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Chapter	0	
General	Introduction



Key	concept	1:	Systems	Biology/Complex	Systems
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• 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



Complex	Systems

5https://playgameoflife.com/



Systems	Biology	because	living	organisms	are	complex	systems
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Interaction	
Networks

Systems	component	:	genes/proteins

Emerging	properties	:	phenotypes

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



Key	concept	2:	Network	Biology/Network	Science
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Vertice,	Node

Interaction,	Edge,	Link

Graph,	Network,	Web

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



Structure
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Adjacency matrix Incidence matrix
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Adjacency matrix Incidence matrix



Key	concept	3:	Multi-scale	Data
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Chapter	1	
Network	Construction



Large-scale	interaction	networks
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Data sources?

• Expert knowledge and literature 

• High-throughput screenings 

• Inference from omics data



Data	source	1:	Expert	knowledge	and	literature
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Shuman et al.

Signaling networks

Metabolic Cycle

Operon / Regulatory networks
KEGG

Opéron lactose



Data	source	2:	high-througput	approaches
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Molecular	complex	interactions	
=>	GFP-trap Protein-Protein	interactions	

=>	Yeast	2-hybrids	screens

Thousands	of	interactions	in	model	organisms	(since	2001)
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Protein-protein	interaction	networksProtein	complexes

Data	source	2:	high-througput	approaches



Interaction	databases
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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)	
Reactome	(http://reactome.org/)	

NDEx	(https://www.ndexbio.org/)

International 
Molecular 
Exchange  
Consortium 

http://reactome.org/
https://www.ndexbio.org/


Data	source	3:	Inference	from	omics	data
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From	correlation	matrices	to	correlation	networks
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Example: inferrence of co-expression networks from transcriptomics data



Network	inference	from	-omics	data
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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).	



WGCNA
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Expression data

Additional step of soft-thresholding



Pathways Correlation of 
expressionPPI Complexes

Conclusion:	Many	Biological	Networks
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~250 000 edges ~1 400 000 edges~60 000 edges ~40 000 edges

Experimental	
networks

Curated	
networks

Inferred	
networks



From	a	integrative	point	of	view
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Pathways Correlation of 
expressionPPI Complexes

Conclusion:	Many	Biological	Networks
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~250 000 edges ~1 400 000 edges~60 000 edges ~40 000 edges

Experimental	
networks

Curated	
networks

Inferred	
networks



Data	source	3:	Inference	from	omics	data
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Network of features?  
Network of samples? 



Networks	in	which	nodes	are	not	genes/proteins?
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SNF, Wang et al. 2014



Heterogeneous	Networks,	Bipartite	interactions
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MANDIBULOACRAL 
DYSPLASIA 

WERNER-LIKE SYNDROME

HUTCHINSON-GILFORD 
PROGERIA SYNDROME 

ACROGERIA

MELNICK-NEEDLES 
SYNDROME 

NESTOR-GUILLERMO 
PROGERIA SYNDROME 

EHLERS-DANLOS 
SYNDROME 

Disease-Disease	Network Molecular	Network	(e.g.	PPI)



Multi-layer	Networks	<=>	Knowledge	graphs	?
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Hetionet,	adapted	
from	Himmelstein	et	
al.	2017
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Chapter	2	
Network	Analysis	-	Measures



Degree	distribution
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Degree	distribution
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Protein	degree	distribution	:	interactomes	are	scale-free	and	small-world
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Few	highly	connected	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 networks



Density
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Graphe complet
Kn



Distances	and	paths
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a)	Walking	from	nodes	1	and	6	through	the	orange	path	
b)	Smallest	distance	between	1	and	7	
Network	diameter?



Edge	“Betweenness”
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Node	“Betweenness”
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Number	of	shortest	paths	running	through	
a	node	
=	
“bottleneck”

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



36

Chapter	3	
Network	Analysis	-	Algorithms

• Random walks / diffusion 
• Clustering/partitionning 
• Active modules 
• Embedding



Pathways Correlation of 
expressionPPI Complexes

Many	Biological	Networks
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~250 000 edges ~1 400 000 edges~60 000 edges ~40 000 edges

Experimental	
networks

Curated	
networks

Inferred	
networks



Network	modules/communities/subnetworks
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Binary interaction Functional modules Interaction Networks

Comprehensiveness
Precision

Inspired from P. Aloy, ECCB 
2014



Network	modules/communities/subnetworks
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▪ Communities	around	node(s)	of	interest	
▪ Communities	obtained	from	the	partitionning	of	

the	full	network	
▪ Communities	obtained	from	the	integration	of	

quantitative	data	on	network	nodes,	aka	active	
modules

Topology alone

Topology + 
quantitative data



Random	Walk	with	Restart	(RWR)
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Random	Walk	with	Restart	(RWR)
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Seed



Random	Walk	with	Restart	(RWR)
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Seed



Random	Walk	with	Restart	(RWR)
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Seed



Random	Walk	with	Restart	(RWR)
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Seed
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Seed	Gene/Protein

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

Random	Walk	with	Restart	(RWR)



Random	Walk	with	Restart	(RWR)
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0.25

0.21

0.14

0.09

Seed

0.31

•Local	and	global	exploration	
•Proximity/pertinence	score	wrt	the	seed	

•Rank	network	nodes	
•Extract	subnetworks/modules



Random	Walk	with	Restart	(RWR)
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Seeds

•Local	and	global	exploration	
•Proximity/pertinence	score	wrt	the	seed	

•Rank	network	nodes	
•Extract	subnetworks/modules



Random	Walk	with	Restart	on	Multilayer	networks
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Hetionet,	adapted	
from	Himmelstein	et	
al.	2017



Application	for	diagnosis	in	rare	genetic	diseases
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<<<<<<< Disease-disease	
network



Network	partitionning/clustering
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WGCNA
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Expression data



A	wide	number	of	community	identification	algorithms
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We need “benchmarks”
But we don’t have “Gold Standard”
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Active	module	identification	(hotspots)
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Find	subnetworks	of	interest	
aka	“active	modules”

RNA-seq	transcriptomics	data

+

Biological	Network

Active	module	identification
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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…)



Enrichment	analysis
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Network	embedding

57Image	adapted	from	Nelson	et	al.	Front.	Genet.2019
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Chapter	4	
Wrap-up



Network	main	advantages
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▪ 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
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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 
• Active module identification


