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20th	century

Warren Weaver
(1894 – 1978)



Living	organisms	complexity



Systems	biology	and	emerging	properties

“Science is built up with facts, as a house is with stones. 
But a collection of facts is no more a science than a heap of stones is a house”

Jules Henri Poincaré
(1854 – 1912)

?

Reductionism Holism

SYSTEMS BIOLOGY 
DEFINES AND ANALYSES THE INTERRELATIONSHIPS 

OF ALL OF THE ELEMENTS IN A FUNCTIONING SYSTEM 
IN ORDER TO UNDERSTAND HOW THE SYSTEM WORKS

Leroy Hood



Networks as a universal language

Biological Network

Electronic Circuit
Internet

We are caught in an inescapable network of mutuality.... 
Whatever affects one directly, affects all indirectly.

Martin Luther King Jr.
(1929-1968)

Transportation networks

Social Network



Network of networks



Biological	Networks
Gene

regulatory Metabolic
Cell 

SignalingPathway Drug-target
Human 
diseases

Protein-Protein Interaction and Co-Expression networks



Protein-Protein Interaction (PPI) vs Co-Expression

Protein-Protein Interaction (PPI) networks
(by Literature and Experimental Data) Protein Data Matrix

P2

WGCNA

physical/functional
interaction

(Protein complexes, Pathways etc.)

Co-expression networks
(by Experimental Data)

+



What is a network?
Graph G=(V,E) is a set of vertices (or nodes) V and edges E

Vella et al. EURASIP J Bioinform Syst Biol. 2017(1):6.



FUNCTIONAL	MODULES

DEPs
and

GO ANNOTATIONS

Human Interactome

D. Vella

BBA Gen Subj. 2017;1861(5 Pt A):1190-1199.



Structure affects function? 

The degree distribution plots the number of nodes that have a given degree k as a function of k.
The shape of the degree distribution allows us to distinguish among types of networks.



Structure affects function? 

Slow-growth

Lethal

Non-lethal

Unknown

Knockout effect:



Network Modules 

Computer scince Review 1, 1 (2007);27-64.

Clustering coefficient 

Module = highly interacting subset of nodes cooperating 
to perform functions



HUBS and Shortest-Path

Bottlenecks
- Connects subnetworks
- Restricts information flow
Hubs
- Highly connected
- Central point of control

In biological terms: 
Proteins possibly bringing in communication sets of regulatory proteins that interact with many other
proteins, suggesting a central super-regulatory role or a critical target of a regulatory pathway.

How much is my Node v central or peripheral?



Diameter (ΔG): 
the maximal distance (shortest path) amongst all the distances calculated between each couple 

of vertexes in graph G.

Average distance (AvDG):
the average shortest path of a graph G, corresponding to the 

summa of all shortest paths between vertex couples divided for the total number of vertex couples.

High value: the network can be “disperse” 
Low value: the network is “compact” 

In biological terms: 
Ø Easiness of the proteins to communicate 
Ø Reciprocal influence between proteins 
Ø Functional convergence 

Network Centralities  



Node and Edge Centralities 

• Degree 
• Centroid
• Stress 
• Closeness
• Betweenness 

Edge Betweenness

Edge CentralityNode Centralities 

Scientific Reports (2021) 11:14447 

• Radiality
• Eccentricity 
• Eigenvector
• Bridging

Center for Biomedical Computing

G. Scardoni G. Tosadori



Node Centralities 

It is calculated considering couples of nodes (v1, v2) and counting the
number of shortest paths linking v1 and v2 and passing through a node
n. Then, the value is related to the total number of shortest paths linking
v1 and v2.

Degree Betweenness

8 56

Degree Betweenness

8 18.7
Node 4

Number of nodes adjacent to a given node v



Networks	structure	is	dynamic	

Can the role of a node strongly affected by removing or adding a given node? 

Node 4 becomes a “peripheral” node 
Node 5 and Node 3 become more important communicating nodes 
Node 3 is more robust than Node 4 

Interference

Robustness 

Node Net A Net B Interference (Node 6)
5 15 42.86 -27.86
3 32.05 41.67 -9.61
0 0.98 3.97 -2.99
1 0.98 3.97 -2.99
2 0.98 3.97 -2.99
7 0.98 0 0.98
8 0.98 0 0.98
9 0.98 0 0.98
4 15 3.57 11.43
6 32.05

Betwenness

Robustness 0.046 Robustness 0.036
Node 4Node 3

Removing of Node 6 



L. SereniA. Villa

Wiskott-Aldrich syndrome is a rare (the incidence in USA is 1
in 250,000 live male births) genetic disorder caused by WAS
gene mutations. It is and characterized by immune deficiency
and manifests itself since childhood with eczema, recurrent
and relapsing infections and bleeding disorders. The
syndrome is also associated with an increased risk of
autoimmune, lymphoma and leukemia. Affected individuals
show marked deficiency of platelets which are typically
smaller than normal.

At the San Raffaele-Telethon Institute for Gene Therapy (SR-
Tiget) in Milan, the first study in the world for the human
experimentation of gene therapy with lentiviral vectors for
the treatment of this disease was launched in April 2010,
thanks to the strategic alliance between San Raffaele Hospital,
the Telethon Foundation and GlaxoSmithKline, recently
transferred to Orchard Therapeutics.

The "ex vivo" gene therapy therapeutic protocol involves the
removal of adult stem cells from the marrow or mobilized
blood of patients, their correction by introducing the vector
containing the therapeutic gene and finally reinfusion into the
patient.

Case1- Wiskott-Aldrich syndrome



Case1- Wiskott-Aldrich syndrome

J Allergy Clin Immunol. 2019 Sep;144(3):825-838.

pre GT post GT

1314 nr proteins

255 DEPs

HC

HCpre GT

post GT



WAS interactors

J Allergy Clin Immunol. 2019 Sep;144(3):825-838.

Case1- Wiskott-Aldrich syndrome

pre GT post GTHC

PPI Network Hubs



• Genes associated with a disease tend to cluster in the same network
neighborhood called the Disease Module.

• Moreover, the impact of drugs is typically local, restricted to disease proteins
within two steps in the interactome.

Are drugs (drug targets) that are closer
to the disease (disease proteins) more effective than distant drugs?

Case2- Drug Repurposing

Nat Commun. 2016 Feb 1;7:10331.

AL. Barabasi



238 drugs and 78 diseases
(402 combinations)

Disease + Associated Genes (OMIM DB and GWAS catalog)
Drug + Target Association (DrugBANK)
Drug – Disease Indication (MEDI-HPS, Metab2MeSH)

Distance of proximity

Case2- Drug Repurposing



For 15% drug-disease association drug targets=disease proteins. 
For 59%, drug targets are proximal to disease proteins. 

Proximal drugs are more likely to be therapeutically beneficial than distant drugs
that usually correspond to palliative treatments.

Proximal drugs tend to involve endocrine system and metabolic processes, whereas distant drugs 
are more enriched in anti-inflammatory and pain relief related categories.

Using proximity, it is possible repurpose existing drugs for other diseases (rare).

Case2- Drug Repurposing



Messages…..

The network structure is informative. Its analysis allows:
• the identification of hubs and modules correlating with phenotypes
• to shed light on disease/therapy mechanisms (diagnosis, prognosis,

drug repurposing etc)

The extraction of relevant information and their significance may be improved by:
• higher number of molecular profiles
• accurate clinical stratification
• accurate and complete network models

PPI and co-expression networks are useful
• to visualize omics data
• to abstract the organization of complex systems
• to develop algorithms
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