
Update: Last Week of BRE

• No more homework – only have your 
RNA-seq assignment to complete
• No real lectures Thursday and Friday,

just Journal Club in the morning
• Thursday afternoon you will meet with 

me to practice your presentation for 
Friday

• There will be office hours Friday morning 
after journal club for any last-minute 
questions or presentation practice

• Final presentation Friday on your 
RNA-seq results to which all Coriell 
employees will be invited

Date Lecture
Tuesday, 7/27 Gene Set Enrichment 

Analysis
Wednesday, 7/28 Regular Expressions
Thursday, 7/29 Quick example RNA-

seq presentation, 
just journal club

Friday, 7/30 No lecture, just 
journal club, 
following by morning 
office hours



Gene Set Enrichment 
Analysis

2021-07-23



CRAN and Bioconductor



What is Gene Set 
Enrichment Analysis?
• Problem with RNA-seq is 

that it’s hard to derive the 
meaning in a list of genes.

• Gene Set Enrichment 
Analysis (GSEA) looks for 
coordinated changes in 
gene sets.

• Gene sets are frequently 
pathways, but you can use 
GSEA for any set of genes.



How is GSEA 
calculated?

Gene Fold 
Change

KDM1A 4

NCAM2 -2

ACTB -0.01

KDM1B 3.8

SETD4 3.6

GAPDH 0.05

KDM2A 3.5

KDM2B 2.8

RAD51 -3

ERCC2 1.2

• For this example, we’ll calculate the 
enrichment score for the Reactome
pathway “HDMS demethylate histones”
• Histone demethylase (HDM)
• Contains all KDM, JDM genes



How is GSEA 
calculated?

Gene Rank Fold 
Change

RAD51 1 -0.53

NCAM2 2 -0.22

ACTB 3 -0.01

GAPDH 4 0.05

ERCC2 5 1.20

KDM2B 6 2.80

KDM2A 7 3.50

SETD4 8 3.60

KDM1B 9 3.80

KDM1A 10 4.00

• For this example, we’ll calculate the 
enrichment score for the Reactome
pathway “HDMS demethylate histones”
• Histone demethylase (HDM)
• Contains all KDM, JDM genes

1. Rank genes by change in expression from 
least to greatest significance



How is GSEA 
calculated?

Gene Rank Fold 
Change Cumulative Sum

RAD51 1 -0.53 0.00 – (-0.53) = 0.53

NCAM2 2 -0.22 0.53 – (-0.22) = 0.75

ACTB 3 -0.01 0.75 – (-0.01) = 0.76

GAPDH 4 0.05 0.76 – 0.05 = 0.71

ERCC2 5 1.20 0.71 – 1.2 = -0.49

KDM2B 6 2.80 -0.49 + 2.80 = 2.31

KDM2A 7 3.50 2.31 + 3.50 = 5.81

SETD4 8 3.60 5.81 - 3.60 = 2.20

KDM1B 9 3.80 2.20 + 3.80 = 6.00

KDM1A 10 4.00 6.00 + 4.00 = 10.00

• For this example, we’ll calculate the 
enrichment score for the Reactome
pathway “HDMS demethylate histones”
• Histone demethylase (HDM)
• Contains all KDM, JDM genes

1. Rank genes by change in expression from 
least to greatest significance

2. Calculate the cumulative sum of the 
significance over the ranked genes. 
Subtract the fold change if it’s not in the 
list and add the fold change if it is in the 
list



How is GSEA 
calculated?

Gene Rank t statistic Cumulative Sum

RAD51 1 -0.53 0.00 – (-0.53) = 0.53

NCAM2 2 -0.22 0.53 – (-0.22) = 0.75

ACTB 3 -0.01 0.75 – (-0.01) = 0.76

GAPDH 4 0.05 0.76 – 0.05 = 0.71

ERCC2 5 1.20 0.71 – 1.2 = -0.49

KDM2B 6 2.80 -0.49 + 2.80 = 2.31

KDM2A 7 3.50 2.31 + 3.50 = 5.81

SETD4 8 3.60 5.81 - 3.60 = 2.20

KDM1B 9 3.80 2.20 + 3.80 = 6.00

KDM1A 10 4.00 6.00 + 4.00 = 10.00

• For this example, we’ll calculate the 
enrichment score for the Reactome
pathway “HDMS demethylate histones”
• Histone demethylase (HDM)
• Contains all KDM, JDM genes

1. Rank genes by change in expression from 
least to greatest significance

2. Calculate the cumulative sum of the 
significance over the ranked genes. 
Subtract the fold change if it’s not in the 
list and add the fold change if it is in the 
list

3. Take the largest deviation from 0 as the 
enrichment score.

ES = 10



How is GSEA 
calculated?

Gene Rank Fold 
Change Cumulative Sum

RAD51 1 -0.53 0.00 – (-0.53) = 0.53

NCAM2 2 -0.22 0.53 – (-0.22) = 0.75

ACTB 3 -0.01 0.75 – (-0.01) = 0.76

GAPDH 4 0.05 0.76 – 0.05 = 0.71

ERCC2 5 1.20 0.71 – 1.2 = -0.49

KDM2B 6 2.80 -0.49 + 2.80 = 2.31

KDM2A 7 3.50 2.31 + 3.50 = 5.81

SETD4 8 3.60 5.81 - 3.60 = 2.20

KDM1B 9 3.80 2.20 + 3.80 = 6.00

KDM1A 10 4.00 6.00 + 4.00 = 10.00

• For this example, we’ll calculate the 
enrichment score for the Reactome
pathway “HDMS demethylate histones”
• Histone demethylase (HDM)
• Contains all KDM, JDM genes

1. Rank genes by change in expression from 
least to greatest significance

2. Calculate the cumulative sum of the 
significance over the ranked genes. 
Subtract the fold change if it’s not in the 
list and add the fold change if it is in the 
list

3. Take the largest deviation from 0 as the 
enrichment score.

• You can visualize this with a cumulative 
distribution plot ES = 10



How do you get the 
significance of the 
enrichment score?
1. Permute the whether the gene is in the 

pathway 1,000 times

Gene Gene Gene

KDM1A KDM1A KDM1A

NCAM2 NCAM2 NCAM2

ACTB ACTB ACTB

KDM1B KDM1B KDM1B

SETD4 SETD4 SETD4

GAPDH GAPDH GAPDH

KDM2A KDM2A KDM2A

KDM2B KDM2B KDM2B

RAD51 RAD51 RAD51

ERCC2 ERCC2 ERCC2

X 1,000



How do you get the 
significance of the 
enrichment score?
1. Permute the whether the gene is in 

the pathway 1,000 times

2. Calculate the significance of the 
enrichment score for each 
permutation (t-statistic).



How do you get the 
significance of the 
enrichment score?
1. Permute the whether the gene is in 

the pathway 1,000 times

2. Calculate the significance of the 
enrichment score for each 
permutation (t-statistic).

3. Find where our score lies in the 
distribution



How do you get the 
significance of the 
enrichment score?
1. Permute the whether the gene is in 

the pathway 1,000 times

2. Calculate the significance of the 
enrichment score for each 
permutation (t-statistic).

3. Find where our score lies in the 
distribution

4. The significance, the empirical p-value, 
is the number of times the enrichment 
score was greater than or equal to the 
observed enrichment score divided by 
the number of permutations

p = 4 / 1000 = 0.0004

Less than ES 996

Greater than or equal to ES 4



How do you get the 
significance of the 
enrichment score?
1. Permute the whether the gene is in 

the pathway 1,000 times

2. Calculate the significance of the 
enrichment score for each 
permutation (t-statistic).

3. Find where our score lies in the 
distribution

4. The significance, the empirical p-value, 
is the number of times the enrichment 
score was greater than or equal to the 
observed enrichment score divided by 
the number of permutations

5. When testing many pathways at once, 
the enrichment scores will be 
normalized by the size of the pathway 
and the p-values will be corrected for 
multiple testing.

p = 4 / 1000 = 0.0004

Less than ES 996

Greater than or equal to ES 4



reactomedb



Assign RNA-seq project

• Using publicly available data 
downloaded from GEO, a repository 
for sequencing data
• Work through everything we’ve

learned with RNA-seq
• Like exploratory data analysis 

project, will submit a report and 
give a presentation (see assignment 
for details)
• The presentation will be this Friday

at 12PM and all Coriell employees 
will be invited.


