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“Data is not information, 
information is not knowledge, 

knowledge is not wisdom, 
wisdom is not truth.” 

Robert Royar (1994) paraphrasing Frank Zappa (1979). The saying is beautifully illustrated by 
imagining Eve & the Tree of Information instead of the Tree of Knowledge. #BigData

https://twitter.com/hashtag/BigData?src=hash
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Why pathway analysis?

• To understand how genes and molecules are networked to form a 
biological system

• All pathways are networks of interactions between gene products and 
metabolites, that describes a known biological phenotype

But not all networks are pathways

In NGS experiments we start with:
1. A gene list 
2. A pathways database

And aim to:
Identify the pathways which are significantly impacted in a given 
condition

Bioinformatics.ca



• Constructed from experimental biology data, usually man curated

• Capture the dependencies and interactions between:
1) enzyme – ligand

metabolic pathways
2) protein – protein

cell signaling pathways
complexes for cell processes

3) gene regulatory elements – gene products
genetic/ transcription regulatory networks

Using various sources: Gene Ontology, Phenotypes,
Diseases, Drugs, Chromosomal location, Networks

What’s behind the pathway diagram?



• Intuitive, easy to interpret 

• Reduces complexity of information 
(from thousands of genes to hundreds of pathways)

• Improves statistical power (fewer test)

What’s behind the pathway diagram?

• Pathway enrichment analysis generates a list of over-representated
pathways in a gene list

• There are multiple methods and pathways databases, 
it is a rapidly evolving field



Challenges in pathways analysis

There is no precise biological definition of a pathway, no pathway 
analysis method is perfect:

1. Annotation challenges
• Incomplete and inaccurate annotations
• Missing condition-, tissue- and cell-specific information
• Manual curation of genomes takes a long time

• Partitioning of networks 
• Pathways are inter-linked



• Partitioning of networks into pathways is somewhat arbitrary and 
varies among databases
(Boundary points based on “important” or easily understood compounds)

• “Canonical Pathways" - often based on model organisms.
Generalized pathways that represent common properties of a particular 
pathway.



Pathways are inter-linked

How to display information about genes that appear in multiple pathways, 
and thereby interconnect those pathways?

In Signaling, Metabolic or Regulatory pathways

metabolic pathways: Glutamate signaling pathways in melanoma:

https://clincancerres.aacrjournals.org/content/18/16/4240



Challenges of pathways analysis (continued)

2. methodological challenges

• Inability to model dynamic response, or effects of an external 
stimuli (perturbations)

• Most approaches assume that all genes have a similar weight in the 
pathway, which is often not true

How to assess performance of pathway analysis methods?  
Compare different methods against a set of benchmark data sets

Additional reading:
Ten Years of Pathway Analysis: Current Approaches and Outstanding Challenges: 
https://doi.org/10.1371/journal.pcbi.1002375

Pathway Analysis: State of the Art https://doi.org/10.3389/fphys.2015.00383

https://doi.org/10.1371/journal.pcbi.1002375
https://doi.org/10.1371/journal.pcbi.1002375
https://dx.doi.org/10.3389%2Ffphys.2015.00383


Selected pathways databases

• KEGG (Kyoto Encyclopedia of Genes and Genomes)

• BioCyc and MetaCyc

• Reactome

• BioCarta

• WikiPathways

• PANTHER

• MSigDB

• Pathway Commons

• …



KEGG: Kyoto Encyclopedia of Genes and Genomes
www.genome.jp/kegg/

KEGG PATHWAY
is a comprehensive source of manually drawn pathway maps 

Representing our knowledge on the molecular interaction, reaction 
and relation networks, using fully sequenced genomes, genes, 
proteins, pathways, and chemical compounds



KEGG PATHWAY: 
537 reference pathways (manually drawn)
generating 673,233 pathways (organism-specific pathway maps 
that are computationally generated by matching functional 
ortholog)

Eukaryotes: (Animals, Plants, Fungi/Protists) 534 
Bacteria 5436 
Archaea 311 

•Free for academic use

http://www.genome.jp/kegg/pathway.html


KEGG PATHWAY includes relation networks for: 

1. Metabolism
2. Genetic Information Processing
3. Environmental Information Processing (Membrane transport, Signal transduction)

4. Cellular Processes (Transport, Cellular community, Cell motility…)
5. Organismal Systems (Immune system, Endocrine system…)
6. Human Diseases
7. Drug Development

https://www.genome.jp/kegg/pathway.html#metabolism
https://www.genome.jp/kegg/pathway.html#genetic
https://www.genome.jp/kegg/pathway.html#environmental
https://www.genome.jp/kegg/pathway.html#cellular
https://www.genome.jp/kegg/pathway.html#organismal
https://www.genome.jp/kegg/pathway.html#disease
https://www.genome.jp/kegg/pathway.html#drug
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KEGG PATHWAY includes relation networks for: 

1. Metabolism
2. Genetic Information Processing

3. Environmental Information Processing (Membrane transport, 
Signal transduction)
4. Cellular Processes (Transport, Cellular community, Cell motility…)
5. Organismal Systems (Immune system, Endocrine system…)
6. Human Diseases
7. Drug Development

https://www.genome.jp/kegg/pathway.html#metabolism
https://www.genome.jp/kegg/pathway.html#genetic
https://www.genome.jp/kegg/pathway.html#environmental
https://www.genome.jp/kegg/pathway.html#cellular
https://www.genome.jp/kegg/pathway.html#organismal
https://www.genome.jp/kegg/pathway.html#disease
https://www.genome.jp/kegg/pathway.html#drug


Color pathways with KEGG Mapper

Kanehisa, M. and Sato, Y. (2019) KEGG Mapper for inferring cellular functions from protein sequences. Protein Sci.



Selected pathways databases

• KEGG (Kyoto Encyclopedia of Genes and Genomes)

• BioCyc and MetaCyc

• Reactome

• BioCarta

• WikiPathways

• PANTHER

• MSigDB

• Pathway Commons



BioCyc website tools
www.biocyc.org

BioCyc is a collection of 14,735 Pathway/Genome Databases (PGDB)
Computationally predicted metabolic pathways and operons.

Each PGDB describes the genome/metabolic pathways of a single organism



Cellular overview and omics viewer 
(Metabolic Map Diagram)

Pathway collages: 
customize and overlay with 

gene expression data

Regulatory relationships (for bacteria)



Pathway Tools Omics Dashboard

Pathway enrichment 
(Using Grossmann's parent-child-union variation of the Fisher-exact test, 
and applying the specified multiple hypothesis correction)



BioCyc website tools
www.biocyc.org

The BioCyc databases have three levels of manual review and 
updating:

Tier 1: Intensively Curated Databases
EcoCyc, AraCyc , HumanCyc , LeishCyc, YeastCyc

MetaCyc database is a reference source on metabolic pathways and 
enzymes from many (2,740) organisms.

Tier 2: Computationally-derived with moderate curation 

Tier 3: Computationally-derived with no curation 
generated using an automated computational pipeline

http://ecocyc.org/
http://www.biocyc.org/ARA/organism-summary?object=ARA
http://www.biocyc.org/HUMAN/organism-summary?object=HUMAN
http://www.biocyc.org/HUMAN/organism-summary?object=HUMAN
http://www.biocyc.org/LEISH/organism-summary?object=LEISH
http://www.biocyc.org/LEISH/organism-summary?object=LEISH
http://www.biocyc.org/YEAST/organism-summary?object=YEAST
http://www.biocyc.org/YEAST/organism-summary?object=YEAST
http://metacyc.org/


Selected pathways databases

• KEGG (Kyoto Encyclopedia of Genes and Genomes)

• BioCyc and MetaCyc

• Reactome

• BioCarta

• WikiPathways

• PANTHER

• MSigDB

• Pathway Commons

• STRINGDB



Reactome
https://reactome.org/

Open source and open access 

• Rigorous curation standards –
manually curated and peer-reviewed
every pathway is traceable to primary literature.

• Pathways include classical intermediary 
metabolism, signaling, transcriptional regulation, apoptosis and disease.

https://reactome.org/PathwayBrowser/#/R-HSA-1430728
https://reactome.org/PathwayBrowser/#/R-HSA-162582
https://reactome.org/PathwayBrowser/#/R-HSA-74160
https://reactome.org/PathwayBrowser/#/R-HSA-109581&PATH=R-HSA-5357801
https://reactome.org/PathwayBrowser/#/R-HSA-1643685




Reactome
• Find corresponding pathways in other species

• Cross-reference to many other bioinformatics databases

• Provides data visualization tools, calculates gene 
overrepresentation in pathways



A network of pathways databases

• KEGG (Kyoto Encyclopedia of Genes and Genomes)

• BioCyc and MetaCyc

• Reactome

• BioCarta

• WikiPathways

• PANTHER

• MSigDB

• Pathway Commons

• …

http://www.pathguide.org/ 

(702 biological pathway related resources)



More than 70 available pathway analysis methods in >700 web tools

Cytoscape
DAVID
EnrichmentMap
Enrichr
GeneAnalytics
g:Profiler
GSEA
Ingenuity Pathway Analysis (IPA) 
Metascape
PANTHER
WebGestalt
…

A plethora of tools are available for 
pathways analysis



http://www.pathguide.org/ 



Database:

• Supported organisms and gene identifiers (gene ID conversion)

• Source of pathways information (coverage of functional 

categories, cell types, disease association, protein properties)

• Level of data curation (pre-built pathways, predicted, de-novo 

networks)

Analysis tools differ from each other by: 
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Tool:

• Appearance and user experience (data 

visualization, input format, export of outputs)

• Free for academic or commercial

• Platform (Web-based, R package or standalone)
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• Statistical methodology for calculating enrichment (control 

thresholds, FDR, gene background, term size)
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Pathways enrichments analysis

The aim is to give a score to the probability of observing the genes 
in a pathways just by chance

Scoring methods for over-representation analysis vary among tools, 
but usually use hypergeometric distribution, binomial distribution, 
chi-square distribution.

Over-Representation Analysis assumes that each gene is independent 
of the other genes! (not true in biology)



Pathways enrichments analysis

• Input gene list: using cut-off (arbitrary) methods vs whole gene 
list methods 

• Controlling thresholds, FDR, gene background, term size)
• Considering direction of the change (up / down regulated)

g:ProfilerGSEA
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‘Multi-omic’ profiling, e.g. using PaintOmics 3:

Nucleic Acids Research, 2018



‘Multi-omic’ profiling, e.g. using PaintOmics 3:



Next steps in Pathway-Based Analysis Tools 

Evolving methods for pathways prediction, modeling networks, or 
machine learning.

For example:
MetaCore and IPA use networks to 
visualize the data integration

MOSClip: Multi-Omic analysis tools that 
look for survival-associated gene 
modules in gene expression data, DNA 
mutations, methylation, and copy 
number data .



Tips for choosing your pathway analysis tools

What is your biological question?

• Are you looking at a time course?

Comparing Treatment/Control?

• Selecting the gene list input : Upregulated and Downregulated? 

Clustered? 

• Separately or Together?

• Gene list or Ranked list?

• Is the fold change important?



Pathways analysis gives us the ability to conceptualize the mapping of 
genotype – phenotype 

We discussed what is a pathway diagram
Pros and cons of using pathways analysis

Available resources for pathways analysis and enrichment
How to choose between them?

The field is evolving, with plenty of web tools and analysis approaches
Critically choose your analysis tools and evaluate their results

Summary

Tomorrow’s exercise is about:


