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Outline

• Why do enrichment analysis? 
• Types of Enrichment analysis
• Statistics
• Annotation sources / databases and Tools
• Data Integration and Visualization tools









Why Do Enrichment Analysis?
• From “omics” data and analysis, generate 

list(s) of “interesting” gene lists (List A)
• Genes act in concert to drive biological 

processes (List B)
• Can we compare the two lists (Lists A and B)
• Is the overlap different than expected? (p-

value)
• Is List A contains genes involved in List B 

biological process? (biology)
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Different Tests for Enrichment

• Fisher’s exact
• Chi-square
• Binomial
• Hypergeometric
• Kolmogorov-Smirnov (This is implemented in GSEA)

• Permutation 
• …



Statistical Test for Enrichment
Assume Total Genes in Genome = 20,000
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Statistics to Test for Enrichment

• What is the chance of observing enrichment 
at least this extreme due to chance?

• Different tests produce very different ranges 
of p-values

• All test for over-enrichment, some test for 
under-enrichment

• Recommendation: Use p-values as a tool to 
rank gene sets and don’t take them literally 
(remember, biology trumps statistics)

• Useful to correct for multiple testing (e.g. 
FDR)



Input for Enrichment Test

• Background gene set
– All genes that could appear in your gene list 

(usually, assume all the genes in the genome, 
e.g. 20,000 genes for human genome)

• Annotations / Gene sets
– Which annotation sources / databases?
– Some annotation terms may be subsets of other 

terms (e.g. in Gene Ontology)
• Goal: To identify gene sets/concepts with 

biological significance from your gene list



In Practice

• Choose a tool / program that
– Includes your species 
– Includes your genes or probe identifiers (and do the 

matching from probes to genes)
– Up-to-date annotation
– Able to define background (if possible)
– Able to select gene sets/annotations/concepts

• Try at least a few tools and compare
– If the biology is real, you will find it from different tools

• Get recommendations from 
bioinformatics/statistics for interpreting the results



Gene List Enrichment Analysis

Annotation 
Database

Algorithms
(sort and organize annotation terms in different ways for 

different discovery ideas)
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(calculate enrichment p-values with statistical methods)
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(Adapted from Huang et al NAR 2008)



So, which database(s) and tool(s) to use?

WEB	SERVER	ISSUE	(July)
DATABASE	ISSUE	(Jan)

85 web servers181 databases, 
Online: 1737 databases
http://www.oxfordjournals.org/nar/database/c/



Survey





Survey

Class I – Singular enrichment analysis (SEA) = ORA
Class II – Gene set enrichment analysis (GSEA) = FCS
Class III – Modular enrichment analysis (MEA) = PT





Enrichment Analysis Tools



Class I – SEA / ORA
• Evaluates the statistical significance on a 

fraction of genes in a particular 
pathway/gene set/annotation term 

• 2x2 table method 
• Fisher’s exact test, chi-square test, 

binomial test, hypergeometric test
• Use p-value (and FDR) to sort the gene 

sets/pathways/annotation terms enriched 
in your gene list



Class II – GSEA / FCS

• Evaluates the statistical significance at 
particular pathway/gene set/annotation 
term instead of individual genes 

• Covered in previous lecture GSEA
• Kolmogorov-Smirnov test, permutation
• Use p-value (and FDR) to sort the gene 

sets/pathways/annotation terms enriched 
from high-throughput “omics” data



Class III – MEA / PT

• Pathway topology (PT)-based or MEA 
methods have been developed to utilize the 
additional information. 

• PT-based methods are essentially the same 
as FCS methods in that they perform the 
same three steps as FCS methods. 

• The key difference between the two is the 
use of pathway topology to compute gene-
level statistics.



Limitations
Class I – ORA / 
SEA

Class II – FCS / 
GSEA

Class III – MEA / 
PT

Limitations • Evaluate each
gene 
independently 

• Different tests 
give different 
results that may 
alter the 
interpretation of 
the data

• No interactions 
are considered

• Evaluate each
pathway 
independently

• No consideration of 
topology or 
interactions with 
the gene 
sets/pathways

• Very specific to 
cell type and cell-
specific 
expression based 
on conditions

• Topology 
dependency is 
hard to extract

• Dynamic?



Recommendations / Rules

1. Realistically positioning the role of 
enrichment P-values in the current data-
mining environment

2. Understanding the limitation of multiple 
testing correction on enrichment P-values

3. Cross-comparing enrichment analysis 
results derived from multiple gene lists



Recommendations / Rules

4. Setting up the ‘right’ gene reference 
background

5. Extending backend annotation databases
6. Efficiently mapping users’ input gene 

identifiers to the available annotation
7. Enhancing the exploratory capability and 

graphical presentation



NIH DAVID
https://david.ncifcrf.gov/



NIH DAVID
http://david.abcc.ncifcrf.gov/





Functional	Annotation	Clustering



Functional Related Terms



2D View of Functional Annotation Clusters



Functional Annotation Chart



Linking Enriched Genes to Pathways 
(KEGG only)



Enrichr
http://amp.pharm.mssm.edu/Enrichr/



Enrichr
http://amp.pharm.mssm.edu/Enrichr/



Enrichr
http://amp.pharm.mssm.edu/Enrichr/



Enrichr
http://amp.pharm.mssm.edu/Enrichr/



Enrichr
http://amp.pharm.mssm.edu/Enrichr/



WEBGESTAL
http://www.webgestalt.org/option.php





WEBGESTAL
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KEGG
http://www.genome.jp/kegg/



KEGG



KEGG



KEGG



KEGG



Other Pathway Databases

http://www.reactome.org/

http://www.pathwaycommons.org/



STRING
http://string-db.org/







Cytoscape

http://www.cytoscape.org/



Small and Large networks





BiNGO



BEReX

(Collaboration with Dr. Jaewoo Kang, Korea University)

BEReX



BEReX: Biomedical Entity-Relationship eXplorer

(Collaboration with Dr. Jaewoo Kang, Korea University)



iBEReX (http://iberex.korea.ac.kr/)

(Collaboration with Dr. Jaewoo Kang, Korea University)



Take Home Message
• Motivation to do gene list enrichment 

analysis.
• Choose the right statistics for the enrichment 

analysis – depending on what you want to 
ask.

• Use p-values carefully.
• Many enrichment tools are available, test 

multiple tools.
• Use interactive visualization tools to present 

your enriched lists of genes.


