CuctemMmHas buosnorus: nepcnekTmebl U NPobNeMb

Nnba Cepebpunckmnn
Fox Chase Cancer Center



CuctemHasga buonorus B moge!..

CTtatbu co cnoBamu "'cucremHasa ouvonorna"
7000

6000
5000
4000

D i | The
Systems
Biology
Institute

5 net: ~50ny6nukaumm

3000

2000

1000

1940 1950 1960 1970 1980 1990 2000 2010 2020

Institute for @

Systems Biology ~ 50 ny6bnukauwmi B roq

——

f

—_—

SCIENTISTS & LEADERSHIP ISB RESEARCH RESOURCES PARTNERSHIPS EDUCATION & OUTREACH ABOUT

LN

v a I B Study of Yeast Peroxisomes Leads to
OO0 «UNHCcTUTYT cnuctemHom drnonormny, N oot o Bl Pt
r. HoBocnbupck, Poccus - 5

3 coTpygHuka -= -




... HO cuctemMHaga duonorusa bbina scergal

«uernoe bonblue, Yem
CyMMa ero 4actem»

BCE YacTW 1 NPOLECChl LIenoro
B3aUMOBIUAIOT U
B3aMMoo0OycnaBnmMBatoT Apyr Apyra

B.N. BepHaackuin

FEFELL

MEM lacsky Alfred Lofka Corvad Waddington Hodgkina Hudey Ludwig vongertalantfy Ramon margalef

L FEET R

llya Prigogine Brian Gocdwin Benoit Mandeltrot Mumray Gell-Mann  Stuart Kaufmann Mic!

Fig. 1 Some relevant scientists with outstanding systemic contributions to the understanding of complex biological problems before the
emergence of modern systems biology



exomophbl€

CucrtemHasa bnonorus: nepcrnekTuBbl U NpPodnemsbl

Mou oCHOBHbIe 3a4a4U Ha 3TU NeKUnu:

* rocTapartbca AaTb obulee NnpeacTaBieHne 0 CUCTEMHbIX
CBOMCTBax OMonorn4yeckmx oobeKkToB

* BKpaTLie ONucaTb OCHOBHbIE COCTaBMSAKOLLME CUCTEMHOM
ounonormu

* BbIOOPOYHO OCBETUTbL HEKOTOPbLIE AOCTMKEHMS
* MPUBIEYb Ballle BHMMaHME K 0OLEeaoCTYNHbIM pecypcam

* npepocTepeydyb 00 OCHOBHbLIX NPOGNeEMax B CUCTEMHOM
Buornornm n pacckasatb NonbITKax UX paspeLLeHns



A KaK Hac4yeT onpegeneHud
«CUCTEMHOMN buonornm»?
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Boo011ie roBopsi, UTO TaKO€ CUCTEMHAsA OMOJIOT s, HE 3HAET HUKTO.
OrssgapiBasgCh Ha3a/l, KAXKETCA, YTO TAKOIO TEPMUHA, HABEPHOE, JIYYIIIE
ObLII0 ObI BOOOIIE HE MPUYMbIBATh.

.. Ho ero npupiymanu, v OH yXKe YKOPEHWJICS.
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* W %
Der Begriff System (von griechisch ouoTtnua, ,das Gebllde % 7-1-’
Zusammengestellte, Verbundene®) bezeichnet allgemein eine Gesamtheit
von Elementen, die so aufeinander bezogen bzw. miteinander verbunden
sind und in einer Weise interagieren, dass sie als eine aufgaben-, sinn-
oder zweckgebundene Einheit angesehen werden konnen.

®

WIKIPEDIA

Die freie Enzyklopadie

WIKIPEDIA

L'encyclopédie libre

Un systéme est un ensemble d'éléments interagissant entre eux selon
certains principes ou régles.

Un systéme est déterminé par :

la nature de ses éléments constitutifs ;

les interactions entre ces derniers ;

sa frontiere, c'est-a-dire le critére ... déterminant si une entité appartient
au systeme ou fait au contraire partie de son environnement).

WIKIPEDIA _ . : . _
The Free Encyclopedia oA system is a set of interacting or interdependent components forming

an integrated whole or a set of elements (often called ‘components') and
relationships which are different from relationships of the set or its
elements to other elements or sets.




Hy xoTsa 6bl onpegeneHne «CUCTEMbI»?

f NN
CBoucTBa, o6LKue Ansi BCex cuctem W Q ?M }(,
SRR
*LlenocTHOCTb — cucTema ecTb abeTpakTHas CyLLHOCTb, obnajatwas =~ -
LIeNOCTHOCTLIO 1 OnpeaerieHHasi B CBOVX rpaHnLax. Buxutienu Sl

CeobooHas FIHYUKTIONEOUs.

LlenocTHOCTb cucTeMbl NogpasyMeBaeT, YTO B HEKOTOPOM
CYLLECTBEHHOM acnekTe «cuna» unn «LUeHHOCTb» CBSA3en 3fIEMEHTOB
8HYyMpPU cUCMeMbI BbilLie, YEM CUIla UM LEHHOCTb CBA3EN 31IEMEHTOB
CUCTEMbI C ANIEMEHTaMMN 8HEWHUX cucmeM Unn cpeosbl.

NosiIBNEHNE y CUCTEMbI CBOWCTB, HE
LuMnuanbHas HeCBOOMMOCTb
DCTABNAKOLWMX €€ KOMMOHEHTOB
TEMbI MNPEBOCXOAAT CyMMY

Ten; obLlas Npon3BoANTENBHOCTb
fiLie, Yem y MPOCTON CyMMb!

*/lepapxnyHOCTL — KaxKablh KOMMOHEHT CUCTEMbI MOXET
paccMmaTpmBaTbCs Kak CMCTeMa; caMma cucTemMa Takke MOXET
paccMaTpuBaTbCs KaK afieMeHT HEKOTOPOW HaLCUCTEeMbl (CynepcucTemMsil).




CBoucrtea bMONoOrM4eckmnx CUCTemM M OCHOBHbIE
3afa4vun ux BCECTOPOHHeEro nccriegosaHusa (1)

HekoTopble Hanbonee BaXHble CBOUCTBA:

*  OMKpPbIMbIe cUCMEMbI, HAXOOATCS B MOCTOAHHOM
B3aMMOODOMeHe MHdopMaunen N MaTepPUEn C OKpyKatoLen cpeaon

* Takon oOMeH NpPMBOAMUT K MOCTOSAHHBbIM U3MEHEHUNAM — 3TO
OUHamMu4yeckue cucmemsl

* UMerm uepapxuyecKyr CmpyKmypy n MHOFOypOBHEBbLIE
B3aMMOOENCTBUSA U B3AaUMO3aBNUCMMOCTU MEXOY KOMMNOHEHTaMM



CBoucrtea bMONoOrM4eckmnx CUCTemM M OCHOBHbIE
3afa4vn Ux BCECTOPOHHErNo nccriegosaHusa (2)

BaxHeuwiune 3agayum:
* UN3y4YeHue CTPYKTYpbl CUCTEMDI
* NMNOHMMaHne aANHaMuMKn CUCTemMbl

* onpegeneHune rnpaBui camoperynaumnm CAUCTeMbI

CnocoObI pelweHus:

* J1aHOMEepPHOE N cUuctemMmatTnyeckoe BO3ENCTBUE
* U3IMEepPEHUNne oTBeTa CUCTEMbI Ha pPa3HbIX YPOBHAX
* WHTerpaunda oaHHbIX

* MOCTPOEeHne modeJsiel, NO3BONAKLMX NpeackasbiBaTh
nosegeHne CUCTeMbI



STarbl CTAHOBIEHUA CUCTEMHOW
bmnonorum (1)

CUCTEMHbIN
aHanus
| m
' nony4eHue pas3BuTUe
HOBbIX AaHHbIX HOBBbIX TEXHOMOIMM
=
YyacTU4Hoe

NOHUMaHUe
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STarbl CTAHOBIEHUA CUCTEMHOW
brnonorum (2)

CUCTEMHbIU
aHanus
AR
nosiyyeHue pasBuTue
HOBbIX JaHHbIX HOBbIX TEXHONOMMMN
BrnonHdpopmaTuka
YacTU4HOE

NOHUMaHUe



JTanbl CTAHOBMNEHMNS CUCTEMHOW
bunonorun (3)

CUCTEMHbIN
aHanus
A

(maTem.
mogenu)

nojiydeHune pa3BnTne
HOBbIX OaHHbIX HOBbIX TEXHOMOIMN

6MOMH¢OPM8TMK8U

v

YaCTn4Hoe
NOHUMaHUe



JTanbl CTAHOBMNEHMNS CUCTEMHOW
bunonorun (4)

CUCTEMHbIN
aHanus
T MaTeM.
Moaenm
MeanunHa,
cernbCKoe X03-BO
nony4vyeHme pas3BuUTue
HOBbIX OAaHHbIX HOBbIX TEXHONOIMI

6MOMH¢OPM8TMK8U

v

YaCTn4Hoe
NOHUMaHUe



OTanbl CTaHOBIIEHNA CUCTEMHOW
bunonorunu (2)

EBrenun Kynun:

CUCTEMHbIN 3a cnoBamu "cuctemMHast Onosorust” OOBIYHO CTOUT UJIES O TOM, YTO HY>KHO U3y4aThb
aHanus OpraHu3M, KJIETKY WM KJIETKY C BUPYCOM KaK HEKYIo cucteMy B LesjioM. Ho kak
A D MMEHHO 3TO ClIeJaTh, HUKTO Ha CAMOM JieJie He MOHMMaeT. Takum o0pa3oM, peasbHO

\ MOJ1 3TOT 30HTUK NonafatoT mmpokomacmtadubsie (high throughput) nccnenosanus
\ Yyero-amoo 1 KOMOMHALIMY TaKUX MCCIIENOBaHNIA. ..
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PR So IToka cywecmeyrowas Cucmemuan bBuoaozun

,/’ nony4eHune \\ noopasymeeaem He CMOAbKO UCCAC)08AHUSL KAKUX-MO
LR 4 )e ouonouecKux cucmem, CKOAbKO noOpoOHoe

! W4 HOBbIX OaHHbIX; .

! ¢ | onucanue ux wacme. XoTs1, KOHEYHO, HA OCHOBAHUY
: Il | TIOJIYYEHHBIX TaKUM 00pPa30M JIaHHBIX YK€ MOSKHO
)i CTPOUTH KaKKe-TO MOJIEJIU, HO 3TO APYTOi BOMPOC.
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YaCTn4Hoe
NOHUMaHUe

“-omics” sciences



OCHOBHbI€ NCTOYHUKN MHd OpMaL K
CUCTEeMHON bunonoruu

The Central Dogma of Molecular Biology

Replication
(DN passes

_ coded information
‘l:ﬁormatwn? \ with replication )
SIRMIVLROVRDON

| ..
Information

s\s\wq Transcription

RNA synthesis:
coded information passed into
RMNA during transcription

Dhla,

Translation

Information Messenger RNA carries
coded information to
ribosome during protein
synthesis

The buck stops here.
Proteins refuse to
give away any infor-
Ribosome mation.

4

Protein

Proteins provide
structure and help carry
out almost all biological
activity.

Protein



OCHOBHbIE UCTOYHUKN MHOPMaL K B
CUCTEMHOWN buonoruv

« NeHOMMKa - ocHoBHas 3agaya 3akno4aeTcs B ONpeaeneHnm 1 obLLIEM N3YHeHUN HYKNEOTUOHbIX

nocnegosatensHocten PHK n [1HK Ha ypoBHe reHOMOB

. TpaHCKpVInTOMI/IKa — nageHTndukaumna scex PHK B knetke, (KOANPYHOLWLMX UM HEKOOUPYIOLLNX),

ornpefgeneHve KonnuyecTsa Kaxaon nHansuayansHon PHK, onpeneneHne sakoHOMepHOCTEW 3KCnpeccum

. npOTeOMVIKa — onpegeneHne Bcex 6enkoBbIX KOMMOHEHTOB Ha YPOBHE KINETKU, UX

beHKLI,VIOHaJ'IbHOFO COCTOAHUNA N OUHaAMUKHN

- MeTabonomumka — onucbiBaet GroxMMUUECKOEe COCTOSIHUE KNETKY, onpenensasa u n3amepas

KOHUEHTpauun Tak Ha3dbiIBa€MbIX MaliblX MOJIEKY/I, MeTabonuToB

AnuUreHoMukKa, rMMKOMUKa, MUKPOOMOMMKA, pe3UCTOMMUKA...

MOsibKO fieHU8bIl He rnpubasnsem «OMUKa» K Ha3eaHU ceoel HayKu...



http://www.ark-genomics.org/badomics-generator

& ARK-Genomics

- ‘ l‘ . Centre for Comparative & Functional Genomics Login Register

Home AboutUs ~ Services Protocols ~ Outputs Events v News Ordering Contact Us

Badomics generator

Your badomics word is:
Ciliomics
Smith et al (2012) Sequencing the Ciliome reveals insights into evolution and the

environment. Nat Biotechnol 30(7):213-222

DISCLAIMER: This webpage is intended to be funny. It is not meant to offend. It is not aimed at any inidvidual, group or institution. If this page causes
offence in any way then please e-mail me ASAP at mick.watson@roslin.ed.ac.uk and | will take it down.
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[ eHOMUKA

An integrated encyclopedia of DNA elements
in the human genome

The Encyclopedia of DNA Elements (ENCODE) project aims to
delineate all functional elements encoded in the human
genome

Operationally, a functional element is defined as a discrete
genome segment that encodes a defined product (for example,
protein or non-coding RNA) or displays a reproducible
biochemical signature (protein binding, or a specific chromatin
structure).



An integrated encyclopedia of DNA elements

Prior gene-centric annotations
for diagnostics

Enhancer

Promoter

Exon

} Intron

- Splice junctions
and lariat structures

[ 3 UTR

l

Single-gene diagnostics

ENCODE annotations
for diagnostics

Noncoding transcripts

© 00

Open chromatin

Single-gene diagnostics
with modifier variants

iIn the human genome

The elements mapped (and approaches used)

® RNA transcribed regions

(RNA-seq, CAGE, RNA-PET)

® protein-coding regions

(mass spectrometry)

o DVendngproeins e transcription-factor-binding sites

(ChIP-seq and DNase-seq)

® chromatin structure

(DNase-seq, FAIRE-seq, histone ChIP-seq and MNase-seq),
®* DNA methylation sites

(RRBS assay)

The vast majority (80.4%) of the human genome
participates in at least one biochemical RNA- and/
or chromatin-associated event in at least one cell
type. Much of the genome lies close to a regulatory
event: 95% of the genome lies within 8 kilobases
(kb) of a DNA-protein interaction (as assayed by
bound ChIP-seq motifs or DNase I footprints), and
99% is within 1.7 kb of at least one of the
biochemical events measured by ENCODE.



[ eHoOMKMKa — B3auMo4encTBme ¢ opyrmmu
aucuuninHamMm cMcteMHoun bruosormm
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Phenome | Million Plant & Animal Genomes Project
Million Human Genomes Project
Million Micro-ecosystem Genomes Project



VIHTepakToMunKa — BaXKHEULLINIA
KOMMNOHEHT CUCTEMHOW Bronornm

. MHTepaKTOMMKa — OCHOBHagd 3ajadya 3aksio4aeTcsd B onpeneneHnm B3ammoaencTBmMin MoSiekyrn

(6enkos, AHK, PHK) Ha ypoBHe KneTku, a Takke B U3y4eHUn JUHAMUKN STUX B3aUMOLAENCTBUM

* T103BOJIAET NOJIY4YNTb NnepBoe np|/|6n|/|>|<eHV|e K MOOESIN — KapThbl ceTen B3anMoaeuncTBus

Proteins, Interactions, Binary interactions and Complexes
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O6uwee konnyecTBo GErok-6enKkoBbIX B3aNMOAENCTBUN
B 6asax JaHHbIX pacTET HaMHOro ObicTpee obuiero
Konn4yecTBa U3BECTHbIX OernkoB



VIHTepakToMunKa — BaXKHEULLINIA
KOMMNOHEHT CUCTEMHOW Bronornm

Bonblias yacTb 6enok-6enkoBbIX B3anMOAENCTBUN
B 6a@3ax AaHHbIX NOfy4YeHa Ha OCHOBE
nccneaoBaHU MOAErbHbIX OpraHM3MOB

Species

“interolog” - conserved interaction between a pair of homologous proteins



MeToabl onpeneneHnst benok-
DenkoBbiX B3aMMOOeENCTBUN

Interaction detection methods

others

tandem affinity purification

cosedimentation

anti bait coimmunoprecipitation

“T== two hybrid

two hybrid pooling approach

two hybrid array =

i pull down
anti tag coimmunoprecipitation



Yeast Two-hybrid

Non-Interacting
Bait and

Prey

AUXOTROPHIC

Bait alone
(Bait)
‘6& AUXOTROPHIC|
binding site reporter
No Growth
(Bait)
P Y
(DBD) COLOR
binding site reporter
White

Transcription: OFF

binding site

reporter

No Growth

(Bait)

(6D

Interacting
Bait and Prey

(OBDy | |AUXOTROPHIC

binding site

White

reporter

Transcription: OFF

binding site reporter

00000

Growth

binding site reporter

Blue

Transcription: ON



Tandem affinity purification
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Nature Reviews | Molecular Cell Biology



Protein fragment complementation assay

Protein X Protein Y

DHFR[1,2] ? DHFR[3]

Using mutant of mDHFR that
Is insensitive to the DHFR
inhibitor methotrexate

No Interaction Interaction

m No complementation Complementation
No growth Growth
Reconstituted ; o .o . :
enzyme : 3
activity 4 -

Positive controls [

Negative controls i




MeToabl onpeneneHnst benok-
DenkoBbiX B3aMMOOeENCTBUN

CBos cneundmKa y KaXKAOrO U3 HUX...

Yeast two-hybrig
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CeTun B3anmMogencTBmn NO3BONAIOT NOSTYYUTh
OOMONTHUTENBbHYI MHAOPMAaLINIO

[mobanbHasa ceTb
reHeTU4ecKux
B3aMMOOENCTBUN B
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Tononornyeckne xapakTepUCTUKN CETU
ONUCbIBAOTCA MHOMMMW NMapameTpamu

KoachpmumeHT knactepusarim CnyvanHas cetb BeamacwrabHas cetb  Mepapxuyeckas cetb

3

A Random network B Scale-free network C Hierarchical network

Ba

el
4]
1 N N -
= \ £ oof & 10+
-5
[MpomexyTovHasa LeHTparbHOCTb T \\ 0.0013 1&
1 0.00014 10-?
k 1 10 100 1,000 1o 16 1(;0 1.0I00 10,(I)00
Ac Bc K ce k
< < o
Cb(b) = ((Tac(b) / Gac) + (Tad(b) / Tad) + (Tae(D) / Tae) + R g 8
(0cd(b) / Oca) + (Oce(b) / Oce) + (Tae(b) / Oe)) / 6 =
(1IN +(1/1)+2/2)+(1/2)+0+0)/6=35/6=

0.583 k k log k



Tononornyeckne xapakrepuUCTUKK
onpenenarT MHOTMe CBOUCTBA CETH
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Tononoruyeckne xapakTepucTukn
onpenenarT MHOTMe CBOUCTBA CETH

CnyyanHas cetb
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Tononornyeckne xapakrepuUCTUKK
onpenenarT MHOTMe CBOUCTBA CETH

[ns nobon BepLUMHBbI MOXXHO ONpeaennTb cmerieHb ckorisieHus (clustering
coefficient) kak nokasaresnb B3aMMOCBA3aHHOCTU €€ COCEdEN.

Clustering coefficient KoadPpurumeHT kaacTepusaumnm
The clustering coefficient is a ratio N / M, where N is the number of edges
between the neighbors of n,and M is the maximum number of edges that could
possibly exist between the neighbors of n.The clustering coefficient of a node is
always a number between 0 and |.

g

the clustering coefficient C, = 1/3

The average clustering coefficient distribution gives the average of the
clustering coefficients for all nodes n with k neighbors for k = 2,.... It was
used to identify a modular organization of metabolic networks



Tononornyeckne xapakrepuUCTUKK
onpenenarT MHOTMe CBOUCTBA CETH

Neighborhood connectivity CesasHOCTb OKpy>keHuUs
The connectivity of a node is the number of its neighbors.The neighborhood
connectivity of a node n is defined as the average connectivity of all neighbors

of n .The neighborhood connectivity distribution gives the average of the
neighborhood connectivities of all nodes n with k neighbors for k = 0,1,....

Avg. neighhorhood connectivity
o - N w H (4]
[ |

o

1 2 3 4 5 6 7
Number of neighbors

If the neighborhood connectivity distribution is a decreasing
function in k, edges between low connected and highly
connected nodes prevail in the network



Tononornyeckne xapakrepuUCTUKK
onpenenarT MHOTMe CBOUCTBA CETH

MpomexyTo4yHasa LeHTpPanbHOCTb

Betweenness centrality
The betweenness centrality Cb(n) of a node n is computed as follows:

Cb(n) =Dt (O st (n) / Ost)-
It is always a number between 0 and |.

Cb(b) = ((Oac(b)/ Oac)+(0ad(b)/ Oad)"‘ (an(b)/
an)"’(Ocd(b)/ Ocd)+(0ce(b)/ Gce)+(0de(b)/
Tae)) | 6 =
(/1) + (171 +(2/2)+(1/2)+0+0)/6=35/6=
0.583

The betweenness centrality of a node reflects the amount of control that this node

exerts over the interactions of other nodes in the network .This measure is higher

for nodes that join communities (dense subnetworks), rather than nodes which just
lie inside a community.



Tononornyeckne xapakrepuUCTUKK
onpenenarT MHOTMe CBOUCTBA CETH

Kakon napameTp BaxHee?

[IpomeKyTOYHas LEeHTPaAbHOCTb!
CBA3HOCTb OKpYKeHus!

« lMpakTuka - KpuUTepum NCTUHBbI»

Korl Man

Koroa Mapkc roBopuT, YTO KpUTEPUN UCTUHBI €CTb NPAaKTMKa, TO OH BblpaXkaeT
9TUM, NpeXxae BCEro, UMEHHO TOYKY 3PEHUSA OTHOCUTENBLHOCTU UCTUHBI.
C nameHeHnem cogepxaHusi NPakTUKU NOOEU U3SMEHAETCA U UX UCTUHA. TO,
4YTO ObINIO UCTUHOK B Npeaenax NpakTukn bonee y3kon, nepectaeT bbiTh €10 B
npakTuke 6onee wmpokon, A ans B.nbnHa «kputepmnm NpakTukny, 3T0 HEYTO
BpOAe TaKoro ak3ameHa, Nnocrie KOTOporo UCTUHE BblO4AEeTCH OKOHYaTENbHbIN
aTTecTaT: BblepKaria HECKOSbKO BEKOB, DObinia 6e3BpeaHa — OT/INYHO, UCTUHA
NpU3HaeTCs «00BbEKTUBHOWY», BEYHOM U T.4.; HE BblAepxana — 3abnyxgeHue, n
TOXe 00bLEKTUBHOE, BEYHOE U M.

B.W. JleHnH "Martepunannam n aMnnpuokputTmumnam"



Tononornyeckne xapakrepuUCTUKK
onpeaensatT MHOrMeE CBOUCTBaA CETU ?
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Reviews and commentary on
computational biology
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Network link prediction by global The network nonsense of
silencing of indirect correlations = g e
> Albert-Laszlé Barabasi

Baruch Barzel & Albert-Laszl6 Barabasi

Nature Biotechnology 31, 720-725 (2013)

a Pearson b Speaman
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— Pearson

— Speaman
— Siencer

Mean AUROC
3
3
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=]
http://liorpachter.wordpress.com/2014/02/10/the-
network-nonsense-of-albert-laszlo-barabasi/
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[locTpoeHne mogenen — BaxxHeuLlas
3ajadya cucteMHoun dmnonorum

* OTCyTCTBME YHUBEPCAJIbHOIO, CbOpMaJ'II/I3I/IpOBaHHOFO s13blka Ans onnucaHnst GUONOrMYecKnUx

NpoLeccoB TOPMO3UT 0OMeH MHGopMaLmen

Impact Factor 7.35

Oncogene. 2006 Aug 7;25(34):4633-46.

Glycolysis inhibition for anticancer treatment.
Pelicano H, Martin DS, Xu RH, Huang P.

The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA.

For instance, mitochondrial hexokinase activity seems to be required for
the growth factor-induced cell survival, and Akt (protein kinase B) signaling
appears to promote the association of hexokinase with VDAC



MoxeT nm Ononor NOYNHUTb
paaNoONPUEMHUK?

U-Mic Ric

Can a biologist fix a radio? _
—Or, what | learned while studying

apoptosis

Yuri Lazebnik,

Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724, USA

CANCER CELL : SEPTEMBER 2002




[locTpoeHne mogenen — BaxxHeuLlas
3ajada cucteMHou buonorum
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SMBL — doopmaT npeacrasneHns Mmogenen, NnpUrogHbIn 4ns onucaHna nyTen nepegadm curHana,
MeTabonuyecknx nyTeun, perynauum reHos, BMOXMMUYECKNX peakumi 1 T.4.

The Systems Biology Markup Language

Ncnonb3yetcsa B 6onee yem 250 KOMMNbIOTEPHbIX NporpamMmmMax



CyLluecTBYIOT MOAENN MHOXECTBA

OTAernbHbIX NPOLECCOB...
oy " >
ScellML

o Circadian Rhythms
o Cardiovascular Circulation

O ] ] n

inotated with the GO term GO:0045742 @ or one of its descendant(s):

004 NGF EGF signaling (BIOMDO0000000033)
mrong2007 Ras Activation (BIOMDO0000000161)
‘92005 ERKcascade (BIOMD0000000084)
inko1999 EGFRsignaling (BIOMD0000000048)
* Sasagawa2005 MAPK (BIOMDO0000000049)

’ GV IutOucwy T }JUDIHVC |cyu|auu|| VI vTiiaviui \I)

p GO:1900078 - positive regulation of cellular response to insulin stimulus (2)
p GO:0031349 - positive regulation of defense response (3)

» GO:0050778 - positive regulation of immune response (4)

v GO:0009967 - positive regulation of signal transduction (34)

v

[ GO:OO45742F- positive?egulation of epider?’nal gr%;rth fact,o; réceptor signaling pathway (5)

P SO UUTOT O PUSTIVE TCg U O O PTOTC T CUGPIoU TooopioT ProteT Sig Ty patway (17
p GO:0030177 - positive regulation of Wnt receptor signaling pathway (1)
p GO:0050857 - positive regulation of antigen receptor-mediated signaling pathway (1)

p GO:0005575 - cellular_component (374)
p GO:0003674 - molecular_function (240)
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Novel Biological Rational
hypotheses discovery design

Mycoplasma genitalium

- Bcero 525 reHon

[IpemioxkeHHas HOBas TUIOTE3A:
XOTS B UEJIOM LMKJIbI IETIEHUS] UAYT
C OJIMHAKOBOW CKOPOCTBIO, PA3HbIE
€ro CTaJIuu MOT'YT MPOTEKATH C
Pa3HOU CKOPOCTHIO.

Karr JR, Sanghvi JC, Macklin DN,
Gutschow MV, Jacobs JM, Bolival B,
Assad-Garcia N, Glass JI, Covert MW. A
Whole-Cell Computational Model Predicts
Phenotype from Genotype. Cell 150,
389-401 (2012)



Do we currently know enough to attempt a mesoscale simulation
that will produce nontrivial results?

The only way to address this question is to produce whole-cell models that generate testable predictions.

Quantitative
whole-cell models

% . . Systems-level single
Modularize cellular Karr et al. simulation = cell trajectory

physiology
—o @& - I

#

8 —— I 1
= — >
Q R Quantitative predictions o
5 Modules Qualﬁ:’:}ngﬁ%ggvel of cell state and o
E) P dynamics (=}

Develop appropriate  —— l a
% :: coarse-grained models ="|—> ‘ _— | l T — E
- \
£ > | 3
Q § B Experimental testing Comparison with prior "u",
< 5 and validation knowledge/data >
g Cell state variables I (77)
=

4 +
R Update cellular state
Parameterize modules ; imi izi
Ak A — and integrate Optimized New organizing
and their interactions g predictive models principles
H from: The Dawn of Virtual Cell Biology
 Peter L. Freddolino,
Organizing principles » Saeed Tavazoie

E. KyHuH: A He xenato HMKoro obuxatb, HO, C MOEWN TOYKM 3PEHNS, NOKa 3TO -
LOETCKUIA KOHCTPYKTOP. YTBEPXKOAETCH, YTO Takme Moaenu Heobxoanumbl Ans
MOHMMaHMSA TOro, Kak 3To Bce paboTaeT. Ho ecnu Bbl HE MOXETE NpeackasyeMbiM
obpas3omM MU MaHUMYNMPOBaTb, TO 3TO NYCTble crnoBa. YToObl HAYYUTLCSA AenaTb
Takue Moenu, Bce-Taku A0MKHO NPONTU eLle HECKONMbKO TeT.



Bkrnag cuctemHom omornorum B pasButue
MONEKYNAPHON MEOULMNHBI

OcCHOBHbIe 3a4a4u:

¢ MOCTpOEeHNEe rnobanbHbIX CETEN rEHETUYECKNX B3aUMOOAENCTBUMN

Q VI,EI,GHTVI(*)VIKaLI,MFI 6V|omap|<epOB 3aboneBaHnsa Ha OCHOBE N3y4eHnda n moaennpoBaHusd

BMOXMMUYECKNX NYTEN N NyTen nepegayun curHana

o I/ID,eHTI/ICbVIKaLI,I/IFl reHoB, UISMEHEHNA B KOTOPbLIX MPUBOOAT K 3aboneBaHnam

HekoTopble MHTEpPECHbIE U 0DLLEOOCTYMNHLIE PECYPCHI
(oTHOCALLMECHA K OHKOSTOMMN)

AT B )
* Dasbl AOaHHbIX KIEeTOYHbIX NMUHUA V' § - International
=0 Cancer Genome
S Consortium
e Dasbl AaHHbIX OMyXoreBblX O6pa3L|,OB NS

The Cancer Genome Atlas @ Understanding genomics

Data Portal to improve cancer care

COSMIC

Catalogue of somatic mutations in cancer




KneTo4yHble NMHUK Kak CpeacTBO
M3y4YeHus paka

Cancer Cell Line Encyclopedia Garnett et al. cell set

947 cell lines ©39 cell lines

24 agents tested/—\lfso agents tested * YPOBHU 3KCMNPECCUn reHoB
o — @ *  XPOMOCOMHbIE aHOManuy

* MYTauun B KIMKOYEBbIX reHax

* YCTOM4YMBOCTb K NekapcTBam

| Breast Melanoma
Lung small cell

. \ Ovary

\ Clinical tumour sets /

Colorectal
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>100,000 agents tested e/ "iostate
g Stomach V \ S Oé’?eoggrcoma
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mBENA expression leve! (EMA, log2)

KneTo4yHble NUHUK KaK MHCTPYMEHT Ans
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Visualize, analyze, discover.

$ e i cBioPortal for Cancer Genomics

¢ Cancer Center

» laeT poctyn Kk gaHHbIM 6onee 13 000 obpasuoB onyxonen

* [lo3BONSAET NPOBECTM aHaNn3 n BU3yanu3aumio JaHHbIX
LIMPOKOMACLUTABOHbIX NCCneaoBaHUi ONYyXOrNeBbIX TKAHEN

 [laHHbIe BKNOYaOT B cebA reHOMHbIE NEPECTPONKN, YPOBHU
ackrnpeccum reHoB Ha yposHe PHK u 6ernka, mytauum

* [To3BONSIET OLIEHNTH B3aMMO3aBUCUMOCTb BHYTpM Habopa

Mutation Count vs Copy Number Alterations
reHoB

» [1a€T BO3MOXHOCTb NMPOCneAuTb CBSA3b 3TUX [
KIMHNYECKUM NCXOO0M

i of mutations (log)
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Fraction of copy number aitered genome
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% Memorial Sloan-Kettering

} Canicer Conten cBioPortal for Cancer Genomics

Visualize, analyze, discover.

NccnenoBaHme ogHOro reHa

Percent Sample Alteration for Each Cancer Study with Mutation Data (LPCAT3)
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GONbHbLIX NPW NOBbLILLEHHOW 3KCNPECCUM 3TOrO reHa
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Hawm cobcTBeHHblE nccrieaoBaHus ¢
NMPUMEHEHNEM CUCTEMHOW Bronormm

Year ~2000 EGFR signaling
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Epidermal Growth Factor Receptor Pathway Map ..
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Concept: escape pathways will cluster near
incapacitated targets

Synthetic lethality:
a binary event leading to network failure

Motivating hypothesis for our work:

if we can effectively identify targets likely to
yield synthetic lethality, we will reduce cost and
improve outcomes in combination therapy

“Large-scale mapping of genetic interactions among nonessential yeast genes
showed that synthetic interactions are highly biased toward genes that have
related functions”. Tong et al, Science 303, 808-813, 2004.

“Perhaps the most notable property of the essential genetic network (based on
synthetic lethal analysis) is its density...our results indicate that essential genes

are highly connected hubs on the genetic interaction network”. Daverwala et al,
Nat Genet 37:1147, 2005

“Thus, genetic profiles of members of PPI pairs tend to correlate better, not
only to their interaction partners within the same species, but also to the

orthologs of their interaction partner in an evolutionarily distant organism”.
Roguev et al Science 322:405, 2008



our own success story:

EGFR/EGFR  Overexpression Km;si :tif:)nr:am olnesty Ligand availability

Antibodies
cetuximab
panitumumab

Small molecule
erlotinib

Nuclear EGFR

Hypothesis: If we develop a network of proteins defined by
close physical or functional linkage to a therapeutic target
of interest, this network should be rich in proteins that

regulate response to therapeutic inhibition of the target

Such “focused” library would be optimal for screening in
search for sensitizer genes



Building focused library
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Building focused library

PPI
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Building focused library

PPI

Combining the “cores” plus the intersections of
less reliable sources



Used siRNA to screen the library in search for
synergistic targets
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Results of screening library: erlotinib-sensitizing hits
concentrate among first order PPIs of EGFR “core”

Hits

Rest of Library
y 0
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h T « Source input into library
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B o .
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Hit activity profiles

sensitization

by cutoff by rank

LTK
CDH3
[oca kb3
FLNA
PIK3R2
PPIAP1S
FER
FGFR2
PKN2
DIXDC1
PRKACE
EPHAS
MAP3KI
ASCL2
RPSEKAS
INPPLY
SHC1
DLG4
DUSP7
PRKCE
NEDDS
BCART
SCAMOL
SH2D3C
KLF19
ARFS
MATK
DUSPe
STAT3
AKT2

--After repeated re-screening in different
cell lines and with different drugs, we
developed a list of hits with varying
desirable properties, including some:

1. specific for EGFR-targeting agents
2. active in multiple cell lines
3. selectively inducing apoptosis (not
cytostasis) in a drug-dependent manner

D59
ANXAS
LOC63920
DUsP4
PRKCD
RET
RASAZ
TBL1Y
ERBB3
GRB7
PLSCR1
ARF4
5052
PRKCZ
VAV




Hit network
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Focus on BCAR1-SH2D3C-NEDD9 cluster

TR P
P>

Relevant biology:

Scaffolding proteins with
numerous partners

Interesting, cancer-relevant
biology

BUT: not catalytic, not obviously
druggable



Extrapolate to Aurora-A

Conn> = @ Hypothesis
"@» catalytic targets closely linked to this

®'(/v\ < sre > cluster are well positioned for synthetic
‘ lethality

® (&) /= .

> Observation

®'\ — Aurora-A and a cluster of Src-family

kinases are closely linked to NEDDS9,

R & SH2D3C, BCAR1
o>
o> @ Test:
= & | combine existing inhibitors of Aurora-
< A with those of EGFR (as surrogate for

Warkp> targeting NEDD9, SH2D3C, BCAR1...)



Emphasizing connectivity, dual inhibition of Aurora-A
and EGFR inhibits cluster of Src family kinases
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STATSa/B |
Erlotinib  Erlotinib+
PHA-680632

PHA-68063.

- = 2-fold down, 2 repeats _ - o L3
Already evidence that dual targeting of Src and EGFR is beneficial:

Epidermal growth factor receptor cooperates with Src family kinases in acquired

resistance to cetuximab. Wheeler et al, Cancer Biol Ther 2009, etc...



Synergy, EGFR-Aurora-A inhibition

also in soft agar

Chou-Talalay analysis: multiple combinations of
EGFR and AurA inhibitors result in synergy

Cell line Inhibitors Molar Ratio Coefficient of Interaction (average  std. dev.) Y =
ED50 ED75 ED90 ! .d
i 1:50 0.80+0.04 0284018  0.14%0.13
HETTIE:  arlotink PHA-680632 4300 058016 031012  0.21%0.06 ‘
: 1:16 0.46+0.27 0.62£0.05 1.07%0.78
cetuximab  PHA-680632 4,33 031010 0.45:006  0.73+0.39
erlotinib C1368 1:25 0.64+012 071%017  0.89%0.56
cetuximab  C1368 1:8 0.42+018 0.31£010  0.24%0.06
A431 erlotinib PHA-680632  1:5 0.46+011 0371047  0.34+0.23 and xeno gra ft ana IyS is
| O— vanc 1
10 ‘,? 10 N o ‘;-
£ O AL =E l:r 'g ’
ClinicalTrials.gov: NCT01471964 25 I !
A Phase l/ll Trial to Assess Safety and Tolerability of MLN8237, In 3 _c'-‘ s P
. . . ] 8 1pan o
Combination With Erlotinib to Treat Non-Small Cell Lung Cancer 0% g oot
K- o
i .
]

ClinicalTrials.gov: NCT01540682

Phase | Study of MLN8237 in Combination With Cetuximab and
Definitive Radiation in Patients With Locoregionally Advanced
Squamous Cell Carcinoma of the Head and Neck



Network

Biomarkers

Summary

Re-expanded
Sub-network (owards drug

structur targets

e VPR

3 Way Synergy

Biology



