Value
o © o o 0o
—_
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Input Value
Morris et al., PloS Comp Bio 2011




@ Using logic ODE as modelling formalism

Based on ordinary differential equations derived from logic models using
a continuous update function

A ] .
%:TB[f(ajA)_mB} e
B ) 3
Li1 | | L2 LiN
dr; _
gy — Tz(Bi(f(xil)a f(xzz), 7f(sz)) xz)
Lg

DM Wittmann, et al., 2009, BMC Systems Biology
F Eduati, 2017, Cancer Research



@ Using logic ODE as modelling formalism

* Easily interpretable parameters

is the life-time of species i I strength of regulation j — i
T; =0 node not functional 37 =0 noedge |
>0 higher functionality >0 stronger interaction

* Direct derivation from logic rules

Generalisation for OR gates

L2 B(f(x1), f(x2)) = ...
0(1 — f(z1))(A — fw2))+
(1 — f(z1))f(z2)+
f(@1)(1 = f(z2))+

f(z1) f(z2)

== OO (-
_ 1O = |O




from Boolean model

@ ODEs can be automaticalle/O%e?e)rated RWTH
efy '

d/dt(tnfa) = 0*(1-tnfa_inh) %Note that this implies a continuous stimulus

d/dt(tgfa) = 0%

d/dt(raf) = ((e inh)
d/dt(pi3k) = ((e . . . . tauinv)*
(1-pi3k_inh) Even if structure is known need to identify
i) = 0 parameters, difficult optimisation problem

pi3k ikb_n_p . . . .

+ikb_k_tnfarik (S|m|Iar to biochemical ODES)

(1+ikb_k_pi3k
*pi3krkb_n p
d/dt(gsk3) = ((
gsk3_tauinv)*
d/dt(erk12) = ( i 1 amax (1 -I-k#(l —#(1 +m)+ (1—a™)«(1+k,"®)xb™ % (1+k,"?)
ikbrerk12_n_i at" 7 (a"a +{(0cy®) * (5™ + k™) = (@™ + k%) (b™ + k,'?)

irzjﬁgmkligg L Tk b« (L41,™) C) -
(1 +erk1: 2__k_r (@™ +kg™) * (™ + k™) ikb)_

erk12) * erk1Z

d/dt(egfr) = ((tgfa”egfr_n_tgfa/(tgfa”egfr n_tgfategfr k tgfategfr n_tgfa)*(1+egfr _k tgfategfr n_tgfa)-egfr) * egfr tauinv)*(1-
egfr_inh)

d/dt(casp8) = ((tnfa*casp8 n_tnfa/(tnfa*casp8 n_tnfa+casp8 k tnfa*casp8 n_tnfa)*(1+casp8 k tnfa*casp8 n_tnfa)-casp8) *
casp8_tauinv)*(1-casp8_inh)

d/dt(akt) = ((pi3k*akt_n_pi3k/(pi3k*akt_n_pi3k+akt k pi3k*akt n_pi3k)*(1+akt_k pi3k*akt n_pi3k)-akt) * akt tauinv)*(1-
akt_inh)



Fit of ODE model RWTH
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@ Different methods capture different
aspects

ligand EGF
inhibition $
readout

compressed

|dentifies
strong active links

Identifies

weak active links || MKK4 | i MKK? i |JKLK
p38 i JNK1 _ IkB
AP1 <l—:r c-Jun _ NFkB
Captures ‘weak’ CPU Time ,--€7-.
feedbacks 180 s CelINOptR (and all others) 1.

240 s [N CelINOptR 2 steady state
1200 s N CNORCHI
2000 s CNORdt

N CNORdt & CNORKCHl




@ From Boolean to continuous and dynamic RWTH
models within CelINOpt

Boolean (bina Boolean multi sync.
time-scale dynamics

logic steady IR [

CelINOpt

4! Es (dynamic)

MEIGO:
Global
optimization
in R/Matlab
Egea et al.
BMC Bioinf
2014

|dentify
structure
+ parameters
41 Henriques et al.
. X p 4 Bioinformatics
'!‘ 2015
0 50 100 150 200 250
Time [min]

Input Value
Morris et al., PloS Comp Bio 2011
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Broad spectrum of modelling formalism RwTH
with different level of detail

+ detall , - scope

i Boolean -- -- quantitative 1
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Logic modeling to link protein signaling EMBL-EBI
networks with functional signaling data « ™MW
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EMBL-EBI i

AVAVAV)™
AVAVAVY
AVAVAY

&7 | RINTHAACHEN
@ UNIVERSITY
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CelINOpt
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(cell/conditions)



RWTH

Where to get information from pathways? .

VAVAVAVZ
VAYAYAY
VAVAYAvaY

Multiple
sources

Databases of curated pathways (Reactome, KEGG, Wiki-pathways, NCI-
PID, Atlas Cancer, SignaLink, Path2Models, ...) incomplete, low overlap,

different qualities : _ :
“Canonical” TNFa Signaling Pathway

Important: standards (SBML, etc.) NetPATH (169)

Your own expertise/literature review

Solution: OmniPath
in-house integrated repository of 54
pathway databases (~7k
proteins,~27k PMIDs)
free open-source; available at NCI-PID (25)

0 D Kirouac
www.omnipathdb.or et a1 BMC Sys Bio 2012 GeneGo (79)



http://www.omnipathdb.org

