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Overview

1. Introduction to network analysis
2. Terminology

3. Network inference

4. Key network properties

5. Community analysis
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What are modules?

Modules are physically or functionally associated nodes
that work together to achieve a distinct function

Protein complexes are physical modules
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What are modules?

Pathway-associated proteins may represent functional modules

Gene Ontology
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https://reactome.org/PathwayBrowser/#/R-HSA-71387&PATH=R-HSA-1430728
https://www.nature.com/articles/nrm3629

What are modules?

In addition to physical or functional modules, one may identify other types of modules

Topological: derived from their high within-module degree

Disease: highly interconnected nodes associated with a disease response

Drug: highly interconnected nodes associated with a drug response

Subgroup: highly interconnected nodes associated with a sample subgroup (e.g. cancer subtype)

Tissue-, cell-type-specific: highly interconnected nodes associated with a specific tissue or cell type

Highly interlinked local regions of a network

a Topological module b Functional module c Disea_se module

() Topologically close @ Functionally similar @ Discase genes Bidirectional Directed
genes (or products) genes (or products) (or products) interactions interactions

N B;S Barabasi 2011 5



https://www.nature.com/articles/nrg2918/
https://www.nature.com/articles/nrg2918/
https://www.nature.com/articles/nrg2918/

Module detection: Connected components



https://arxiv.org/abs/1406.2518
https://www.nature.com/articles/s41598-019-41695-z

> W DN

Girvan-Newman algorithm

Recall: Betweenness considers the number of shortest paths passing

through each edge

%0 02
/ Py
o

. Calculate edge betweenness for each edge;

Remove edge with highest betweenness;
Recalculate betweenness centrality for all edges;

Repeat until no edges left

NB:3S

O virginica

||||||||
77777777



Modularity

Modularity is a property of the network
Modularity (Q) measures the tendency of a graph to be organised into modules

Modules computed by comparing probability that an edge is in a module vs what
would be expected in a random network

0 Z [(e,) — (expected e,)]

ST

# edges in group s Random network with
same number of nodes, edges and

degree per node

Q = 1: much higher number of edges than expected by chance
—1 <O <1  Q=-1:lower number of edges than expected by chance

Q > 0.3 - 0.7 means significant community structure



Modularity

Modularity is different than clustering coefficient:

Graph composed of two bipartite complete subgraphs:

high Q but low connectivity (C)




Module detection: Louvain algorithm

Phase 1:
1.

2.
3.
4,

Phase 2:

® N O O

NB:3S

greedy modularity optimisation

Start with 1n/community
Compute O by moving i to the community of j

If AQ>1, node is placed in community
Repeat 1-3 until no improvement is found. Ties solved arbitrarily

coarse grained community aggregation

Link nodes in a community into single node.
. . . Modularit C [

Self loops show intra-community associations Optimization / \A;;e";ﬂg

Inter-community weights kept

Repeat phase 1 on new network

Other methods:
Walktrap
Label propagation

(benchmarking)

Campigotto 2014
Traag 2019 10



https://arxiv.org/abs/1406.2518
https://www.nature.com/articles/s41598-019-41695-z
https://www.nature.com/articles/s41598-019-41695-z
https://www.nature.com/articles/srep30750

Community characterisation

Clustering coefficient and degree distribution

Enrichment analysis

Hypothesis: community-associated features show coordinated changes
associated with common biological processes

}1 Mooney 2015 11




Enrichment analysis

GO-terms, pathways, subcellular location, TF-targets, disease, drugs

Tests for significant overlap between groups

Some biological processes may have no biological meaning in your
analysis

( cellular_component | ( biological_process | | molecular_function |
F pigmentation (regulation of biological process |
pigment meta;ollc process pigmentation during ‘ - negative regulation of positive regulation of biological '
during pigmentation development : biological process process :
~ *

-~
N -
-~ -
.............

b o - -

[ pigment metabolic process ]

-
--------
-
-

regulation of pigmentation

during developmental during development

plgmentation ol

-
-
.....
-----------
-
-
-
-

——
-
-
-
="
-

negative regulation of ]

positive regulation of
pigmentation during

pigmentation during

development development

_o— e, R —

negative regulation of cuticle negative regulation of eye positive regulation of cuticle positive regulation of eye
pigmentation pigmentation pigmentation pigmentation ) / /g en eontol Ogy org /
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Multi-tissue network analysis

Graph analysis

Community characterization

GEMs

D Adipose

Reg. of transcription from RNAP-I| Regulation of Mitotic Cell Cycle Phase
mRNA Processing Ubiquitin-dependent Protein Catabolic Process

muscle
contraction
heart
F contraction

ATP
metabolism
reg. calcium in
sarcoplasmic
reticulum regulation
myofibril ATPase activity
assembly

cardiac muscle

mitochondrial cell membrane
ATP synthesis repolarization

regulation of

acetyl-CoA
ubiquinonk biosynthesis
biosynthesis
cardiac

inner muscle cell

mitochondrial actionpotential
sctomyosln membrane org.
structure

respiratory
electron
mitochondrial
respiratory chain
NADH mitochondrial
mitochondrion dehydrogenase respiratory chain
organization

transport chain
omplex assembl:

Amyloid Fibril formation Nucleic Acid-templated Transcription
Histone H3-K36 Demethylation Vesicle-mediated Transport

NB:3S

Fatty Acid
Metabolism

Arif 2021
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https://elifesciences.org/articles/66921/
https://elifesciences.org/articles/66921
https://elifesciences.org/articles/66921

Multi-tissue network analysis

Graph analysis

Community characterization

Transcriptomic network Proteomic network

a. Transcriptomic network (Community 3) / |

KEGG terms —
Top 10% genes C} ..... ofeeed-(B)

Lysosome { /" < o o
N-Glycan biosynthesis | A | N TG

Protein processing in ER

Endocytosis | [ \ \ l C -.’
Base excision repair | ‘ 2
mTOR signaling pathway { ’ 11-24) ~ @ / .
|Ribosome [ | S .
MAPK signaling pathway | &/ = £
AKT1 Thermogenesis \ A . B P
VAR /
[\ y

SLE2AT F . . 'ql A
‘ ; . - § \—
' ‘4 4) | A

A
KEGG
b. Proteomic network (Community D) < [J HIF-1 signaling pathway
e NetwarRonnEERons e D7) @ Complement and coagulation cascades
Top 10% proteins H)%osomeb Path ich Q<0.05 p g
lycan biosynthesis ~ eeeee. athway enrichment < 0. i i
| Protein processing in ER y ( ) [J TNF signaling pathway
| Endocytosis . : .
: i : 2 . NGRS ¥ ErbB signaling pathway
| Mismatch repair 8 g 3?"183 Community similarity
SEC13 | RNAransport S1X @ MTOR signaling pathway
| Cell cycle
Proteasome
RAF1 | Ubiquitin mediated proteolysis
CASP8

NE:o Appelberg 2020 14


https://www.tandfonline.com/doi/full/10.1080/22221751.2020.1799723

Dynamic network analysis

Dynamic encoding

o'lj"‘-._l.t,.'i- Y
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‘f‘o';"o'. Lt
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12 3 45 6 7 8 9101112131415
Time

Expands many of the concepts stated:

Paths, edge weight

Latency (shortest time to move between nodes, i.e. fastest path)
Dynamic clustering coefficient

Dynamic closeness centrality

Temporal small-worldness

>

\;
N

Static representation

References as hyperlinks
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https://www.sciencedirect.com/science/article/pii/S1053811917305645#sec3

Additional reading

 Network Science - Textbook on graph theory and network analysis.

e Communication dynamics in complex brain networks - Discussion about
whether and how network topology may be applied to study the brain
networks.

e A Systematic Evaluation of Methods for Tailoring Genome-Scale
Metabolic Models - General review and discussion on methods to use in
genome-scale metabolic models.

* Analysis of Biological Networks - General introduction into biological
networks, network notation, and analysis, including graph theory.

 Multi-omics approaches to disease - Introduction to how integrative
approaches may be applied in disease

Additional references displayed as hyperlinks in each slide.


http://networksciencebook.com/
http://www.apple.com/uk
https://www.cell.com/fulltext/S2405-4712(17)30010-8
https://www.cell.com/fulltext/S2405-4712(17)30010-8
https://books.google.se/books?id=YeXLbClh1SIC&source=gbs_navlinks_s
https://link.springer.com/content/pdf/10.1186/s13059-017-1215-1.pdf

Additional reading

e Analysis of Biological Networks - General introduction into biological networks,
network notation, and analysis, including graph theory.

e Using graph theory to analyze biological networks - overview of the usage of
graph theory in biological network analysis

e Survival of the sparsest: robust gene networks are parsimonious - analysis of
network complexity and robustness.

e Network biology: understanding the cell's functional organization - Overview of
key concepts in biological network structure

e Graph Theory and Networks in Biology - extended perspective on how graph
analysis is applied in biology

e Modularity and community structure in networks

Additional references displayed as hyperlinks in each figure.
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https://books.google.se/books?id=YeXLbClh1SIC&source=gbs_navlinks_s
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3101653/
https://www.embopress.org/doi/full/10.1038/msb.2008.52
https://www.nature.com/articles/nrg1272
http://mural.maynoothuniversity.ie/1885/1/HamiltonMasonGraphTheory.pdf

Enrichment analysis

Important databases with gene-sets:

- MSigDB (gene)

- Enrichr (gene)

- KEGG (metabolite, gene)

- DIANA (miRNA)

- MetaboAnalyst (metabolite)

- DAVID (web)

- Reactome (web)

Creating custom sets and joint sets

Mapping your data to common |IDs

- Easy for genes and proteins: use DAVID, Biomart, or MyGene (in Python or R)

- Hard for other types

References as hyperlinks 18


http://software.broadinstitute.org/gsea/index.jsp
https://amp.pharm.mssm.edu/Enrichr/
https://www.genome.jp/kegg/
http://snf-515788.vm.okeanos.grnet.gr
http://www.msea.ca
https://david.ncifcrf.gov/
https://reactome.org/
https://david.ncifcrf.gov/
https://www.ensembl.org/biomart/martview/ac389504e698792e70aad8d25431aebb
http://docs.mygene.info/projects/mygene-py/en/latest/
https://bioconductor.org/packages/release/bioc/html/mygene.html

