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What is gene set analysis (GSA)? 
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WHAT is gene set analysis (GSA)?
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We will focus on transcriptomics and differential expression analysis
However, GSA can in principle be used on all types of genome-wide data 

Gene-level data Gene-set data

GO-terms
Pathways
Cell type
Chromosomal locations
Transcription factors
Histone modifications
Diseases
Etc …



WHY gene set analysis (GSA)?
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• Interpretation of genome-wide results

• Gene-sets are (typically) fewer than all the genes and have more descriptive names 

• Difficult to manage a long list of significant genes

• Detect patterns that would be difficult to discern simply by manually going through

e.g. the list of differentially expressed genes

• Top genes might not be the interesting ones, several coordinated smaller changes

• Integrates external information into the analysis

• Less prone to false-positives on the gene-level



Gene sets
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Which gene sets should I use?
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GO-terms
Pathways
Cell type
Chromosomal locations
Transcription factors
Histone modifications
Diseases
Etc …

• Depends on the research question 

• Several databases/resources available providing gene-set  collections

e.g. MSigDB, Enrichr, Panther

• Included directly in some analysis tools 

• GO-terms are probably one of the most widely used gene-sets 



Gene Ontology
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• Hierarchical graph with three categories (or parents):

• (BP) Biological process Neutrophil Chemotaxis, Cell proliferation

• (MF) Molecular function Histone acetylation, Phosphorylation

• (CC) Cellular compartment Nucleus, Cytoplasm, Plasma Membrane

• Terms get more and more detailed moving down the hierarchy 

• Genes can belong to multiple GO terms

The Gene Ontology Consortium et al (2019) Nucleic Acid Research



KEGG
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Metabolic Pathways

KEGG is an integrated database resource consisting of eighteen databases (including 

computationally generated SSDB) shown below. They are broadly categorized into 

systems information, genomic information, chemical information and health 

information, which are distinguished by color coding of web pages.

Kanehisa et al (2015) Nucleic Acid Research



WikiPathways
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WikiPathways is an open, collaborative platform dedicated to the curation of biological 

pathways.

Building on the same MediaWiki software that powers Wikipedia, we added a custom 

graphical pathway editing tool and integrated databases covering major gene, protein, and 

small-molecule systems.

Slenter et al (2018) Nucleic Acid Research



Reactome
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Reactome is a free, open-source, curated and peer-reviewed pathway database. Our 
goal is to provide intuitive bioinformatics tools for the visualization, interpretation and 
analysis of pathway knowledge to support basic research, genome analysis, modeling, 
systems biology and education.

Jassal et al (2020) Nucleic Acid Research



Transcription Factor
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Hallmark gene sets

12https://www.gsea-msigdb.org/gsea/msigdb

• Each hallmark in this collection consists of 

a “refined” gene set, derived from multiple 

“founder” sets, that conveys a specific 

biological state or process and displays 

coherent expression.

• The hallmarks effectively summarize most 

of the relevant information of the original 

founder sets and, by reducing both 

variation and redundancy, provide more 

refined and concise inputs for gene set 

enrichment analysis.

Liberzon et al (2015) Cell Systems



Where to get gene set collections? 
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https://maayanlab.cloud/Enrichr/#statshttps://www.gsea-msigdb.org/gsea/msigdb



Gene set analysis methods
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Overrepresentation analysis

selected not selected

in GO-term 8 2

not in GO-term 92 19768

Hypergeometric test (Fisher’s exact test)

Uses a list of genes:

- Differentially expressed genes (UP or DOWN)

- List of genes in a cluster / module

Selected
genes

All genes (universe)
Term #1

Term #2

Term #3

Term #4

Term #5

Term #6

Term #1

Term #2

Term #3

Term #4

Term #5

Term #6

-log10( p-value / FDR )
Enrichment score
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Overrepresentation analysis
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Czarnewski et al (2019) Nat Communications



GSEA
Gene set enrichment analysis
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Mootha et al (2003) Nature Genetics
Subramanian et al (2005) PNAS

2 sample comparisson



GSEA
Gene set enrichment analysis
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Seitz et al (2018) Journal of Autoimmunity

enriched enriched NOT enriched



Gene set overlap
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• High number of very overlapping gene-sets (representing a similar biological 

theme) can bias interpretation and take attention from other biological themes that 

are represented by fewer gene-sets.

• Can be valuable to take gene-set interaction into account 

Czarnewski et al (2019) Nat Communications



Consideration when performing GSA
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• Bias in gene-set collections (popular domains, multifunctional genes, ... )

• Gene-set names can be misleading (revisit the genes!) 

• Consider the gene-set size, i.e. number of genes (specific or general) 

• Positive and negative association between genes and gene-sets makes gene-level fold-
changes tricky to interpret correctly 

• (Typically) binary association to gene-sets, does not take into account varying levels of 
influence from individual genes on the process that is represented by the gene-sets 

• Remember to revisit the gene-level data! Are the genes significant? Are they correctly 
assigned to the specific gene-set?



Thank you. Questions?

Paulo Czarnewski


