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Network Science
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• Start 21th century
• Roots on graph theory
• In the context of data production and computer sciences
• closely linked to the study of complex systems



Definition

Vertice, Node

Interaction, Edge, Link

Graph, Network, Web

Topology, Motifs …G={V, E}



Macromolecules do not act 
isolated, but interact with each 

other to perform their functions
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Molecular interactions:
Protein-Protein

Protein-DNA
Protein-RNA
Protein-Lipid

…

Transient, stable, obligatory …



Systems Biology because living 
organisms are complex systems

Interaction 
Networks

Systems component : genes/proteins

Emerging properties : phenotypes

• Global/collective behaviour cannot be deduced from the 
knowledge on the components

• Phenotype does not emerge from isolated biological 
molecules but from their interactions



Part 1: Building Biological 
Networks
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• From literature, knowledge, curation 
• From large-scale interaction experiments 
• From inference from large-scale omics data
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• From literature, knowledge, curation
• From large-scale interaction experiments 
• From inference from large-scale omics data

Part 1: Building Biological 
Networks



Building biological networks from 
literature, knowledge, curation 

Le Novère et al. Nature Review Genetics. 2015



Activity flow / Gene Regulatory 
Networks / Influence Graphs

Signalling networks

Metabolic Cycle

2 types of nodes : enzymes & 
substrates, reaction directional or 

bidirectional

Gene Regulatory networks



Building biological networks from 
literature, knowledge, curation 

=> pathway databases
=> mathematical modelling



pathway databases: Reactome



pathway databases: Kegg



pathway databases

Pathways

~250 000 edges

Curated	
networks



Building biological networks from 
literature, knowledge, curation 

=> pathway databases
=> mathematical modelling



Building mathematical models of 
biological processes
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• From literature, knowledge, curation 
• From large-scale interaction experiments
• From inference from large-scale omics data

Part 1: Building Biological 
Networks



Experimental interaction 
screenings

• Protein-protein interactions 

• Protein-DNA interactions 

• Protein-RNA interactions 

• … 

=> Small-scale / Large-scale



Y2H screens
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Interactomes: protein-protein 
interactions

Set of detected protein-protein interactions

Physical interactions, but 
physiological interactions ?

Interactomes are devoid of spatio-
temporal information



Interactomes: Pull-Down

Protein complexes



False-negatives and “sparse 
networks”

Interaction space (to be discovered)

Interactions 
discovered by 

method 1

Interactions 
discovered by 

method 2



Interaction databases

Multi-organisms:
DIP (dip.doe-mbi.ucla.edu)
IntAct (www.ebi.ac.uk/intact)
MINT (mint.bio.uniroma2.it/mint)
BioGRID (www.thebiogrid.org)
BIND (www.blueprint.org)

International 
Molecular 
Exchange  
Consortium 



PSICQUIC portal

http://www.ebi.ac.uk/Tools/webservices/psicquic/
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• From literature, knowledge, curation 
• From large-scale interaction experiments 
• From inference from large-scale omics data

Part 1: Building Biological 
Networks



Network inference from -omics 
data

• Inferring/learning regulatory interactions from gene 
expression data (time-series, perturbation 
experiments) 

• Famous methods: WGCNA, GENIE3 

• Now on single-cells

Greenfield	A,	Madar	A,	Ostrer	H,	Bonneau	R	(2010)	
DREAM4:	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).	



Correlation of 
expressionPPI Complexes

Interactome(s)

~1 400 000 edges~60 000 edges ~40 000 edges

Measured	
networks

Inferred	
networks

Pathways

~250 000 edges

Curated	
networks



Part2: What’s next ?
=> Network Analysis

Network metrics /  Network algorithms
28



How to use large-scale 
biological networks ?

Local approaches Global approaches

• mathematical modelling
• “guilt by association” • Topological features

• Network analysis algorithms



Local approach: identification of a 
new gene involved in breast cancer

Nodes correspond to proteins, 
edges to interactions identified 

by different experimental 
techniques

Pujana et al. 2007



How to use large-scale 
biological networks ?

Local approaches Global approaches

• mathematical modelling
• “guilt by association” • Topological features

• Network analysis algorithms



Degree distribution



Degree distribution
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Protein degree distribution : interactomes 
are scale-free and small-world
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proteins = hub

A lot of poorly connected 
proteins

Power-law distribution 

Biological interpretation?
• Growth with preferential attachement (“rich get 

richer”) => create “hubs”
• Robust to random attack, sensitive to targeted 

attacks

Scale-free



Protein degree distribution : interactomes 
are scale-free and small-world
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Network topological structure : 
Small-world property

• Milgram, 6 degrees of separation



Metrics on graphs
• N nodes, V edges 
• Network size 
• Adjacency matrix 
• Degree, degree distribution 
• Path, shortest path, distances 
• Connectivity, clustering coefficient 
• Betweenness  
• Motifs

Gavin, Cell



“Edge Betweenness”
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“Node Betweenness”

Biological interpretation ?
Correlation with gene essentiality, gene 
involvement in diseases, importance in 
flux transmission …

Number of shortest paths 
running through a node

=
“bottleneck”



Actual links between neighbours / Possible links between 
neighbours

Clustering coefficient / 
modularity



Algorithms for Network 
Analysis

• Clustering 

• Exploration with Random Walk with Restart 

• Integration of expression data to find active 
modules



Network Analysis - Clustering

Functional module / community / cluster / class : discrete function
Modules can be isolated or connected
Groups of proteins involved in a common cellular function



Binary interaction Functional modules Interaction Networks

Comprehensiveness
Precision

Inspired from P. Aloy, ECCB 2014



Network Exploration: Random 
Walk with Restart



Seed

The Random Walk with Restart algorithm



Seed

The Random Walk with Restart algorithm



Seed

The Random Walk with Restart algorithm



Seed	Gene/Protein

Adapted	from	h5p://slideplayer.com/slide/5223771/

The Random Walk with Restart algorithm



Seed

•Local	exploration	
•Proximity/pertinence	score	
wrt	the	seed

The Random Walk with Restart algorithm
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Seeds

•Local	exploration	
•Proximity/pertinence	score	
wrt	the	seed(s)

The Random Walk with Restart algorithm



Seeds

•Local	exploration	
•Proximity/pertinence	score	
wrt	the	seed(s)	

•Guilt-by	association
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The Random Walk with Restart algorithm



Seeds
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Random Walk with Restart on Multiplex  
Networks (RWR-M)

Pathways	

Co-expression	

PPI	

•Walk	one	layer	
•Jump	across	layers	
•Gene/Protein	Seed(s)

Alberto	Valdeolivas



54Marseille	Medical	Genetics

Disease-disease	
network

Random Walk 
with Restart

Top 25



Integrating expression data and 
networks: finding active modules

Interactomes are devoid of spatio-
temporal information



RNA-seq transcriptomics analyses

Identify	significant	DE	
mRNAs

RNA-seq	transcriptomics	data

Functional	enrichments



Find	“active”	subnetworks

RNA-seq	transcriptomics	data

+
Biological	Network

Active module identification

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…)



Active module identification

• Few	methods	consider	the	density	of	interactions	
• Methods	are	using	only	one	(usually	protein-protein)	
interaction	networks

=>	We	propose	a	Multi-Objective	Genetic	Algorithm	to	identify	active	
modules	from	Multiplex	Networks

Elva	Novoa



2 objectives to maximize

Average nodes score

Density



2 objectives to maximize

Average nodes score

Density



Based	on	NSGA-II	(Deb	et	al.,	2002)

Multi-Objectives Genetic Algorithm



Multi-objective Genetic Algorithm to find Active 
Modules in Multiplex Biological Networks

Maximize	2	objectives

Differential	expression	(average	node-scores)

density	of	
interactions	
from	the	
multiplex	
network



Based	on	NSGA-II	(Deb	et	al.,	2002)

Multi-Objectives Genetic Algorithm

MOGAMUN



Multi-objective Genetic Algorithm to find Active 
Modules in Multiplex Biological Networks

Differential	expression	(average	node-scores)

density	of	
interactions	
from	the	
multiplex	
network

Novoa	et	al.	BioRxiv,	2020	
Bioconductor	

https://github.com/elvanov/MOGAMUN

https://github.com/elvanov/MOGAMUN

