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Medicine in the Age of Omics Era
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“Law of accelerating returns
“-Opening avenues to a predictive personalized & precision Medicine
“Based on Omics Big Data : Genomics, Proteomics, Transcriptomics, Epigenomics, ...


http://sci-hub.tw/10.1038/507294a

Omics Analysis in the Age of
Precision & Personalized Medicine

]
Big Data’
~ Big to Smart < AVAGE| analysis
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D ru e | | | C | e n C Spear, Brian B., Margo Heath-Chiozzi, and Jeffrey Huff. "Clinical application of
pharmacogenetics." Trends in molecular medicine 7.5 (2001): 201-204.
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Modeling
Framework

What is a disease model ?

What is a diseased model ?




Object of analysis: Interactome

‘“Whole set of molecular interactions in a cell
““Functional/Integrative approach of interactions
#-Originally coined by Bernard Jacqg - 1999

Protein-Protein  Specific physical contact between protein <:>
steered by electrostatic forces

Signaling Signal transduction mechanism —

Regulation mechanisms between genes regulating the :>

production of specific gene product



Disease P Interactome perturbation

Zhong et al. 2009. Edgetic perturbation models of human inherited disorders.
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Causes of Cancer as network actions @ awnode deletion

O Arc/Node addition
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Maria Bargués i Ribera IBISC M2 report - 2016
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Network Medicine
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Modeling analogy

What is a disease model ?

What is a diseased model ?




Disease P Interactome perturbation

Zhong et al. 2009. Edgetic perturbation models of human inherited disorders.
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Causes of Cancer as network actions @ awnode deletion

O Arc/Node addition

Structural

l W l
< Genetic ) ( Epigenetic )
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Maria Bargués i Ribera IBISC M2 report - 2016
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Network Medicine
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Revisiting Genotype-to-Phenotype Relation

+ Network Topologies =>»
#+ Phenotypes

Causes of diseases & Therapy
prediction based on network
actions

Phenotype Phenotype Phenotype
1 2 3

Edgotype: a fundamental link between genotype and phenotype
N. Sahni & al. Current Opinion in Genetics & Development 2013,
23



Scenario: P
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Scenario: action network = perturbation
&0, Cancer Cell

Anti-cancer\ =%
drugs 2

® © ® O ® ©

Normal Cell Dying Cell




Network Action
Modelling framework

Theoretical framework




Boolean Network

= O




Fundamental operators

Yy = X1 NXy

Yy =X1VXy

Logical AND

Logical OR

20

Yy = X1

@
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Negation



Boolean Networks — Definition

Network = Boolean Dynamical system Model of dynamics & € S x X x S
xl — xz VvV x3 ’
F = Xy = X3 Equilibrium - 8

x3 =_IxZ/\X1

Interaction graph

00

e <
-
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Exponential size of space state

Hypercube H, = “roads” of trajectories

- 2" states
n= number of variables

< Reachability problem
limitation
& Cyclic attractor computation

“Require symbolic methods to
overcome the state space
explosion




On Boolean Network A “classical” modeling framework in

system biology

Easy to understand, reliable model,
Integration from #scales & sources

Interaction can be modeled by
3 operators

Any formula expressed as a combination of
OR, AND, NOT operators (DNF)

Extension to multi — valued network
Integer states

Network
action

On
Boolean Network

Conversion: Multivalued = Boolean.
Discrete model — Boolean = basic model

Extension of the updating policy

lﬁ' @’
Updating controlled by a mode defined as a
set of variables set



Scenario:Dynamical system reprogramming

&0, Cancer Cell

Normal Cell

r951 = f1(X1, oy Xp)

Xi = fi(xll ---:xn) ‘ ‘ G =

24

r751 = g1(X1, o) Xp)

Xi = gi(xl; ---:xn)

\Xn = fn (X1, ooy Xp) ‘ ‘

Computatibility ?

an = gn(x1; ---:xn)



Reprogramming » Boolean control network

U = {uq,..uy}: Control parameters

r951 = f1(xq,

Fy =1 x; = fi(xy,

\Xn = frn (X1,

vy Xy Uy eny Upyy)

"iny xn, ul, ren um)

iy Xy Uy e, Uiyy)

Control
Input
u:U - {0,1}

f

A general framework for Boolean system reprogramming

> 9

FE,=@WAf)v(nung)
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Network Action Category = Freezing Control

% Action on Boolean Network .:.:_. Control Boolean network %, Freezing action

Deleterious mutation Control enhancement Fix control to 0

26
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Freezing Control Action
M) Definition ®), FExample Action impact

Freeze=0, Idle =1 Freezeto1l &0 Control Acts on Dynamics

Node: DEFINITION freezing § ; /< @3 —/\
- Gnadov, , .
1
< xz — X3 V _IU,3,2 N
xo x; = fi(xq, e, Xp) A ) . -< 3 — \/ (070}« 3 —/
x3 - ((_I xz N\ xl) VvV _Id3) N d3
+ 1 X = fi(xl, ...,xn) Vv —Idll 110 <— Ty — 111
u),=1ui,=1d3=1d3=0
Arc: USE freezing /-4_ 3 —[oo1]
NN
, 100/—-:[: —> 101 010-(—:17 —\011
6\0 Xj = fj(xl,...,xi /\ugj,...,xn) [zo0]— s 3 /
VT . YR
u), =0,u3, =1,d3 =1,d9 =1




Boolean Network
Action Discovery

Computational Method Principles




Network action discovery

.

Network actions inducing biomarker profile switch

Control parameters to freeze inducing equilibrium
profile switch

v

Control discovery

Freezing control as causes.

29



Cause

Simulation Inférence

u’ :
™ .
Effect

Machine learni

Effect Induction



Exhaustive Simulation by Generate-and-test ?

- Network of 100 genes L et ‘
*# Inhibit 10% of genes at most (0-Freeze) 4.‘\' 'i.o"

| / A
N Y iy \V'
Ay EJ'WRN Vi N
*‘ “‘ A AN !
. A \ \,‘ f LIS s \
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*%- Objective: a "healthy” Biomarker profile

o 1974 »
o -
-@—.
|

*#- Find the target candidates N\ eSS a——— ' '
‘0. N b f : | t t : | 2 ] >19 OOO 000 OOO trlals
< Numper or simulfation trials .: | 1s./tria| > > 600 000 Years
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Problem statement

Discrete Inverse Problem Category

1 effect = #causes : Parsimony

Inference
Principles
Discovery

U

Feed back = Circular causes

Formal approach of cause discovery



Inference principle = Abduction

CANDEU

CAUSES <:| THEORY Hl:ll:l EFFECTS

Constralnts Equmbrlum
on control Profile
[ ] \parameters) _ Query )

Parsimonious solutions E> Cores = implicants minimizing the freeze
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Biological queries formalization

O In Some Contexts or Situations

Possibility to meet a property on states at equilibrium

op=31s€S: StableFﬂ(S) ADp(S)

] In All Contexts or Situations

Necessity to meet a property on states at equilibrium

p=VseESs: StableFu(s) = p(s)



Biological Query Examples : Cancer

Sustaining proliferative
signaling

Evading growth
suppressors

Resisting
cell death

Activating invasion
and metastasis

Inducing
angiogenesis

Enabling replicative
immortality

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of
cancer: the next generation. cell, 144(5), 646-674.

Jaoue)

ApPOpPtosIs

herapy

Cell Division



Biological Query Examples

O Gain of Apoptosis

The marking profile may be reached
when stabilized

0 (G4 A= Gy)

° Loss of Apoptosis

Never reach the marking profile
when stabilized

_I(Gl /\ L Gz)

Jaoue)

Apoptosis

Cell Division

36

herapy
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Inference solver of cores

Boolean Network Reprogramming query
X1 = Xy N\ —1X3 POSSibly O ReSU|t
F=1q %2 =7x3 ¥ =0 Parsimonious cause =
X3 =X A X Mininal control parameter sets to freeze
under the inclusion

N N ﬁ Method

Abductive Solver

Core

dy =0

Derived from prime implicant computation

Software

Library developed in Mathematica
ActONetLib




Steps of the method (1) : Specification

(x]_ :xz/\_lx:g
F=< x2 — ﬂxg
L x3 —_ —|x2 /\x1
_ Query
1=

X1 = Xy /\_IX3

38

Control _ 1 0
X3 — (_I xz N xl) V _Id_,]é3 N\ dgz

(xl — xz /\_ng) /\ ( x2 S— —|x3 V_Id}CZ /\
dgz) /\ (X3 — _Ixz /\x1 V _Idylcg /\dgz)
N

(—x1)
N

(dx, Vdz,) A(dy, Vdz,)

Stability

Control
Parcimony



Steps of the method (2): 0-1ILP 39

ILP : Minimize v.w subject to M.v > k with v; € {0,1}

—x1 A (73X V X3) A (—|x2 Vv ﬂd,lcz) ﬂ
1

Axavdi ) A(axzvdl)

/\ (_|x3 V _Id_%-g) /\ (x3 V _Idgz) 1 1
A(xsvdi)n(al, vdi) 1 1
1 1
ILP-based CNF SAT M 1 1
Terms = Variables Z M;..l, =1 : .
ly,€TcNF 1 1
1 1
Objective Function min( z Ly ;)
Negative control v w 1 1 1
terms =1 v €T ctri




Application

Proof of concepts
application to Breast cancer
Inference of

* Drivers

* Drug target




Drug Actions Inference

EGFR Cyclin-dependent
inhibitors kinase inhibitors

Aerobic glycolysis
inhibitors

Sustaining
proliferative
signaling

Proapoptotic
BH3 mimetics

Deregulating
cellular
energetics,

Resisting

deatl

PARP
inhibitors

Inducing

angiogenesis

Inhibitors of
VEGF signaling

Evading
growth
suppressors

Activating
invasion &

metastasis

Inhibitors of
HGF/c-Met

Enabling
replicative

promoting
inflammation

AN

Immune a m
anti-CTLA

4 mAD

Telomerase
Inhibitors

Selective anti-
inflammatory drugs

Motility Circuits

Cytostasis and
Differentiation
Circuits

anti-growth
;actors

p16

a5
matrix cyfhn D——o0

Rb—
gt @ o

AL
E2E
v /—->o.— p21

changes Hallmark T

Proliferation
Circuits
= recep

=

survival factors —»(C__ )—» QO —>0—+=0—i0Q

death

O
abnormality __ 6 factors

i sensor
cytokines —-

Viability Circuits
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A Boolean network of apoptosis/proliteration

f

EGFR = —BRCA1
ERK1/2 = EGFR

PI3K = = PTEN A EGFR
Akt = PI3K
GSK3B = — Akt,

MDM?2 = Akt ATP53,

< TP53=—- MDM2A (BRCA1vV — PARP1)
PTEN = TP53

PARP1 = ERK1/2

BRCA1 = —CycD1

Bcl2 = Akt

Bax = —=Bcl2 ANTP53,

CycD1 = = GSK3BV (= BRCA1A PARP)

EGFR |ERK1/2| PI3K Akt | GSK3B | Mdm2 | TP53 | PTEN | PARP1 | BRCAl1 | Bcl2 Bax | CycD1 | Phenotype

Division

Apoptosis




Inference of Driver Mutation
Q Result

& Problem statement

Freeze nodes to 0 or 1 except markers 1D & 2D-Freezing
Loss of apoptosis - Bax & CycD1 as markers

Apoptosis signature

Query
O—(Bax A =CycDy)

43

Single Frozen Molecule

BRCA1
O TP53

Tumor suppressors

Akt

€

Y Bcl2

') Mdm?

PI3K

Oncogenes

Pair of Frozen Molecules

GSK3 8 EGFR EGFR inhibitors
O) PTEN EGER (1 Resistance
GSK3 B ERK1/2
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Inference of targets in BRCAT1-deficient cells

& Problem statement v Result

Fix BRCA1 to 0 1D Freezing only
Gain of apoptosis

EGFR = ~BRCA1 7 PARP1 BRCA1

ERK1/2 = EGFR
Bcl2 = Akt
Bax = —=Bcl2 ATP53,
\. CycD1=— GSK3BV (= BRCA1A PARP) @ &

MDM?2 = Akt ATP53, EGFR
< TP53=— MDM2A (BRCA1V - PARP1) : , f
PTEN = TPS3 Olaparib Drug action
PARP1= ERK1/2

BRCA1= 0

g ErK/2 CP
GSK3B = — Akt,
e e 98
0 (Bax A —ICYCD]_) g - . &Synthetic Lethality




« Boolean Network Definition

F = {EGFR - ! BRCA1, ERK12 + EGFR, PIK3CA -+ ! PTENSE EGFR, Akt — PIK3CA, GSK3 » ! Akt, MOM2 - Akt &% p53, p53 — ! MDM2 & (BRCAL | | ! PARP1) , PTEN - p53, PARPL — ERK12, BRCA1 -+ ~ CycDl, Bcl2 —+ Akt, Bax — ! Bcl2 &8 p53, CycDl - (! GSK388 ERK12) || (! BRCAL&E PARP1) };

nor= Fact = ActWet[F, {BRCA1 -+ False}];

1= AttractorToTable@First@StableStates[Fact] £ M u tatl on i i

Akt Bax B2 BRCA1 CFD'I EGFR | ERK12 | GiK3 | MDM2 | p53 PARP1 | PIKICA | PTEN O . .
riginal network
® O OO © O e ¢ ¢ ¢ e ¢ g

* Marking definition and satisfiability test

2= markers = {CycD1, Bax}

gaz= {CycdDl; Bax )

1= marking = {CycD1 -+ False, Bax - True}

= {CycDl - False, Bax — True}

* List of variables that are allowed to be frozen either True or False

Notebook Example

1= frozenfalse = Complement [Agents [Fact] , markers]

= (Akt, Bcl2, BROAL, EGFR, ERK12, GSK3, MDMZ, p53, PARP1, PIK3CA, PTEN) .
Frozen variables

251= frozemtrue = Complement [ Agents [Fact] , markers]

ouns= Mkt Bcl2, BROAL, EGFR, ERK12, GSK3, MOM2, p53, PARP1, PIK3CA, PTEN)

Core

~ze1= Highlighted [ TableForm [ Timing [ TableForm & CoreForm [ cores = Destify [Fact, Nothing , MarkingToFormula[marking ] , frozenfalse, frozemtrue, ComtrolType -+ controltype] 1)1, Frame -+ True]

8.83125 A

CGFR O

e PARRY Abductive Solver
ERK12
BRCA1

Validation

:11= Fecure = ActNet[Fact, {PARP1 -+ False}]

weit= {EGFR — ! BROAL, ERK12 — EGFR, PIK3CA — ! PTENSS EGFR, Akt — PIK3CA, GSK3 — ! Akt, MDM2 — Akt &8 p53, p53 — ! MDM2 &8 (BRCAL | | ! PARP1) , PTEN — p53, PARP1 — False, BRCAL — False, Bcl2 — Akt, Bax — ! Bcl2 88 p53, CycDl — | ! GSK3 &% ERK12) ! BRCAL &8 PARP1) )

<= AttractorToTable®First®StableStates[Fcure]

At Bax Bt BRCA1 | CyeD1 | EGFR | ERK12 | GSK3 | MDM2 | p5S3 PARP1 | PIKICA | PTEN
New Stable states
19 90 0 e € e e ¢ 6 ¢ e ¢ ¢ <:|I




Conclusion & Perspective

§O,

Conclusion

46

Network based analysis: symmetrical analysis for disease & therapy

Boolean control network to model cell reprogramming

Biological validation provides seemingly promising outcome

Dynamics analysis enlarges target inference ability = Synthetic lethal partner discovery
Computational method improvement : BDD based Core inference

'0-0) Perseective

Application to prediction of targets — DMD - ISTEM
Extensions to other disease process
Design of models for therapeutic prediction




Thank You

¢+ Célia Biane, Franck Delaplace:
Abduction Based Drug Target Discovery Using Boolean Control Network. CMSB 2017: 57-73
https://tel.archives-ouvertes.fr/IBISC/hal-01522072

“ Célia Biane, Franck Delaplace, Hanna Klaudel:
Networks and games for precision medicine. Biosystems 150: 52-60 (2016)
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