Pathway enrichment analysis of cancer mutations + visualization as enrichment maps
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Software requirements:

1. Cytoscape software (version 3.7.0 or above),
see https://cytoscape.org/download.html
(https://cytoscape.org/download-platforms.html for other OSs, including Windows)
2. EnrichmentMap app of Cytoscape (version 3.1.0 or above),
see menu Apps>App manager... or http://apps.cytoscape.org/apps/enrichmentmap
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PATHWAY ENRICHMENT ANALYSIS OF CANCER DRIVER MUTATIONS

Let’s get a few gene lists for analysis

ARTICLE oPEN
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Mutational landscape and significance
across 12 major cancer types

Cyriac Kandoth'*, Michael D. McLellan'*, Fabio Vandin?, Kai Ye' , Beifang Niu', Charles Lu', Mingchao Xie', Qunyuan Zhang'~,
Joshua F. McMichael', Matthew A. Wyczalkowski', Mark D. \I I_elberson ChnstopherA Miller', John S. Welch®?,
Matthew J. Walter®, Michael C. Wend!"**, Timothy J. Ley"**, Richard K. Wilson'~**, Benjamin J. Raphael® & Li Dmg

The Cancer Genome Atlas (TCGA) has used the latest sequencing and analysis methods to identify somatic variants across
thousands of tumours. Here we present data and analytical results for point mutations and small insertions/deletions
from 3,281 tumours across 12 tumour types as part of the TCGA Pan-Cancer effort. We illustrate the distributions of
mutation frequencies, types and contexts across tumour types, and establish their links to tissues of origin, environmental/
carcinogen influences, and DNA repair defects. Using the integrated data sets, we identified 127 significantly mutated genes
from well-known (for example, mitogen-activated protein kinase, phosphatidylinositol-3-OH kinase, Wnt/B-catenin and
receptor tyrosine kinase signalling pathways, and cell cycle contml) and emerging (for example, histone, histone
modification, splicing, metabolism and proteolysis) cellular processes in cancer. The average number of mutations in
these 51gmﬂcantly mutated genes varies across tumour types; most tumours have two to six, indicating that the number of
driver mutations required during oncogenesis is relatively small. Mutations in transcriptional factors/regulators show
tissue specificity, whereas histone modifiers are often mutated across several cancer types. Clinical association analysis
identifies genes having a significant effect on survival, and investigations of mutations with respect to clonal/subclonal
architecture delineate their temporal orders during tumorigenesis. Taken together, these results lay the groundwork for
developing new diagnostics and individualizing cancer treatment.

Highlights:

e Using the integrated data sets, the authors identified 127 significantly mutated genes as
candidate cancer driver genes

e Genes under positive selection, either in individual or multiple tumour types,

e tend to display higher mutation frequencies above background.

e The statistical analysis identified 127 such genes

e The mutational significance in cancer (MuSiC) package was used to identify

e significant genes for both individual tumour types and the Pan-Cancer sample cohort.
[Dees et al. MuSiC: Identifying mutational significance in cancer genomes. Genome Res.
2012]

e These significantly mutated genes are involved in a wide range of cellular processes,
including transcription factors/regulators, histone modifiers, genome integrity, receptor
tyrosine kinase signalling, cell cycle, mitogen- activated protein kinases (MAPK)
signalling, phosphatidylinositol-3-OH kinase (PI(3)K) signalling, Wnt/b-catenin signalling,
histones, ubiquitin- mediated proteolysis, and splicing (Fig. 2).

Supplementary Data, Table 4
e globally significant, frequency >= 1% for glioblastoma multiforme (GBM): 46
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Use g:Profiler to obtain pathway enrichment results for GBM driver genes

1. Go to g:Profiler website at http://biit.cs.ut.ee/gprofiler/
2. You need to use the archived version as the recently updated g:Profiler interface does
not include some important parameters we use.

g . P roﬁ 1 e I Contact Documentation AP| FAQ Cite g:Profiler Archives Beta version

We have updated g:Profiler to enable development of new features and integration of new datasources. With the inclusion of Wormbase ParaSite, this release has the highest
number of species to date.

The database versions in this release are:
* Ensembl 94
* Ensembl Genomes 41
* Wormbase ParaSite 11
New sources for gene annotations are:
* miRTarBase
* WikiPathways

You can use the archived previous version of g:Profiler at https://biit.cs.ut.ee/gprofiler_archive2/r1760_e93_eg40/web/
For feedback and comments, please use the contact page or email biit.support@ut.ee

close |EIGE]

3. Onthe archived site, first set the parameters and filter gene sets to be analyzed:

Options ﬁe Ontology @ Biological process "] Cellular component (") Molecular function

Organism
Homo sapiens s Significant only a Inferred from experiment [IDA, IPI, IMP, IGI, IEP]
Query (genes, proteins, probes) Ordered query B Direct assay [IDA] / Mutant phenotype [IMP]
PTEN b E@  Genetic interaction [IGI] / Physical interaction [IPI]
53 Crvromosomal reglons Inferred from High Throughput Experiment [HDA, HMP, HGI, HEP]
FR Hierarchical sorting B High Throughput Direct Assay [HDA] / High Throughput Mutant Phen HMP
Hierarchical filtering l¢] roughput Dire ssay [ ] / Higl oughput Mutant Phenotype [ ]
PIK3R1 Show all terms (no filtering) & BB High Throughput Genetic interaction [HGI] / High Throughput Expression pattern [HEP]
;IFKIBCA Output type . FE] ﬂTraceable author [TAS] / Non-traceable author [NAS] / Inferred by curator [IC]
RB1 Graphical (PNG) s E - _\ Expression pattern [IEP] / Sequence or structural similarity [ISS] / Genomic context [IGC]
ATRX Hide advanced options 124 54 5 sequence Model 1/ Sequence Alignment [ISA] / Sequence Orthology [ISO]
Measure underrepresentation BafRd| Biological aspect stor [IBA] / Rapid divergence [IRD]
or Term ID: —IGene list as a stat. background B Rreviewed computati lysis [RCA] / Electronic annotation [IEA]

g:Profile! A Clea 1.00 User p-value | No biological data [ND] annotated or not in background [NA]
X Example or ra & Size of functional category - | Biological pathways ("] KEGG @ Reactome
g:Profiler version beta. VO ° N S

10 +J| 500 + ] - | Regulatory motifs in DNA ") TRANSFAC TFBS [ miRTarBase
Size of query / term intersection = =

z 1ze ofqu v/ ! Protein databases (| Human Protein Atlas ] CORUM protein complexes

:

Numeric IDs treated as @ Human Phenotype Ontology (sequence homologs in other species)

ENTREZGENE_ACC v
Significance threshold

g:SCS threshold v

Nous

Statistical domain size
Only annotated genes %
Download g:Profiler data as GMT:
ENSG, name

Use Ordered Query option because the input genes are ordered according to p-value.
Paste brain cancer gene list (glioblastoma, GBM) into Query box (Genelist_GBM.txt).
Press g:Profile to start the analysis.

Scroll down to see significantly enriched pathways and processes. Scroll right to see

gene annotations of GO processes (colored) and Reactome pathways (black; scroll
further down).
8. Repeat the analysis for kidney cancer genes (KIRC) (Genelist_KIRC.txt) (optional).
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source  term name term 1D n.of n.of n.of corrected a 102258529 § B3F2F % 2

Gene Ontology (Biological process) tern guery  common p-value 28358~ a =50%hL é 8345 d
genes  genes  genes i MEe o

BP cell cycle checkpoint G0 :0000075 196 37 6 2.53e-03 ﬂ?

BP DNA integrity checkpoint 560:0031570 146 37 5 1.10e-02 F

BP DNA damage checkpoint 50 :0000077 136 37 5 7.80e-03 W

BP signal transduction involved in cell cycle checkpoint G0:0072395 73 37 4 1.44e-02 W

BP signal transduction involved in DNA integrity checkpoint G0:0072401 72 37 4 1.36e-02 ﬂ?

BP signal transduction by p53 class mediator 560:0072331 200 37 8 5.26e-06 E] ﬂl

BP regulation of signal transduction by p53 class mediator 60:1901796 115 30 6 2.77e-05 ﬂ

BP signal transduction in response to ONA damage G0:0042770 124 37 6 1.72e-04 E

BP DNA damage response, signal transduction by p53 class mediator G0:0030330 101 37 6 5.04e-05 ﬂ

BP signal transduction involved in DNA damage checkpoint 60:0072422 72 37 4 1.36e-02 ﬂr

BP cellular response to external stimulus G0:0071496 196 38 6 2.99e-03 E

Browse results:
1. Click on numbers in the column n. of common genes to find genes that are part of a
given process.
2. Uncheck checkbox Hierarchical sorting and run g:Profiler again to reveal ranking of
results by corrected p-value. Note that many top results are very similar to each other.

g:Convert — gene ID conversion:
g:GOSt Gene Group Functional Profiling
P rOfI I e r g:Cocoa Compact Compare of Annotations
g:Convert Gene ID Converter <:|
g:Sorter Expression Similarity Search

g:0rth Orthology search
Welcome! | Contact | FAQ | R / APIs | Beta | Archive || g:SNPense Convert rsID

1. Paste the same gene list from Genelist_GBM.txt into the Query box.

2. Inthe Target Database list, select the desired type of gene/protein identifiers, for
example UNIPROTSWISSPROT. Click Convert IDs to continue.

3. This tool helps convert many types of gene and protein IDs. Note that many types of IDs
can be mixed in g:Profiler and conversion is usually not needed.

Steps in g:Profiler for Enrichment Map construction (# Click on the g:GOSt tab):

g:GOSt Gene Group Functional Profiling

P rofi | e r g:Cocoa Compact Compare of Annotations

g:Convert Gene ID Converter
g:0rth Orthology search
Welcome! | Contact | FAQ | R / APIs | Beta | Archive || g:SNPense Convert rsID

Set Output Type to Generic Enrichment Map (TAB).

Click on g:Profile to run GBM analysis again (steps 2-5 on previous page).

Right-click on Download data in Generic Enrichment Map (GEM) format to save the file.

Browse the downloaded file in a text editor. Note lists of genes in the rightmost column.

These genes are part of the input list and also the pathway. These genes are responsible

for the given pathway enrichment.

5. At the bottom of Advanced Options, find Download g:Profiler data as GMT and right-
click the link name to save the zip file with gene-set annotations.

6. From the zip file, you will need the file hsapiens.pathways.NAME.gmt

(# Since we already have this file in the original workshop dataset at

hsapiens.pathways.NAME.gmt, we don’t need this download step; it is still worth

checking where the download link is located in g:Profiler).

Ll
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Building an Enrichment Map visualization in Cytoscape
1. Start Cytoscape
2. From the main menu, select Apps>EnrichmentMap.

a. if you are the first-time Cytoscape user, click on the App manager tab. Choose
EnrichmentMap from the second column and click on install button. Then select
Apps>EnrichmentMap from main menu once you have done that.

Click ‘+” to start new analysis.

4. Set up GBM analysis by filling the form:

a. Generic/gProfiler for Analysis Type,

b. g:Profiler pathway enrichment results for Enrichments (e.g.,
gprofiler_results_GBM.txt),

c. pathways file for GMT (e.qg., hsapiens.pathways.NAME.gmt).

d. Set Name to GBM analysis.

5. Then click checkbox Show Advanced Options and set Cutoff to 0.6. Cutoff determines
how dense the network is and ranges between 0 and 1. Higher numbers mean that
more edges between similar pathways are removed (two pathways are ‘similar’ if they
share many genes).

a. Optionally, try building enrichment maps with varying parameters (0.2, 0.4, 0.6).

6. Click Build.

w
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[ NON ] Create Enrichment Map

Data Sets: \EI + *Name: GBM analysis

[ Common Files (included in all data sets)

alysis Type: Generic/gProfiler
[2) GBM analysis (Generic/gProfiler) 5 M g B

*Enrichments: ta/Modulel__B_data_from_gProfiler/gprofiler_results_GBM.txt
*GMT: :r/gprofiler_hsapiens.NAME.gmt/hsapiens.pathways.NAME.gmt
Ranks:

Expressions:

Classes:
Phenotypes: Positive: UP Negative: DOWN
Network Name: Use Default
Number of Nodes (gene-set filtering) Number of Edges (gene-set similarity filtering)
Filter genes by expressions: Data Set Edges: Automatic
FDR g-value cutoff: 0.1
Cutoff: 0.6

p-value cutoff: 1.0

NES (GSEA only): All Metric: Jaccard+Overlap Combined B

Jaccard (50%) +  Overlap (50%)

Filter by minimum experiments:

Minimum experiments:

| Scientific Notation Sh vanced Options

Reset Cancel

7. Enrichment map diagram will be generated. Use mouse to browse and zoom using
buttons above. @ Q @,

8. Try the checkbox Publication-Ready on the left bottom Style submenu. This will remove
node labels and allow you to annotate major functional themes for every subnetwork.

Style

Chart Data: Q-value (FDR) Columns

Chart Type:  Radial Heat Map

C lors: | | RdBu-3 B

| Show Chart Labels
Publication-Ready

Set Signature Edge Width... <
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[ XoN ) Session: New Session

3 4, ¥ ~
o =B < m [ Q (?)
Control Panel v Ox
< EnrichmentMap
GBM analysis B +
Filter
Node Cutoff:  P-value @ Q-value
. 0.1
o [ [ sister chro e
0.0 0.1 regulation of .ubule—based ister ‘ g1
Tt p
Edge Cutoff (Similarity): microtol eleton mitotic s|‘
. 0.6 (] seg
Vi prinen Jrnn [reven | mitotic spin.rgamzauon
0.6 0.8 1.0 keleton
. regulation jcrotubule X . e
Data Sets: Select None cy(oskelel‘ﬂﬂlﬂ&(leﬂ of 5!.&1559 tgieleton - S
organization.i ed in i B
GBM analysis 30¢ 9apl WFSP‘ assen
lati f I I
regulation of oucrEaVn "eon o .'d g dssemply
orgal tion
i
T
regulation ofgmitotic spindle
ass ly
spundl.emb
Add Signature Gene Sets... RS
T romu raca peza
s EE B analysis ? HN@ &
Table Panel v Ox%x

Chart Data: Q-value (FDR) Columns B

Chart Type: Radial Heat Map B
ChartColors: | [0 RdBu-3 B
| Show Chart Labels

" Publication-Ready

Set Signature Edge Width... &

? About Clo

Node Table  Edge Table  Network Table
& = @ Memory

9. Export network to PDF (menu File > Export > Network as Image). Zoom out the network
to capture it entirely in the PDF.

10. Review input files using a text editor or spreadsheet software
(hsapiens.pathways.NAME.gmt and gprofiler_results_GBM.txt).

11. The GMT file contains one process or pathway per row. Open in a text editor.

[ NON J | hsapiens.pathways.NAME.gmt

gprofiler_results_GBM.txt | hsapiens.pathways.NAME.gmt

G0:0046950 cellular ketone body metabolic process HMGCLL1 SLC27A5 BDH2 BDH1 HMGCL
OXCT1 HMGCS2 O0XCT2  ACAT1  ACSS3

o

REAC:R-HSA-4086398 Ca2+ pathway PRKG2  GNB2 NLK ITPR1  GNB4 GNG5 MAP3K7 AGO4

AACS

FZD3 PRKG1  AGO3 GNG2 TCF7 PRKCA  WNT5A  PPP3CB PDE6G GNAT2  CTNNB1 MOV1e

FZD4 TNRC6B PLCB3  LEF1 GNB1 NFATC1 FZD2 TCF7L1 PLCB1  FZD6 PDE6A  GNB3
PLCB2 CAMK2A GNG4 AGO2 TNRC6A  GNB5 TNRC6C WNT11l GNAO1  GNG8 TCF7L2  GNG7

PPP3R1 PDE6B  GNG3 PPP3CA GNGT1 GNGT2 GNG12 GNG13  CALM1 GNG1l AGOl GNG10

ITPR2 ITPR3  FZD5

w

G0:1990765 colon smooth muscle contraction KIT
G0:0060611 mammary gland fat development  CSF1

w
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G0:0050917 sensory perception of umami taste GNAT3 ITPR3 TAS1R1 TAS1R3 GNAT1  CALHM1



12. The enrichment text file contains info on enriched pathways. Open in a spreadsheet
software like MS Excel.

® i v
Home Insert Page Layout Formulas Data Review View
=) Cut —_— p— pr—
u‘: S X cu Calibri (Body) + 12 v A=~ Av = | = | =9 Wrap
L Copy ~ 4
Paste U ~ v & v Ay = = = &= 9= -
¢’ Format B I Y - SIS I=IEET= Merg
Al . fx Go.ID
A B C D E E G H |
1 |GO.ID .IDescription p.Val FDR Phenotype Genes
2 GO:0061564 axon develop  2.00E-02 2.00E-02 1 EPHAS3,PIK3CA,PIK3R1,BRAF,PTEN,PTPN11
3 GO:0007405 axonogenesi 2.07€E-02 2.07E-02 1 PIK3CA,PIK3R1,BRAF,PTEN,PTPN11
4 (G0:0051348 negative reg 6.26E-04 6.26E-04 1 RPL5,RB1,TP53,PTEN,NF1
5 GO:0006310 DNA recomb  2.60E-03 2.60E-03 1 BRCA1,POLQ,ATRX,BRCA2,ATM,SETD2
6 GO0:2001020 regulationof  1.39E-03 1.39E-03 1 BRCA1,POLQ,EGFR,ATM,ATR,SETD2
7 G0:2001022 positive regu  1.60E-02 1.60E-02 1 BRCALEGFR,ATM,ATR
8 G0:0030258 lipid modific ~ 7.30E-03 7.30E-03 1 PIK3CA,PIK3R1,PTEN

13. Annotate the GBM enrichment map by highlighting biological themes of subnetworks.
The full network with all pathway names annotated at nodes is usually too busy to be
useful in a publication. Therefore, we recommend removing individual pathway labels
and only showing labels for entire groups (subnetworks) of similar pathways. Labelling
groups is best achieved manually, based on your expert knowledge of the biology and
experimental details. Annotation can be also done automatically using the
AutoAnnotate2 app in Cytoscape (your mileage may vary).

14. Build another enrichment map for kidney cancer genes (KIRC) (optional).
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