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Learning Objectives
• Be able to understand the differences 

between a defined gene list and a ranked 
gene list and which enrichment test to apply.

• Be able to understand the result of an 
enrichment test and how to interpret it

• Be able to understand the concept of pvalue
and corrected pvalue (FDR) in the context of 
enrichment analysis.

• Presentation of 2 enrichment tools
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collect omics
data

Analysis workflow

gene list

pathway 
enrichment : 

over 
representation 

analysis

visualize and 
identify   

interesting 
pathways  and 

networks

gene-set 
(pathway)
databases

prior 
knowledge

add extra layers 
of information 
to the network 
we have 
generated

mirs / TF / drug /
mutation data

collect 
annotations

module 1 module 2 modules 3/4/5/6

normalization 
statistical 

testing



Module 2 bioinformatics.ca

pathway analysis workflow…rewind
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v v

“In HSC/early progenitors, miR-
126 regulates multiple targets 
within the PI3K/AKT/GSK3β 
pathway, attenuating signal 
transduction in response to 
extrinsic signals. ”

Focus of this module
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Gene set enrichment analysis is a way to summarize 
your gene list into pathways to ease biological 

interpretation of the data
symbol
SEMA4A
DNM3
SQLE
SLC45A3
STON2
NFKB2
LRPAP1
TTC7B
F2RL3
ATP6V0A1
ARHGAP19
NTRK1
SH2D2A
SIPA1L2
SEMA6B
ARPC1B
MDM2
PPIF
SEMA7A
STK17A
SLC20A2
SH3PXD2A
PFKFB3
GADD45B
COTL1
TMOD2
IL21R
BMP2K
PIK3CB
IFI30
RFX2

gene list

axon guidance (GO:0007411)

aging (GO:0007568)

stem cell development 
(GO:0048864)

cell migration 
(GO:0050922)

gene-sets:

SEMA4A
DNME3
SQLE
F2RL3

SLC45A3
STON2
NFKB2

LRPAP1
TTC7B
SEMA6B
ARPC1B

SIPA1L2
SEMA7A
STK17A
SLC20A2
SH3PXD2A
GADD45B
IL21R
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gene list pathway:
symbol
SEMA4A
DNM3
SQLE
SLC45A3
STON2
NFKB2
LRPAP1
TTC7B
F2RL3
ATP6V0A1
ARHGAP19
NTRK1
SH2D2A
SIPA1L2
SEMA6B
ARPC1B
MDM2
PPIF
SEMA7A
STK17A
SLC20A2
SH3PXD2A
PFKFB3
GADD45B
COTL1
TMOD2
IL21R
BMP2K
PIK3CB
IFI30
RFX2

My gene list

FDR<0.05

SEMA4A

DNM3

overlap

SQLE
F2RL3

SLC45A3

STON2

NFKB2

LRPAP1

TTC7B

ATP6V0A1

ARHGAP19

NTRK1

SH2D2A

SIPA1L2

SEMA6B

ARPC1B

MDM2

PPIF

SEMA7A

STK17A

SLC20A2

SLC20A2

TUBB3
LAMC2

LAMA2

DOK1

SLIT1 LAMA1

SPTB SRC

…

EFNB1 VASP

BDNF

SEMA3G

SEMA7A

EPHB3

GAB2 

BSG

RELN 

PALLD

MYPN

PTPN11

LGI1

DOK4
ALCAM

TNRKIF5C

BDNF

axon guidance 
(GO:0007411)

SEMA5B

GFRA3

DOK4
PTPRA

SMO

LAMA5
IGSF9NRP2

EFNA2

Size of the original 
pathway

Size of the gene list

Size = number of genes

RFX2 IFI30

PIK3CBBMP2K
IL21R

TMOD2

COTL1

GADD45B

PFKB3

SH3PXD2A

41

39

13

13/3913/41

1/41/4

Gene set enrichment analysis calculates the overlap 
between our gene list and a pathway
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gene list
pathway:

symbol
SEMA4A
DNM3
SQLE
SLC45A3
STON2
NFKB2
LRPAP1
TTC7B
F2RL3
ATP6V0A1
ARHGAP19
NTRK1
SH2D2A
SIPA1L2
SEMA6B
ARPC1B
MDM2
PPIF
SEMA7A
STK17A
SLC20A2
SH3PXD2A
PFKFB3
GADD45B
COTL1
TMOD2
IL21R
BMP2K
PIK3CB
IFI30
RFX2

My gene list

SEMA4A

DNM3

overlap

SQLE
F2RL3

SLC45A3

STON2

NFKB2

LRPAP1

TTC7B

ATP6V0A1

ARHGAP19

NTRK1

SH2D2A

SIPA1L2

SEMA6B

ARPC1B

MDM2

PPIF

SEMA7A

STK17A

SLC20A2

SLC20A2

TUBB3

LAMC2

LAMA2

DOK1

SLIT1 LAMA1

SPTB SRC

EFNB1 VASP

BDNF

SEMA3G

SEMA7A

EPHB3

GAB2 

BSG

RELN 

PALLD

MYPN

PTPN11

LGI1

DOK4
ALCAM

TNRKIF5C

BDNF

axon guidance 
(GO:0007411)

SEMA5B

GFRA3

DOK4
PTPRA

SMO

LAMA5
IGSF9NRP2

EFNA2

Size of the original 
pathway

Size of the gene list

Size = number of genes

RFX2 IFI30

PIK3CBBMP2K

IL21R

TMOD2

COTL1

GADD45B

PFKB3

SH3PXD2A

41

39

13

Can we add a score associated with the genes when 
calculating the enrichment score? 

score
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SNORD71
TCEB3-AS1
APBB3
RN7SKP9
RPS3P6
RPS4XP2
NAPA-AS1
NDUFB8
PA2G4P4
SMAGP
CTD-2026D20.3
SPCS2P4
ACTBP2
PLEKHG1
RP11-365H23.1
CH17-373J23.1
HIST2H4B
RPS7P3
RP11-715J22.6
RP13-516M14.8
SNORA54
RP11-543P15.1
C14orf28
KIAA1217
TREX2
HNRNPH1P1
RP5-1157M23.2
RP11-23J9.5
CTD-2619J13.9
RP11-187C18.3
TMSB4XP4
ZNF358
EDARADD
KIAA0391
CTD-2651B20.6
RPS15AP1
TYMSOS
RP11-849H4.4
DDX50P1
FARP1

MRPS17
RP11-388M20.1
RABGEF1
SBF2
RP11-228M15.1
HIST2H3A
EIF5AP4
TTC3P1
RNA5S9
HSPD1P1
ZSCAN16-AS1
RP11-69M1.6
CTD-2017D11.1
CTD-2616J11.10
AP001350.4
MSNP1
GSTA4
MAN1B1-AS1
HNRNPA1P4
COX14
DGCR6
RP11-258C19.7
AC012146.7
RP11-43D4.3
RP11-278A23.1
AC008063.2
CD27-AS1
YBX1P2
RP6-159A1.2
HK2P1
KIAA1549
RP11-365O16.1
CTB-79E8.3
RPL9P7
P2RY8
STIP1P3
RP11-9L18.2
RPL35P2
TIAF1
SLC18B1

MSS51
SNORD94
UPF3AP1
TECRP1
CD99
NRIP3
RP11-526I2.5
KIR2DL4
DENND5B
MIR1244-3
AC093818.1
HMGN2P4
RP11-893F2.18
HS3ST3A1
FAUP1
CTD-2233K9.1
CTB-33G10.1
PSME2P2
ATP8A2
GAPDHP38
RP11-480A16.1
STEAP1
C1QTNF3
ZMAT1
RP11-161H23.10
RP11-516A11.1
TRAV17
SWI5
AC009299.3
RP3-395M20.7
RP11-631M6.2
NACAP1
RP11-425L10.1
SETSIP
LIPT1
RP4-682C21.2
CTD-2538C1.2
CTSK
SNORD11

COL6A3
FOXB1
CHMP4BP1
RP11-480I12.2
H2BFS
LY6G5B
DISP1
RPL4P3
AF129075.5
AC005329.7
COL6A2
CALM2P3
MTHFD1P1
ZNF738
RP11-85I17.2
RPL23AP65
CTC-425O23.5
TUBB4A
LPAL2
AP003419.16
UQCRHL
RP4-814D15.2
ZNF23
HIPK1-AS1
CTC-523E23.11
RP11-4B16.1
BLOC1S1
MIR4518
TM9SF1
CTD-2287O16.1
IFT74
SNORA5C
AC009948.7
CTD-2651B20.7
PNRC2P1
RP11-421N8.1
LDHBP2
RP5-1042I8.7
NR1H3
RP13-88F20.1
RP11-204C16.4

RBBP4P2
CCDC74B
RP11-372E1.1
STARD5
OSTCP2
MTND4P35
RPL12P38
USP30-AS1
Y_RNA
EEF1A1P4
GAPDHP40
DYNC1I2P1
MYL12BP1
CD40
KLF8
TRAJ23
TNFRSF13C
RP6-218J18.2
RPL35P1
RP11-93B14.9
FAAH
PRELID3A
KCNMB3
MT1F
RP11-161M6.6
MED31
RP11-770J1.3
RP11-295P9.3
RWDD3
C3orf33
RPS14P8
CHKB-AS1
RBMXP2
FLVCR1-AS1
CARD9
OTUD4P1
C11orf71
TRIM60P18
CNOT6LP1
RP3-461F17.3

RP11-342K6.1
NFYC-AS1
USP44
BCLAF1P2
PHLDB1
ZNF529-AS1
ZNF320
HFE
KIF7
RP4-800G7.2
RPS17P5
TMEM182
LDHAP7
HNRNPCP2
MIR6820
GAPDHP63
AC127904.2
PCDH12
RPSAP18
RP11-342K6.2
RP11-230F18.6
AP000560.3
ZCWPW1
AC026271.5
ISPD
RANP1
RP11-255B23.1
HSPA8P1
SLC41A2
PABPC1P4
RP11-53B2.2
NIPAL2
RP11-326C3.11
CATSPER2P1
RP11-324I22.4
YWHAEP5
RP1-40G4P.1
PABPC1P3
ANP32C
NPM1P6

RP5-1074L1.4
SNORA33
LSR
KIAA1324
AC005624.2
AC022182.2
RPL13AP7
NPM1P37
LINC01137
RP5-1057I20.6
RP11-547D13.1
CTD-2017D11.2
VKORC1
MANEA-AS1
SRP72P2
TMSB4XP1
RP11-333E13.2
CTD-2587M2.1
RP3-405J10.3
PFKFB4
RP1-34B20.21
MICALL2
SALL2
RNA5SP149
RSG1
RP11-96H19.1
PSMC1P1
SYCE1L
LINC00493
RPL37P23
SUDS3P1
RP11-73M18.6
RP11-303E16.9
MYH15
F8A3
RPS15AP38
RPS4XP11
TBCAP1
HNRNPH1P3
HSF5

RP11-75C10.6
PPP1R14BP3
SNORA7B
SUMO2P1
SIGLEC10
RP11-274A11.4
DGAT2
RP5-1091N2.9
RP11-481J2.4
API5P1
CTB-41I6.1
RPL5P5
RP11-16E18.1
LIPE-AS1
RP11-286H14.4
MAGIX
ALKBH6
RP11-761N21.2
FTH1P7
PHOSPHO2
PRSS53
RP11-667M19.9
RP11-1012A1.7
MSRB2
DNM1P47
RP11-415F23.2
MAGEE1
SEPT7P6
NBPF10
HSF2BP
RNLS
RP11-134G8.7
RP11-1280N14.3
RP11-807C20.2
PGK1P2
CDC14B
LINC01347
LYPLA2P1
ACTG1P9
ACTBP7

DDX47
NRBF2P3
RP11-386M24.4
BACE2
FAM212B
TMEM8B
ALOX12P2
PXDC1
FTH1P20
CTB-193M12.3
RP11-171I2.2
GNRH1
NAIP
DIP2C
RP11-430B1.2
ZNF487
RP1-241P17.4
METTL21B
RP11-512F24.1
RPL15P18
RP11-296A18.5
RP11-112J3.16
GUSBP2
PLA2G4C
RP11-134K13.2
ITGB1P1
ZSWIM1
RP11-321A17.3
ACTG1P14
RNASE6
PLEKHA7
WDR97
AP001046.5
RP11-260M2.1
RPS19P1
RP11-153M3.1
ZNF563
PPFIBP2
TRAJ26
BANF1P3

TSSK6
RPL24P8
CPSF4
MBNL2
SCAMP2
MAZ
NEFH
RPL39
DNAJB1
TSPAN5
PTCD1
MTG1
B3GALNT1
TBC1D17
SETD4
NFATC1
IFT20
ZNF823
ARSB
DCTN2
PARPBP
SLC25A20
GIGYF1
EPS15L1
UBE2C
KIAA0895L
LINC00892
ATF1
GALK2
CRLS1
PEX6
MRFAP1L1
SGK3
RP11-436H11.1
KDM1B
CHERP
CRIPAK
ATG4C

PRR34-AS1
GSTM4
SNORA20
MIR7161
RP11-314A20.1
RPS4XP1
CTD-2589H19.6
SEC14L1P1
RN7SL288P
RP11-159J3.1
RP11-550F7.1
PLK2
POTEF
RP4-564F22.5
NEIL1
PDPK2P
SCARNA9
RP4-775C13.1
RN7SKP255
C12orf60
AZIN1-AS1
MBNL1-AS1
RP13-516M14.1
CNBD2
RP11-358L22.3
KANTR
POTEI
FAM60CP
AC097523.1
AC079922.2
NAP1L1P1
H3F3C
CTD-3035D6.1
SC22CB-1E7.1
EEF1A1P19
LDHAP5
HSPA9P1
BX842568.2
ANKDD1A
RPL30P4

RPS12P27
RP11-134G8.5
RPL36AP13
RP11-231G3.1
RPL12P42
SETD8P1
CFP
MIR762HG
LINC01232
AC008746.12
ATP5EP2
RP11-507E23.1
SRRM2-AS1
AC073109.2
IL20RB
MYL12BP2
ACTBP1
RPS3AP25
RPS15AP11
RBM8B
RP11-380G5.3
RNF139-AS1
RGPD2
RP11-159H3.1
AC125238.2
GAPDHP72
RP11-627K11.1
GKAP1
RP5-1136G13.2
MYL12AP1
ZNF844
RP11-90H3.1
AC018816.3
RP11-778D9.4
CATSPERB
RP11-226L15.5
AC010468.1
TRAV21
RP5-1099D15.1
TLCD2
U73166.2

pathway:

My gene list

SEMA4A

DNM3

overlap

SQLE
F2RL3

SLC45A3

STON2

NFKB2

LRPAP1

TTC7B

ATP6V0A1

ARHGAP19

NTRK1

SH2D2A

SIPA1L2

SEMA6B

ARPC1B

MDM2

PPIF

SEMA7A

STK17A

SLC20A2

SLC20A2

TUBB3

LAMC2

LAMA2

DOK1

SLIT1 LAMA1

SPTB SRC

EFNB1 VASP

BDNF

SEMA3G

SEMA7A

EPHB3

GAB2 

BSG

RELN 

PALLD

MYPN

PTPN11

LGI1

DOK4
ALCAM

TNRKIF5C

BDNF

axon guidance 
(GO:0007411)

SEMA5B

GFRA3

DOK4
PTPRA

SMO

LAMA5
IGSF9NRP2

EFNA2

RFX2 IFI30

PIK3CBBMP2K
IL21R

TMOD2

COTL1

GADD45B

PFKB3

SH3PXD2A

The background represents the genes that could have 
been captured in my omics experiment 

estimated 20,000-25,000 human protein-coding genes
How many genes could have been captured in your experiment?

NCF1
RP11-367G18.2
RP3-508I15.9
RP11-497H17.1
RP11-932O9.10
RP11-26J3.3
CEP126
DAZAP2P1
LINC01125
RP11-16E23.4
C12orf76
MTCO1P40
RPL36AP21
FAM134B
KRT8P12
CNR2
FAM133DP
TEFM
RP11-809N8.5
AC009487.6
RP11-27I1.4
FTLP3
C5orf34
ZBTB47
H2AFZP3
SEC63P1
XXbac-BPGBPG55C20.2
CALCB
SNORD20
RP11-356M20.2
TRAJ18
FTH1P16
FTH1P8
RP5-1187M17.10
APOM
SDAD1P1
AC093642.3
RP11-166B2.3
RP11-474G23.3
BBS10

genes measured in the experiment
genes not 
measured
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We are testing many pathways at the same 
time 

correction for multiple hypothesis testing
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Outline

Step 0
Step 1

Step 2

omics
data

Defined  gene list Ranked gene list
Gene-set enrichment  test

Fisher’s exact
test

GSEA

pvaluepvalue

correction for multiple hypothesis testing

corrected 
pvalue

corrected 
pvalue

• Two types of gene lists 
(ranked or not)

• Introduction to 
enrichment analysis

• Fisher’s Exact Test, aka 
Hypergeometric Test

• GSEA for ranked lists.
• Multiple test corrections:
– Bonferroni correction
– False Discovery Rate 

computation using 
Benjamini-Hochberg 
procedure
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Types of enrichment analysis

• Defined gene list (e.g. expression change > 2-
fold)
– Answers the question: Are any pathways (gene sets) 

surprisingly enriched (or depleted) in my gene list?
– Statistical test: Fisher’s Exact Test (aka 

Hypergeometric test)
• Ranked gene list (e.g. by differential expression)
– Answers the question: Are any pathways (gene sets)  

ranked surprisingly high or low in my ranked list of 
genes?

– Statistical test: GSEA, Wilcoxon rank sum test (+ 
others we won’t discuss)
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Why test enrichment in ranked gene lists?

• Possible problems with gene list test
– No “natural” value for the threshold
– Different results at different threshold settings
– Possible loss of statistical power due to thresholding
• No resolution between significant signals with different 

strengths
• Weak signals neglected
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OMICS gene lists: ranked or not ranked?
a few examples

RNAseq Label free 
proteomics
> 5,000 
proteins

Arrays: Affymetrix 
or Illumina bead 

chip

Normalized 
Intensity per 

protein

Ranked list of all 
proteins by 
differential 
expression

Normalized 
Intensity per 
gene/probe

Ranked list of all 
genes by 

differential 
expression

Normalized 
counts per gene

Ranked list of all 
genes by 

differential 
expression

Reads are 
aligned to ref 

genome

Single cell 
data

Cell clusters

Differential 
expression 

between cluster 
list

Ranked list of all 
genes by 

differential 
expression

RNARNA proteinsRNA
Starting point:

Experimental design: 2 class-design, treated versus control
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ATAC-seq

Peaks regions 
(BED FILE)

Need to 
associate 
peak regions 
with genes

Chip-seq histone
Chip-seq (transcription 
factors)

Gene list 
of associated 
with peaks of 

interest 

Start point is: DNA

Is there an expected 
association between 
chromatin structure 
and gene expression

Gene list = Peak 
associated with genes 
that are differentially 
expressed.

If yes and 
RNAseq data 
are available

Looking for somatic mutations or CNV

gene list
(eg list of frequently mutated genes)

OMICS gene lists: ranked or not ranked? 
a few examples, cont.

Variant calling

Start point is: metabolites

Raw spectra

Peak calling

Compound annotation

Compound
List 

+ gene list (if available)

mapped to KEGG
metabolic pathways
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Example of defined gene lists

Expression Matrix

t
1

t
2

t
3

… t
n

Gene
Clusters

E.g.: 
- K-means
- K-medoids
- SOM

Each 
cluster is a 
separate 
gene list

DNA: Gene list of frequently 
mutated genesRNA: Time course or 

cluster analysis

Comprehensive Characterization 
of Cancer Driver Genes and 
Mutations

Bailey et al. Cell 2018. 
PMID: 30096302

They reported a PanCancer and 
PanSoftware analysis spanning 
9,423 tumor exomes and using 
26 computational tools to catalog 
driver genes and mutations.

They identified 299 driver genes 
with implications regarding their 
anatomical sites and cancer/cell 
types
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Two-class design : ranked gene list

Expression Matrix

Class-1 Class-2

Genes Ranked by
Differential Statistic

E.g.: 
Fold change
Log (ratio)
t values from t-test

Ranking score =
sign(logFC)*-log10(pvalue)

UP

DOWN

LogFC Pvalue score
BGN +1 1.73E-33 32.76
ANTXR1 +1 4.39E-31 30.36
FZD1 +1 4.41E-30 29.36
COL16A1 +1 1.33E-29 28.88
KLF3 +1 8.32E-02 1.08
RASEF +1 9.01E-01 0.05
ISOC1 +1 9.01E-01 0.05
ANO1 +1 9.01E-01 0.04
CBWD3 -1 8.18E-02 -1.09
GBP4 -1 2.45E-16 -15.61
TAP1 -1 1.04E-19 -18.98
PSMB9 -1 1.84E-20 -19.73

UP

DN
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Gene list enrichment test
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Gene list enrichment analysis

• Given:
1. Gene list: e.g. RRP6, MRD1, RRP7, RRP43, RRP42 (yeast)
2. Gene sets (pathways)  or annotations: e.g.  The Gene Ontology, 

transcription factor binding sites in promoter

• Question: Are any of the gene sets (pathways)  surprisingly
enriched in the gene list?

• Details:
– Where do the gene lists come from?
– How to assess “surprisingly” (statistics)
– How to correct for repeating the tests
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How do simple enrichment tests work?
OVERLAP BETWEEN GENE 
LIST AND GENE_SETS 
(PATHWAYS)

Background genes

Is this 
overlap 
larger than 
expected 
by chance?

random sampling 
using background genes

1

2

gene-set 
(pathway)

gene list

Enrichment Table
Gene-set p-value

Spindle 0.0001
Apoptosis 0.025



Module 2 bioinformatics.ca22

Background population:
500 black genes, 
4500 red genes

Gene list
RRP6
MRD1
RRP7
RRP43
RRP42

Null hypothesis: List is a random 
sample from population
Alternative hypothesis: More black 
genes than expected in my list

The Fisher’s exact test 
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Background population:
500 black genes, 

4500 red genes

Gene list

RRP6

MRD1

RRP7

RRP43

RRP42
P-value

Null distribution

Answer = 0.001066662

The Fisher’s exact test 
a.k.a., hypergeometric test

0
.5

7
6

6

0
.3

5
1

6

0
.0

6
6

9
7

0
.0

0
4

6

0.
00

10
6

4.
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 1
0-

7

1 gene-set/pathway
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Gene list

RRP6
MRD1
RRP7
RRP43
RRP42

2x2 contingency table for Fisher’s Exact 
Test

Background population:
500 black genes, 
4500 red genes

In gene list Not in gene list
In pathway x = 4 496 
Not in pathway k-x = 1 4499 

k= 5 4995

m = 500
t – m = 4500 

t =5000
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VIDEO  the M&M’s examples:
https://www.youtube.com/watch?v=udyAvvaMjfM

Do you need to learn more about Fisher’s 
exact test?

And
Pathway Commons Guide:
https://www.pathwaycommons.org/guide/primers/statistics/fishers_exact_test/ 

m

Background

gene list
gene sets

StatQuest with 
Josh Starmer

https://www.youtube.com/channel/UCtYLUTtgS3k1Fg4y5tAhLbw
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Important points

• We usually test over-enrichment of “black”. To test for under-
enrichment of “black”, test for over-enrichment of “red”.

• Need to choose “background population” appropriately, e.g., 
if only portion of the total gene complement is queried (or 
available for annotation), only use that population as 
background.

• To test for enrichment of more than one independent types of 
annotation (red vs black and circle vs square), apply Fisher’s 
exact test separately for each type.  
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T (term): pathway that is being tested
Q (query): my gene list
TnQ: overlap between pathway and gene list
U (universe): background

12515

17906
In gene list Not in gene list

In pathway 5 12
Not in pathway 15 17894 

20 17906

2x2 
contingency 

table
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Other enrichment tests for defined 
gene lists (not covered in this lecture)

• Approximation of the Fisher’s Exact Test 
(Monte Carlo simulation)

• Binomial test
• Chi-squared test

Note: Fisher’s Exact Test is often called the 
hypergeometric test 



Module 2 bioinformatics.ca

Ranked gene list enrichment test

GSEA à modified Kolmogorov Smirnov test 
(KS test)

https://en.wikipedia.org/wiki/Andrey_Kolmogorov#/media/File:Kolm_com
plexity_lect.jpg

https://en.wikipedia.org/wiki/Andrey_Kolmogorov
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Example of a ranked list enrichment test

Gene-set p-value.    direction

Spindle 0.0001 +
Apoptosis 0.025 -

Pathway
Databases

GSEA

Enrichment Table
Ranked 
Gene List

Gene-set 
(pathway)

UP

DOWN
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• In their original paper, Mootha et al (2003) studied diabetes 
and identified that their gene list was significantly enriched in a 
pathway  called “oxidative phosphorylation”.

• The particularity of this finding was that individual genes in this 
pathway were only down-regulated by a small amount but the 
addition of all these subtle decreases had a great impact on the 
pathway.

• They validated their finding experimentally.

http://www.people.vcu.edu/~mreimers/HTDA/Mootha%20-
%20GSEA.pdf

http://www.people.vcu.edu/~mreimers/HTDA/Mootha%20-%20GSEA.pdf
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Ranked list

GSEA score calculation

gene-set 
(pathway)

1. Maximum (or minimum) ES score is the final ES score for the gene set
2. Can define “leading edge subset” as all those genes ranked as least as 
high as the enriched set. 

UP DOWN

ES scoreBGN 32.76
ANTXR1 30.36
FZD1 29.36

COL16A1 28.88
KLF3 1.08
RASEF 0.05
… …
… …

ISOC1 0.05
ANO1 0.04
CBWD3 -1.09
GBP4 -15.6
TAP1 -19
PSMB9 -19.7

UP

DOWN

Ranked 
gene list
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Weight 
p=1

GSEA running sum

0

0.1
0.2
0.3
0.4

en
irc

hm
en

ts
co

re

gene-set 
(pathway)

Ranked list

running sum
32
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Positive and negative enrichment 
scores

ES score

ES score

UP DOWNUP DOWN
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Co
un

ts

ES Score

Randomized with ES score ≥ real: 4 / 2,000 
--> Empirical p-value = 0.002

Real ES score

Distribution of ES scores from 
N permutations (e.g. 2000)

0

1.Generate null-hypothesis distribution from randomized 
data (see permutation settings)
2.Estimate empirical p-value by comparing observed ES 
score to null-hypothesis distribution from randomized 
data (for every gene-set)

Going from ES score à P-value
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Panther

Other enrichment tests for
a ranked gene list
Wilcoxon ranksum test

20000

UP

DOWN

rank

1
2
3
.
.
.

20000

1
UPDOWNN
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Outline of theory component

• Fisher’s exact test (or binomial) for calculating 
enrichment P-values for defined gene lists

• GSEA, wilcoxon rank sum test for computing 
enrichment P-values for ranked gene lists
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Multiple test corrections
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How to win the p-value lottery

Background population:
500 black genes, 
4500 red genes

Random draws

… 7,834 draws later …
Expect a random draw 
with observed enrichment 
once every 1 / P-value 
draws

1 gene-set 
(apoptosis)
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Simple P-value correction: Bonferroni

If M = # of gene-sets (pathways) tested:

Corrected P-value = M x original P-value

Corrected P-value is greater than or equal to the probability that one or 
more of the observed enrichments could be due to random draws.  The 
jargon for this correction is “controlling for the Family-Wise Error Rate 

(FWER)”
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Bonferroni correction caveats

• Bonferroni correction is very stringent and can 
“wash away” real enrichments leading to false 
negatives,

• Often one is willing to accept a less stringent 
condition, the “false discovery rate” (FDR), 
which leads to a gentler correction when 
there are real enrichments.
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False discovery rate (FDR)

• FDR is the expected proportion of the 
observed enrichments due to random 
chance.

• Compare to Bonferroni correction which is a bound on the 
probability that any one of the observed enrichments 
could be due to random chance.

• Typically FDR corrections are calculated using the 
Benjamini-Hochberg procedure.

• FDR threshold is often called the “q-value”
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1. Sort P-values of all tests in increasing order

2. Adjusted P-value is “nominal” P-value times # of tests divided by 
the rank of the P-value in sorted list:  P-value  x  [# of tests] / Rank

3. Q-value (or FDR) corresponding to a nominal P-value is the 
smallest adjusted P-value assigned to P-values with the same or 
larger ranks.

4. Look at which gene-sets have a FDR of 0.05 or less and report them 
as significantly enriched.

False discovery rate (FDR)



Module 2 bioinformatics.ca

Benjamini-Hochberg example

Category Adjusted P-valueRank
1
2
3
4
5
…

52
53

Transcriptional regulation
Transcription factor
Initiation of transcription
Nuclear localization
Chromatin modification
…

Cytoplasmic localization
Translation

0.001   x 53/1   = 0.053
0.002   x 53/2   = 0.053
0.003   x 53/3   = 0.053
0.0031 x 53/4   = 0.040
0.005   x 53/5   = 0.053
…

0.985   x 53/52  = 1.004
0.99     x 53/53  = 0.99

Q-value (or FDR) corresponding to a nominal P-value is the 
smallest adjusted P-value assigned to P-values with the same or 

larger ranks.

0.040
0.040
0.040
0.040
0.053
…

0.99
0.99

0.001
0.002
0.003
0.0031
0.005
…

0.97
0.99

FDR / 
Q-value(Nominal)

P-value

Gene set enrichment significant at FDR < 0.05
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How to win the p-value lottery, part 2
Keep the gene list the same, evaluate different gene-sets(pathways)

P value

https://www.youtube.com/watch?v=K8LQSvtjcEo

https://www.youtube.com/watch?v=K8LQSvtjcEo
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Reducing multiple test correction stringency

• The correction to the P-value threshold α
depends on the # of tests that you do, so, no 
matter what, the more tests you do, the more 
sensitive the test needs to be

• Can control the stringency by reducing the 
number of tests:  e.g. use GO slim; restrict 
testing to the appropriate GO annotations; or 
filter gene sets by size.
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Summary
Multiple test correction
• Bonferroni: stringent, controls probability of at least 

one false positive*
• FDR: more forgiving, controls expected proportion of 

false positives* -- typically uses Benjamini-Hochberg 

* Type 1 error, aka probability that observed enrichment if no association
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Pathway name Number of 
overlapping 
genes

Number of 
genes in 
pathway

P-value Adjusted p-
value

… …. … … ….

Typical output of an enrichment analysis is:

What Have We Learned?
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Typical output

RNA$HELICASE$ACTIVITY%GO%GO:0003724 28 1.77 0.0041 0.0464386
MRNA$SURVEILLANCE$PATHWAY%KEGG%HSA03015 82 1.77 0 0.0466167
UBIQUITINCDEPENDENT$DEGRADATION$OF$CYCLIN$D1%REACTOME%REACT_4.1 50 1.77 0.0021 0.0486015
BIOCARTA_CD40_PATHWAY%MSIGDB_C2%BIOCARTA_CD40_PATHWAY 15 1.77 0.0048 0.0483781
IGF1$PATHWAY%PATHWAY$INTERACTION$DATABASE$NCICNATURE$CURATED$DATA%IGF1$PATHWAY 29 1.76 0.003 0.0489742
UBIQUITINCDEPENDENT$PROTEIN$CATABOLIC$PROCESS%GO%GO:0006511 204 1.76 0 0.0488442
PHAGOSOME%KEGG%HSA04145 147 1.76 0 0.0486164
PROTEASOME$COMPLEX%GO%GO:0000502 29 1.76 0.007 0.0490215
ANTIGEN$PRESENTATION:$FOLDING,$ASSEMBLY$AND$PEPTIDE$LOADING$OF$CLASS$I$MHC%REACTOME%REACT_75795.124 1.76 0.0041 0.0505599
ABORTIVE$ELONGATION$OF$HIVC1$TRANSCRIPT$IN$THE$ABSENCE$OF$TAT%REACTOME%REACT_6261.3 23 1.75 0 0.0529242
DNA$DAMAGE$RESPONSE,$SIGNAL$TRANSDUCTION$BY$P53$CLASS$MEDIATOR$RESULTING$IN$CELL$CYCLE$ARREST%GO%GO:000697767 1.75 0 0.052886
REGULATION$OF$MACROPHAGE$ACTIVATION%GO%GO:0043030 11 1.75 0.003 0.0534709
PROTEIN$FOLDING%REACTOME%REACT_16952.2 52 1.75 0.002 0.0537717
ENDOPLASMIC$RETICULUM$UNFOLDED$PROTEIN$RESPONSE%GO%GO:0030968 73 1.75 0 0.0546052
PROTEIN$EXPORT%KEGG%HSA03060 24 1.75 9.75EC04 0.0548699
TRANSCRIPTION$INITIATION$FROM$RNA$POLYMERASE$II$PROMOTER%GO%GO:0006367 64 1.75 0.001 0.0545783
S$PHASE%REACTOME%REACT_899.4 110 1.75 0 0.0546003
PROTEASOMAL$PROTEIN$CATABOLIC$PROCESS%GO%GO:0010498 163 1.75 0 0.0550066
ATPCDEPENDENT$RNA$HELICASE$ACTIVITY%GO%GO:0004004 20 1.74 0.0059 0.0556722
ACIDCAMINO$ACID$LIGASE$ACTIVITY%GO%GO:0016881 217 1.74 0 0.0560217
GO%GO:0072474 67 1.74 0.002 0.0565978
GO%GO:0035966 107 1.74 0 0.0562957
GO%GO:0072413 67 1.74 9.81EC04 0.05761
BIOCARTA_IL4_PATHWAY%MSIGDB_C2%BIOCARTA_IL4_PATHWAY 11 1.74 0.0082 0.0581508
ASSOCIATION$OF$TRIC$CCT$WITH$TARGET$PROTEINS$DURING$BIOSYNTHESIS%REACTOME%REACT_16907.2 28 1.74 0.0039 0.0581298
UBIQUITINCDEPENDENT$DEGRADATION$OF$CYCLIN$D%REACTOME%REACT_938.4 50 1.74 0.0029 0.057876
MODIFICATIONCDEPENDENT$PROTEIN$CATABOLIC$PROCESS%GO%GO:0019941 207 1.74 0 0.0576579
TRANSLATION$INITIATION$COMPLEX$FORMATION%REACTOME%REACT_1979.1 55 1.74 0.0021 0.0575181
GO%GO:0001906 13 1.74 0.0117 0.0572877
G1$S$TRANSITION%REACTOME%REACT_1783.2 107 1.74 0 0.0572618
GO%GO:0034620 73 1.73 0.0021 0.0576606
SIGNALING$BY$NOTCH%REACTOME%REACT_299.2 19 1.73 0.0069 0.0578565
RESPONSE$TO$UNFOLDED$PROTEIN%GO%GO:0006986 102 1.73 0 0.0583864
SIGNAL$TRANSDUCTION$INVOLVED$IN$G1$S$TRANSITION$CHECKPOINT%GO%GO:0072404 68 1.73 0.002 0.0582213
GO%GO:0072431 67 1.73 0 0.058551
BIOCARTA_PROTEASOME_PATHWAY%MSIGDB_C2%BIOCARTA_PROTEASOME_PATHWAY 19 1.73 0.0099 0.0586655
HOST$INTERACTIONS$OF$HIV$FACTORS%REACTOME%REACT_6288.4 117 1.73 0 0.0586888
AUTOPHAGIC$VACUOLE$ASSEMBLY%GO%GO:0000045 13 1.73 0.0122 0.0588271
CYCLIN$A:CDK2CASSOCIATED$EVENTS$AT$S$PHASE$ENTRY%REACTOME%REACT_9029.2 66 1.73 0 0.0610099
DUAL$INCISION$REACTION$IN$TCCNER%REACTOME%REACT_2222.2 29 1.72 0.008 0.061029
GO%GO:0034623 113 1.72 0 0.0608896
GO%GO:0043632 210 1.72 0 0.0613759
PROTEIN$SUMOYLATION%GO%GO:0016925 13 1.72 0.006 0.0622932
PROTEOLYSIS$INVOLVED$IN$CELLULAR$PROTEIN$CATABOLIC$PROCESS%GO%GO:0051603 216 1.72 0.001 0.0621132
AUTODEGRADATION$OF$THE$E3$UBIQUITIN$LIGASE$COP1%REACTOME%REACT_20549.1 52 1.72 0.002 0.0625949
POSITIVE$REGULATION$OF$VIRAL$TRANSCRIPTION%GO%GO:0050434 53 1.72 0.0031 0.0629258
HORMONE$BINDING%GO%GO:0042562 25 1.72 0.0039 0.0642915
GO%GO:0000041 59 1.72 0.001 0.0640912
SMALL$CONJUGATING$PROTEIN$LIGASE$ACTIVITY%GO%GO:0019787 206 1.72 0 0.0644116
GO%GO:0032984 113 1.71 0 0.066844
CLASS$I$MHC$MEDIATED$ANTIGEN$PROCESSING$&$PRESENTATION%REACTOME%REACT_75820.1 256 1.71 0 0.0668379
GO%GO:0072401 68 1.71 0.001 0.0667758

NETWORK  
VISUALIZATION

TA
BU

LA
R 

FO
RM

AT

gene-set name 
(pathway)

number of overlapping genes

p-value
… corrected for multiple hypothesis

… corrected for gene-set size
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Many available enrichment analysis tools

2

web-based Cytoscape app Standalone R package
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How to choose a tool?

• Does it cover your model organism?
• Is there a good choice of gene-sets (pathway 

database)
• Are the pathway databases up to date?
• Which statistics (for gene list or ranked gene list)?
• Is the description of statistics clear enough ?
• Do you like the output style?
• Can you connect it with network visualization 

tools like Cytoscape?
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Defined gene list (Fisher’s exact test)
g:Profiler PANTHER enrichR biNGO Cluego

Updated	database yes yes yes? no? yes

Choice	of	database	(more	than	1) yes yes yes no	(GO)	*1 yes

Do	we	test	database	individually	or	together together individually individually individually together

Multiple	model	organisms? yes yes a	few yes yes

Possibility	to	upload	your	own	custom	
database yes no? no? yes no?

Statistics:	possibility	to	use	the	Fisher’s	
exact	test		(ORA)	(thresholded	gene	list) yes yes yes yes yes

Multiple	hypothesis	correction;	possibility	
to	use	B-H	FDR yes yes yes yes yes

Possibility	to	upload	reference	genes	
(background) yes yes ?	No	*2 yes yes

Website	(Web)	or	Cytoscape	App	(App) Web Web Web App App

Possibility	to	visualize	with	Cytoscape	
EnrichmentMap YES no YES	 YES Cytoscape

*1: can still be used with custom database   ;  

g:Profiler PANTHER enrichR biNGO Cluego

Updated	database yes yes yes? no? yes

Choice	of	database	(more	than	1) yes yes yes no	(GO)	*1 yes

Do	we	test	database	individually	or	together together individually individually individually together

Multiple	model	organisms? yes yes a	few yes yes

Possibility	to	upload	your	own	custom	
database yes no? no? yes no?

Statistics:	possibility	to	use	the	Fisher’s	
exact	test		(ORA)	(thresholded	gene	list) yes yes yes yes yes

Multiple	hypothesis	correction;	possibility	
to	use	B-H	FDR yes yes yes yes yes

Possibility	to	upload	reference	genes	
(background) yes yes ?	No	*2 yes yes

Website	(Web)	or	Cytoscape	App	(App) Web Web Web App App

Possibility	to	visualize	with	Cytoscape	
EnrichmentMap YES no YES	 YES Cytoscape

*1
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GSEA PANTHER
Rank test Modified KS test Wilcoxon Rank 

Sum test
Correction for multiple 
hypothesis testing

yes yes

Possibility to visualize results 
with Cytoscape enrichment 
map

yes no

Ranked list
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Recipe for defined gene list
enrichment test

• Step 1: Define your gene list and your background
list,

• Step 2: Select your gene sets (pathways) to test 
for enrichment,

• Step 3: Run enrichment tests using the Fisher’s 
exact test and correct for multiple testing if you 
test more than one gene set (pathway) 

• Step 4: Interpret your enrichments
• Step 5: Publish!  ;)
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Recipe for ranked list enrichment test

• Step 1: Rank your genes,
• Step 2: Select your gene sets (pathways) to test 

for enrichment,
• Step 3: Run enrichment tests and correct for 

multiple testing, if necessary,
• Step 4: Interpret your enrichments
• Step 5: Publish!  ;)
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Advanced topics 
(not covered in this lecture)

• Issues with tests: correlation between gene-sets, 
dependency of genes. 

• Other types of tools: topology aware.
• Modern tools are starting to include some network 

visualization.

Go to: Pathway enrichment analysis and visualization of 
omics data using g:Profiler, GSEA, Cytoscape and 
EnrichmentMap
https://www.nature.com/articles/s41596-018-0103-9

https://www.nature.com/articles/s41596-018-0103-9
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• Be precise at each step of your 
analysis

• Try to answer one biological question 
at a time

Tips



Module 2 bioinformatics.ca

We are on a Coffee Break & 
Networking Session

Workshop Sponsors:
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Additional slides
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Comparison of results

gene list

g:Profiler
FDR score

PA
NT

HE
R 

FD
R 

sc
or

e

Ranked list

Similar results are obtained between g:Profiler and PANTHER
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Comparison of results

g:Profiler PANTHER
121157 1663

gene list

g:Profiler
FDR score

PA
NT

HE
R 

FD
R 

sc
or

e

g:Profiler 16132 gene-sets
PANTHER 15815 gene-sets

Number of gene-sets significant 
under FDR <0.05
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Ranked list

630 90602

PANTHER

GSEA

gene-set enriched in genes up-regulated

gene-set enriched in genes down-regulated

Number of gene-sets significant 
under FDR <0.05

FDR 0.05

FDR 0.05
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PANTHER (website: http://pantherdb.org/)

131 model organisms

Fisher ‘s exact test 
(thresholded gene list)

Wilcoxon rank test (rank 
list)

Input gene list format:
Gene list
Vcf file àGene list
Ranked gene list 
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PANTHER (website)

thresholded gene list

Over-representation Analysis (Fisher’s exact test) 

Correction for multiple hypothesis testing

background/universe

Choose pathway database

Updated frequently!!
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PANTHER output
Pa

th
w

ay
 (g

en
e-

se
ts

)

Only text output visualization?

# of genes in my gene 
list and tested pathway

# of genes in 
original pathway

Significance of the 
enrichment after 
correction for 
multiple 
hypothesis testing.
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ClueGO (Cytoscape app)

Selection of model organism (Homo 
sapiens or Mus musculus)

Input format: thresholded gene list

Pathway database selection (my 
selection):  (regularly updated)
* GO BP
* Reactome Pathway

Statistical test: Fisher’s exact test
my selection:
Overrepresentation analysis
FDR for multiple hypothesis 
correction

Upload a background if needed
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EnrichR

Input

Gene list 
or Bed file

Test: 
Fisher’s exact test, 
pvalue corrected 
for multiple hypothesis 
testing

Output:
Table or grahs

? No option to put 
Reference background (use 
only if you are doing a 
whole genome study)



Module 2 bioinformatics.ca

Enrichr output table

FDR:
Correction for multiple 
hypothesis testing

Pathways (gene-sets) List of genes in 
the overlap

Overlap:
Numerator -> 
genes in my gene 
list and tested 
pathway

Denominator ->
Genes in the 
original pathwyay

GO Biological Process 2018

Fisher’s exact test

Need to select 
positive score for 
overrepresentation
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thresholded gene list

Fisher’s exact test 
Correction for multiple hypothesis testing

background/universe

BiNGO (Cytoscape app)

Choose pathway database

Different model organisms

Are the databases 
updated frequently? If 
not, we should use 
custom gmt option
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BiNGO output

• 1. each row is a pathway (gene-set) that was in the original pathway database that 
we selected (GO Biological Process)

• 2. corr pval: the most important column as it is the pvalue corrected for multiple 
hypothesis.

• 3 .information about the size of the overlap between my gene list and and the 
pathway (gene-set).

• 4. information about the size of the original pathway (gene-set) in the chosen 
pathway database (GO biological process).

• 5. Genes in the my gene list and in the pathway (gene-set).

1.                                                                         2.        3.         4.              5.
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Wilcoxon rank sum test (Mann-
Whitney U Test)

• Rank based non parametric test for 
comparing two groups of 
observations without the 
assumption of certain distributions.

• It has been implemented in many 
packages and software for gene-set 
testing (limma R function 
geneSetTest, R package SAFE using 
safe(), Gostat(), Panther.

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0031505

Ranked gene list

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0031505
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Wilcoxon rank sum test
(as used and described in PANTHER tool -pantherdb.org/)

• All genes rank sum:
• All genes ordered by expression values to create a rank.
• Genes with the smallest values get a rank of 1.
• A rank sum is calculated (summing up the ranks for all genes)
• The average rank, R2, is calculated by dividing the rank sum by the total number of 

genes uploaded, n2. 

Step 1 out of 3

1

20000
Rank sum = 1 + 2 +3 +….+ 20000
n2 = 20000
R2 = rank sum / n2

http://pantherdb.org/


Module 2 bioinformatics.ca

• Gene set rank sum:
• A rank sum calculated for genes in the tested gene-set:  sum up the ranks for all 

genes that map the gene-set. 
• The average rank, R1 is then calculated by dividing the rank sum by the number 

of genes, n1, that map to the category. 

Wilcoxon rank sum test
Step 2 out of 3

18500 Rank sum = 9000 + 9005 + …18500
n1 = 250   ( size of gene set)
R1 = rank sum / n1

9000

(as used and described in PANTHER tool -pantherdb.org/)

http://pantherdb.org/
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• The Mann Whitney U statistic is calculated :
• U1 = n1* n2 + (n1 * (n1 + 1)) / 2 - R1  (gene-set)
• U2 =  n2* n2 + (n1 * (n2 + 1)) / 2 - R2  (all genes) 
• U: The larger of these two values is the Mann Whitney U-statistic, 
• Pvalue associated with U, whose distribution for small sample sizes can be 

found in most statistic books or use the normal approximation (Z-score = 
(U- (n1* n2)/2)/sqrt(n1*n2*(n1+n2+1)/12). 

Wilcoxon rank sum test
Step 3 out of 3

• The distribution of values for your uploaded 
list is shifted towards greater values than 
the overall distribution of all genes that 
were uploaded. 

• A small, significant p-value indicates that 
the distribution for this category is non-
random and different than the overall 
distribution. A cutoff of 0.05 is 
recommended as a starting point.

(as used and described in PANTHER tool -pantherdb.org/)

http://pantherdb.org/
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Minimum hypergeometric test (mHG)

Steps
1. Calculate p-value at multiple thresholds

1. Correct for multiple testing (or compute 
empirical p-values using permutations) 

Eden E, Lipson D, Yogev S, Yakhini Z. Discovering motifs in ranked lists of DNA sequences. PLoS
Comput Biol. 2007 Mar 23;3(3):e39

(used in g:Profiler, ordered query)
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mHG Method

Where are the gene-set genes located in the ranked list?
Is there distribution random, or is there an enrichment in either end?

mHG score calculation

Gene list (threshold) chosen is the one associated with the lowest pvalue

gene-set 
(pathway)

thresholded gene list


