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Module 2 Survey

• Let’s take a second to take a brief 
Webex poll
• This will help us improve the 

class and clear up any 
misunderstandings by the final 
lesson.  



Module 3 
Overview

Lesson 1: Introduction to Pathway 
Analysis 

Lesson 2: Functional gene enrichment 
with DAVID  

Lesson 3: Qiagen IPA

Lesson 4: Course Wrap-Up



Lesson 17 objectives

• Determine potential next steps following differential expression 
analysis. 
• Tour geneontology.org and understand the three main ontologies. 
• Learn about different methods and tools related to functional 

enrichment and pathway analysis. 
• Get familiar with databases commonly used by popular functional 

enrichment tools.



Overview



SO MANY 
GENES….
We generated a heatmap, so 
what’s next?





Why gene set / pathway analysis?

Increase the 
statistical power 
in our analysis 

1
Ease 
interpretation 

2
Predict new 
roles for genes

3
Better integrate 
data from 
different 
methods

4



What is gene ontology?

• The Gene Ontology (GO) provides a framework and set of concepts 
for describing the functions of gene products from all organisms. ---
https://www.ebi.ac.uk/ols/ontologies/go
• Controlled vocabulary 
• Maintained by the Gene Ontology Consortium

• Updated regularly

• Two parts:
• the ontology (the GO terms and their hierarchical relationship)
• the annotations (the annotated genes linked to various GO terms)

https://www.ebi.ac.uk/ols/ontologies/go


What is gene ontology?

GO integrates information about gene product function in the 
context of three domains:
• Molecular function (MF) - "the molecular activities of individual 

gene products”
• Cellular component (CC) - "where the gene products are active" 
• Biological process (BP) - "the pathways and larger processes to 

which that gene product’s activity contributes”





Check out these tips for working with GO terms!

GO Statistics

https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003343




Other databases

• Kyoto Encyclopedia of Genes and Genomes (KEGG)
• Curated database  
• biological pathways
• Molecular interaction networks  
• Very nice pathway maps  
• Restricted licenses 

• Pathway Commons
• a meta-database of pathways from other pathway databases 

• PANTHER
• Database of signaling pathways

• WikiPathways
• community driven meta-database of pathways



Other databases

• NDEx
• an open-source framework where scientists and organizations can store, 

share, manipulate, and publish biological network knowledge
• HumanCyc
• an encyclopedic reference on human metabolic pathways, the human 

genome, and human metabolites.

Check out Pathguide to get an idea of how many databases are available. 

http://pathguide.org/?organisms=all&availability=all&standards=all&order=alphabetic&DBID=none


• Over-representation analysis

• Functional class scoring

• Pathway topology

Image from Khatri et al. 2012

3 general approaches to 
pathway analysis:



Over-representation Analysis

• Statistically evaluates the fraction of genes in a particular pathway 
found among the set of genes showing changes in expression ---
(Khatri et al. 2012)
• Strategy
• Provide an input list of gene IDs (uses a threshold)
• Input genes for each pathway are counted
• The same counting step is applied to a background set of genes
• Pathways are tested for over or under representation using tests based on 

hypergeometric, chi-square, or binomial distribution



DAVID
• Database 

for Annotation, Visualization 
and Integrated Discovery
• Very popular
• Easy to use and produces a lot 

of output
• Uses a variety of databases 

(NCBI, Uniprot, Ensembl, Gene 
Ontology, KEGG, Reactome, 
etc.). 



QIAGEN IPA



Functional Class Scoring

• “The hypothesis of functional class scoring (FCS) is that although large 
changes in individual genes can have significant effects on pathways, 
weaker but coordinated changes in sets of functionally related genes 
(i.e., pathways) can also have significant effects.” --- Khatri et al. 2012
• Strategy:

• Compute a gene level statistic (differential expression)
• Create a pathway level statistic by aggregating gene level stats
• Determine statistical significance from pathway stat

• Competitive vs self-contained methods



Functional Class Scoring: GSEA

Image from https://diytranscriptomics.com/project/lecture-10



MSigDB

• Curated signatures 
(gene sets) database by 
UC San Diego and the 
Broad Institute
• 33196 gene sets
• Themed mouse and 

human collections



Pathway Topology
• PT methods generally use 

network based modeling
• They consider the information 

ignored in ORA and FCS methods: 
gene product interactions, 
positions of genes, and types of 
genes

• Examples iPathwayGuide, 
Pathway-Express, SPIA, NetGSA



Some 
possible 
tools

From: Ludwig Geistlinger, Gergely Csaba, Mara Santarelli, Marcel Ramos, Lucas Schiffer, Nitesh Turaga, Charity 
Law, Sean Davis, Vincent Carey, Martin Morgan, Ralf Zimmer, Levi Waldron, Toward a gold standard for 
benchmarking gene set enrichment analysis, Briefings in Bioinformatics, Volume 22, Issue 1, January 2021, Pages 
545–556, https://doi.org/10.1093/bib/bbz158

https://doi.org/10.1093/bib/bbz158


A note about tools and databases

• Not all databases survive
• Check to see when information was last updated

• Tools also frequently fall to the wayside
• Check to see if the tool is maintained  
• If the tool is not readily updated, it’s likely it is using outdated versions of 

databases.  



Importance of gene IDs

• Different tools use different gene ID annotations
• May need to convert between annotations using available programs
• Annotations can be genome build specific
• See linked tutorial in the course docs
• Some annotation programs/databases:
• g:convert
• BioMart
• AnnotationHub



R packages



Pathview



Nature Protocols 14, 482–517 (2019)



Nature Protocols 14, 482–517 (2019)



Nature Protocols 14, 482–517 (2019)


