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After performing a complex high-
throughput experiment: 

What did we get?

Lists of genes

Up regulated Down regulated

Microarrays
Deep Sequencing
Proteomics
…

Clusters



Functional Genomics: 
Find the Biological Meaning

• Take a list of "interesting" genes and find their 
biological meaning

– Gene lists may come from 
significance/classfication analysis of microarrays, 
proteomics, or other high-throughput methods

• Requires a reference set of "biological 
knowledge" 



Sets of “Biological Knowledge" 

• Linking between genes and biological function:

–Gene ontology: GO

–Pathways databases

• Discovery of common sequences in co-regulated 
genes

• Meta-studies using data from multiple 
experiments

–Pubic and private gene or protein expression 
databases



Enrichment analysis
(the most frequently used)

• Find your group of interesting genes (DE, up, 
down, cluster)

• Identify functional annotations that overlap 
and are over- represented (hypergeometric 
test).



Enrichment test (hypergeometric)

Gene expression table

(all the genes detected 
in the experiment)

Cluster 1

Is the overlap greater than expected by chance 
(random sampling of the background)?





Design of functional enrichment 
analysis



Gene Set Enrichment Analysis (GSEA)

http://www.broadinstitute.org/gsea/index.jsp
http://www.pnas.org/content/102/43/15545.full
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Gene set database

• The gene sets are defined based on prior 
biological knowledge, e.g., published 
information about biochemical pathways or 
co-expression in previous experiments 

and more….



 Recommended as a starting point.
 Hallmark gene sets summarize and 

represent specific well-defined biological 
states or processes. 

 The hallmarks reduce noise and redundancy 
and provide a better delineated biological 
space for GSEA.

 CGP: chemical and genetic perturbations.
 CP: Canonical pathways

 CP:BIOCARTA
 CP:KEGG
 CP:REACTOME

 The user can define new gene sets

http://www.broadinstitute.org/gsea/msigdb/collections.jsp#H



GSEA features

• GSEA performs its analysis on a list of ranked genes 
derived from comparing between two conditions, 
there is no need of cutoffs to define up or down 
regulated genes.

• Given a ranked list of differentially expressed genes, 
the goal of GSEA is to determine whether members of 
a gene set tend to occur toward the top (or bottom) of 
the list , in which case the gene set is correlated with 
the phenotypic class distinction (conditions).

Subramanian et al, 2005, PNAS ; 102(43): 15545–15550, doi: 10.1073/pnas.0506580102



A GSEA overview illustrating the method

• Compute a gene-wise measure for differential expression 
between A and B and rank the genes according to this measure

• Alternatively a pre-ranked list can be used (L)

• Calculates a score for the enrichment of an entire set of genes

Black lines represent genes from the input that 
appear in the biological knowledge gene set

(S) Rotate 90o

Input list: L



Pre-ranked gene list
Using RNA-seq Datasets with GSEA
https://software.broadinstitute.org/cancer/software/gsea/wiki/ind
ex.php/Using_RNA-seq_Datasets_with_GSEA

Alternative Method: GSEA-Preranked

1. Prior to conducting gene set enrichment analysis, conduct your 
differential expression analysis using any of the tools developed 
by the bioinformatics community (e.g., cuffdiff, edgeR, DESeq, 
etc).

2. Based on your differential expression analysis, rank your 
features and capture your ranking in an RNK-formatted file. The 
ranking metric can be whatever measure of differential 
expression you choose from the output of your selected DE 
tool: log2 fold change, p-value (-log10) or p-adjusted.

https://software.broadinstitute.org/cancer/software/gsea/wiki/index.php/Using_RNA-seq_Datasets_with_GSEA


High fold change

Low fold change

The score is calculated by walking down 
the input list L, increasing a running-sum 
statistic when we encounter a gene 
in the gene set S and decreasing it when 
we encounter genes not in S. 



If up regulated genes in group A are enriched with genes from 
the Gene set S, many of its genes will have high ranks and we 
will observe a separation in the ordered list

The more genes found 
in S, the higher the 
Enrichment Score (ES)

But, when no genes  
from L are found in S 
for a long walk down, 
the ES will decrease



Steps:

1. Calculation of an Enrichment Score (ES): maximum 

deviation from zero  encountered in the walk 

2. Normalization of the ES according to the sizes of the 

input list (L) and gene set (S), obtaining the normalized 

ES (NES).

3. Estimation of Significance Level of NES by permutations 

test

4. Adjustment for Multiple Hypothesis Testing

Gene Set Enrichment Analysis



Multiple test correction

• FDR (False Detection Rate)

• Why?

1 comparison

10 comparisons

30,0000 comparisons

Multiple testing gene sets 
without overlap with our input list

Looking at 
p-values



The mixture interpretation of the
p-value

Mixture Uniform Something



Multiple comparison correction

• False Discovery Rate (FDR) - Adjust the p-
value in a way that ensures an expected 
proportion of false positives 

• FDR-controlling procedures are designed to 
control the expected proportion of 
"discoveries" that are false



How many comparisons?

The FDR can change when: 

• Using different Gene Sets

• Using a redundant Gene Sets 



Examples from the paper

S1 is significantly enriched in females, S2 is randomly distributed and scores 
poorly, and S3 is not enriched at the top of the list but is nonrandom.

Arrows show the location of the maximum enrichment score and the point 
where the correlation (signal-to-noise ratio) crosses zero



More examples



Advantages

• Ranking of all genes is considered

• No cutoff has to be chosen

Gene Set Enrichment Analysis



GSEA output
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