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Plan

« Chapter 0: General introduction, key concepts
» Chapter 1: Network Construction

« Chapter 2: Network Analysis - measures

« Chapter 3: Network Analysis - algorithms

* Wrap-up

° .0
<’ IFB el
BIOINFORMATIGH FRANCE



%

/,\
A

. 3
N
.

4

/N
\

N

WS
WS

A <
=~

a%@%w. ..

) \wﬁi@'
fikn)

DY
3

ey

N

N

NS

Chapter O

General Introduction

L '
IFB el
INSTITUT FRANGAIS DE ' BIOINFORMATIQUE FRANCE



Key concept 1: Systems Biology/Complex Systems

many components

global behavior cannot be deduced from knowledge on the components of
the system

interactions between components

emerging properties

The sum is greater than the parts
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Systems Biology because living organisms are complex systems

Systems component : genes/proteins o _©

O
|
V Interaction
Networks
|
|

Emerging properties : phenotypes

Phenotype does not emerge from isolated biological molecules but from their interactions
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Key concept 2: Network Biology/Network Science

G = (V, E), where V is the set of vertices and E C
(V*V) is the set of edges

Vertice, Node

Graph, Network, Web

Interaction, Edge, Link
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Structure

Adjacency matrix Incidence matrix

a. Adjacency matrix

>
>
>
>

2
4 Ay Ay Ay Ay
: Ay Ay Ay Ay
Ay Ap Ay Ay

b. Undirected network C. Directed network

f K Un graphe non orienté. &
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Structure

Adjacency matrix Incidence matrix

a. Adjacency matrix
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b. Undirected network C. Directed network
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Key concept 3: Multi-scale Data

giomolecules

. (o %
&
<€),

complete

QOrganisms
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Large-scale interaction networks

Data sources?

Expert knowledge and literature

High-throughput screenings

* Inference from omics data
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Data source 1: Expert knowledge and literature

Signaling networks
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Data source 2: high-througput approaches

binding

se
quence 2,‘ Gald
\\: "AD
binding
N
g

sequence

—

UAS Reporter gene

Molecular complex interactions

=> GFP-trap Protein-Protein interactions

=> Yeast 2-hybrids screens

Thousands of interactions in model organisms (since 2001)
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Data source 2: high-througput approaches

Protein complexes
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Interaction databases

DIP (dip.doe-mbi.ucla.edu)

IntAct (www.ebi.ac.uk/intact)
MINT (mint.bio.uniromaz2.it/mint)
BioGRID (www.thebiogrid.org)
BIND (www.blueprint.org)
Reactome (http://reactome.org/)

NDEXx (https://www.ndexbio.org/)
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http://reactome.org/
https://www.ndexbio.org/

Data source 3: Inference from omics data

1195 SUa9

2195 BUD
v

€195 BUaD

9

Y el e? e e e el (e
Al ae” A ae” el A e’ e
r,’a“\an‘(\Q I\ ng‘(@ga«\ ® 5’6‘(\9 N\ N r,’a‘(\an‘(\ ¥

é.<
IFB eliir
INSTITUT FRANGAIS DE " BIOINFORMATIQUE FRANCE



From correlation matrices to correlation networks

Example: inferrence of co-expression networks from transcriptomics data

St S S3 G G Gy Gs Gs Ge Gy Gg Go Gio
G [ 43.26 40.89 5.05 ] 6 [ 1.00 023 061 071 0.03 035 0.86 1.00 0.97 037 ]
Gy 166.6 41.87 136.65 G 023 100 063 052 0.98 0.99 029 0.30 046 0.99
Gy 12.53 3955 42.09 G 0.61 063 1.00 0.99 077 053 093 056 041 0.51
G 28.77 191.92 236.56 Gy 071 052 099 100 069 041 0.97 066 0.52 0.40
Gs 114.7° 79.7 990.76 |r(Gi,G})| Gs 0.03 0.98 0.77 069 1.00 0.95 048 0.09 027 0.94
Gs 119.1 8057 11459 |~ Gs 035 0.99 053 041 0.95 1.00 0.17 041 057 1.00

6 | 1180 156.60 186.05 | Pearson o | 585 020 0.03 007 048 017 1.00 0.83 072 0.16
G | 376 248 13678 | Comeltion | 100 030 056 066 000 041 083 100 0.8 042
G | 3273 1199 1188 G | 097 046 041 052 027 057 072 0098 100 058
Go | 1746 56.11 21.41 | Go | 037 0.99 051 040 0.94 1.00 016 042 058 1.00 |

Gene expression values A :
P Similarity (Co-expression) score

) 6 6 & GG GG &G G G
® 1L AL EER EFE R R R
|0 0001100 0 1
sl0 06 1 o8 490 8
« & |0D 010001 a8e 0 MJ
@ G |0 1 0 0 0 1 0 0 0 1 | Significance threshold
« [0 18019 04001 1
® ® ® |1 0 11000100
&l 608001 0% B
|1 00000010 0
® G |0 1 00 1 10 0 0 0

Network adjacency matrix
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Network inference from -omics data

Greenfield A, Madar A, Ostrer H,
Bonneau R (2010) DREAMA4:
Combining Genetic and Dynamic
Information to Identify Biological
Networks and Dynamical Models. PLoS
ONE 5(10): e13397.

Saint-Antoine, M. M. & Singh, A.
Network inference in systems biology:
recent developments, challenges, and
applications. Current Opinion in
Biotechnology 63, 89-98 (2020).
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Algorithm Class | Temporal Data |Directionality Advantages Disadvantages Examples
Required?

Correlation No Undirected * Fast, scalable * Possibly WGCNA [13]
» Detection of over-simplistic PGCNA [14]
feed-forward loops, + False positives for
fan-ins, and fan-outs cascades

Regression No Directed + Good overall accuracy |  Bad detection of TIGRESS [15],

feed-forward loops, GENIE3 [16],
fan-ins, and fan-outs bLARS [17]
Bayesian - No Directed * Performance on small | - Performance on large |[19,20]
Simple networks networks.
« Inability to detect
cycles
Bayesian - Yes Directed » Performance on small | - Performance on large |[21]
Dynamic networks networks.
» Detection of cycles
and self-edges
Information No Undirected (at |+ Detection of « False positives for ARACNE [25],
Theory least in feed-forward loops, cascades CLR [26],
simplest fan-ins, and fan-outs MRNET [27],
form) + Similar to correlation PIDC [28]
methods, with better
accuracy

Phixer No Directed » Parsimonious output « Possible loss of [31]
due to pruning step. overal accuracy due to

pruning step (this can
be removed if the
user chooses)

Current Opinion in Biotechnology

19



WGCNA

Expression data

Construct a gene co-expression network

Rationale: make use of interaction patterns among genes

Tools: correlation as a measure of co-expression

BIOINFORMATIQUE
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Conclusion: Many Biological Networks

Correlation of
expression

PPI Complexes Pathways

~60 000 edges ~40 000 edges ~250 000 edges ~1400 000 edges
Experimental Curated Inferred
networks networks networks
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From a integrative point of view
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THISISTRUE  THIS S TRUE

o)

THIS ISTRUTH
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Conclusion: Many Biological Networks

Correlation of
expression

PPI Complexes Pathways

~60 000 edges ~40 000 edges ~250 000 edges ~1400 000 edges
Experimental Curated Inferred
networks networks networks
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Data source 3: Inference from omics data

1195 SUa9
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Network of features?
Network of samples?
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Networks in which nodes are not genes/proteins?

b Patient similarity matrices C Patient similarity networks

Patients

d Original data

MRNA expression

Patients
Patients

SNF, Wang et al. 2014
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Heterogeneous Networks, Bipartite interactions
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MELNICK-NEEDLES
SYNDROME
EHLERS-DANLOS
SYNDROME
HUTCHINSON-GILFORD

PROGERIA SYNDROME

ACROGERIA

NESTOR-GUILLERMO

MRIA SYNDROME|
MANDIBULOA(

/ YSPLASIA

'WERNER-LIKE SYNDROME

Disease-Disease Network

Molecular Network (e.g. PPI)

26



Multi-layer Networks <=> Knowledge graphs ?

Biological process
multiplex

Pathway

Anatomy

rl\nmnulu

lass

a;%.\

Side effect

Symptom

) Hetionet, adapted
I F B Eli m Himmelstein et
{2017 27
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Chapter 2

Network Analysis - Measures .
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Degree distribution
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Degree distribution
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IFB elixir
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Frequency

1000 1500 2000 2500 3000 3500

500

< =

T T T 1

40 60 80 100
Nb of interactors
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Protein degree distribution : interactomes are scale-free and small-world

1/,\ Few highly connected proteins
= hub

1000 1500 2000 2500 3000 3500
1 1

A lot of poorly connected

?roteins
T — T I\I 1

20 40 60 80 100
Nb of interactors

500
1

0

Biological interpretation?

Scale-free networks

Power-law distribution

0.01f

0.00Lf
0.0001F

I 10 100 1000
k

e Growth with preferential attachement (“rich get richer”) =>

create “hubs”

[ J
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- e Robust to random attack, sensitive to targeted attacks
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Density

> DG:0<:>|E|:O
P> DGII@G:KH
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Distances and paths

a) Walking from nodes 1 and 6 through the orange path
b) Smallest distance between 1 and 7

. Network diameter?
IFB el
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Edge “Betweenness”

Number of shortest paths
running through an edge

“bottleneck”

34



Node “Betweenness”

pos=e e e = Number of shortest paths running through
a node

“bottleneck”

Biological interpretation ?

Correlation with gene essentiality,
gene involvement in diseases,
importance in flux transmission ...

[ J »®
IFB el
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Chapter 3

Network Analysis - Algorith ms.

« Random walks / diffusion
 Clustering/partitionning

* Active modules
 Embedding

36
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Many Biological Networks

Correlation of
expression

PPI Complexes Pathways

~60 000 edges ~40 000 edges ~250 000 edges ~1400 000 edges
Experimental Curated Inferred
networks networks networks
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Network modules/communities/subnetworks

Binary interaction modules Interaction Networks

Inspired from P. Aloy, ECCB

[ ]
@)lFB elixir 2o 38

INSTITUT FRANCAIS DE" BIOINFORMATIQUE FRANL



Network modules/communities/subnetworks

= Communities around node(s) of interest

= Communities obtained from the partitionning of
the full network

= Communities obtained from the integration of
guantitative data on network nodes, aka active
modules

[ ] - °
<’ IFB el
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Topology alone

Topology +
guantitative data
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Random Walk with Restart (RWR)
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Random Walk with Restart (RWR)

Seed

L '
IFB el
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Random Walk with Restart (RWR) o ) PSS
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Random Walk with Restart (RWR)

Seed

L '
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Random Walk with Restart (RWR)

Seed

L '
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Random Walk with Restart (RWR)

Seed Gene/Protein

[ J
°
o apted from http://slideplayer.com/slide/5223771
é/":B E’(Xﬁ{p p://slideplayer.com/slide/ /
INSTITUT FRANCAIS DE' BIOINFORMATIGUE

FRANCE

he

45



Random Walk with Restart (RWR)

e Local and global exploration

o021 _ :
7N\ e Proximity/pertinence score wrt the seed

N4 e Rank network nodes
e Extract subnetworks/modules
Seed
0.25 - 014
7N N . ; :

0.31

0.09

\__/

° L )
IFB el
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Random Walk with Restart (RWR)

e Local and global exploration
7N\ * Proximity/pertinence score wrt the seed
N e Rank network nodes

e Extract subnetworks/modules

Seeds

(\/’j‘

° L )
IFB el

RANCAIS DE " BIOINFORMATIQUE
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Random Walk with Restart on Multilayer networks .

Biological process
multiplex

Pathway

Anatomy

b 4

) -
Pharmacologic 4 ,

class ! /
\ /
o\ !
\
\ A\
\ 0 A . \
\ [ ] '\ N \
\ ¢ \ ~ AN |
\ N N
; o~ AN / 1'
= ~_ . < s Symptom
\\\ ~ " // I
2 |
Side effect SN e |
\\ - |
\ v L] ‘\ :
\ / N |
\ / \
\ / A
\ / :
A Gene |
|

- _

v

Hetionet, adapted
from Himmelstein et

al. 2017
48
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Application for diagnosis in rare genetic diseases

ZMPSTE24
PARN

S0X10 \ /

PERIPHERAL DEMYI

cce —
NEUROPATHY, CENTRAL
L=z DYSMVYELINATION, ERcce
WAARDENBURGSYNDROME, AND \ n
HIRSCHSPRUNG DISEASE
— T

ATTERSON
PSEUDOLEPRECHAUNISM

PALMOPLANTAR KERATODERMA,
MUTILATING, WITH PERIORIFICIAL
KERATOTICPLAQUES, X-LINKED

PALLISTER W SYNDROME N\,

DUBOWITZ SYNDROME
COCKAYNE SYNDROME, TYPE il
DERMATOLEUKODYSTROPHY
MICROCEPHALY WITH
CHEMOTACTIC DEFECT AND
HYPOGAMMAGLOBULINEMIA
RNF113A
FACIODIGITOGENITAL TRICHOTHIODYSTROPHY §,
SYNDROME, AUTOSOMAL NONPHOTOSENSITIVE
KBG SYNDROME
MARFANOID MENTAL
RETARDATION SYNDROME,
AUTOSOMAL
CAMPTODACTYLY SYNDROME,
GUADALAJARA, TYPE |

OSTEOPENIA AND SPARSE HAIR

EHLERS-DANLOS SYNDROME,
PROGEROID FORM

|

B4GALT7

(]
elixir
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PTDSS1
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s, 5
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SYNDROME \ \\ /

\ DWARFISM, TYPE Il
W\\
TRANSIENT

PROGEROID SYNDROME,
NEONATAL

LENZ-MAJEWSKI HYPEROSTOTIC
DWARFISM

Disease-disease

network
/N

SECKEL SYNDROME 1

— PCNT
FGFRL1
CTBP1
L RPS6KA3
CPLX1
MICROCEPHALIC
OSTEODYSPLASTIC PRIMORDIAL

HYPERPROINSULINEMIA

INSR
WOLF-HIRSCHHORN SYNDROME

DONGHUESYNDROME |

YUNIS-VARON SYNDROME

IGF2

CHROMOSOME 1P36 DELETION LMNA
SYNDROME

MANDIBULOACRAL DYSPLASIA
WITH TYPE A LIPODYSTROPHY

GROWTH RESTRICTION, SEVERE,
WITH DISTINCTIVE FACIES



Network partitionning/clustering

[ ]
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WGCNA

Expression data

Construct a gene co-expression network

Tools: correlation as a measure of co-expression

Rationale: make use of interaction patterns among genes 4

Identify modules
Rationale: module (pathway) based analysis
Tools: hierarchical clustering, Dynamic Tree Cut

° °
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A wide number of community identification algorithms

Kernel Modularity ~ Random Local Ensemble
clustering optimization - walk based methods methods
Network Genes
.II E‘
©
8| | Similarity §
—_— 8 matrix s
I Random walk or Agglomerative Merge set of
Transform network Optimization algorithm diffusion process process diverse predictions
Disease Module Identification
DREAM Challenge
Discover disease pathways in genomic networks
We need “benchmarks”
/IFB E’(X But we don’t have “Gold Standard”



DREAM Y

CHALLENGES

wer e Bionetworks a pendi
S — Network com sl Network type No. of genes| No. of edges
1| Protein interaction 17,397 2,232,405
£ 2| Protein interaction 12,420 397,309
2 3| signaling 5,254 21,826
B 4| Co-expression 12588 | 1,000,000
@ \ 5| Cancer dependency 14679 | 1,000,000
6| Homology 10,405 4,223,606
STAT 1 10° 10° 10*
No. of edges per gene
ceeee = = Anonymize networks: —
IL17 JAK 2 3
c '
Challenge GWAS compendium
; Others Psychiatric
Immune-
Module identification Module identification related
for individual networks across multiple networks
Blood
Anthropo- | 66 5
metric ipids

Neuro-degenerative  Glycemic

‘ 33 teams e | SRC——
(76 GWAS) (104 GWAS)
Multi-network
module predictions
Scoring

Test modules for association
with traits and diseases

‘ 42 teams

Single-network
module predictions

Sub-challenge 1
Sub-challenge 2

Six networks

Gene score
High

° l I Tmi:-;;s;;;led -
CIFB el o -
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Active module identification (hotspots)

L]
L o0 3
IFB I?(’. 54
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Active module identification

Biological Network

+

RNA-seq transcriptomics data

!

Find subnetworks of interest
aka “active modules”

Algorithms: Greedy searches (Pinnaclez), Simulated Annealing
(jActiveModules), Genetic Algorithms (COSINE) (Ideker et al.
2002, Chuang et al. 2007, Ma et al. 2011, Ozisik et al. 2017...)

LIFB e
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~log10(PValueAdiusted or FOR)
4 6 8 w0

L

Pationt - Control  Exact Test
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Enrichment analysis

INSTTL

<’ IFB
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% STRING

Search

© Viewers > (@ Legend >  %F Settings > - B8 Exports >

Network Stats

avg. local clustering coefficient:

number of nodes:
number of edges:
average node degree:

_wo

Functional enrichments in your network

>
GO-term
G0:0048099
G0:0035217
G0:0007224
G0:0001746
G0:0060914

L ]
elixir

FRANCE

Biological Process (Gene Ontology)

description
Anterior/posterior lineage restriction, imaginal disc
Labial disc development
Smoothened signaling pathway
Bolwigs organ morphogenesis
Heart formation

expected number of edges: 0

PPI enrichment p-value: 7.22e-07

Download Help

Clusters > @ More

your network has significantly more interactions

than expected (what does that mean?)

count in network
3of4
20f4
40f12
30f9
20f6

v Strength

explain columns

false discovery rate
4.81e-07
0.00020
7.18e-09
1.73e-06
0.00032
(more ...)

My Data

© Less
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Network embedding

Embed

.9
PN l °®
@ = ° "

; R : ° Embedding

I

Classifier

<o <

<o

o
e.g. SVM

) °
» é ’ IFB E’Pﬁ. Image adapted from Nelson et al. Front. Genet.2019
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Network main advantages

Intuitive

Interpretable

Easy to connect multi-scale/multimodal information
= mixed integration
= ad hoc construction
= Robust to missing data

= privacy?

Scaffold to integrate different data types

® °



From a integrative / multiomics point of view

Multilayer networks
* Integrate different types of nodes, different types of edges
* From databases, high-throughput screens, literature
* From different omics

Quantitative Omics + Networks

* |Interaction enrichment
e Active module identification

[ ] e °
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