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A working network map of the cell

Network evolutionary
comparison / cross-species

alignment to identify Network-based classification
conserved modules The Working Map of cases vs. controls
\ DNA repair ]
rojection of molecular e
profiles on protein networks
to reveal active modules T <&
R Functional separation of
> |\ © o8 ) gene families
Integration of transcriptional LS = -
interactions with causal or e
functional links 5 (||| [ & ,
o
/ \l\ Moving from genome-wide

association studies (GWAS)
to network-wide “pathway”
association (PAS)

Alignment of physical and
genetic networks

Building networks e Using networks



WWW. Cyt()scape _ Org Shannon et al. Genome Research 2003

Cline et al. Nature Protocols 2007

OPEN SOURCE Java platform for | premmms

Fle Edt Wew Select Layok Flgns Help

{ 1 1 5] E‘i C—). Q Q B B e Toolbar
1ntegrat10n Of SyStemS blOIOgy data f"f’,'"" El © YGP1 POKs JLN!FOXZADEUPSTH’MSF(.1M.IJ4YBR033\'IWI1PH03I)P2P0XICTMSVPSJ&LD&ARO?PUL:L».N&ALMl'uw.*.«m... (= =15

YGPLACKL JEN] FO443(30)  S5M21)

Layout and query of interaction
networks (physical and genetic)
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*Visual and programmatic integration o ' 1
of molecular state data (attributes)

*The ultimate goal is to provide the
tools to facilitate all aspects of
pathway assembly and annotation.
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*Version 2.6 released June 2008; R

Scalability+efficiency now equivalent || ... . s

to best commercial packages

*The Cytoscape Consortium is a 501(c)3 non-for-profit in the State of California
*The Cytoscape ® Registered Trademark awarded
JOINTLY CODED with Agilent, ISB, UMich, Pasteur, Sloan-Ketter., UCSF, Unilever, Toronto



Comparison of biological networks

(Silpa Suthram with Roded
Sharan, Richard Karp, and others)




Cross-comparison of networks:
(1) Conserved regions in the presence vs. absence of stimulus
(2) Conserved regions across different species

Species 1 Matched Proteins Network Alignment
(e.g. Plasmodium) Match homologous protejn
by /e pairs with E-value<1x10™
v
<
v
o
E . Conserved Matched
% Species 2 Interactions)’ |Protein Pairs
(e.g. Saccharomyces)
< Sty oo High scoring dense
|_I-I:I_ il b .  Conserved Complexes
E - Interaction Scores
" Logistic regression on:
*Number of observations
. *Expression correlation
-”-'I' *Clustering coefficient
Kelley et al. PN.AS 2003 Suthram et al. Nature 2005 Sharan et al. RECOMB 2004

Ideker & Sharan Gez Res 2008  Sharan & Ideker Nat. Biotech. 2006 Scott et al. RECOMB 2005



Plasmodium: a network apart?

[a] Endocytosis

Calmodulin-dependent Kinases
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Conserved Plasmodium /
Saccharomyces protein complexes

[e] Chromatin remodeling
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protein complexes

Suthram et al. Nature 2005
La Count et al. Nature 2005



Synthetic lethals and epistatic interactions in model species

Genetic Interactions:

® Classical method used to
map pathways in model
species

® Highly analogous to
multi-genic interaction in
human disease and
combination therapy

® Thousands are being
uncovered through
systematic studies
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Genetic and physical

EEEEER Genetic Interactions

Interactions are orthogonal m— ppsical Interactions

M) Prefoldin complex Kelley Nature Biotech. 2005




Functional maps of protein complexes

SWI / SNF MET18.RAD3 Protein Complexes:
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Comparison of genetic
Interaction networks across Posilive Genetic Interactions
. ) ) S Negative Genetic Interactions
budding and fission yeasts

e
\

Prafﬂldln

S. cerevisiae S. pombe HNAi\uuu.....

Assen Roguev,
Sourav Bandyopadhyay,
Nevan Krogan

Roguev et al. Science 322: 405 (2008)




Network-based approaches to
identify genetic interactions In
gene association studies



Genetic interactions occur frequently In
Genome Wide Association Studies (GWAS)

a Chromosome b - terval
Xl XV 3 ——
385961 bp
> Interval
X
167504 bp g
5 <
= cEU Predicted Clustered
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O ()
Singleton
0 marker-pair
9956 bp Q| O
= 477 Marker 498

( 116709 bp
Marker — marker interactions

Chromosome XIllII

But they are impossible to find. Marker-marker interactions are very
difficult to identify in GWAS data due to lack of statistical power.



GWAS genetic interactions also run
between physical networks and pathways
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Rohith Srivas &
Greg Hannum

= _|Richard Karp &
L7 i Nevan Krogan



Higher level maps of GWAS
genetic interactions

Functional Enrichment of Traits
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GWAS interactions can be verified by inducing
epistasis using classical genetics

Vps27/Hse1 complex

Actin-ass proteins

Vps35/Vps29/
Vps26 complex

tRNA splicing

Vacuolar assembly
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Sponsors
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NIEHS

NIMH
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Packard Foundation
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Unilever
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Collaborators (ucsp) =
Richard Kolodner
Tom Kipps
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Steve Briggs

Lorraine Pillus

Jean Wang

Collaborators (external) Sumit Chanda (Burnham) Gary Bader (U Toronto)
Nevan Krogan (UCSF) Howard Fox (Scripps) The Cytoscape Team
Richard Karp (UC Berkeley) Curt Wittenberg (Scripps)

Roded Sharan (Tel Aviv) Russ Finley (Wayne State) @n

Bas van Steensel (NKI) Doheon Lee (KAIST)




http://CellCircuits.org

Databases of pathways

ell Ii

1rcu1ts

MINT

... mips fnt/lctj

Databases of molecular interactions

Increasing certainty and biological relevance



http://cellcircuits.org/

Network modules and module-
based classification



Querying biological networks for “Active Modules”

Color network nodes (genes/proteins) with:
Patient expression profile

Protein states

Patient genotype (SNP state)

Enzyme activity
RNAI phenotype

Interaction Database
Dump, aka “Hairball”

4

Active Modules

|deker et al. Bioinformatics (2002)



~2,500 genes

Projection of RNAI phenotypes onto a network of
human-human & human-HIV protein interactions

| —

AAV MuLV HIV

Sumit Chanda




Network modules associated with infection

Konig et al. Cell. 2008

VPR

SFigs

DHX9 f———

[3] Splicing and Nucleic
Acid Binding



Using protein networks for
diagnostics / classification

Han Yu Chuang with
Tom Kipps and Steve Briggs (UCSD)
Eunjung Lee & Doheon Lee (KAIST)




Protein network diagnosis of breast cancer metastasis

Protein-protein interaction network Gene Expression Profiles

(PPI) . Phenotype 1

D Phenotype 2

Samples
s1 s2 s3 s4 s5 s6

gl
g2
Genes 9°
g4
g5
g6 -]

\ /—Gene expression matrix

/ Samples \

gene-Wise 1 -----F----
normalized ----‘.-
Zj = expression
(P-=0,G=1) Genes | --------- :
----F- ;
Z n I-----‘----- ‘,"
i Nl TN

Activity ij —L l i ¢ ¢ i Mk

Vn

Subnetwork k -

Phenotype ¢ 1 12 2 2

\Discriminative potential S(My) = the Mutual Information measuring the association between ax and ¢ /




Examples of
“informative
subnetworks”

CR M,S,CR

Chuang et al. Molecular Systems Biology 2007



nature
biotechnology

LETTERS

February 2009

Dynamic modularity in protein interaction networks
predicts breast cancer outcome

lan W Taylor'*, Rune Linding'~, David Warde-Farley'”, Yongmei Liu', Catia Pesquita®, Danicl Faria®,
Shelley Bull’, Tony Pawson'+, Quaid Morris™ 8 Jeffrev L Wrana'+

Changes in the bicchemical wiring of oncegenic cells drives
phenstypic transformations that directly affect disease outcome.
Here we examine the dynamic structure of the human protein
interaction network (interactome) to determine whether changes
in the crganization of the interactome can be used to predict
patient outcome. An analysis of hub proteins identified inter-
modular hub proteins that are co-expressed with their interacting
partners in a tissue-restricted manner and intramodular hulb
proteins that are co-expressed with their interacting partners

in all or mest tissues. Substantial differences in bicchemical
structure were observed between the two types of hubs.
Signaling domains were found more often in intermodular hub
prateins, which were alse more frequently associated with
oncopenesis. Analysis of two breast cancer patient cohorts
revealed that attered modularity of the human interactome

may be wseful as an indicator of breast cancer prognosis,

of hubs centered over increasing average POC valees (Fig. la, red
asterisks). Randomly reassigning the expressson data to different gene
pristucts in the same network reselbed inan approximately normal
distritGon of PO walues | Fig- la. black dashed line). The showlder
(marked with a black asterizk] is langely due w0 strongly commelated
gene privducts that have a high probability of reforming interactions
with their true interactors when mandoemized (data not shewsm ] We
ormrved a smilr mualti-modal distribution using a Htemture-cumted
source alone’ [Supplementary Fig. 1b) ar a different high-confidence
human PPl database” (Supplementary Fig. 1c).

The human interactome thus has two classes of hubs. One class
displays low correlation of co-expresson with its pariners. We call
these hubs intermodular hubs, as first proposed for the yeast inter-
actame®’. A second cless, termed intramodular huebs, displays more
highly correlted patierns of co-expression (Fige la). These beatunes
reflect a modular architecture. Restricting the analysis to interactions



Assembling a working network map

Network evolutionary
comparison / cross-species

alignment to identify Network-based classification
conserved modules The Working Map of cases vs. controls
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profiles on protein networks
to reveal active modules T <&
R Functional separation of
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functional links 5 (||| [ & ,
o
/ \l\ Moving from genome-wide

association studies (GWAS)
to network-wide “pathway”
association (PAS)
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Measuring genetic interactions

A
aA bA

WT aiA bA ~ Negative  Neutral  Positive
interaction interaction |nteraction

Colony
Size O O Q . @ O

B -

number of double mutants

A
3 1 -]
B
interaction score



The dynamic genetic network
iInduced by DNA damage

All pairwise
deletions: ~~
3 Kinases 1. Untreated conditions
% Phosphatases  |«——2. (0.025% MMS
Transcription
Factors
) 1536
@$ Canonical DNA repair genes versus standard deletion library







How In the world should we
process these data 7?77?77
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One answer: Develop statistics
to identify only the differences

Red — Negative in MMS
Green — Positive in MMS més
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Known targets of TEL1 / ATM

Genetic Interaction Score

Pearson Correlation

-MMS = +MMS -MMS = +MMS
DUNL1 -0.03 = 0.4 ***
CBF1 -2.8 = 1.05 *** 0.03=0.31*
SOK?2 0.05=0.12
SUM1 0.03=0.20*

*** < 0.00001, **< 0.001, *<0.05




