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How to tackle biological complexity?
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https://www.genome.jp/kegg-bin/show_pathway?map01100
https://www.genome.jp/kegg/
https://www.nature.com/scitable/topicpage/biological-complexity-and-integrative-levels-of-organization-468/#

How to tackle biological complexity?

Moving from reductionist approaches towards global characterisations
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How to tackle biological complexity?

Integrative approaches, and global patterns

e Feature association
* Network analysis

e Modeling

(Genome-scale metabolic modeling)
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https://www.nature.com/articles/s41575-018-0007-8
https://www.nature.com/scitable/topicpage/biological-complexity-and-integrative-levels-of-organization-468/#
https://www.nature.com/articles/s41575-018-0007-8

What are networks?

Networks are representations of complex systems

Permit defining and studying global properties of interacting components
Give us insight not easily achieved by other approaches:
e Comprehensive

e Coordinated




What are biological networks?

Protein - Protein interaction (PPI) networks
Transcription-factor regulatory networks
Gene - gene co-expression networks

Signal transduction networks



What are biological networks?
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https://www.nature.com/articles/s41467-019-10744-6
https://bmcsystbiol.biomedcentral.com/articles/10.1186/1752-0509-5-180
https://www.metabolicatlas.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6410263/
https://www.sciencedirect.com/science/article/pii/S1550413116302480?via=ihub
https://metabolicatlas.org/
https://bmcsystbiol.biomedcentral.com/articles/10.1186/1752-0509-5-180
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6410263/
https://www.nature.com/articles/s41467-019-10744-6
https://www.sciencedirect.com/science/article/pii/S1550413116302480?via=ihub

Small world

Stanley Milgram (1967) - 6 degrees
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https://snap.stanford.edu/class/cs224w-readings/travers69smallworld.pdf

Small world
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Backstrom et al. (2016): 3.6 degrees
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Random networks: [(G) =~ logN for network of size N

¢

Biological Networks: ultra-small world [(G) ~ log(logN)
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https://snap.stanford.edu/class/cs224w-readings/travers69smallworld.pdf
https://arxiv.org/abs/1111.4570

Why look at network topology?

Use networked systems to:

- Identify global / local patterns

- |dentify functional properties

- Make predictions

Examples:

How associated are the elements of my network?

What are its first-hand associated elements?

W
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M

nat are t
nat are t

nat are t

nat are t

ne groups of closely-associated elements in my network?
neir functional relationships?

ne “key” elements in my network?

ne "weakest" links in the network?
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What is my biological network?

Any distance matrix may be translated to a network format

@) °
Many standard analyses may be employed regardless of data type °.

...but care must be taken in generating the network

Limitations:

- Some of the functional analyses depend on annotation
- Sample size

- Effect size

- False discovery

NB:3S
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Motivation

What modeling formalism suits your data and biological question?

Pros Cons Details
Detailed Small
Kinetic models Quantitative Requires detailed parameterization
Dynamic / Steady state . P
Large
Stoichiometric Semi-quantitative Static
GEMs Steady state
: Large . .
Topological Only topological information No dynamic properties
Graphs

Size

Adapted from Hartmann et al. 15



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4306315/
https://en.wikipedia.org/wiki/Chemical_kinetics
https://www.ncbi.nlm.nih.gov/pubmed/23893965
https://en.wikipedia.org/wiki/Graph_theory

Overview

1. Introduction to network analysis
2. Terminology

3. Network construction

4. Key network properties

5. Community analysis

Original sources of images provided as reference and hyperlinks, where applicable.
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Graphs, nodes, edges

Graph G consists of a set of nodes (V) interconnected by edges (E)

G =(V E)

V={v1,v2,v3,v4}
E={a,b,c,d}

Nodes sometimes called vertices

Two connected nodes are called neighbours, adjacent, or end-
nodes



Simple vs multigraphs

Multigraphs contain parallel edges

Multi-edged connections indicate different properties

Example: PPI

 Physical evidence for interaction

e (Co-expression

Simple

Vo

Multigraphs
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Directed vs undirected graphs

Undirected graphs: Directed graphs:
co-expression networks metabolic networks
V \ﬁ’
@) (V5
:
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Hypergraphs

Hypergraphs contain edges that connect any number of nodes

Reaction 1: A - B + C
Reaction 2: B+ C —- D
Reaction 3: D + E - F + G
Reaction 4: E — G
Reaction 5: B + C - A
Reaction 6: G - E

(a) Reaction network

%e ®
GRG
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https://pdfs.semanticscholar.org/3e2e/aa5da64158270b90f0305c32a5fe6474bd3f.pdf

Weighted vs unweighted graphs

Weighted edges associate a value to an interaction between
two nodes. Usually give the confidence in the interaction.

E.g. weighted co-expression networks

21
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https://string-db.org/
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Bipartite graphs

A graph
G=(V.E)

may be partitioned into two sets of nodes (V1, V2)
such that

ueViandve V>

All ei has end-nodes in V4, V>

A subgraph of G will thus be given by
Gi = (V1,E9)

Examples?
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Bipartite and k-partite graphs

Metabolic neftwork Pathway
Bipartite graph: : '
e Gene - Reaction [
L]
Tripartite graph: Reaction
HK,GK

e Metabolite - reaction - enzyme ATP + Glucose ——=—> ADP + Glucose-6-P

Metabolite-reaction-gene relations

k-partite graphs display k-types of nodes Substrates Enzymes/genes
Products
Reaction

3 Varemo 2013 24



https://www.frontiersin.org/articles/10.3389/fphys.2013.00092/full
https://www.frontiersin.org/articles/10.3389/fphys.2013.00092/full
https://www.nature.com/scitable/topicpage/biological-complexity-and-integrative-levels-of-organization-468/#

k-partite graphs

Multi-modal (k-partite) networks may be generated from different sources
e Transcription-factor - Gene (DNAseQ)

e (Gene-gene (Co-expression, PPI, GEMSs)

e Gene-metabolite (GEM)

Metabolic PPl network
network /R
e Metabolite-metabolite (GEM) AN /o
Integrated
Regulatory network (INs)
network [ . \ o
;8‘ N oo o
Integrated Networks v ¥
=
R ®
90\3\0“ Lean @ @ Obese
c,o-‘:m“;\s
o
|
A Plasma * :QJ: "':9
mannose “\a:“ e
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https://www.cell.com/cell-metabolism/fulltext/S1550-4131(16)30248-0
https://www.cell.com/cell-metabolism/fulltext/S1550-4131(16)30248-0

Adjacency matrix (undirected graphs)

vl v2
vl v4

Vertex association

v v4

(undirected network) v2 v

vZ vb

vl v3

Adjacency matrix is symmetric ., , ,



Connected vs disconnected networks

Connected network: there is at least 1 path connecting all
nodes in a network

Disconnected network: some of the nodes are unreachable
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Connected components

Connected components are those where all nodes of each
subgraph are connected.

In biological networks, often the most insightful properties
come from the largest connected component(s)
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Additional reading

 Network Science - Textbook on graph theory and network analysis.

e Communication dynamics in complex brain networks - Network
topology applied to study the brain

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

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

e 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

