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What is Systems Biology

- Wikipedia: “Systems biology Systems biology is
the computational and mathematical modeling
of complex biological systems. An emerging
engineering approach applied to biological
scientific research, systems biology iIs a
biology-based inter-disciplinary field of study
that focuses on complex interactions within
biological systems, using a holistic approach
(holism instead of the more traditional
reductionism) to biological research.



What is Systems Biology

 hature.com : “Systems biology is the study of
biological systems whose behaviour cannot be
reduced to the linear sum of their parts’
functions. Systems biology does not
necessarily involve large numbers of
components or vast datasets, as in genomics or
connectomics, but often requires quantitative
modelling methods borrowed from physics.”



http://nature.com

What is Systems Biology

- Encyclopedia of Systems Biology (Springer New York, 2013).

“Systems biology refers to the quantitative analysis of the
dynamic interactions among several components of a
biological system and aims to understand the behavior of
the system as a whole. Systems biology involves the
development and application of systems theory concepts for
the study of complex biological systems through iteration
over mathematical modeling, computational simulation and
biological experimentation. Systems biology could be
viewed as a tool to increase our understanding of biological
systems, to develop more directed experiments, and to allow
accurate predictions.”




Systems Biology

Systematic

Novel approach (in biology at least)
interdisciplinary

Non-reductionist

* Reductionist: Study the subcomponents
for a system in detail, each one

 \Whole is greater the sum of its parts



Systems Biology

* Multiple inputs of information in a complex system

 More mathematical than traditional biology



Systems Biology

System
roteins Genes Structures Others Small molecule




Systems Biology

Molecular components + Study of
* Function
Cell subsystems
| * Networks
parts of an organism
* Signals

the organism |
* |nteractions of

. components
the environment

set of environments



stems Biology

— Complex cell systems assays

Molecules Pathways Cells Tissues Humans
1 | | | | | | | | |
I I I 1 1 1 1 1 1 1
Meters 107° 1078 10~/ 1076 107> 1074 1072 1072 107" 1
Seconds 10-6 102 104 105 108
Scale

Butcher et al., Nature Biotechnology 22(10), p1253 (2004)



Systems Biology

* Omics approaches

e Human Genome
Project

* Examples * Mass spectrometry
e Proteomics
e Metabolomics

e name-it-omics



Systems Biology

 Example: Metabolism

"Metabolism of
(h- ey =Liv .

http://www.genome.jp/kegg/pathway/map/map01100.html (11/18/2014)
KEGG: Kyoto Encyclopedia of Genes and Genomes



http://www.genome.jp/kegg/pathway/map/map01100.html

Systems Biology

 Example: Metabolism: Galactose Metabolism (degradation
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http://www.genome.jp/kegg/pathway/map/map01100.html (11/18/2014)

KEGG: Kyoto Encyclopedia of Genes and Genomes



http://www.genome.jp/kegg/pathway/map/map01100.html

Systems Biolog

e Example: Cancer

e Different
Networks

e Homeostasis

@ra) !

e Molecular
components

Werner, H. M. J. et al. (2014) Nat. Rev. Clin. Oncol. doi:10.1038/nrclinonc.2014.6




' ' Il.

Integrative AR
Personal '
Omics '

Systems ;
| | | | Prf“mg Qw@ Metabolomics

Medicine [ oo T
gﬁ' Clinical Tests

Whole Genome Sequencing

® Pe rson al IZed Autoantibodyomics

Transcriptomics

Proteomics

Disease Risk Evaluation
Microbiomics New omics
° ' ' ‘Medical History & Environment
Determine risks @’-’Ry} o)
Pharmacogenomic Evaluation LONGITUDINAL OMICS PROFILING
' OF MULTIPLE PHYSIOLOGICAL
o
Monitor | RISK EVALUATION ) | STATES )
. .
Integrate

Mias and Snyder, Quantitative

Biology 1(1) p. 71 (2013) iPOP Database
Chen*, Mias*, Li-Pook-Than™,

Jiang” et al Cell 148,1293 (2012) | MATCHED AGAINST iPOP DATABASES )
http:/goo.gl/iamZth



http://goo.gl/iamZth

Systems Biology

 Models

 Experiments - data

e th
+ Nobert Wiener (1894-1964) eory

e computation
- cybernetics and systems

controls)
- 20th century biochemistry

- 21st century Leroy Hood and others



Systems Biology
T -1[c

DATA!

Reformulate biological problems in terms of
mathematical models.

Models need computational approaches
Big data handling in storing, retrieving
useful information and relaying/displaying
this information



Data - Omics



Molecular Components

Nucleic acids
Proteins
Lipids
Carbohydrates



(Genomics

DNA VARIANTS

bp Level
Variation NS

reference ggcticcaggaacitc

point ggcttccagaaactc
mutation ggcticcaggaacic

ggcttccagggaactc
insertion ggcttccaggaactc

ggcttccaggactc
deletion ggcttccaggfactc

lllumina

Structural Variation [ >1000 bp]

reference

tandem duplication

I | D
dispersed duplication

deletion
insertion

inversion

translocation

|
=
'\Q lon Torrent
\/

Mias and Snyder, Quantitative Biology 1(1) p. 71 (2013)



Iranscriptomics .

RNA samples
Poly-A—enriched <= 5 Life Tech. lon PGM
~
®-0- ~T |
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Li, Tighe et al., Nature Biotechnology 12(9), p. 915 (2014)




Adult tissues

Spinal cord

Gall bladder
Adrenal gland

\

|
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Protein extract

Proteomics
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Kim et al., Nature 509, p. 575 2014



Metabolomics

TTTTTT

thermofisher.com

NMR

Other varieties

—
'-.l .
4
\2\. -
.

agilent.com

all metabolites in cells
 small molecules

* |ipids

* peptides

e amino acids

* nucleic acids

e organic acids

Lipidomics

* |ipids

* metabolic signaling
* energy storage
 cell proliferation

e cell migration

e apoptosis

e cellular membrane


http://thermofisher.com
http://thermofisher.com

INteractions

@ Nucleus
Whole-Genome

Chromatin IP |
Sequencing %gq“% Crosslink and

= ’f@?f Fractionate Chromatin
(ChIP-Seq) e
identify binding , patna ChlP:
sites of DNA- O ime  Enriched DNA
associated proteins Binding Sites

Sequence

Binding Site Mapping

- e

http://res.illumina.com/documents/products/datasheets/datasheet_chip_sequence.pdf



INteractions

Protein Arrays
Peptide Array
Bead Methods

Two Hybrid Methods
Many more!



Practical Issues

Not gquantitative enough
Expensive enough

nconclusive

Not exhaustive

Not dynamic




Systems Biology

- Applications

e (Genotype to Phenotype
 |n-silico Cell

* Physiological Models

* Personalized Precise

and Predictive
Medicine



Modeling



What's new?

Technological Advancements (e.g.
mass spectrometry/sequencing/
imaging).

High Performance Computing

Information Storage abilities

Information sharing abilities



How to approacn |t

What is the question?

Experimental

What do we know? Data

What can we know? Abmﬂcahi//
conce pts
N/

Prior knowlege




How to approach It

Prior knowlege Exp%i;aental
Underlying system Abmﬂmé/
e characteristics | conce pts
* |Interactions Model
ey
Simplify Simulate
~_U
.

AN

Predict




How to approach It

Experimental

Prior knowlege Data

Pick your model (Based on

system) .
] Abstract The
atomic level concepts
cells \
Mathematical
molecular components Model
dynamic Vs. Static / & //
How much to coarse Simplify Simulate
grain? ~o
N Reiterate
How many parameters” Uns sy

AN

Predict




How to approach It

Interactions and rin

Networks [~
Abstract The
Assumptions px

New knowledge // MY ]

Prior knowlege

re q u I re d Simplify Simulate

Storage of T Rw
: . Un-simplify
information \

Predict




How to approach It

Interactions and
Networks

Assumptions

New knowledge

required

Storage of
information

Prior knowlege

Experimental

Data

|

Mathematical
Model

- 4

Abstract The
ccccc pts

Simplify

Simulate

~_U

Reiterate

Un-simplify

AN

Experimental Tests

Generate Hypotheses

Predict




How to approach It

Interactions and
Networks

Assumptions

New knowledge

required

Storage of
information

Prior knowlege

Experimental
Data

|

Mathematical
Model

- 4

Abstract The
ccccc pts

Simplify

Simulate

~_U

Reiterate

Un-simplify

AN

Predict

Validation
may invalidate

cannot confirm



Biochemical Models




Biochemical Moadels

Chemical Reactions

A transforms to B
e conversion

A—B  modification
e dimerization

A associates with B to form C

A+B = C . asso<3|a.t|on
* synthesis
C dissociates to A and B
C o> A+B ° dissociation
e decomposition

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Chemical Reactions
null species (e.g. constant abundance)

A—o e degradation

* production

_}
2—B e discarded reactants

Elementary Irreversible Reactions

* Single step
e one direction

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Chemical Reactions

Can put it all together: e.qg.
A+B=AB - C

AN

— * 2 elementary reactions
* C covalent modification of AB

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Chemical Reactions

A transforms to B .
Reaction Rate = k[A]

mass action

A—-B

Rate of changes proportional to concentration



Biochemical Moadels

Chemical Reactions
A~ k) % = k(A)

A transforms to B
dt

|||||||||||||||||||||||

1.0

0.8
S
s —
© 06 species
S o A
S 0.4
8 I e B
I —
0.2+
0.0F
0 2 4 6 8 10

Time

Rate of changes proportional to concentration



Biochemical Moadels

Chemical Reactions

Chemical Reaction Rate Equation for One Species

A+B—~C 9 — krab = kg(ag — c)(bo — c)

2A =B D — kr(ap — 2b)* — kb

A=2B D = ki(ag — 2) — kb

A= B+C 9 — k¢(ag — ¢) — ky(bo + ¢)(co + )
A+B=C 2 — kt(ap — c)(bg — ¢) — kyc

A+B=C+D D = k¢(ag — c)(bo — ) — kr(co + ¢)(do + ¢)

o . 1nitial concentration for x

Lynch, Dynamical Systems with Applications using Mathematica, Birkhauser (2007)



Biochemical Moadels

Chemical Reactions

X, : 1th species concentration
() : system size = N4 X Volume
N; : copy number

N4 : Avogadro’s constant

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Chemical Reactions

Reaction scheme R,;

Sle]_ —I_ coe —I_ ESjXS % S]_JX]_ _I_ oo _I_ gSjXS

Si; stoichiometric coefficient indicates
participation of X; as a reactant

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Chemical Reactions

enzyme ( \ enzyme

cataIyS|s ‘ ‘

substrate enzyme— enzyme— product
substrate product
complex complex

energy

Enzyme Catalyzed Conversion of Substrate to Product

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Transition State

Activated complex

Free Energy

Product

Reaction coordinate

Klipp, Systems Biology, Wiley (2010)



Biochemical Moadels

Chemical Reactions

E+S—-E+P

K1
E+S<=ES — E+P

Ko * 3 elementary reactions

keff

S5 P « Can approximate to single step

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Simplified Gene Regulation

Gene  [iGEREN| > [iGael
Protein
M% transcription

[
o

degradation
Protein RNA Protein 3 b@

gene
repression

degradation

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Simplified Gene Regulation

- Gene <
* [ranscription AXDVNN [ Protein <
k T ene
G _I;nG + M l Eepression
* Translation @' %
k Protein mRNA
P
M—-M+P
* Binding/unbinding * Degradation
Ko - -
. Am kp
G + P=GP M= 03 B s
Ku

transcription
2 degradation »,
translationp

degradation
> Protein — 30)

G: gene

M: mRNA
P: protein

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,

Springer Science+Business Media, LLC (2011)



Biochemical Moadels

Simplified Gene Regulation

294 : ; .

Add stochasticity

protein abundance

=
. ] L] ,%u N
* Time courses of a single stochastic
simulation algorithm run (blue) % > y ; 3 0 20 40 60 80
time (sec) count
 Mean over 1000 runs (red curve). 76
e Initial conditions
» 10 copies gene G 5 =
» O copies of other species % > , 6 80 20 40 60 80
time (sec) count
280 —
g —
* Endpoint histogram shows g
empirical probability that a cell will & —
have a given protein abundance. & N =
00 2 4 6 8 0 20 40 60 80

time (sec) count

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)




Biochemical Moadels

Simplified Gene Regulation

S—

3
e Top: Small fluctuations with high % =
copy numbers of expressed mMRNA sl
and protein. T . . .
0 2 4 6 8 0 20 40 60 80
time (sec) count
76
00 2 4 6 8 0 20 40 60 80
time (sec) count
280 —
g B
g A\'\,M ———
> . ‘ . =
00 2 4 6 8 0 20 40 60 80
time (sec) count

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)




Biochemical Moadels

Simplified Gene Regulation

protein abundance

e
f'!ab.u =
. I\/I|dd|e:. A.tenfold decrease in the 0! . - - TR
transcription rate kmleads to B time (sec) count
» Decrease in the expressed
MRNA abundance 2
» An associated decrease in g =
protein abundance % 2 4 6 8 0 20 40 60 80
time (sec) count
» Large fluctuations in the protein , ' - . =
abundance. § —
¢ A B
. | ‘ | ==
00 2 4 6 8 0 20 40 60 80

time (sec) count

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)




Simplified Gene Regulation

o Bottom: Fluctuations in mRNA

Biochemical Moadels

protein abundance

abundance at the transcription level
are a second important factor

contributing to gene-expression

noise.

» Tenfold decrease rate of

protein abundance

transcription

» Rate of translation is increased
fivefold to keep the protein
abundance more or less the
same as in the first case

protein abundance

76

0

oo

4
time (sec)

8 0 20 40 60

count

80

4
time (sec)

8 0 20 40 60 80

N

count

0

2

4
time (sec)

6

8

0 20 40 60
count

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,

Springer Science+Business Media, LLC (2011)

80




Simplified Gene Regulation

e Bottom:

Biochemical Moadels

protein abundance

» Increased gene-expression noise
in spite of large protein

abundance

» Noise attributable to increased
fluctuations in mMRBNA abundance

protein abundance

e Causing increased

fluctuations in the rate of
protein synthesis.

protein abundance

76

0

poa

4
time (sec)

8

0O 20 40 60 80
count

4
time (sec)

8 0 20 40 60 80

N

count

0

2

4
time (sec)

6

8

0 20 40 60 80
count

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,

Springer Science+Business Media, LLC (2011)




Biochemical Moadels

Simplified Gene Regulation

3
=
o ,
o
o
Q.
0 L I I
0 2 4 6 8 0 20 40 60 80
time (sec) count
76
] n g ]
Noise is propagated from 2 =
© S
transcription to translation. S ="
a
0 1 I I
0 2 4 6 8 0 20 40 60 80
time (sec) count
280 ——
9 —
2
g N~ B |
s —————
?
00 2 4 6 8 0 20 40 60 80
time (sec) count

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Deterministic Models

Chemical Reaction Networks
state vector <—| [—> input vector

d | e e
—x(t) = f(x(t), u(t),0,t)
dt '

» Differential Equations | | L parameteryeck
« Stoichiometry matrix o5 N
° (ﬂ etwork structur e) network structure (stoichiometric rrlmatrix) 47 g-va r. kinetic order
* rate law —a(t)=$ : (2(t) v = 1| [«
e kinetics netzg:g :gcve)ﬁ“ ‘ » rate constant

e collision theory
e transition state theory

Power-Law Models Conventional Kinetic Models

steady state

assumption
Simplified Detailed Michaelis—Menten
PL Models PL Models Type Models

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Stochastic Models

Chemical Reaction Networks

Stochastic modeling
Markov process

probabilities fandom variableg
¢ Sto C h a St I C Chapman-Kolmogorov equation (CKE) Stochastic differential equation
consistency condition: Markov property Langevin equation, Ito calculus

* statistical St

differential CKE (dCKE)
process specific

* fluctuations e T

" Jusjeainbs

® . Liouville Master equation Fokker-Planck equation (FPE)
n O | S e piecewise deterministic process (PDP) diffusion process with drift
parfition based 3 : 1 and 2nd-order terms o
on jump size % small jumps A8 diffusion
Master equation Kramers—Moyal expansion Liouville equation

jump process deterministic proces

\arge gystem discrete jumps

f2-expansion qw Chemical master equation (CME) ,
: : . Modeling
van Kampen biochemical reaction network

small jumps

Gillespie's approach
stochastic simulation algorithm
‘ tion
%

Deterministic/stochastic subsystems Fast/slow reactions Fast/slow species

M. Ullah and O. Wolkenhauer, Stochastic Approaches for Systems Biology,
Springer Science+Business Media, LLC (2011)



Example: Whole Cell Model

e Mycoplasma genitalium

parasitic bacterium
synthetic genome 2008 (J. Craig Venter Institute)

e 525 (Genes 3
« 580.07 kb pairs
e 2Nnd smallest |

(left) Tully et al, International Journal of Systematic Bacteriology 33 (2): 387 (1983).
(right) http://www.bbc.com/news/science-environment-19016772
The virtual cell that simulates life



http://www.bbc.com/news/science-environment-19016772

xample: Whole Cell Model

External
environment

@
®e

28 Submodels

Karr et al., Cell 150, p 389 (2012)

RNA

Metabolism ~ decay ,

Transcription

anscriptional Macromolecular
regulation complexation

), modiicaton
Protein %% rotein
activation i& folding

RNA
modification
Ribosome Terminal organelle
1}2"" assembly assembly
0“'% {RNA Protein,
' aminoacylation translocation
RNA processing Protein

processing

wedd
\ Iranslation
Protein

Metabolites
B RNA
W Protein
B DNA

Chromosome
/ condensation

> Replication
initiation

FtsZ
polymerizatio

Cytokinesis

DNA
replication

Chromosome
segregation

interaction

Host epithelium



Example: Whole

<| Chromosome

Update time &
cell varlables

16 Variables A

a. Random initialize Z R

b. 1s time step M

C . R e p eat .g Complex

d. Terminate on cell £ Ruapo
d | V | S | on Initialize Ribosome e .

FtsZ ring

Metabolites Geometry

. RNA . Host

B Protein % Mass

. DNA Stimulus

Time

Cell variables

Karr et al., Cell 150, p 389 (2012)

Cell I\/\ode\

Condensation (3)
Segregation (7)
Damage (0)

Repair (18)
Supercoiling (5)
Replication (10)
Replication initiation (1)
Transcriptional reg. (5)
Transcription (8)
Processing (6)
Modification (14)
Aminoacylation (25)
Decay (2)

Translation (103)
Processing | (2)
Translocation (9)
Processing Il (2)
Folding (6)
Modification (3)
Complexation (0)
Ribosome assembly (6)
Term. org. assembly (8)
Activation (0)

Decay (9)

FtsZ polymerization (1)

Cytokinesis (1)
Host interaction (16)

Cell process submodels

VNd

VN

u1e)01d

o
~
>
®
-

No:

repeat

1
-> Cell

Yes:

————————)

divided? terminate



Example: Whole Cell Model

A 07 In@)at B
" In(dilution factor) 301
0.2 (=)
o At=214h ‘u')’
Lo 1=9.2h @
Q 1X dilution 62520-
O 0.44 5X dilution Mean
25X dilution v
1=9.0h -
=
_,CE 0.6 = 83
m 1 1 1 q.) 0
ye 0 5 10 15 O = ¢
®)) Time (d) X
=
ElC D
© 75+ 21 — Total
— DNA
- ? — RNA
‘c | — Protein
550' 5 | — Membrane
5 £
= "
8 25- §
(O]
o
1
0- . T . I T T T T
DNA Lipid Protein RNA 0 4 8
| Time (h)

Karr et al., Cell 150, p 389 (2012)



Whole Cell Model

Example
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Karr et al., Cell 150, p 389 (2012)



Vliath tools

- Exploratory data analysis and Data Mining
- Statistics
- Distributions
- Correlations
- Clustering/Visualization
- Dimensional Reductions
- Principal Components Analysis
* Neural Networks
- Mathematics
- Systems of differential Equations

- different parts require different models



Vliath tools

&\ MathWorks:
http://www.mathworks.com/products/matlab/

http://www.r-project.or

< 5

https://www.gnu.org/software/octave/ hitp://www.wolfram.com/mathematica/

SDAE. home made varieties

http://www.sagemath.org (not an exhaustive list)


http://www.r-project.org
http://www.wolfram.com/mathematica/

Representation

- Common languages

- XML (extensible markup language)
- <tag attribute="value> content </tag>
- SBML (Systems Biology Markup Language)
- CellML

- SED-ML (Simulation Experiment Description Markup
Language)

- BioPAX (Biological Pathway Exchange - Resource
Description Framework [RDF])

- Databases

- KEGG, Gene Ontology (GEO), WikiPathways, IPA,
Reactome

- Networks (next)

- Multi-model systems



Networks &
Pathways




Graphs

Vertices (nodes) {V} Edges (links) {E}

® /
J
it/‘
graph G = (V E) |J, {I!J}’ <i,j>, Cij,

V(G) ={set of vertices}
E(G) = {set of edges}

Motter & Albert, Phys. Today 65(4), 43 (2012)



Examples

Brain Influence of Body Providers

Weight

Motter & Albert, Phys. Today 65(4), 43 (2012)



Examples

generous
generousness

generalizations . .
generaﬂZGMerahzable

generosity generosities

generator
generat

genealogical

genealogies

words containing “gene”

generation

Mathematica, Wolfram Research Inc. (2006-16)



Examples

Strogatz, Nature 410, p268 (2001)

Nodes: Generators and
substations

Edges: Transmission lines
and transformers. (Line
thickness and color indicate
the voltage level)

NY Power Grid



Examples

\s

i I ) Food Web Network

Mathematica, Wolfram Research In. (2006-16)



Bridges of Konigsberg

e |_.eonhard Euler

1736

e 7 bridges across Pregolya s SOLYTIO PROBLEMATIS
River SOLVTIO PROBLEMATIS

e Prussian Kénigsberg (now GEOMEE&&% S[-TVS
Kaliningrad, Russia) L Falero.

e |[sthere a route to cross
each bridge exactly once?

The Euler Archive http://eulerarchive.maa.org



http://eulerarchive.maa.org

Bridges of Konigsberg

* 1/36

Bl Grrunt ead. SeTm PR BV 7 25

7 bridges across Pregolya S B e
River : e

* Prussian Koénigsberg (now
Kaliningrad, Russia)

e |s there a route to cross

each bridge exactly once?
e.g. AB, BA, AC, CA, AD, ...)?

The Euler Archive http://eulerarchive.maa.org



http://eulerarchive.maa.org

Bridges of Konigsberg

e.g. AB, BA, AC, CA, AD, ...,?

The Euler Archive http://eulerarchive.maa.org



http://eulerarchive.maa.org

Networks

U
7N

: |

Scale Free Graph

Strogatz, Nature 410, p268 (2001)



Properties

Scale Free Networks

eRobust |
oif vertices removed AW '
network still connected /A\\
e\/ulnerable

ecan target hubs

Strogatz, Nature 410, p268 (2001)
Albert et al., Nature 406 p.378 (2000)



Community Structure

Social Networks

groups of different people
internet pages

various topics
Metabolites

various functions
genes

various processes



Autoregulation

STE12| - -

Single Input Motif

Gene Regulation

Multi-Component Loop

LEUA BAT1

ILV2

SWI5

1
ROX1

Feedforward Loop

@

—

Multi-Input Motif

—
SWi4

v

RPL2B

RPS21B

RPS22A

Regulator Chain

__,

ASH1

SGA1

PCL1

e Saccharomyces cerevisiae

Activators (increase)

* Repressor (decrease)

Feedback loops

Motifs

Lee et al., Science 298, p.799 (2002)



Examples

*Ceramide Wiz ? GZMB
A o FAS /]
4//'
Ceramide D CASPASE
W
[PLC Te{GRB2 Je{zP70 o[ FYN_|[CREB }+— s
A 9.
GAP A : / - BCIXL
A4
= > NFKB TRADD
A
y ?
. L1:3] P27 : IL2RAT A2
\ 4
2 i : 5OCS : X
\
IL2RA

s T TNF

T cell signaling (Apoptosis) Protein Network

Motter & Albert, Phys. Today 65(4), 43 (2012)




Examples

Stimull *Ceramide Wiz ? GZMB
@ CD45 FAS /]
4//>
Ceramide D CASPASE Apoptosis
f K T~
| PLC |« GRB2 |«{ZAP70 [®{ FYN ||CREB | — p BID IAP
/ /
/ 4
GAP R /s Cytoskeleton | — :
signaling |
/
v |
i Proliferation NFkB TRAED
v !
NFAT TBET P27 A A20
v
SMAD RB : SOCS : TAX
\
IL2RA

Targets qﬁ > - i

T cell signaling (Apoptosis) Protein Network

Motter & Albert, Phys. Today 65(4), 43 (2012)



Examples

modularity in Yeast Protein-Protein Interactions

K

Party hub;

Date hub; same time
different time and space
and/or space \

Party hub;
same time
and space

Han et al., Nature 430, p. 88 (2004)



Examples @3

different time

modularity in Yeast Protein-Protein Interactions

and/or space

Compendium Stress response Cell cycle
5 . n =315 5 | n=174 5 . n=77
4 - 4 1 4 -
3 3 3 -
. . ﬁ% ]
21 - 1 - 1 1
€0 . B ol - oL — == \
o< -1.0 -0.5 0 0.5 -1. -0.5 0 0.5 0 -1.0 -05 0 0.5
% Pheromone treatment Unfolded protein response Sporulation
'C.SS- n =45 5/ n=10 5] N=9
%4 4 4.
3 3 1 31 .
21 2 i 21 i
) 1 1 ‘%
0 0 = =i 0. —_
-1. -1.0 -05 0 0.5 1.0 -1.0 -05 0 0.5 1.0

. Average PCC

PCC: average Pierson Correlation Coefficient between the hub and
each of its respective partners for mBNA expression
Han et al., Nature 430, p. 88 (2004)



Examples

modularity in Yeast Protein-Protein Interactions

main component removal of date hubs removal of party hubs
(small subnetworks) (intact)

Han et al., Nature 430, p. 88 (2004)



Examples

Human Disease Network
(HDN)

Charcot-Ma‘aoth disease
Lipo‘)phy
Spastic atax‘aplegia

'r spastic paraplegia syndrome
Amyotrophic lateral .asis

Sar.off disease

Spinal n" atrophy

Androgen insensitivity

PrOSta'er Perineal hypospadias
o
Wilms tuffier g r
Ova.ncer

Pancr ancer

Fancn.wemi

Ataxia-telangiectasia

Papillary se‘ carcinoma

a
"II lymphoblastic leukemia

bipartite

DISEASOME

disease phenome

Ataxia-telangiectasia

Perineal hypospadias
Androgen insensitivity

T-cell Iymphc‘stic leukemia
Papillary se.s carcinoma

Pros.ncer

Pancr‘ancer

Wiln.Jmor

Spinal W. atrophy

Sandh‘iisease

Lipo‘ophy
Charcot-Mar‘noth disease
Amyotrophin‘ral sclerosis

Silver spastic p‘legia syndrome

Spastic at‘varaplegia
Fancn.1emia

OMIM based

Goh et al., PNAS 104(21) p.8685 (2007)

disease genome

AR

ATM

BRCA2

GARS

HEXB

LMNA

VAPB

BSCL2

BRIP1

Disease Gene Network

(DGN)

HEXB
s
BSCL2
VAPB
GARS

AR

ATM

BRIP1 BRCAZ



The human disease network

Goh K-I, Cusick ME, Valle D, Childs B, Vidal M, Barabasi A-L (2007) Proc Natl Acad Sci USA 104:8685-8690

Disorder Class

Bone
B ® Cancer
catty = = B ‘ i ® Cardiovascular
@ mepa e vireogg@hay K, Connective tissue disorder
oy e coLia1 donteat” ® Dermatological
O lors-Dation s Osteoporosis 16+ o - © Developmental
syndrome Hy.,,a Artifopathy Ear, Nose, Throat
WL i coflaz o » Endocrine
3-methylghf@pnicaciduria-OPAZ a.y S ® k% Dy wists Pseudoacdroplasia

_— ' ol SO e e @ el e Gastrointestinal

scwaa £ Spond hyseal colp Hematological
Weill-Maréhesani Shprintzggioldberg ol b ‘- syl Zlotogg@ Ogur pondl " coLoA2 gl
syndrome- | Syridgme potasssoMgravated 5. @ i S

Parkgyver n P et o Geulodgmpdisal cotns Immunological

- - e =8 - e Hy“m tong ST Wdromd /D0 sy Atel o Metabolic

SHH es "“ mdome Thyrotoxic P Mahall s telodteogercsis .
mat s Holop phaly o 2, s - uin GuAT Tocofy i BVRLL syrdmme sLc26a2 syndome Muscular
paralysis it “ & r
° Osteoarthritis.

e Brang@nosic oo e s IKBKG il % osteoarri Neurological

o oma oogoic — evar e T P o " Mm‘m - — Achondagénesis Tb Nutritional

e e o
Ring @Bgmoid
s lasia RYRI KCNQ1 OSMED Enage w
Id GJB3 syndrome
- R o N TN e RS e um
° @ @ o i e e ) Skeletal
KRTIO o . syiMBBme 4 E .
hy‘;&,‘m 39 ° o b 4 S, - - M Sagen R g gul?ple.f g
e i oysr - e e
10 v - b dmym; Duggene eafness . R N @ movs o Mhy nclassifie
I KRTI DsP. ool puscle 7Y e

dystTophy PCDH15.
—-— nosHBin oo BvAY T crBL :
‘ P sis pLzcI P T “Conzs — Disorder Name
cavs cocn o
Somatotrophinoma v . Rm2 [ Walsl‘:\ng FOMD v Ca thy Mﬂhr"ni DsPP N 18 Acampomelic campolelic dysplasia
MeCung@albrighe 1 ia Ppowri U G — Dentin MASS1
Pt .

— B e oo
PRKAGD dysplasia, RPEGS §3 Adrenal hyperplasia, congenital
anaiz S 18y c: allihe apett - 77 Ndsermticenn idrised
LA WolPari@on-White ® Conl@ons 4 o renin i e
Gyas 5 rear Parigiyon Pended wecn —— vl oo Sehency
Yz, Enlarged sydrome R Sange et 2 n:tphn-lhalassemla‘/mem'all:e‘ldnhrdazmn syndrome
coxis vestibul ernating hemiplegia of chil
. e aqueduct ATP7A-Occingg o 107 Analgesia from Kappa-opiod rceptor agonist, female-specifc
Cutis
¢ S : e
FLNS = o
e de on Vilionggeurcn 15
_— oo

nsin I-converting enzyme
CFH CNGB3 137 nt raloc excess, hyperte
= - 124 /\nhylhmogemc right ventricular dysplasia
Hype: demia P Supravgly aortic 162 Athabaskan brainstem dysgenesis syndrome
stmokis

177 Attention-defici hyperaciiy disorder

Ophthamological
Psychiatric
Renal
Respiratory

i Bac rp}:rry imm.dcma 1586 “E

SelifiBaling
coll baby

Ichy
eryl

jod

Oss
heteroplasia

Acromegaly

Pseudohypoparathyroidism LMNA

GeSL

182 Bannayan-Riley-Ruvalcaba syndrome

3

R, HOXD10 syrdsBme.

192 Beare-Stevenson cutis gyrata syndrome
p,,.mu‘,,mh,, EEE Chas ‘ooth ® Y Lepredfifimism Nephropat@pertension Beta. 2-adrenorcecptor agonist, reduced response to
ALOXsAP F7 v cin Blepharophimosis, epicanthus inversus, and plosis
ic . . INSR Hypoalphalfgproteinemia y \apoAz Bone mineral density vanrablh;);l
) i famil
GARS. HEXB BSCL2 Lip hy m‘g KCNJ11 Hs P
s - me

spopenia APOAT Hyper lemia
lat:ra lerosis VAPB ABCC8 uz
Hyperproinsulinemia  TCF2, ®

SARS,
progression_of
Hyper @iinisnr roxps

. N o Diabetes N THED
Cogyin Sau B o ; Myclopoxidase
'-'5.=‘y SR cveans S g © . prARG mellitus N Ry iy
- nfaypa Lann P . X
® aw v‘c o

Gli a MODY  HNF#A Hyperp#@@Bhinemia
Coffgowry NN Y

KCNO2 e Fas i - Ren ).
Androgen CASPIO. und
sime. ® angReen oy Pancratic gyfp J S D inogendis impeniect, Shelis
RPS6KA3: Peleal ® = sydime RETN
Pargiyion hypospadies LN
. — v g M - s s | Hsbiin2 SERPINAT—prgighema
<K ol syndmm [ ] [ pen&.}'ué o N e TCF1 Oibess Hum.rmmmm enia
Saetl monoyiRgencs @ Ataxia elangiectasia |0 > coilliit esity ®
N wch2 &
53 ks . -
5 FGFRQG o
ese

Dermatobbrosarcomna. pmmhmns
e, s wolly i and
yp.l PRODH. Wiskofidrich
ADREZ mia Was—— syndrome
809 Jac sie coir MLH1 pitoncortia A i Hype‘le
L ‘" syRdiome - cTNB1 Pseudohypoaldosteronisi
o [ e s o ack, )
o R " FGFRI y.n g Leafiss,  Rieumatoid ni3 Ather@erosis r N S N
arsiysco Crani¥srosis Ade‘.om arthritis semic— e gyt R orde recran
i6ohol
@ Y ‘ e picxs Sos1 o
* g

N 275
is. - v_sx‘ ss8 Hypobetalifroteinemia
Craniofacial anomalies, mw mm z , corneal endothelial changes

.Ker‘nus -
Granictacial nomales, o

s @henerin $ St e

< e
Hes \gic.
s E

wsmq@mqow

0
£
g
:
3
:

i
B
B
i
5
g
g
Z
g
H
g
g

Ghoreoathetosis, hyporyroidism, and respiratory distress
Chylomicronemia s ndrome, familial
-induced autoinflammatory s
jonosis, mm with smxe\ll bowel involvement
truncal anomaly face syndror

g
H
6
g
o,
g
&
288
£§
8

3
g
g
F
K8
EREE

APP

Hypercholanemia)
Scl

-

Systémic_lupus “
erythematosus. tis

anssana
Bi5885

atty liver, acute, of pre;
Fibrocaloulons pancreatic diabete
ibular hypnpl:\§|a and complex hmchydnctyly

HEBGRING2ETEBRENES

isscction of cervical ar
opaming beta mydrosylase deficiency
IELA2
Angfexia Viral
disease Asthma Supmkar - infection
® W) ware °®

isordered stermdogen::ls il
eve:MelchiorClavsen

CralvefSus-host
Nwmﬁ. i.m,

ob " ® Hemoy

sessifi puilsive
-N“‘ “““ i Neuroi@navosis IgEglevels PLA2G7 .. reesro] Estrogen ISLc6Ad
oTL TNF.

BRIPI

albuminemic hyperthyroxinemia.
sis,
resistance

sscgmental dysplasia, Siverman: Handmaker type
DYstransimyretiemic hyperthyrosnemia
Ers00 e s g
\PDGFB godcfoeioma - CHEK2 [ ] . PARKZ—eRESSY ESRI
P M a " ost le e swcA - Wy
B o RUNX e =
Hypogh -s e S
Den rash. a-lAChn |ﬂsla ’;LCN M 1
e ' s = .Y e
T

fte printathitic perlormance
@ Lhm_pudu. Y -
i H"“.""““ Birgl Duve
S e, Rm‘m,m chwa.nms.s I
sy.mt . BMPREA () ja _ Nasom;ggesl Ge

382228

Simpson- i-Behmel
B

omozygous 2p16 déletion syndro
ndrome.

periodic paralysis

taneous capill

8283

psis
Hirschsprung, o

disease p.‘ry
cnse. impent be poplastic enamel pitting, localized
Nimegoyeakase . Atopy Malaria "EDNRB. ai strix-like ichthyosts with deafness
‘NBN' e

287 and
Waarde Shah infundibular hypoplasia and popitiitariom
Bare fiymphocyte EDNG & @ Jervell e svndiome
‘Noo1—Benzene syndrome SPINKS PHOX2B . »') . SOX10° un
£ O

syndrome

FEEEEN]

teropathy, X-linked

nge-}
wenile po Iypo: sns/h reditary hemorrhagic telangiectasia syndrome.
oxiciy e st gyenure cratitis \chinyosis-deainess syndrome
- e e @yoma
Starse m N RET
LPP

Keratoderma, palmoplantar, with deafness
rome
3 Wegener Aquaporin-1 Leukoencephalopathy with vanishing white matter
PIPN1I . i.m granulematosis R dentiency wer motor neuron discase, progressiv, without sensory symptoms
GATAI Growth Aopr

ry Drcituss muscular dystrophy
PAXZ

‘u

hers

MITF _ Pcur phe
vl ‘ n.t,mu
@& PREARIA ‘. Hpas alignant hyperthermia susce
e

hormene 347 N her otibilty
Medul yroid i andlbulnauraldysplxe\ sia with t)pLBhpudyxlrnphy
. Le n . EE y & e rrropo@evosis
K4 ol dmme pivrc e calggPtna GovT2
Locfibicts ,

e lelorheostosis with osteoy
TSHR Retinc stoma syndrome Fre ni VHL Dysery| poietic.
e e £ 5 s

. int RK] s
NIRKI pl sis,
Adrer@rtical syrdidme p,d.m,“ Macrothrofffcytopenia HMGAZ
arBiB8ma

. . sl

E Hyperthroidism po,).m - gy

959 <! Solilyry o 'RHCE.

@ JeN@hia adBBhna Spi lar Hi MENT P £l e -

ethionine adenosyliranaierase deficiency, autosomal recessive
ethylcobalamin defciency, cbiG type
itochondrial complex deficiency
yelomonocytic leukemia, chronic
lyse due o POK deficency
‘with neonatal epile
= of snappiopriate antidiuresis

Hergangi@Blastoma,
Hypothyroidism e T .

oo L@ |\ o
mm Pheoc vtoma Angioibroma, 1383 RHAG

It
h

. CDC73. sporadic . Rh; w: s 1

CTLA4 PRNP :

pidermal, cpidermolytic & yperkeratotic type
(ewfoundland rod-cone - dystrophy

oncompaction oflft ventricular myocardium
(orwalk virus infection, reslst

- ok oo g T3 Rorvall orus ecion s
‘hormone SOEE PDGFRA Cmu‘d&koh L n.‘a RAG2 syregme 1140 Oligodontia-colorectal cancer s
it Myels ‘slsy IL2RG syndrome

erparathyroidism RAGI bl
Goiter Hyperparathyroid

5552888558588
S
E.
"3
i
3
B

1159 Ostifcation of the posterior longitudinal spinal ligaments
Autoimmune disease 1S o 9 1164 Osteoporosis pseudoglioma syndrome
Gerstns@soussir o il - 1174 Pallidopontonigral degencration
Hyperthyroidiom 3512 discase Thro hemia Hemivie @piarane, e P 1183 papilry serol carcnoma of the pertoncun
rs.mss Hypereggophilic c‘a, Hyposaluric Cofflbited  AdenosingGieaminase ® e garascnois Chorreinal gy

1229
crj@h el hypercalcemia immunodeficiency ~ deficiency 1232
c?gmdcu Hypocalcemia
It

1238 Pncumonitis, desquamative interstitial
1239 Pneumothorax, primary spontancous
intoWnal P 1263 Prion disease with profracted course
5 1265 Progressive external ophthalmoplegia with mitochondrisl DNA deltions
1267 Prolactinoma, hyperparathyroidism, carcinoid syndrome
® 1297 Pyruvate dehydrogenase deficiency
1325 Rhizomelic chondrodysplasia punctata
obinow syndrome, autosomal recessiv
Hypocerulggsminemia ComplefEntigom ponent andhofl disease, infantile, javenile, and adult forms
deficiency chwartz-Jampel syndrome, type
ensory ataxic neuropathy, dyssrlhna, and ophthalmoparesis
evere combined immunodeficien
iiver spastic paraplegia syndrome.
kin fragility-woolly hair syndrome
olitgy median mailary central incisor
Spondylocarpotarsal synostosis syndrome
tapes ankylosis syndrome withot symphalangism

EE
8%

R e PR
B
g
2
é‘
H

@ Disbetes
Crgen Resgmictye PSS Advenocortical
crlli th sificien
bet s"ry G m" el o
TrtFn ey HSeGz RAPARILINO o e

® ® Ccmld. -,
linemia 'Hm,,.mmm mws‘ lorain

e

a:
ubcortical laminay heterotopi,

Sadboldssis

anatophoric dysplasia, types I and Il
ransient bullous of the néwborn
ransposition o great arteries, dextro-looped
rifunctional protein deficency
s poeudocomptodactyly symdrome
hy

Osteopoikilasis Debrigquine Chondrocalcinosis

Fongmgppiysea
H._gylori smith-Fingsan-Myers \melogenesis dy i o
e rirenomy@@europivy e I SR ol S ot owo@uos @i @ p— SR
neg, sp@ewty oS, Pucudohergiiphroditam, B abergarsi ariiBhus B L g
o288 P ! SR Yo e o e — connifie g TP
A8CD1 1@ Acrocabfemoral d Mic@enis e R ke DNAFLI Trichodorggscot A e o By o i H Gty Bernd e S NRSAL
G £ b aa R s g, = Pum ooy vanjdeoud? " o . b
" V4 o N e Fe@ovia A e i deioutt T 00 cy i él g —
My i ROR2. R p;"q?ufﬂ SyndMRE TP7IL Kaf Otopaiglpdigital Lo P R vorfar Ingion  IRF6 611 A,.sm..\,m l\ulmd.len:tmn L ® Br @ mmcen ZMPSTE2T @y -
5 ol S — e i R K Lo S -
i Bral vy male sy ypertension TBX1 myWhy losis lanc uterus reversal
radBosis Jomen — 'w enc ffroms "o “ Funtse Poplee! i @i k2 - Sl @
an e s cnlyoma B fi e, et N —
. - pmmmsinemin yonadoronc e o coten ., @ P @ ® P I S m’ 2 o At b - . ) gl e -
Ry, il crm R - et S Bnsicvity e ot e Proioeen s Wme Yt melic  Hypophogphatemic o Kennggari
P L St & ner@iia s Kwric 1@ ® [ g o cidg@anial NOPSA R Sphgytinina Shay &
PEXI0, :w& nergr@cic ia, 146 fibrosis schsan @ . oy b Nks DRDS Kinggeen Periodontitis Crapiometaphyseat AL O v BCOR
STATL, /PEXS | ppxnd & 2354 GNRHR \— - oo Ln@ena - Blephihpasm cma ST “m,,w m Nypcm.m,.cm omen P8 1o @il VI, o Suoge FGF23 ‘syndrpme b2 THCE
@\ B rixzs N O ..ol g, @ P e cron@poma - Apignas i S chre ot S SO S = -_— m'
DOSC\Ee pgositive syndrome Foxc2 S iscase aleinosis, Meningdcoceal 780
N 2.3 . srReCs ¥ Re “/Mm © el By TS gy i\ B o . s PR gl Eusrhkﬂlmdnr« ,.. h, ALpL Y, Gl @ IR s Weissenbacher-Zweymuller syndrome
e 1 g S » ® crizcs o gy sdow oS, & o Q i g e
e hpeanogenin, i B2 Tolbutamide. @ Steatg@siona 5170 Hyperprot@ymbinemia Sl nyria MevdBhicaciduria TNFRSF11A Myelokihexis, iR e ‘deat-blind b a
e @ S a Poly@o) iyperp: 5" Coprofl@iphyrin diated v emenite deaf blind hypopigmentation syndrome
h ins. NROBI ke r = @iy @D syndrome g 3 Filoggetevre Py ted e Sep@ptic
exies BBotizer ostoses FSHR. Hypoprot@mbinemia’ 3y Odontohypophosphatasia WFSI e MeKusioliKaufman - Rl ‘hronic infections, due to opsonin defect
oysi@oss o o V4 o P Bectoemann o e ) woups side — i : 27 Cononiial bisecsl Sbeenet of P
cvp2iaz MTRR Spondylogiaphyscal Cegylage hair o . dyschor r;'m o poifeming i el 3 e N ® epox My sLeaA Osteolysis . Viriion ANTXR2 2353 Congenital bilateral absence of vas deferens
vl D apsbe ok g ool oo o e T T L@ A e @ e g 388 Crestne aefciency sypdroms, i
ot f—— coL1oa1 G 3 yhon o ey pip I iypoplati e heart ynd
o 53 ‘ C ol s B ® @ CoMophy syn. ™ emp‘hynmmas LRy 2 gie o @ aies cvP9Al ® Fibramaosisl 037 Mulple cutancous and uterine leiomyomata
i - e @i o e L @ c nerve coloborna with renal
O i@ £ o, e ‘ P e F g serve e @il s g W . T gy - 1 Bt
vty arson gy - e S i s S i, R o = = e et yperinainemsc ypogcemiaof e
e e @ e soR e vas PrgR! A ) " d'mﬂ ® e 68 ! - a.'.'u - g . " Y OO s pitary 229 Pigmente adrenocorticaldisease, primary slated
L] Aol ol Enchon@matosis N o ughe g
AR e o @i o T == @ %
Vipopt@patenia ) E p

S
e Livotcin SRR il Jagmete, 260 Premature chromosome condensation w/ microcephaly, mental retardatior
. " - - i : ey Sl Supftons - e N Myclgpgerace | ol 200 remature chromosome condens
o, 2 5 Sy ——-——" ‘\!swecmms.s e gy Arcni@gbosis  Acroygionis i 558 Ventricular fibrllation, diopathic
Kogls yo@hioninuria s iy 4291 Cerebral cavernons milioratons
hyperstimulation syndrome
3333 Prenial o Bataiase dehioncy

actifeney

Supporting Information Figure 13 | Bipartite-graph representation of the diseasome. A disorder (circle) and a gene (rectangle) are connected if the gene is implicated in the disorder. The size of the circle represents the number of distinct genes associated with the disorder. Isolated disorders (disorders having no links to other disorders) are not shown. Also, only genes connecting disorders are shown.



Other Applications

Passing accuracy
b v A o LN w

Quantifying the
Performance of
ndividual Players
N a Team Activity
(Euro 2008)

Arc centrality
WO N A O 4o N ow

Player performance

Duch, Waitzman1, Amaral, PLoS ONE 5(6) e10937



Gene Ontology



Ontology

Definition

* “A set of concepts and categories in a subject area
or domain that shows their properties and the
relations between them.” New Oxford American
Dictionary, Oxford University Press 2013



Gene Ontology

Gene Ontology (GO)

‘a computational representation of our evolving knowledge of how genes
encode biological functions at the molecular, cellular and tissue system levels”

* Controlled vocabulary of terms

» Describe gene product characteristics
» (Gene product annotation data
* TJools for GO

hitp://aeneontology.or


http://geneontology.org
http://geneontology.org/page/download-ontology
http://geneontology.org/page/current-annotations/
http://amigo.geneontology.org/amigo/software_list

Gene Ontology

Controlled vocabularies
e Cellular Component (CC), the parts of a cell or its extracellular environment

* Molecular Function (MF), the elemental activities of a gene product at the molecular
level, such as binding or catalysis

* Biological Process operations or sets of molecular events with a defined beginning
and end, pertinent to the functioning of integrated living units: cells, tissues, organs,

and organisms.

http://geneontology.org (4/2016)
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Gene Ontology

Example
* gene product ‘cytochrome ¢’
» Molecular Function
* 'oxidoreductase activity”
» Biological Process
e 'oxidative phosphorylation’
* "induction of cell death”
» Cellular Component
* "mitochondrial matrix’
* 'mitochondrial inner membrane”.

http://geneontology.org (4/2016)
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Gene Ontology

Annotations by Species

600000

500000 |
mmmm experimental
mEmmmm NON-experimental

400000

300000

200000

Annotations (non-exp and exp)

100000 |

03

N A T T T T T T

Species

Note: GO vocabulary is designed to be species-agnostic, and includes terms
applicable to prokaryotes and eukaryotes, and single and multicellular organisms.

http://geneontology.org (4/2016)
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Gene Ontology

Evidence Overview
3e+06

2.5e+06

2e+06

1.5e+06

Count

1le+06

500000

0

mmmm Count

Evidence

http://geneontology.org (4/2016)
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Gene Ontology

code checked
m Inferred from direct assay Experimental Yes
“ Inferred from expression pattern Experimental Yes
“ Inferred from genetic interaction Experimental Yes
m Inferred from mutant phenotype Experimental Yes
“ Inferred from physical interaction Experimental Yes
m Inferred from sequence or structural similarity Computational Yes
RCA Inferred from reviewed computational analysis Computational Yes
IGC Inferred from genomic context Computational Yes
Inferred from electronic annotation Computational No

Indirectly derived from experimental or

IC Inferred by curator . . Yes
computational evidence made by a curator

TAS Traceable author statement  [oeell S e el oeuae Yes

m Non-traceable author statement No ‘source of evidence’ statement given Yes

“ No biological data available No information available Yes

“ Not recorded Unknown Yes

Rhee et al Nature Reviews Genetics 9, 509-515 (2008)



Gene Ontology

GO ontology structured as directed acyclic graph

Parent

Simple tree
Increasing e each child has Only one
specificity
and/or parent
granlarity » the edges are directed
Child

Simple tree

Rhee et al Nature Reviews Genetics 9, 509-515 (2008)
http://geneontology.org
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Gene Ontology

GO ontology structured as directed acyclic graph.

Parent

Increasing

specificity
and/or
granularity
Child
Simple tree A directed acyclic
graph (DAG)
Rhee et al Nature Reviews Genetics 9, 509-515 (2008) each child can have one or

http://geneontology.org more parents.
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Gene Ontology

[ cellular_component |

biological_process | [ molecular_function |

-
-
'.

during pigmentation development

h o

[ pigment metabolic process ]

[plgment metabolic process ] [ pigmentation during ] { negative regulation of ] [posltlve regulation of blologlcal]

biological process process

-
Sonnnnny
TEeEseEEEsae.-

regulation of pigmentation

during developmental during development

[ eye pigment precursor ]
pigmentation

transport

-
-
-
---------
.........
oooooo
- -
- -

negative regulation of positive regulation of
pigmentation during pigmentation during
development development

negative regulation of cuticle negative regulation of eye | positive regulation of cuticle positive regulation of eye
pigmentation pigmentation pigmentation pigmentation

Each term can have relationships to one or more other terms in
http://geneontology.org the same or other domains
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Gene Ontology
(2 s 8 oo Lc_)

part of

e AijisaB
e BispartofC
e we can infer that A is part of C

http://geneontology.org (4/2016)
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Gene Ontology

cytoplasm organelle

part of

mitochondrion organelle membrane

http://geneontology.org (4/2016)


http://geneontology.org

Gene Ontology

@_'»._|_>® The is arelation is transitive:
fAisaB&BisaC

We can inferthat A isaC

l mitochondrion l— intracellular organelle 4" organelle '

mitochondrion is an intracellular organelle and intracellular organelle is an organelle
therefore mitochondrion is an organelle.

http://geneontology.org (4/2016)
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Gene Ontology

part of
I mitochondrion | part of l cytoplasm I part of I cell |
part of
has part

Gliceosomal compl(a has part E‘”US x U5 tn—snR@ has part [ snRNP US ]
complex

has part

e spliceosomal complex has part U4/U6 x U5 tri-snNRP complex
e U4/U6 x U5 tri-snNRP complex has part snRNP U5
 therefore spliceosomal complex has part snRNP U5

http://geneontology.org (4/2016)
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Gene Ontology

regulates

positively

ioti negatively
h —_—
regulates meiotic cell cycle

regulates

regulates

regulates

regulates

meiotic
recombination
checkpoint

activation of
reciprocal meiotic
recombination

regulation of meiotic

isa isa
cell cycle

http://geneontology.org (4/2016)
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Gene Ontology

Inferences

IS a part of regulates
—i— o — i, i p o= i—P _, P —R=—P o —i—P _, ReP
— > 5 —P - P P o —FP - P —R=P 5 —P - "R

positively regulates negatively requlates has part
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http://geneontology.org (4/2016)
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Gene Ontology

[ cellular_component |

biological_process | [ molecular_function |

-
-
'.

during pigmentation development

h o

[ pigment metabolic process ]

[plgment metabolic process ] [ pigmentation during ] { negative regulation of ] [posltlve regulation of blologlcal]

biological process process

-
Sonnnnny
TEeEseEEEsae.-

regulation of pigmentation

during developmental during development

[ eye pigment precursor ]
pigmentation

transport

-
-
-
---------
.........
oooooo
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- -

negative regulation of positive regulation of
pigmentation during pigmentation during
development development

negative regulation of cuticle negative regulation of eye | positive regulation of cuticle positive regulation of eye
pigmentation pigmentation pigmentation pigmentation

Each term can have relationships to one or more other terms in
http://geneontology.org the same or other domains
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Gene Ontology

Ten Quick Tips for Using the Gene Ontology

1. Know the Source of the GO Annotations You Use

2. Understand the Scope of GO Annotations

3. Consider Differences in Evidence Codes

4. Probe Completeness of GO Annotations

5. Understand the Complexity of the GO Structure

6. Choose Analysis Tools Carefully

/. Provide the Version of the Data/Tools Used

8. Seek Input from the GOC Community and Make Use of GOC Resources
9. Contribute to the GO

10.Acknowledge the Work of the GO Consortium

Blake PLoS Comput Biol 9(11): 1003343 (2013)



Gene Ontology

GO Enrichment Analysis

For a set of genes up/down-regulated find which GO terms are over-represented
(or under-represented) using annotations for that gene set

hitp://geneontoloqgy.or
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Gene Ontology

Basic Enrichment Analysis

Global Gene Set

hitp://geneontoloqgy.or
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Gene Ontology

Basic Enrichment Analysis

GO Category or Pathway of interest

Global Gene Set

hitp://geneontoloqgy.or


http://geneontology.org

Gene Ontology

Basic Enrichment Analysis

GO Category or Pathway of interest

Global Gene Set

hitp://geneontoloqgy.or
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Gene Ontology

Basic Enrichment Analysis

GO Category or Pathway of interest

' Global Gene Set

N

query/tested

select the right background set
http://geneontology.or e.g. right organism
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Gene Ontology

Basic Enrichment Analysis

GO Category or Pathway of interest

' Global Gene Set

\§

Experimentally tested

Interesting behavior
E.g. Unregulated

hitp://geneontoloqgy.or
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Gene Ontology

Basic Enrichment Analysis

GO Category or Pathway of interest

' Global Gene Set

\§

Experimentally tested

Interesting behavior
E.g. Unregulated

4 out of 6 Vs 5 out of 15

hitp://geneontoloqgy.or
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Gene Ontology

Basic Enrichment Analysis

GO Category or Pathway of interest

' Global Gene Set

\§

Experimentally tested

Interesting behavior
E.g. Downregulated

Toutof4Vs5outof 15

hitp://geneontoloqgy.or
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Gene Ontology

Basic Enrichment Analysis

GO Category or Pathway of interest

' Global Gene Set

\§

Experimentally tested

Interesting behavior

x outofnVs Mout of N

hitp://geneontoloqgy.or
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Gene Ontology

Basic Enrichment Analysis

probability of getting at least x successes, i.e. X or more genes
in the GO category (hypergeometric function sum)

N M)
_ Z N genes in big set
M genes in category In
big set
* N genes of interest
k k! * looking of x or more hits
where —
1) Uk —1)!
Remember to Correct For Multiple Hypothesis Tests
Vs M out of N

hitp://geneontoloqgy.or
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hitp:

Gene Ontology

* Panther (pantherdb.org)
* http://geneontology.org

* DAVID (https://david.ncifcrf.gov)

 GSEA (http://software.broadinstitute.or

* many others...

eneontoloqgyv.or

PANTHER

Classification System

GENEONTOLOGY

Unifying Biology

sea/index.|sp)

<

-

Molecular Profile Data

Gene Set Database

Enriched Sets

Farkhwenl phet SOTICH OMACTIVATIO CINTES
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http://geneontology.org
http://pantherdb.org
https://david.ncifcrf.gov
http://software.broadinstitute.org/gsea/index.jsp

