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Systems biology

Inter-disciplinary field that studies complex interactions
in biological systems

Representation and analysis of biological processes
as signalling networks

Systems biology and computational modeling. (2011) Cell, Volume 144, Issue 6
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Existing resources of cell signhaling pathways

Commercial pathway databases
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Cancer-specific pathway databases Disadvantages:
Memorial Sloan-Kettering Cancer Center X Visualization
X Navigation
X Maintenance




Signalling network

Signalling pathway
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Construction map of signaling networks

Systems biology approach for representation of signalling pathways as
comprehensive networks amenable for analysis

Networks types:
‘\./) \./‘ \!_) \‘/ \‘/ \../ &

*Gene-gene interaction
*Protein-protein interaction
*Transcription regulation
*Metabolic

*Drug-target interaction
*Signal transduction




&SML
BGN

Standards and tools
for signaling networks construction

Visual syntax
Systems Biology Graphical Notation (SBGN) c
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Diagram editor for signalling networks representation

CellDesigner.org

The Systems Biology Graphical Notation.
Le Novere N, et. al
Nat Biotechnol. 2009 Aug;27(8):735-41.

Biochemical modeling with Systems Biology Graphical Notation.
Jansson A, Jirstrand M.
Drug Discov Today. 2010 May;15(9-10):365-70.



ML Standards and tools

BGN for signaling networks construction

Systems Biology Markup Language (SBML)
Computational representation of biochemical processes

K1*X0
Protein L brotein ‘

Biochemical reaction

<listOfSpecies>
<species name="X0">
<species name="S1">
</listOfSpecies>
<listOfReactions>
<reaction name="reaction_1"/>
<listOfReactants>
<speciesReference species="X0"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="S1"/>
</listOfProducts>
<kineticLawformula="k1 * X0">
<listOfParameters>
</listOfParameters>
</KineticLaw>
<[reaction>
</listOfReactions>

SBML representation

Evolving a lingua franca and associated software infrastructure for computational systems biology: the Systems Biology Markup Language (SBML) project.
Hucka M, Finney A, Bornstein BJ, Keating SM, Shapiro BE, Matthews J, Kovitz BL, Schilstra MJ, Funahashi A, Doyle JC, Kitano H.

Syst Biol (Stevenage). 2004 Jun;1(1):41-53.
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Atlas of Cancer Signalling Networks
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Home Documentation & help Downloads About

Supported browsers: You can access ACSN via recent browsers such as Firefox, Chrome, Safari and Internet Explorer (version 8 mode).
In any case, please make sure that JavaScript is enabled in your browser.

Atlas of Cancer Signalling Networks global map

ACSN is a pathway database and a weh-based environment that contains a collection of interconnected cancer-related sianallina_network
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i Atlas of Cancer Signalling Networks

Map/Module ‘Chemical Proteins Reactions References Creation  Last
species date update
Apoptosis map 1640 687 1166 595 2010 2013
AKT_MTOR 142 67 98 61
CASPASES 197 110 118 109
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Cell cycle map 165 78 165 235 2008 2011
APOPTOSIS_ENTRY 49 16 24 46
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Atlas of Cancer Signalling Networks (ACSN): a highly curated pathway database and a discussion forum for cancer systems biology
Kuperstein I, CohenDPA, Nguyen HA, Bonnet E, Viara E, Grieco L, Fourquet S, Calzone L, Barillot E and Zinovyev A (submited)



A web tool for navigation, curation

and maintenance of signaling networks

NaviCell = Google map + Semantic zoom + Blog
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NaviCell: a web tool for navigation, curation and maintenance of molecular interaction maps.

Kuperstein I, Pook S, Cohen DPA, Calzone L, Barillot E and Zinovyev A
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Data visualisation and analysis in the context of
signalling networks

‘Protein staining’ with transcription data of breast cancer

[E2Fatargets | [E2F6_targets |  [E2F4 targets | [E2F2_targets |
A

HEE |7 [E2F3_targets |A [E2Ft targets |
A - —————

______

A comprehensive modular map of molecular interactions in RB/E2F pathway.
Calzone L, Gelay A, Zinovyev A, Radvanyi F, Barillot E (2008) Mol Syst Biol 4: 173.



Data visualisation analysis in the context of

signalling networks

‘Pathway staining’ with transcription data of breast cancer

Cell cycle signalling network
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Data analysis and visualization in the context
of signalling networks

Data overlay:
Mutation status (glyph)
Expression data (bar plot)




DNA repair pathways

Single- Double- Base mismatches,
strand strand Bulky insertions
break break adducts and deletions Base alkylation
Double-
strand
break repair
A &
BER Homologous  NHEJ NER Mismatch Direct reversal
recombination repair
\J l 1 A\ J A\
Proteins ~ PARP1 BRCA1 KU70/80 ERCC4 MSH2 MGMT
XRCC1 BRCA2 DNA-PK ERCC1 MLH1
LIGASE 3 PALB2
ATM
CHEK1
CHEK2
RAD51
l 7 Y 4
Tumour types Breast, ovarian, pancreatic Xeroderma Colorectal Giloma
pigmentosa
Drugs PARP inhibitors, platinum salts Platinum salts Methotrexate ~ Temozolomide

Lord C, Ashworth A. The DNA damage response and cancer therapy. 2012. Nature 481, 287—-294



Network of DNA repair pathways:
comprehensive reconstruction
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A

Network of DNA repair pathways:
comprehensive reconstruction

Part of ATLAS OF CANCER CELL SIGNALLING (http://acsn.curie.fr)
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breast cancer 2, early onset, FANCD1
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Synthetic genetic interactions

Unexpectedly larger or smaller effect of mutations combintation on a compared to their
individual effects.

Types of synthetic interactions

Negative or aggravating when the combined effect of two or more gene defects is more
severe than it is expected from a simple multiplicative model ( cause decrease of fitness).

Positive or alleviating interaction when the effect is less severe than expected (increase
of fitness). This is observed in the situation when mutation of one gene compensates of
buffers the effect of the mutation in the other gene.



Synthetic lethality

An extreme case of negative genetic interactions

Gene A Gene B Cell fate

+ +

/\0_0/\
.
- + &
(N
. o — —
I I

Synthetic lethality
An extreme case of aggravating genetic interaction leading to
the cell death when two non-essential genes are perturbed. Dobzhansky Genetics (1946)



Synthetic lethality paradigm in cancer treatment
BRCA/PARP synthetic lethal pair

BRCA1/2 Normal cell
i PARP
T;:ﬁg?sn SSB  inhibitor DSB
i o~ Active o~
(FESAEES) /ﬂmlﬂk ¢ BRCA1/2 &
~ \ /] /

Breast
tumor PARP
|nh|b|tor
\ Synthetic
lethality
\ OO

Tumor cell BRCA1/27~

Approach
Exploit genetic ablation in cancer cell and chemical
inhibition to achieve synthetic lethality in tumors.

Application example
Tumor cells deficient for the BRCA are synthetic-lethal
to inhibition of PARP activity.

Hartwell et al. Science (1997)



Discovering synthetic lethal pairs
screenings and modeling

« Examples of large-scale screenings
— inyeast (Constanzo et al, Science ,2010)

— in C. elegans (Lehner et al, Nat Gen, 2006)

— in human
MYC: Toyoshima et al, PNAS, 2012
TP53: Krastev et al, Nat Cell Biol, 2011; Xie et al, PLoS Gen, 2012

KDACSs: Lin et al, Nature, 2012

 There might be synthetic lethal cocktails (triples)!



Signalling networks for intervention strategy design
Structural analysis
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OCSANA: an Integrative pathway analysis to
reveal synthetic lethal cocktails

n, 12}
{C.,G}
{B.E}

ey

{C,F,I1}
{B,C,F}

Prioritizing the list of master regulators
Identifying points of fragility in the network
Identifying synthetic lethal combinations

Elementary Elementary Computation Total Number  MinHitSets MinHitSets MinHitSets MinHitSets MinHitSets Comments
Pathways Nodes Time of MinHitSets Size 1 Size 2 Size 3 Size 4 Size 5
2300 198 5.51 252 0 0 108 42 102
2214 131 7.43 74 9 5 12 7 42
15 71 7.40 38336 6 0 160 4848 33322
C
@]
) 198 126 2.04 74 8 5 12 7 42
g 529 171 2.40 112 0 6 30 32 44 Antiapoptotic
— 1476 121 1.21 74 1 5 12 7 42 Downregulate
(@] d by BRCA1
"'E and p53.
o= Upregulated
. by USF-1
“'E (which is
o) upregulated
@) by BRCA2)
% 246 119 0.24 86 21 0 12 7 42 Study of
Combinations




Prediction of synthetic lethal cocktails from

structural analysis of DNA repair network

DNA state transition graph

20 paths from

different types of DNA
damage to the state
of repaired DNA
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Systematic prediction of synthetic lethality (SL): minimal hit sets

Synthetic lethality by hitting triplets: 1452 sets of size 3
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Studying mechanisms of synthetic lethality:
reversibility of signalling pathways

Linear pathway

@070

Role in:

Maintaining genome integrity
Double strand breaks repair
Interstrand crosslinks repair
Single-stranded DNA gaps filling
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Table 1 and 2

TLS
FR
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Human
FBH1
FANCJ
RECQ5

Intermediate

Human
FANCM
RTEL1

Intermediate
Human
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RTEL1

Product

Yeast

MUSB1-EME1 ~ MusB1-Mms4

Fabre et al. PNAS (2002)
Schwartz and Heyer Chromosoma (2011)



Homologous recombination as a model pathway
for synthetic lethality modelling

DSB Replication gap
NHEJ / T
-

SSA -1 1 Table 1 and 2
‘ } designation:
—w N Substrate
E— =ome=l
Human Yeast Yeast Human
BRCA2 Rad52 FBH1
RADS1BIC/D Rad55-RadS7 ooy |[=% FANCJ
XRCC2/3 LI | P S
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s Toxic intermediate

FR

e
@

Forward reactions ¢ Backwards reactions Observation 1
\ / Homologous recombination pathway is enriched with negative
End products

genetic interactions within single pathways

Observation 2
Homologous recombination pathway contains reversible steps

Observation 3
RAD51 - ssDNA intermediate filament is toxic to cells



Synthetic lethality within single reversible pathway

Kinetic trap: cell death due to toxic intermediates accumulation

Srs2-Rad54 double mutant in yeast leading to accumulation of
un-resolved RAD51 — ssDNA toxic intermediates

1 ' ' =5
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QT’ZQ ZG viable
94—*>gj€_>g dead

Substance level (au)

0.1

Synthetic Lethality between Gene Defects Affecting a Single Non-essential Molecular Pathway with Reversible Steps.
Zinovyev A, Kuperstein |, Barillot E and Heyer WD (2013) PLoS Comput Biol.



New mechanism of synthetic lethality:
kinetic trap is a generic feature of cell pathways
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PARP inhibitors mechanism of action

Between pathways SL or within reversible pathway SL?

Trapping of PARP1 and PARP2 by Clinical PARP Inhibitors.
Murai J, Huang SY, Das BB, Renaud A, Zhang Y, Doroshow JH, Ji J, Takeda S, Pommier Y.

PARP inhibitors trap the PARP1 and PARP2 enzymes at damaged DNA.

Trapped PARP-DNA complexes were more cytotoxic than unrepaired
SSBs caused by PARP inactivation, arguing that PARP inhibitors act in

part as p0|sons that trap PARP enzyme on DNA
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study provides a new mechanlstlc foundatlon for the ratlonal appllcatlon of PARP |nh|b|tors in cancer therapy

Classical mechanism New mechanism

Between pathways synthetic lethality Within pathway synthetic lethality

Lack of DNA repair and accumulation of damaged DNA Kinetic trap into toxic intermediate accumulation
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Conclusions

Synthetic lethality: rationalized paradigm in
finding anti-cancer drugs and predicting
response

* Detailed representation of DNA repair mechanisms

allows integrated data analysis (data overlay and
visualization, network structure analysis)

Stuctural analysis of signalling networks can help in
predicting combinations of genetic interactions

(Synthetic Lethal triplets)

/1 * Mathematical modeling can help in discovery of new
LT mechanisms of synthetic lethality (kinetic trap)
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