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Outline

• Methods for Identifying Gene Set Analysis
• Motivation

• Statistics

• Gene Set Enrichment Analysis (GSEA)



Limitations of Candidate Gene Analysis

• Functional genomics technologies such as expression profiling 
using microarrays provide a global approach to understanding 
cellular. processes in different biological phenotypes. 

• Candidate genes analyses 
• Gene lists

• Number of genes range from hundred to thousands

• Sifting through gene list is a daunting task to group these genes into 
functional groups (ad hoc analysis)

• Bias and require expert knowledge 



Motivation

• Genes must act in concert to drive various cellular processes.

• Gene expression alterations might be revealed at the level of 
biological pathways or co-regulated gene sets (functional groups).

• Gene set analysis – 
• more objective and robust.

• able to discover sets of coordinated differentially expressed genes among 
pathway members and their association to a specific biological phenotype.

• provide new insights linking biological phenotypes to their underlying 
molecular mechanisms. 

• suggesting new hypotheses about pathway membership and connectivity.



How to find Sets of Co-ordinately 
Differentially Expressed Genes

• High-throughput “omics” data (e.g. microarray 
gene expression, RNA-seq etc) full with 
noise.

• Real biological signals might be subtle.

• (Assumption) Genes with similar function or 
participate in a biological process have 
similar expression patterns.

• Goal: Find these sets of genes from high-
throughput “omics” data



Gene Set Analysis

• Samples with known biological phenotypes (e.g. class labels)

• High-throughput measurements of data points (e.g. gene 
expressions)

• Set of genes involved in biological processes or cellular 
functions or pathways (e.g. gene sets)

• Compare the gene expressions of various class labels to find 
differentially expressed gene sets.



Gene Set Enrichment Analysis (GSEA)

• Goal: to detect modest but coordinated expression changes in 

pre-specified sets of related genes (gene sets).

• Gene set can be all the genes involved in

– specific pathway (obtained from Pathway databases such 

as KEGG, BioCARTA, REACTOME etc)

– specific gene ontology class (obtained from Gene 

Ontology category)

– specific chromosome locations 

– specific transcriptional regulated targets (e.g. transcription 

factor targets, miRNA targets)

– specific gene signatures (obtained from published papers 

or your own experiments)

– Specific drug targets (obtained from experiments of drug-

gene interactions)



Original Publication of GSEA

NATURE GENETICS VOLUME 34 | NUMBER 3 | JULY 2003 267-273
[Citations: >11311]



Original Publication of GSEA



Original Publication of GSEA



Original Publication of GSEA

peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α, encoded by PPARGC1)



Original Publication of GSEA



GSEA paper (PNAS 2005)

PNAS  October 25, 2005  vol. 102  no. 43  15545–15550
[Citations: >53471]



GSEA paper (PNAS 2005)

PNAS  October 25, 2005  vol. 102  no. 43  15545–15550
[Citations: >53471]



GSEA  Algorithm: Step 1

• Collect gene sets (*.gmt) from databases

• Compile gene expression data (*.gct)

• Define class labels for your samples 

(*.cls)

• Microarray chip definition file (*.chip) [Not 

applicable to RNA-seq]



Required Files for GSEA

m samples

n genes

Y Y

Y Y

Y Y Y

Y

Y Y

Y Y

Y

S gene sets

(*.gct) (*.gmt)

(*.cls)
C N C C N N C



GSEA  Algorithm: Step 2

• Rank genes based on their expression 
differences between the two phenotypes (in 
GSEA, the measurement is Signal-to-noise 
ratio) 

• Compute Enrichment Score (ES)
– Compute cumulative sum over ranked genes:

• Increase sum when gene in set, decrease it otherwise.

• Magnitude of increment depends on correlation of 
gene with phenotype.

– Maximum deviation from zero = enrichment 
score



GSEA  Algorithm: Step 2
Enrichment Plot



Results on SETPATHWAY (Enrichment Plot)

Max Score = ES



GSEA  Algorithm: Step 3

• Compute the Significance of the Gene 
Sets by Permutation Test

• Permutation Test (n times)
– Permute phenotype labels

– Permute gene sets

• For each permutation, compute ES score 

• Compare ES score for actual data to 
distribution of ES scores from permuted 
data



GSEA  Algorithm: Step 4

• Adjustment for multiple hypothesis testing:

– Normalize the ES accounting for size of each 

gene set, yielding normalized enrichment 

score (NES)

– Control proportion of false positives by 

calculating FDR corresponding to each NES, 

by comparing tails of the observed and null 

distributions for the NES.



GSEA  Leading Edge Analysis

• Genes might be involved 

in different 

pathways/gene sets.

• Selected core genes 

might be identified in top 

enriched gene sets.



GSEA  Homepage
http://www.broadinstitute.org/gsea/index.jsp



GSEA  Implementation
http://www.broadinstitute.org/gsea/index.jsp



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/

Currently contains 13,311 gene sets organized into 8 categories.



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/



MSigDB Hallmark 
Gene Set

[Citations: >11800]



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/
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http://software.broadinstitute.org/gsea/msigdb/



Molecular Signatures Database (MSigDB)
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Molecular Signatures Database (MSigDB)
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Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/



Molecular Signatures Database (MSigDB)
http://software.broadinstitute.org/gsea/msigdb/



Curated Gene Signatures (GeneSigDB)
http://genesigdb.org/genesigdb/

[Citations: >150]



DSigDB
http://tanlab.ucdenver.edu/DSigDB

[Citations: >570]



DSigDB Workflow

22,527 Drug 

Gene Sets



DSigDB

http://tanlab.ucdenver.edu/DSigDB/



DSigDB



Drug Search



Gene Search



Gene Search Result



Browsing Collection



Browsing Collection



Compound Webpage



Compound Webpage



Collections



Take home message

• Genes don’t act alone to drive biological processes

• Gene set analysis such as GSEA can identify set of 
coordinately and subtle expressed genes participated in a 
functional group compared to Candidate Gene Analysis

• Biology trumps statistics – if you can validate the gene sets



Download Collections



Use Case Example: EGFRwt NSCLC

(Adapted from Coldren et al MCR 2006)



Enriched Gene Sets
Enriched in Sensitive Group (p < 0.05)

Enriched in Resistant Group (p < 0.05)



RO-3306 Sensitivity (From GDSC)
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