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Figure 1: An overview of the flow of information from DNA to protein in a eukaryote

First, both coding and noncoding regions of DNA are transcribed into mRNA. Some regions are
removed (introns) during initial mMRNA processing. The remaining exons are then spliced together,
and the spliced mRNA molecule (red) is prepared for export out of the nucleus through addition of
an endcap (sphere) and a polyA tail. Once in the cytoplasm, the mRNA can be used to construct a
protein.

© 2010 Nature Education All rights reserved. &



Gene expression and regulation

* Differentially expressed
 Different cell types (muscle cells, fibroblasts)

* Environmental conditions (heat shock, nutrient
deprivation)

* Developmental phases (embryonic day 12)
Cell-cycle stages (s phase) ®

* Disease states (tumor cells, virus-infected cells) ( | )
s : : : o ®
* Transcription level (primarily regulation ——

* Determine the number of mRNA copies

ISPy




Evolution of transcriptomics technologies
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Traditional analysis-1 = = b
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& NCBI Resources () How To (¥)

PmeEd.gﬂy " PubMed ] GNAQ

Eumal Im:tiull.aa a‘f’f Hm:h [IRSS Savesearch Advanced

Show additional filters Display Settings: [~] Summary, 20 per page, Sorted by Recently A
Article es

Reuiewwp See 225 articles about GNAQ gene function

More See also: GNAQ guanine nuclectide binding protein (G protein), ¢

gnagq in Homo sapiens | Mus musculus | Rattus norvegicus | All

Text availability

Abstract available Results:1to 20 of 114

Free full text available

Full text available [ Sturge-Weber Syndrome and Port-Wine Stains Caused b
1. Shirley MD, Tang H, Gallione CJ, Baugher JD, Frelin LP,

Publication AM, Pevsner J.

dates .-

aay 8. [Epub ahead of print]
O years ,/“'f'ﬂed—assupplied by publisher]

to Gary Bader



High throughput data
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Traditional analysis-2

Gene 1

Apoptosis

Cell-ce
Protein
Mitosis

Gene 2
Growth control

After searching all information about
these 100 genes, it is still difficult to
know which biological processes are
most significantly altered.

Mitosis
Oncoge
Protein

Gene 3
Growth control
Mitosis

Onco Gene 4

Prote Pregency
Cell-cell s

Oncogen
Mitosis

Gene 100

Cell proliferation (Pos. ctrl)
Glucose transport

Protein phosphorylation
Oncogenesis







go Gene Ontology Consortium

Gene Ontology (GO)

the framework for the model of biology. The GO defines
concepts/classes used to describe gene function, and
relationships between these concepts. It classifies
functions along three aspects:

* molecular function(what) &5 ==
molecular activities of gene products E [==
 cellular component(where)
where gene products are active

* biological process(why)

pathways and larger processes made up of the activities of
multiple gene products.

www.geneontology.org



GO annotations =
* the model of biology. |

* Annotations are statements /’M .

describing the functions of \// \/,/
specific genes, using concepts
in the Gene Ontology. N —
* The simplest and most e N
common annotation links one \ /
gene to one function, e.g. |
FZD4 + Wnt signaling pathway. \/’/‘
Each statement is based on a
specified piece of evidence. T



Evidence Code of GO

Experimental Curated non-experimental annotations
annOtatlonS (EXP) Inferred from Sequence or Structural
Similarity (1SS)

* Inferred from Sequence Orthology (1S0)
Inferred from Direct Assay (IDA) « Inferred from Sequence Alignment (ISA) Non-traceable Author Statement (NAS)

* Inferred from Sequence Maodel (ISM)

Mo biological Data available (ND

Inferred from Mutant Phenatype (IMP) Inferred from Phylogenetic Evidence

+ Inferred from Biological aspect of
Ancestor (IBA)

Inferred by Curator (IC)
« Inferred from Biological aspect of

Inferred from Genetic Interaction (IGl) Descendant (IBD) AU tO mati Cal Iy aSSig ned

* Inferred from Key Residues (IKR)

+ Inferred from Rapid Divergence (IRD) ann Otati ons

Inferred from Expression Pattern (IEP) Inferred from Reviewed Computational Inferred from Electronic Annotation (IEA)
Analysis (RCA)

http://geneontology.org/page/guide-go-evidence-codes



Gene Ontology Consortium

Enrichment
analysis

Your gene IDs here...

biological process ¥

ar

Homo sapiens

Help
Powered by PANTHER

Statistics

IIII...II----_

Other GOC
tools

Explore other GOC tools in the
AmMIGO software suite.

2]v] fl

Tweets about "#geneontology OR
@news4go

Home Documentation - Downloads ~ Tools - About ~

Gene Ontology Consortium

Search GO data

Search for terms and gene products...
Search

Ontology Annotations

Filter classes Download annotations (standard files)

Download ontology Filter and download (customizable files

100K li
Gene Ontology: the framework for < nes)

the model of bioclogy. The GO
defines concepts/clagses used to
describe gene function, and
relationships between these
concepts. It classifies functions
along three aspects:

GO annotations: the model of
biclogy. Annotations are statements
describing the functions of specific
genes, using concepts in the Gene
Ontology. The simplest and most
common annotation links one gene
to one function, e.g. FZD4 + Wnt
signaling pathway. Each statement
is based on a specified piece of
evidence. more

molecular function

molecular activities of gene products
cellular component

where gene products are active
biological process

pathways and larger processes
made up of the activities of multiple
gene products.

more

Recent news

UCL Functional Gene Annotation Newsletter

Post date: 09/03/2018 - 06:52

Cardiovascular Gene Ontology Annotation Newsletter July 2018
Post date: 07/31/2018 - 06:58

Announcement: Change in GO xrefs to Reactome

Post date: 07/02/2018 - 14:49

Neurological Gene Ontology Annotation Newsletter July 2018
Post date: 06/29/2018 - 09:33

MNow in pre-print: Article introducing the microRNA GO annotation resource from
University College London

Post date: 06/14/2018 - 02:01

more

Contact us

The mission of the GO Consortium Is to
develop an up-to-date, comprehensive,
computational model of biological
systems, from the molecular level to
larger pathways, cellular and organism-
level systems. more

Search
documentation

earch Q

What is the Gene
Ontology?

An introduction to the Gene
Ontology

\What are annotations?
Enrichment analysis
Downloads

http://www.geneontology.org/



Grouping Genes by Biological Process

Apoptosis
Genel
Gene 23

Mitosis
Gene 3
Gene 26
Gene 45
Gene 68

Glucose transport
Gene 5

Gene 9

Gene 11

Gene 35

Gene 66

Gene 79

Protein phosphorylation
Gene 7

Gene 12

Gene 19

Gene 33

Cell-cell signaling
Gene 16

Gene 238

Gene 87

Cell proliferation
Gene 54
Gene 63
Gene 75
Gene 98
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CFl
MMP1
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Defense response

Immune response

Response to stimulus

Toll regulated genes

JAK-STAT regulated genes

Amino acid catabolism Lipid
metobolism

Protein catabloism

Peptidase activity

Immune response

After GO
annotation



ere has to be another transeript.
In the alternative splicing events, | see L
transcripts]
Where is the FOURTH ONE?

- B

www.biocomicals.com

How to spot biological functions
embedded in a gene list?



Pathway and Network Analysis

* Helps gain mechanistic insight into ‘omics data
 |dentifying a master regulator, drug targets,
characterizing pathways active in a sample

* Any type of analysis that involves pathway or
network information

* Most commonly applied to help interpret lists of
genes

* Most popular type is pathway enrichment analysis,
but many others are useful




Pathways vs. Networks

EGFR-centered EGFR-centered
Pathway Network

=

EGF:EGFR -
dimer ™

- Detailed, high-confidence consensus - Simplified cellular logic, noisy
- Biochemical reactions - Abstractions: directed, undirected
- Small-scale, fewer genes - Large-scale, genome-wide

- Concentrated from decades of literature - Constructed from omics data integration

@ to Gary Bader



Pathway analysis workflow overview

Normalize and .
: Learn about underlying
Cell s geeliles I FHEE (=g ; Generate ) cellular mechanism
data (e.g. F“RNA (_:omput_e gene list using pathway and
expression) differential network analvsis
expression) - '-_yr
T — - - ’
—-—
-— -
- |
— ot
Visualize and ldentify Drill down to Publish model

interesting pathways | understand molecular —p»
and networks mechanism

explaining
data

@ to Gary Bader



What's the reality in living cells: Signaling Pathways
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What's the reality in living cells: Cellular Metabolisms
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What'’s the reality in living cells: Chemical Reactions

Glycolysis pathways



GG KEGG: Kyoto Encyclopedia of Genes and Genomes
Kanehisa Laboratories since 1995

* Manually create a knowledge base for such systemic functions by capturing and summarizing experimental
knowledge in computable forms.

* To develop and improve the cross-species (ortholog-based) annotation procedure for linking genomes to the
molecular networks.

* KEGG is a database of biological systems which contains:
* Molecular building blocks of genes and proteins (Genomic information)
* Chemical building blocks of both endogenous and exogenous substances (Chemical information)

* Integrated with the knowledge on molecular wiring diagrams of interaction, reaction and relation
networks (Systems information)

* KEGG provides a reference knowledge base for linking genomes to biological systems and also to
environments by the processes of PATHWAY mapping and BRITE mapping.

| Basic principles in natural sciences

1 Practical applications for use in society [ I
Disease genas, L Imaging probeas,

Drug targets, etc, | ¥ Drug leads, etc

— - -, t
't s Molecular systems 7 *

DISEASE /| DRUG
PATHWAY |/ BRITE
Systems information
< =
Screening 7 _A@ AT Sereening
L. \ ~
LIGAND
Chemical infarmation

N /" Molecular building blocks =
) f’ \

Genomic space Chemical space
(Genome, Transcriplome, Proteome, Metagenome) {Metabolome, Glycome, Chemical genome)


http://www.kanehisa.jp/

KEGG is an integrated database resource consisting of the
sixteen main databases subdivided into four categories

The KEGG Database

Current statistics

KEGG Database as of 2016/10/19

Systems information

KEGG PATHWAY  Pathway maps, reference (total)

KEGG BRITE Functional hierarchies, reference (total)
KEGG MODULE KEGG modules, reference (total)
Genomic information

KEGG ORTHOLOGY KEGG Orthology (KO) groups

KEGG GEMOME KEGG Organisms and selected viruses
(346 eukaryotes, 3900 bacteria, 231 archaea,
and 317 viruses)

KEGG GEMES Genes in KEGG Organisms and other categories
{including 3,666 addendum, 273,878 viral)
KEGG 55DB Best hit relations within GENES

Bi-directional best hit relations within GENES
Chemical information
KEGG COMPOUND Metabolites and other small molecules

Category Database Content Color
Syet KEGG PATHWAY KEGG pathway maps
ystems S — . .
formatio I TE BRITE hierarchies and tables K[sg
KEGG MODULE KEGG modules
KEGG ORTHOLOGY (KO)|Functional orthologs [[cc
Genomic | yFGG GENOME KEGG organisms (complete genomes)
information . .
EGG GEN Genes and proteins K[GG
G GEMES sequence similarity
Small molecules
chemical Glycans
emica . . ,
nformatior B|ochfa-m|cal reactions K[sg
E( Reaction class
\KEGG /Enzvme nemenclature
CE" G DISEASE Human diseases
Health KEGG DRUG Drugs [bc
information KEGG DGROUP Drug groups
KEGG ENVIRON Health-related substances

Chemical information category is collectively called KEGG LIGAND

Health information category integrated with drug labels is called KEGG MEDICUS

KEGG GLYCAN
KEGG REACTION
KEGG RCLASS
KEGG ENZYME

Health information

KEGG DISEASE
KEGG DRUG

KEGG DGROUP
KEGG ENVIRON

Glycans

Bicchemical reactions
Reaction class
Enzyme nomenclature

Human diseases

Drugs

Drug groups

Crude drugs and health-related substances

Pathway modules are subnetworks that are tighter functional units compared to pathway entries

498 (468,038)
231 (167,774)
764 (380,925)

20,206
4,794

20,355,507

140,805,107,162
8,438,042,641

17,776
10,994
10,287
3,066
6,791

1,669
10,264
1,923
850
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Eypip Encyclopedin of
Gesesand Ganomes
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KEGG Object Identifier

KEGG objects are biological entities from molecular to higher levels that are represented as database
entries in KEGG, such as genes and protein, small molecules, reactions, pathways, diseases and drugs.

The KEGG object identifer or simply the KEGG identifier (kid) is a unique identifier for each
KEGG object, which is also the database entry identifier. Generally it takes the form of a prefix

followed a five-digit number as shown below:

Database

KEGG PATHWAY

KEGG BRITE

KEGG MODULE

KEGG ORTHOLOGY

KEGG GENOME

KEGG GENES

KEGG COMPOUND

KEGG GLYCAN

KEGG REACTION

KEGG RCLASS

KEGG ENZYME

KEGG DISEASE

KEGG DRUG

KEGG DGROUP

KEGG ENVIRON

Object

Pathway map

Functional hierarchy

KEGG module
KO

KEGG organism
Gene / protein
Small molecule
Glycan
Reaction

Reaction class
Enzyme
Human disease
Drug

Drug group

Crude drug, etc.

Prefix

map, ko, ec, rn, (org)

br, jp, ko, (org)
M, (org)_M
K

T

Example

hsa04930

ko01003
M00010

K04527

101001 (hsa)
hsa:3643
C00031
G00109
R00259

RC00046
ec:2.7.10.1
HO00004
D01441
DG00710

E00048

Each database entry is a
KEGG object

IDs for specific data types

Use in KEGG or even in
Google!


http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg-bin/show_pathway?hsa04930
http://www.genome.jp/kegg/brite.html
http://www.genome.jp/kegg-bin/get_htext?ko01003
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http://www.kegg.jp
KEGG v Search Help

» Japanese
KEGG Home KEGG: Kyoto Encyclopedia of Genes and Genomes
Release notes
Current statistics . i . ] .
Plea from KEGG KEGG is a database resocurce for understanding high-level functions and utilities of
the biclegical system, such as the cell, the organism and the ecosystem, from
KEGG Database molecular-level information, especially large-scale molecular datasets generated by
KEGG overview genome sequencing and other high-throughput experimental technelogies.
Searching KEGG See Release notes (October 1, 2016) for new and updated features.
KEGG mapping
Color codes & Main entry point to the KEGG web service
KEGG Objects KEGG2 KEGG Table of Contents [Update notes]
Ea.l;h"'::.""r maE:c. & Data-oriented entry points —
rite hierarchies . .
KEGG PATHWAY  KEGG pathway maps & Subject-oriented
KEGG Software KEGG BRITE BRITE hierarchies and tables entry points
KegTools KEGG MODULE KEGG modules KEGG Cancer
Egﬁ‘i e KEGG ORTHOLOGY KO functional orthologs KEGG Pathogen
KEGG GENOME Genomes [Release history] KEGG Virus
KEGG FTP KEGG GENES Genes and proteins KEGG Plant
Subscription KEGG COMPOUND Small molecules KEGG Annotation
KEGG GLYCAN  Glycans KEGG RModule
GenomeNet KEGG REACTION  Bicchemical reactions =
DBGET/LinkDB KEGG ENZYME Enzyme nomenclature
KEGG DISEASE Human diseases
Feedback KEGG DRUG Drugs
. KEGG MEDICUS Health information resource [Drug labels search]
Kanehisa Labs
&' Organism-specific entry points
KEGG Organisms  Enpter org code(s) Go | hsa hsaeco -
& Analysis tools
KEGG Mapper KEGG PATHWAY/BRITE/MODULE mapping tools
BlastKOALA Genome annctation and KEGG mapping
GhostKOALA Metagenome annotation and KEGG mapping
BLAST/FASTA Sequence similarity search
SIMCOMP Chemical structure similarity search
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Main database
entry points


http://www.kegg.jp/kegg/

KEGG - Table of Contents

KEGG database: Table of contents

Menu PATHWAY BRITE MODULE KO GENOME GENES LIGAND DISEASE DRUG DBGET

Search | KEGG v for | Go || Clear |
Data-oriented entry pol
. .

Systems information
Systems KEGG PATHWAY  KEGG pathway maps PATHWAY
information KEGG BRITE BRITE hierarchies and tables BRITE

. . . KEGG MODULE KEGG modules MODULE
Genomic information o e oy Funcnl s oo
Gi"""“‘g KEGG GENOME KEGG organisms (complete genomes) GENOME
infermation KEGG GENES Genes and proteins GENES
C h H I M4 f t H KEGG SSDB GENES sequence similarity
e l I I I Ca I n O rl I I a IO n Chemical KEGG COMPOUND  Small molecules COMPOUND
e ion KEGG GLYCAN Glycans GLYCAN
(KEGG LIGAND) KEGG REACTION Reactions and reaction classes REACTION RCLASS
. . KEGG ENZYME Enzyme nomenclature ENZYME
Health information T y—
Health KEGG DRUG Drugs and drug groups DRUG DGROUP
information KEGG ENVIRON Health related substances ENVIRON
Japanese drug labels (JAPIC)

KEGE MEDICUS FDA drug labels (DailyMed)

KEGG is developed by Kanehisa Laboratories. See Kanehisa et al. (2016) for updates of KEGG.

Subject-oriented entry points

. . . KEGG Cancer Cancer research
KEGG Pathogen Infectious diseases, pathogens and antimicrobial resistance
upject-oriented entry points
KEGG Plant Plant research
KEGG Glycan Glycobiology research
KEGG Annotation KO annotation of genes and proteins
KEGG RModule Architecture of metabolic networks

Organism-specific entry points

> Select | Grganism | [Go | [ Clear | (examples) hsa mmu sce eco bsu syn

Organism group Genome
Animals
Plants
Fungl | Genus level |Species level
Protists |pangenomes|pangenom

Eukaryotes
KEGG organisms

Bacteria

prokaryotes| ;35 &%

See KEGG GENOME for more details.

Web resources

KEGG Mapper Suite of KEGG mapping tools
KEGG Atlas Global map viewer

.
BlastkOALA Automatic KO annotation (K number assignment} of genomes
GhostKOALA Automatic KO annotation (K number assignment) of metagenomes

KEGG API REST-style AP for accessing KEGG database [document]
KEGG WebLinks REST-style URLs for accessing KEGG web pages [document]
KGML XML representation of KEGG pathways [document]

The following resources are developed and maintained by Kyoto University Bicinformatics Center
as part of its GenomeNet service.

KEGG database extel

ions

KEGG MGENOME Metagenomes [DBGET]

* Access to KEGG data via “Entry Points” e S

Computationally generated ortholog clusters

tools for comp y

° M BLAST/FASTA Sequence similarity search
associated tools v s
GENIES Gene netwerk prediction

SIMCOMP/SUBCOMP  Chemical structure similarity search
KCaM Glycan structure similarity search

. PathComp Possible reaction path computation
[ J n a S I S to 0 S PathSearch Similar reaction path search
pathpred Reaction pathway prediction
E-zyme Enzymatic reaction prediction
DINIES Drug-target interaction network prediction

[ ] SOftwa re d eve I O p e rS DBGET/LInkDB retrieval system

DBGET - for keyword search of KEGG and other databases
LinkDB - for searching outside databases linked from KEGG [list of outside databases]

http://www.kegg.jp/kegg/kegg2.html

KEGG GenomeNet Kanehisa Laboratories



KEGG database: Data-oriented entry points

Category Entry Point Content DBGET Search
Systems :..-"""I{EGG PATHWAY KEGG pathway maps PATHWAY
i formation . KEGG BRITE BRITE hierarchies and tables BRITE

: KEGG MODULE KEGG modules MODULE

KO (KEGG Orthology)! Functional orthologs ORTHOLOGY
!E-?nc:mls KEGG GENOME KEGG organisms (complete genomes) GEMOME
nTOrmation 4 kEGG GENES Genes and proteins GENES

. KEGG S55DB GEMES sequence similarity
Chemical KEGG COMPOUND Small molecules COMPOUND
information . KEGG GLYCAN Glycans GLYCAN

(KEGG LIGAND):

. KEGG REACTION
KEGG ENZYME

Reactions and reaction classes
Enzyme nomenclature

REACTION RCLASS
ENZYME

. KEGG DISEASE

Health
information

. KEGG DRUG
. KEGG ENVIRON

., KEGG MEDICUS |

Human diseases

Drugs and drug groups
Health related substances
Japanese drug labels (JAPIC)
FDA drug labels (DailyMed)

DISEASE
DRUG DGROUP
ENVIRON

KEGG is developed by Kanehisa Laboratories. See Kanehisa et al, (2016) for updates of KEGG.

Total 15 main databases subdivided into four categories



KEGG PATHWAY Database

Wiring diagrams of molecular interactions, reactions, and relations

Menu PATHWAY BRITE MODULE KO GENOME GENES LIGAND DISEASE DRUG DBGET

Select prefix Enter keywords

map | Organism Search by key words Go | Help

[ New pathway maps | Update history ]
Pathway Maps

KEGG PATHWAY is a collection of manually drawn pathway maps representing our knowledge on the
maolecular interaction and reaction networks for:

1. Metabolism
Global/overview Carbohydrate Energy Lipid Nucleotide Amino acid Other amino Glycan
Cofactor/vitamin Terpencid/PK Other secondary metabolite Xenobiotics Chemical structure

. Genetic Information Processing

. Environmental Information Processing

. Cellular Processes

. Organismal Systems

. Human Diseases

=y R R N

and also on the structure relationships (KEGG drug structure maps) in:

7. Drug Development



Definition of KEGG symbols

Objects Arrows
gene product, mostly . . )
|:| protein but including RNA — molecular interaction or relation
 — link to another map
o) other molecule, mastly
chemical compound — pointer used in legend
D another map +>- missing interaction (2g., by mutation)
Protein-protein interactions Gene expression relations
T I e I U Lol expression
[ "1 pnosphoryiation [ bro> ]

%

+1
[ T ubiquitiation [ e ] expression
+E
:l_":l glycosylation D__D indirect effect
4111
[ [ 1 metnyation
I:l_"'l:l activation I Enzyme-enzyme relations
:}_. R I |:] =0 |: p WO SUCCESSIVE
________ I;I - _mrﬂm_mj _— - reaction steps
I:}__"l:l indirect effect
[ F -] statechange

binding / association

| dissociation

complex




1 n

Partial list of metabolism pathways

Metabolism

1.1 Carbohydrate Metabolism

Glycolysis [/ Gluconeogenesis

Citrate cvcle (TCA cycle) |

Fentose phosphate pathiway

Pentose and glucuronate interconversions
Fructose and mannose metabolism
Galactose metabolism

Aszcorbate and aldarate metabolism
Starch and sucrose metabolism

Amino sugar and nuclectide sugar metabolism

Pyruwate metabolism

Glyowrylate and dicarboxylate metabolism
Propanoate metabolism

Butanoate metabolism

C5-Branched dibasic acid metabalism
Inositol phosphate metabolism

1.2 Energy Metabolism

Dxidative phosphorylation

Photosynthesis

Photosynthesis - antenna proteins

Carbon fisation in photosynthetic arganisms
Reductive carbosylate cycle (CO2 fixation)
Methane metabolism

Mitrogen metabalism

Sulfur metabaolism

1.3 Lipid Metabolism

Fatty acid biosynthesis

Fatty acid elongation in mitochondria

Fatty acid metabolism

Synthesis and degradation of ketone bodies
Steroid biosynthesis

Primary bile acid hiosynthesis

Secondary hile acid biosynthesis

22 1-Steroid hormone metabolism

Androgen and estrogen metabolism
Glycerolipid metabolism

1.4 Mucleotide Metabolism

Purine metabolism
Pyrimidine metabolism

1.5 Amino Acid Metabolism

&Alanine, aspartate and glutamate metabolism
Glycine, serine and threonine metabalism
Cysteine and methionine metabolism

Valine, leucine and isoleucine degradation
Valing, leucine and isoleucineg biosynthesis
Lysine biosynthesis

Lysine degradation

Arginine and proline metabolism

Histidine metabalism

Tyrosine metabolism

FPhenylalanine metabaolismm

Tryptophan metabolism

Phenylalanine, tyrosine and tryptophan biosynthesis

1.6 Metabolism of Other Amino Acids

beta-alanine metabolism

Taurine and hypotaurine metabolism
Aminophosphonate metabolism
Selenoarino acid metabolismm
Cyanoamino acid metabolism
D-Glutamine and D-glutamate metabolism
O-Arginine and D-ornithine metabolism
D-Alanine metabolism

Glutathione metabolism

1.7 Glycan Biosynthesis and Metabolism

MN-Glycan binsynthesis

High-rmannose type M-glycan biosynthesis
O-Glycan biosynthesis

C-Mannosyl glycan biosynthesis
Chondroitin sulfate hiosynthesis

Heparan sulfate biosynthesis

Keratan sulfate biosynthesis
Lipopolysaccharide biosynthesis
Peptidoglycan biosynthesis



5. Organismal Systems

5.1 Immune system

Hematopoietic cell lineage

Complement and coagulation cascades Major update!
Platelet activation

Toll-like receptor signaling pathway

NOD-like receptor signaling pathway
RIG-I-like receptor signaling pathway
Cytosolic DMA-sensing pathway

Matural killer cell mediated cytotoxicity
Antigen processing and presentation

T cell receptor signaling pathway

B cell receptor signaling pathway

Fc epsilon RI signaling pathway

Fc gamma R-mediated phagocytosis
Leukocyte transendothelial migration
Intestinal immune network for Iga production
Chemokine signaling pathway

5.2 Endocrine system

Insulin secretion

Insulin signaling pathway

Glucagon signaling pathway

Regulation of lipolysis in adipocytes
Adipocytokine signaling pathway

PPAR signaling pathway

GnRH signaling pathway

Ovarian steroidogenesis

Estrogen signaling pathway
Progesterone-mediated oocyte maturation
Prolactin signaling pathway

Oxvytocin signaling pathway

Thyroid hormone synthesis

Thyroid hormone signaling pathway
Melanogenesis

Renin secretion

Renin-angiotensin system

Aldosterone synthesis and secretion news

5.3 Circulatory system

Cardiac muscle contraction

Adrenergic signaling in cardiomyocytes

Vascular smooth muscle contraction
5.4 Digestive system

Salivary secretion

Gastric acid secretion

Pancreatic secretion

Bile secretion

Carbohydrate digestion and absorption

Protein digestion and absorption

Fat digestion and absorption

Vitamin digestion and absorption

Mineral absorption

5.5 Excretory system

Vasopressin-regulated water reabsorption
Aldosterone-regulated sodium reabsorption

Endocrine and other factor-regulated calcium reabsorption

Proximal tubule bicarbonate reclamation
Collecting duct acid secretion

5.6 Mervous system

Glutamatergic synapse

GABAergic synapse

Cheolinergic synapse

Dopaminergic synapse

Serotonergic synapse

Leng-term potentiation

Leng-term depression

Retrograde endocannabineid signaling
Synaptic vesicle cycle

Meuroctrophin signaling pathway

5.7 Sensory system

Phototransduction

Phototransduction - fly

Olfactory transduction

Taste transduction Major update!

Inflammatory mediator regulation of TRP channels

5.8 Development

Dorso-ventral axis formation
Axon guidance
Osteoclast differentiation

5.9 Aging

Longevity regulating pathway - mammal New!
Longevity regulating pathway - worm Aew/!
Lengevity regulating pathway - multiple species New!

5.10 Environmental adaptation

Circadian rhythm
Circadian entrainment
Circadian rhythm - fly
Circadian rhythm - plant
Plant-pathogen interaction



K[m Citrate cycle (TCA cycle) - Reference pathway (KO) Pathway description

[ Pathway menu | Organism menu | Pathway entry | Download KGML | Hide description | User data mapping ]

The citrate cycle (TCA cycle, Krebs cycle) is an important aerobic pathway for the final steps of the oxidation of
carbohydrates and fatty acids. The cycle starts with acetyl-Cod, the activated form of acetate, dernived from glycolysis and
pyruvate oxidation for carbohydrates and from beta oxidation of fatty acids. The two-carbon acetyl group in acetyl-CoA is
transferred to the four-carbon compound of oxaloacetate to form the six-carbon compound of citrate. In a series of
reactions two carbons in citrate are oxidized to C0O2 and the reaction pathway supplies NADH for use in the oxidative
phosphorylation and other metabolic processes. The pathway also supplies important precursor metabolites including 2-
oxoglutarate. At the end of the cycle the remaining four-carbon part is transformed back to oxaloacetate. According to the

genome seguence data, many organisms seem to lack genes for the full cycle [MD:M00009], but contain genes for specific
segments [MD:M0O0010 MOD011].

Acetyl-CoA «——— Glycolysis; fatty acid oxidation

Citli
Oxaloacetate Isocitrate
NADH sl .
- Citric 'NADH
acid |
Malate cycle a-Ketoglutarate
A |
Fumarate 'NADH
FADH, Succinyl-CoA
Succinate s
- GTP
http://www.genome.jp/kegg- Ll

bin/show_pathway?map=map00020&show_description=show

From Lehninger Biochem


http://www.genome.jp/kegg-bin/show_pathway?map=map00020&show_description=show
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EC Number

Enzyme
Group Reaction catalyzed Typical reaction example(s) with
trivial name
EC 1 To catalyze oxidation/reduction reactions; transferof Hand © | AH + B — A + BH (reduced) | Dehydrogenase,
Oxidoreductases | atoms or electrons from one substance to another A+ 0O — AD (oxidized) oxidase
EC 2 Transfer of a functional group from one substance to another. e aTE Transaminase,
Transferases | The group may be methyl-, acyl-, amino- or phosphate group - Kinase
EC 3 _ _ Lipase, amylase,
Formation of two products from a substrate by hydrolysis AB + H,O — AOH + BH _
Hydrolases peptidase
EC 4 Mon-hydrolytic addition or remowal of groups from substrates. | RCOCOOH — RCOH + CO, D boxvl
ecarboxylase
Lyases C-C, C-N, C-0 or C-5 bonds may be cleaved or [X-A-B-Y] — [A=B + X-Y] .
EC5 Intramolecule rearrangement, i.e. isomerization changes within
) ABC — BCA Isomerase, mutase
Isomerases a single molecule
EC& Join together two molecules by synthesis of new C-0, C-5, C-N | X + ¥+ ATP — XY + ADP + —
nthetase
Ligases or C-C bonds with simultaneous breakdown of ATP Fi .

EC 3 enzymes are hydrolases (enzymes that use water to break up some other molecule)
s EC 3.4 are hydrolases that act on peptide bonds
s« EC 3.4 11 are those hydrolases that cleave off the amino-terminal amino acid from a polypeptide

EC 3.4.11.4 are those that cleave off the amino-terminal end from a tripeptide

https://en.wikipedia.org/wiki/Enzyme_Commission_number



Kiee

ORTHOLOGY: K00163

Entry

Keale3 KO

Name

acek

Definition

pyruvate dehydrogenase E1 component [EC:1.2.4.1]

Pathway

kodaela
kobea2a
koBBs2a
kobl20@

Glycolysis / Gluconeogenesis
Citrate cycle (TCA cycle)
Pyruvate metabolism

Carbon metabolism

Module

Me@387 Pyruvate oxidation, pyruvate =» acetyl-CoA

Brite

KEGG Orthology (KO) [BR:kogeaal]
Metabolism
Overview
81288 Carbon metabolism
Keale3 aceE; pyruvate dehydrogenase E1
Carbohydrate metabolism
88010 Glycolysis / Gluconeogenesis
Keele3 aceE; pyruvate dehydrogenase E1
88820 Citrate cycle (TCA cycle)
Keele3 aceE; pyruvate dehydrogenase E1
88620 Pyruvate metabolism
Keele3 aceE; pyruvate dehydrogenase E1
KEGG modules [BR:ko@8682]
Pathway module
Carbohydrate and lipid metabolism
Central carbohydrate metabolism
Mee3a7 Pyruvate oxidation, pyruvate => acetyl-Coh
Keele3 aceE; pyruvate dehydrogenase E1 component
Enzymes [BR:koBlasa]
1. Oxidoreductases
1.2 Acting on the aldehyde or oxo group of donors
1.2.4 With a disulfide as acceptor
1.2.4.1 pyruvate dehydrogenase {(acetyl-transferring)
Keele3d a vate dehydrogenase E1 component

BRITE hierarchy

component

component
component

component

Other DBs

RN: RO8014 RO1693 RO3270
COG: COG2689
G0: Beoedy3o

Genes

ECO: b®Bll4{aceE)
EC): Jwelle(aceE)

ECD: ECDH1@B_@@94(aceE) Pyruvate

Pyruvate dehydrogenase
Help

All links

Ontology (5)

KEGG BRITE (3)
Go (1)
CoG (1)

Pathway (17)

KEGGE PATHWAY (16)
KEGG MODULE (1)
Chemical reaction (8)
KEGE EMZIYME (1)
KEGG REACTION (3)

KEGG RCLASS (4)

Gene (B1681)

KEGG GENES (1923)
KEGG MGEMES (565791}
RefGens (13945)
EGEMES (1)

ac (21)

Protein seguence (1329)
UniProt (1317)
SWISS-PROT (12)

Literature (1)

PubMed (1)
All databases (83@41)

Download RDF

CO,

CoA-SH .rPIa +

NAD" lipoate, NADH o  s.coA

\ FaD / X N’
pyruvate dehydrogenase |

complex (E, + E, + E3) CH;

Acetyl-CoA



BRITE hierarchies of pyruvate dehydrogenase
Search BRITE hierarchies

KEGE Orthology (KO) [BR:kco00001]
Metabolism

o T
WEEV1EW

11200 Carbeon metabolism [PATH:ko01200]
EN0led aceE; pyruvate dehydrogenase El component [EC:1.2.4.1]
Carbohydrate metabolism
10010 Glyeclyais / Gluccnecgenesis [PATH:keO0010]
aceE; pyruvate dehydrogenase El1 component [EC:1.2.
00020 Citrate cycle ({ICA cycle) [PAETH:kc00020]
a3 aceE; pyruvate dehyvdrogenase El component [EC:1.2.4.1
10620 Pyruvate metabolism [PATH: kcOO&20]

=L T

-

i L

Sl

El0las aceE; pyruvate dehyvdrogenase El compeonent [EC:1.2.4.1

KEGEZ modules [BE:kco0000 2]
Pathway module
Carbeohydrate and lipid metabolism
Central carbohydrate metabolism
Pyruvate oxidaticon, pyruvate => acetyl-Cocl [PATH:mapO0l200 mapdd0l0 mapl0020
aceE: pyvruvate dehydrogenase El component [EC:1.2.4.1]

Enzymes [BE:kc01000]
1. Oxidoreductases
1.2 Acting cn the aldehyde or ocxo group of donors

With & disulfide az acceptcr

L pvruvate dehydrogenase (acetvl-transferring)

aceEr pyvruvate dehydrogenase El component [EC:1.2.4.1]

Enzyme ID: 1.2.4.1



K[Gc

ENZYME: 1.2.4.1
Help

Entry

EC 1.2.4.1 Enzyme

Name

pyruvate dehydrogenase (acetyl-transferring);

MEPDC (mitochondrial pyruvate dehydogenase complex);

pyruvate decarboxylase;

pyruvate dehydrogenase;

pyruvate dehydrogenase (Llipoamide);

pyruvate dehydrogenase complex;

pyruvate: lipoamide 2-oxidoreductase (decarboxylating and acceptor-
acetylating);

pyruvic acid dehydrogenase;

pyruvic dehydrogenase

Class

Oxidoreductases;
Acting on the aldehyde or oxo group of donors;
With a disulfide as acceptor

BRITE hierarchy

Sysname

pyruvate: [dihydrolipoyllysine-residue acetyltransferase]-lipoyllysine 2-
oxidoreductase (decarboxylating, acceptor-acetylating)

Reaction(IUBMB)

pyruvate + [dihydrolipoyllysine-residue acetyltransferase] lipoyllysine
= [dihydrolipoyllysine-residue acetyltransferase] S-
acetyldihydrolipoyllysine + C02 [RN:R816899]

Reaction(KEGG)

RB1699;
{other) ROEO14 REB209 RO3270

Reaction

Substrate

pyruvate [CPD:C@@022];
[dihydrolipoyllysine-residue acetyltransferase] lipoyllysine

Product

[dihydrolipoyllysine-residue acetyltransferase] 5-
acetyldihydrolipoyllysine [CPD:C16255];
CO2 [CPD:CO9A11]

Comment

Contains thiamine diphosphate. It is a component (in multiple copies) of
the multienzyme pyruvate dehydrogenase complex in which it is bound to a
core of molecules of EC 2.3.1.12, dihydrolipoyllysine-residue
acetyltransferase, which also binds multiple copies of EC 1.8.1.4,
dihydrolipoyl dehydrogenase. It does not act on free lipoamide or
lipoyllysine, but only on the lipoyllysine residue in EC 2.3.1.12.

History

EC 1.2.4.1 created 1961, modified 2883

Pathway

X

ecegela
ecegn2e
eced62e
ecellaa
ec@lllsd
ecgllze
ecellia

Glycolysis / Gluconeogenesis

Citrate cycle (TCA cycle)

Pyruvate metabolism

Metabolic pathways

Biosynthesis of secondary metabolites
Microbial metabolism in diverse environments
Biosynthesis of antibiotics

All links

Pathway (15)
KEGG PATHWAY (14)
KEGG MODULE (1)
Chemical substance (11)
KEGG COMPOUND (11)
Chemical reaction (19)
KEGG REACTION (4)
KEGG RPAIR (9)
KEGE RCLASS (8)
Gene (193582)
KEGG ORTHOLOGY (4)
KEGG GEMES (8877)
KEGE DGENES (1@9)
KEGG MGEMES (149161)
RefGens (3424@)
EGENES (1191)
Protein sequence (14378)
UniProt (11654)
SWISS-PROT (117}
Refseg(pep) (2444}
PDBSTR (144)
PMD (19}
DMA sequence (18713)
RefSeq{nuc) (6415)
GenBank (2234)

EMBL (2@64)
3D Structure (24)
PDB (24)
Protein domain (4)
InterPro (4)
Literature (3)
PubMed (3)

A1l databases (2187449)

Download RDF



Exercise:

What is enzyme: EC 6.4.1.27

How many pathways are EC 6.4.1.2 involved in?



Loa lea (eye worm) v || Go 100% ¥

| Culex quinquefascatus (southern house mosquito) -
Apis mellifera (honey bee)

Bombus impatiens (common eastern bumble bee)

Solenopsis invicta (red fire ant)

Acromyrmex echinatior (Panamanian leafcutter ant)

Harpegnathos saltator (Jerdon's jumping ant)

Camponotus floridanus I'FIr::rida carpenter ant) l- ——

wel waenl olysis
Masonia vitripennis (jewel wasp) = Gﬁm‘aﬁ;g&msm
Tribolium castaneum Ixred ﬂour beetle)

Bombyx mori (domestic silkworm)
Danaus plexippus (monarch butterfly)
Flutella xylostella (diamondback moth)
Acyrthosiphon pisum (pea aphid)
Pediculus humanus corporis (human body louse)
Daphnia pulex (common water flea)
Ixodes scapularis (black-legged tick)
Caencrhabditis elegans (nematode)
Caencrhabditis briggsae

Brugia malayi (filaria)

Loa loa (eye worm)
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Homo sapiens (human): 2271
Help

Entry

2271 CcDs Taleal

Gene name

FH, FMRD, HLRCC, LRCC, MCL, MCUL1

Definition
KO

(Refs5eq) fumarate hydratase (EC:4.2.1.2)
KB1679 fumarate hydratase, class II [EC:4.2.1.2]

Organism

hsa Homo sapiens (human})

Pathway

hsagea2e
hsade628
hsafl1ae
hsag12@8
hsa@52@8
hsad5211

Citrate cycle (TCA cycle)
Pyruvate metabolism
Metabolic pathways

Carbon metabolism
Pathways in cancer

Renal cell carcinoma

Module

hsa_Measas
hsa_Maasll

Citrate cycle (TCA cycle, Krebs cycle)
Citrate cycle, second carbon oxidation, 2-oxoglutarate =»
oxaloacetate

Disease

Renal cell carcinoma
Heege4 Multiple cutaneous and uterine leiomyomata
HB1e22 Diseases of the tricarboxylic acid cycle

Hoeaz21

Brite

KEGG Orthology (KO) [BR:hsaBessl]
Metabolism
Overview
81288 Carbon metabolism
2271 (FH)
Carbohydrate metabolism
Bee2a8 Citrate cycle (TCA cycle)
2271 (FH)
88628 Pyruvate metabolism
2271 (FH)
Human Diseases
Cancers
B852@8 Pathways in cancer
2271 (FH)
85211 Renal cell carcinoma
2271 (FH)
Enzymes [BR:hsa@leese]
4. Lyases
4.2 Carbon-oxygen lyases
4.2.1 Hydro-lyases
4.2.1.2 fumarate hydratase
2271 (FH)
BRITE hierarchy

A
vV~
X5
Orthologs/paralogs, L v QA

conserved gene clusters,
and sequence motifs

GFIT:

S5DB

GFIT

Ortholog || Paralog

g Gene Function Identification Tool
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hsa:5621
(253 a.a.)

DBHit{Length)
ptr:458076(253)
mec: 7 17859(253)

bta:281427(264)

55C:494014(257)
rno:24686(254)
ecb:100065904(255)
mmu:19122(254)

cfa:485783(257)

mdo:554189(269)
033:1000856593(183)
tgu:100231829(269)

gga:3968452(267)

xla:444620(235)

¥tr:100158502(224)

cbr:CBG05352(337)

scl:sce8934(440)
cel:Y43F8C.20(193)
bja:bll5579(139)
apt:APAD1_26700(231)
dya:Dyak_GE13461(147)

Over-
lap

253
253

261

254
254
253
255

254

261
186
254

268

255

257

125

122
146
116
167
139

Ident.
(%}

990.2
96.4

88.9

89.0
89.4
88.9
89.0

87.0

71.6
67.7
40.9

39.2

33.7

33.5

42.4

41.0
36.3
41.4
36.5
38.1

Score

1344

1309

1706

1690
1676
1675
1675

1662

1295
858
534

521

471

461

291

273
261
254
253
253

margin
(1627)
(1605)
(1505)
(1481)
(1470)
(1469)

(1460)

(1444)

Para-
log

501
425

384

135
393
300
424

463

557
347
213

345

120

88

322

314
360
27

399

Cont.

KO5634

KO

KO5634
KO5634

KO5634

KO5634
KO5634
KO5634
KO5634

KO5634

KO5634
KO5634
KO5634

KO5634

KO5634

KO5634

K12741

PRMP

Orth

PRMP
PRMP

PRMP

PRNP
PRNP
PRNP
PRNP

PRMP

PRMP
PRMP
PRMP

PRMP

PRMP

PRMP

HMREMPAL_3

[Er:Q53YK7_HUMAN sp:PRIO_HUMAN] PRMNP; prion pr

Current Annotatio

[sp:PRIO_PANTR tr:A5AG6I7_PANTR] PRMNP; prion prot
[sp:PRIO_MACMU] PENP; prion protein ; KO5634 pric
[sp:PRIO_BOVIN] PRMP; prion protein (p27-30) (Crel
Gerstmann-Strausler-Scheinker syndrome, fatal fami
protein

[sp:PRIO_PIG tr:Q5PSB2_PIG] PRNP; prion protein
[sp:PRIO_RAT] Prnp; prion protein ; KO5634 prion pr
[tr:B5B2H1_HORSE] PRMNP; prion protein ; K05634 pr
[sp:PRIO_MOUSE tr:Q4F1Q7_MOUSE] Prnp; prion pre
[tr: 046593 _CANFA] PRNP; prion protein (p27-30) (C
Gerstmann-Strausler-Scheinker syndrome, fatal fami
protein

PRMP; prion protein ; K05634 prion protein

similar to prion protein ; KO5634 prion protein

prion protein ; KO5634 prion protein
[sp:PRIO_CHICK] PRMP; prion protein (p27-30) (Crel
Gerstmann-Strausler-Scheinker syndrome, fatal fami
protein

[tr:QaGLYs_XEMNLA] MGCE4114 protein ; KO5634 pric

[tr:B2GU34_XENTR tr:AZBDH3_XENTR] hypothetical
prion protein

Hypothetical protein CBGO5352 ; K12741 heterogen
Alf3

[tr:49G922_SORCS] hypothetical protein

[t Q7YWQSB_CAEEL] grsp-1; Glycine Rich Secreted P
[tr:Q89I05_BRAJA] hypothetical protein
hypothetical protein

[tr:B4POS7_DROYA] GE13461 gene product from trar



Motif

Pfam: Lyase 1 Fumarasel C Yadi anchor
Motif

Other DBs

NCBI-ProteinID: NP_888134
NCBI-GenelID: 2271

OMIM: 126852

HGHC: 32788

HFRD: @652

Ensembl: ENSGE&epe801483
Vega: OTTHUMGB2GBBE39597
UniProt: PB7954

Structure

FDB: 3E84
Thumbnail

Position

1g42.1

AA seq

518 338 | apseq | DB search
MYRALRLLARSRPLVRAPAAALASAPGLGGAAVPSFUPPNAARMASQNSFRIEYDTFGEL
KVPNDKYYGAQTVRS TMNFK IGGVTERMPTPVIKAFGI LKRAAAEVNQDYGLDPK TANAT
MK AADEVAEGK LNDHFPLVWVWQTGSGTQTHMAVNEVISNRAT EMLGGEL GSK IPVHPNDH
VNKSQSSNDTFPTAMHIAAATEVHEVLLPGLQK LHDALDAKSKEFAQI IKIGRTHTQDAV
PLTLGQEFSGYVOQVKYAMTRIKAAMPRIYELAAGGTAVGTGLNTRIGFAEKVAAKVAAL
TGLPFVTAPNK FEALAAHDALVEL SGAMNTTACS LMK TANDIRF LGSGPRSGLGELILPE
NEPGSS IMPGK VNP TQCEAMTMVAAQVMGNHVAV TVGGSNGHF E LNVEKPMMIKNVLHS A
RLLGDASVSFTENCVWGIQANTERINKLMNESLMLVTALNPHIGYDKAAK TAKTAHKNGS
TLKETAIELGYLTAEQFDEWVKPKDMLGPK

NT seq

1533 Nt [ NTseq

atgtaccgagcacttcggctoctogegegetegegtecocctegtgegggetoccagocgea
gocttagottoggotooccggottggetggogoggocgtgocctogttttggoctocgaac
gcggctcgaatggcaagocaaaattoccttccggatagaatatgatacctttggtgaacta
aaggtgccaaatgataagtattatggogoccagaccgtgagatctacgatgaactttaag
attggaggtgtpacagaacgcatgoccaaccccagttattaaagettttggeatcttgaag
cgagcggocgotgaagtaaaccaggattatggtottgatccaaagattgetaatgeaata




Exercise:

Does mouse have this enzyme?
Is there any 3D structure published?
How many orthologs & paralogs?

Show the protein sequence.




Drug development pathways

7. Drug Development

7.1 Chronology: Antiinfectives

Penicillins

Cephalosporins - parenteral agents
Cephalosporins - oral agents
Aminoglycosides
Tetracyclines

Macrolides and ketolides
Quirnolones

Rifamycins

Antifungal agents

Antiviral agents

Anti-HIY agents

7.2 Chronology: Antineoplastics

Antineoplastics - alkylating agents
Antineoplastics - antimetabolic agents
Antineoplastics - agents from natural products
Antineoplastics - hormone

Antineoplastics - protein kinases inhibitors I

7.3 Chronology: Mervous system agents

Hypnotics

Anxiolytics

Anticonwulzants

Local analgesics

Opioid analgesics

Antipsychotics

Antipsychotics - phenothiazines
Antipsychotics - butyrophenones
Antidepressants

Agents for slzheimer-type dementia
Antiparkinsonian agents

7.4 Chronology: Other drugs

Sulfonamide derivatives - overview
Sulfonamide derivatives - sulfa drugs
Sulfonamide derivatives - diuretics
Sulfonamide derivatives - hypoglycemic agents
Antiarrhythmic drugs

Antiulcer drugs

Immunosuppressive agents

Osteoporosis drugs

Antimigraines

Antithrombosis agents

Antirheumatics - DMARDs and biological agents
Antidiabetics

Antidyslipidernic agents

Antiglaucoma agents

7.5 Target-based classification: G protein-coupled receptors

Cholinergic and antichalinergic drugs Target:
alpha-Adrenergic receptor agonists/antagonists
beta-Adrenergic receptor agonists/antagonists G prote

Dopamine receptor agonists/antagonists
Histamine H1 receptor antagonists
Histamine HZ/H3 receptor agonists/antagaonists
Serotonin receptor agonists/antagonists
Eicosanoid receptor agonists/antagonists
Opioid receptaor agonists/antagonists
Angiotensin receptor and endothelin receptor antagonists
7.6 Target-based classification: Nuclear receptors
Glucocorticoid and mineralocorticoid receptor agonists/antagonists
Progesterone, androgen and estrogen receptor agonists/antagonists
Retinoic acid receptor (RAR) and retinoid ¥ receptor (RxR) agonists/antagonists
Perozisome praliferator-activated receptor (PPAR) agonists
7.7 Target-based classification: Ion channels
Micotinic cholinergic receptor antagonists
GABA-& receptor agonists/antagonists
Calcium channel blocking drugs
Sodiurm channel blocking drugs
Potassium channel blocking and opening drugs
M-Metyl-D-aspartic acid receptor antagonists
7.8 Target-based classification: Transporters
lon transporter inhibitors
Meurotransmitter transporter inhibitors
7.9 Target-based classification: Enzymes
Catecholamine transferase inhibitors
Cyclooxygenase inhibitors
HMG-Coa reductase inhibitors
Renin-angioctensin system inhibitars
HI¥ protease inhibitors
7.10 Structure-based classification
Quinalines
Eicosanaids
Prostaglandins
7.11 Skeleton-based classification
Benzoic acid family
1,2-Dipheny! substitution family
Maphthalens family
Benzodiazepine family



Antineoplastics: protein kinase inhibitors
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Xes

DRUG: D0O3350
| Help

Entxry

L03350 Drug

Hame

Canertinilk dihydrochloride [U3AN)

Formula

CEZ4HZISCIFNSO3 . ZHCL

Mass

557.1164

Structure

(\o

OWN\)
0

HJ\{,GHZ

[,,b‘

N
HN

[rﬂCI}z

Java script to see
and rotate the 3D
structure

Cl

Do3350
-

Jmol ) >

( Mol file J | KCF file ) | DB search) LKegDraw)

Target

EGFR tyrosine kihase inhibitor [H3A:1956] [PATH:hsa04010]
[PATH: h=aO4012] [PATH:hsal40:20] [PATH:haa04060]

[PATH: haa04320] [PATH:h=sal04510] [PATH:hsal04520]

[PATH: h=a04540] [PATH:h=a042310] [PATH:h=a049137]

[PATH: h=al5ZZ3];

EREEZ tyrosine kinase
[PATH: h=sa0402Z0] [PATH:
[PATH: h=sal4520] [PATH:
EREE3 tyrosine kinase
[PATH: h=aO402Z07] ;

EREE4 tyrosine kinase inhibhitor [HSA:Z0EE]
[PATH: h=a04012] [PATH:hsal4320]

inhibitor [H3A:Z064] [PATH:hzal4012]
hsa04320] [PATH: haa(04510]
hzal5223];
inhibitor [H3A:Z065] [PATH:h=al4012]

[FATH: hsa04012 ]

Activity

Treatment of epithelial tumors

Remark

| BRITE hierarchy)

Pathway

FATH: map07045 Antineoplastics - protein kinsses inhikitors

Othexr DB=

CAZ: 289400-45-2
PubChem: 17397500
LigandBox: DO3350

LinkDBE

| All DBs J

ECF data

. Show




Search pathway by gene name

KEGG PATHWAY Database

Wiring diagrams of molecular interactions, reactions, and relations

KEGG2 | PATHWAY | BRITE MODULE DISEASE DRUG KO GENOME GENES LIGAND DBGET
Select prefix Enter keywords

map Organism | CDK2| Search by Gene Name Go | Help

Pathway Maps

KEGG PATHWAY is a collection of manually drawn pathway maps (see new maps, change history, and
last updates) representing our knowledge on the molecular interaction and reaction networks for:

. Global Map

. Metabolism
Carbohydrate Energy Lipid Nucleotide Amino acid Other amino acid Glycan
Cofactor/vitamin Terpenoid/PK Other secondary metabolite Xenobiotics Overview

. Genetic Information Processing

. Environmental Information Processing

. Cellular Processes

. Organismal Systems

. Human Diseases

and also on the structure relationships (KEGG drug structure maps) in:
7. Drug Development

=

(= QN RN TR I

Pathway Mapping



CDK2 related pathways

Items:1-15of 15

Entry Thumbnail Image Name Description Object Legend
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K[“ PATHWAY: map04110

( Help J

Entry

map04110 Pathway

Hame

cell cyole

Description

Mitotic cell cycle progression is accowmplished through s reproducible
sequence of ewvents, DNA replication (3 phase) and mitosis (M phase)
separated temporally hy gaps known as 6l and G2 phases. Cyclin-dependent
kinases [CDEs) are key regulatory enzvmes, each consisting of a catalybic
CDE subunit and an asctivating cyelin subunit. CDEs regulate the cell's
progression through the phases of the cell cycle by modulating the activity
of key substrates. Downstream targets of CDEs include transcription factor
EZF and its regulator Bh. Precise activation and inactivation of CDEs at
specific points in the cell cycle are reguired for orderly cell division.
Cyclin-CDE inhibitors (CEIs), such as pleInkda, pl3iInkdb, pd7Eipl, and
p2lcipl, are involwved in the negative regulation of CDE activities, thus
providing a pathway through which the cell cyole is negatively regulated.

Eukaryotic cells respond to DNA damage by activating signaling pathways
that promote cell cycle arrest and DNA repair. In response to DHA damage,
the checkpoint kinsse ATM phosphorylates and actiwvates ChkZ, which in turn
directly phosphorylates and activates p33 tumor suppressor protein. p3d and
its transcriptional targets play an important role in both G1 and &2
checkpoints. ATR-Chkl-mediated protein degradation of CdeZid protein
phosphatase iz also a wechanism conferring intra-3-phase checkpoint
activation.

Class

Cellular Processes; Cell Growth and Death

il BRITE hierarchy)

map04110 Cell cycle

All nrganisms) | Ortholog table )

Module

MOOEZ21 origin recognition complex
MOOEZZ  MCM complex

MOOEZS  pre-replication complex
MOOE43 ATE-ATRIF complex

Description

BRITE

PATHWAY

Ortholog

Module

Pathway modules are subnetworks that are tighter functional units compared to pathway entries



K[@G‘ KEGG Orthology (KO)

Cell cycle in BRITE

[ Brite menu | Organism menu | Download htext ]

Reference hierarchy (KO)

¥ Y YW One-click mode

» Metabolism
» Genetic Information Processing
= Environmental Information Processing
¥ Cellular Processes
» Transport and catabolism
k- Cell motility

¥ Cell growth and death
B 04110 Cell cycle [PATH:kcO4110]
04111 Cell cycle - veast [PATH:keoO4111
04112 Cell cycle - Caulckacter [PATH:kcO4112
04113 Meicsis - yeasat [PATH:kcO04113
04114 Occyte meicais [PATH:kcO4114]
04210 REpcptosis [PATH:koO04210]
04214 Zpoptosis - fly [PATH:koO4214
04215 AZpoptosis - multiple species [PATH:koO42135]
04115 pb3 signaling pathway [PATH:kcO4115]

F Y Y Y YYTYTYY

* Cellular community
* Organismal Systems

* Human Diseases

[ BRITE | KEGG2 | KEGG ]
Last updated: October 18, 2016



Ortholog table of cell cycle

Ortholog table
PATHWAY: 04110

Eukaryotes ¥ | Page: 1 ¥ Genes
K10152
. K04503 K10151 K02089 K02091 K06618
Grp |Genus Organism|  cyp1)[80] (CCND2)[90] {CE;H3] (CDK4)[63] (CDK6)[82] (RB1)[75]
E.An|Homo hsa 595 804 896 1019 1021 5025
E.Ani|Pan ptr 747442 747123 462680  |452025 746968 452715
E.Ani|Pan pps 100995605 100990850 100972595(100976294 100981258 100073837
101130447 101133237
E.AniGorilla ggo 101139749 101130628|101147065 101132317 101134294
101144860
101134653
E.Ani|Pongo pon 100171625 100457978 100452570|100443314 100454924 100462155
E.Ani|Nomascus nle 100605736 100585770 100580170|100594967 100602542 100588629
E.Ani|Macaca mee 574320 710379 695215  |715650 701822 704871
E.Ani|Macaca mcf 102135329 102119572 101865999(101925733 102140874 102145859
E.AniChlorocebus  |csab 103246489 103218410 103221504|103238589 103226555 103214406
E.Ani|Rhinopithecus  |rro 104677168 104658979 104667309|104682344 104682750 104662760




KEGG Mapper — Color Pathway

» About KEGG Mapper

Search Pathway
Search&Color Pathway
Color Pathway

Color Pathway WebGL

Search Brite
Search&Color Brite
Join Brite

Join Brite Table

Search Module
Search&Color Module

Search Disease New!

Reconstruct Pathway
Reconstruct Brite
Reconstruct Module
Map Taxonomy

Annotate Sequence
BlastkOALA

KEGG Atlas
KEGG

KEGG Mapper

A suite of KEGG mapping tools

About KEGG Mapper

KEGG Mapper is a collection of tools for KEGG mapping: KEGG pathway mapping, BRITE
mapping, and MODULE mapping. Two pathway mapping tools, "Search Pathway"” and
"Color Pathway”, were made available from the beginning of the KEGG project. The
naming of these tools was somewhat misleading since both invelved searching and
coloring procedures, The latter is now called "Search&Color Pathway” and a new "Color
Pathway” is introduced for coloring of a selected pathway map (without searching).

Pathway mapping tools

Search Pathway - basic pathway mapping tool

« Search against all pathway maps in one category (ko, org, etc.)
« Multiple search objects may be specified in one line
+ Mapped objects are marked in red

earch&Color Pathway - pathway mapping toeol with coloring options

« Search against all pathway maps in one category (ko, org, etc.)

« Each search object is specified in cne line together with color attributes
(background coler and foreground color)

« Mapped cbjects can be marked in any color

« MNCEI and UniProt identifiers may be used

Color Pathway - selected pathway map coloring tool

« One selected pathway map is colored in multiple ways

« Each object is specified in one line together with color attributes, i.e., multiple
background and foreground colors in multiple columns

« Results shown as multiple snapshots of image maps

« When numerical values are given as attributes, they are displayed by gradation or
by using WebGL graphics

http://www.kegg.jp/kegg/mapper.html



eeccomrcoaee. KEGG Color Codes

Database category (see: KEGG overview)

KEGG top @ #f5e05f zffefaf

KEGG PATHWAY K
KEGG BRITE [ce 005050 £e0fDel

KEGG MODULE

KEGG ORTHOLOGY Kbc #663300 =f2e9b6

KEGG GENES K
KEGG GENDME [M #660033 #f0e0ed4

KEGG LIGAND K[ec #003366 £d4e4fd

KEGG MEDICUS Kbc =440066 #edddfa
G
GenomeMet 000066 Zccocff
%

Functional category (used in global pathway maps and genome maps)

Carbohydrate metabolism Il :0000ee
Energy metabolism B #0033cc
Lipid metabolism I 0099000
Mucleotide metabolism Il =ffoooo
Amine acid metabolism #ffo933
Metabolism of other amino acids P =ffe600
Glycan biosynthesis and metabolism P #3300ff
Metabolism of cofactors and vitamins [ zffes00

Metabolism of terpenoids and polyketides [l #00cca33
Biosynthesis of other secondary metabolites - #cc3366

¥enobiotics biedegradation and metabolism #ccaaf9
Enzyme families #ccffff
Genetic information processing #ffoooe
Envirecnmental information processing =ffffo0n
Cellular processes #99¢cchHie
Organismal systems #90cch6
Human diseases #99cchiE

KEGG PATHWAY

Organism-specific pathway #bfffbf —— £66ccE6
Reference pathway (KO, EC, Reaction) £bfbfff —— £6666CC
KEGG module #ffbfbf —— #cchb66
Reaction medule P z00ccff — £0000ff
Disease gene £fffff =ffooff

Drug target #cfefff #66ccoo
Disease gene & drug target =ffcfff —— 666600

Pathway mapping of two organisms (global/overview maps)
Organism 1 B #00cc33
Organism 2 B =ff2366
Organisms 1 and 2 [l #3366ff

Pathway mapping of multiple organisms (regular maps)
Organism 1 #bfffhf

Organism 2 #ffbbcc
Organism 3 #bbecff
Crganism 4 #cfffcf
Organism 5 =ffcfef
Organism & zcfefff
Organism 7 #dfefcf
Organism 8 #ffefcc
Organism 9 zdfccff
Crganism 10 #dfdfcc

Ortholog table and SSDB gene cluster table

Cluster 1 =ffefcc
Cluster 2 =ffcfef
Cluster 3 Zdfefcf
Cluster 4 =fefff
Cluster 5 Zdfcoccc
Cluster 6 =dfccff
Cluster 7 =ffecece
Cluster 8 #bbccff
Cluster 9 =dfdfce
Cluster 10 yellow
Cluster 11 pink

Last updated: August 5, 2016



K[cc Biosynthesis of amino acids

[ Pathway menu | Organism menu | Pathway entry | Hide module list | Show description | User data mapping | Image (png) file ]

Reference pathway (KO)

¥ || Go

100% ¥

KEGG module
Carbohydrate and lipid metab

Central carbohydrate me
M00002 Glycolysis, co
MO0010 Citrate cycle,
MO0007 Pentose phos

#| MO0S80 Pentose phos

MO000S PRPP biosyntl
Muclectide and amino acid me

Serine and threonine m¢
MO0020 Serine biosyn
MO0018 Threonine bic

Cysteine and methionine
MO0021 Cysteine bios

#| MO0338 Cysteine bios

¥ MO0G09 Cysteine bios
MO0017 Methienine bi

Branched-chain amino a
MO0019 Valine/isoleuc
MO0535 Isoleucine bic
MO0S570 Isoleucine bic
M00432 Leucine biosy

Lysine metabolism
MO0016 Lysine biosyn
MO0525 Lysine biosyn
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MO0527 Lysine biosyn
MO0030 Lysine biosyn
MO0433 Lysine biosyn
MO0031 Lysine biosyn
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MO0015 Proline biosyr
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MO0763 Ornithine bio:
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MO0026 Histidine bios
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You can <all us "U several | cat, curate angmore,

different. names they are the same genes and
have different names,

but we are HELLPPP!

all the same qene!

www.biocomicals.com



Overview of analysis workflow for microarray
and RNA-seq transcriptional profiling

Microarray RNA-Seq
Hybridization. .
Scanning images. Sequencing.
Quantification. Base call.

I Raw intensities I I Short reads

Aligned to

reference genome,
known isoform & exon-
junction sequences.

Expression levels of Expression levels of Novel
Transcripts (continuous) Transcripts (counts) transcripts
l‘—1 Statistical analysis |

Preprocessing:
Background correction,
Normalization,
Summarization.

—

| Statistical analysis

Differentially
expressed
transcripts

Cellular
functional/pathway
analysis

Fang Z et.al. Cell Biosci. 2012;2:26



Before Analysis

v" Normalization
v Background adjustment
v Quality control (garbage in, garbage out)

v Use statistics that will increase signal and reduce noise
specifically for your experiment

v Gene list size
v" Make sure your gene IDs are compatible with software




Recommendations

* For proteins and genes
* (doesn’t consider splice forms)

* Map everything to Entrez Gene IDs or Official Gene
Symbols using a spreadsheet

* If 100% coverage desired, manually curate missing
mappings using multiple resources

* Be careful of Excel auto conversions — especially
when pasting large gene lists!

e Remember to format cells as ‘text’ before pasting




Functional Pathway Analysis
Over-Representation Analysis (ORA)

Differential Differentially Number of DE and
Expression Expressed (DE) Reference Genes in

Analysis Genes Each Pathwa

Functional Class Scoring (FCS)

Gene-level Gene-set (Pathway) S Assess Pathway
Statistics > Statistics Significance

Pathway
Database

Pathway Topology (PT)

[DE Genes or Gene-level Statistics —- Pathway

Impact
Factor

Pathway Topology 3

» Number of Reactions
« Position of Gene

« Type of Reaction

Overview of existing pathway analysis methods
using gene expression data as an example

PLoS Comput Biol. 2012,8(2):e1002375



http://www.ncbi.nlm.nih.gov/pubmed/22383865

Name Availability Reference
ORA tools

Onto-Express Web (http://vortex.cs.wayne.edu) [4,5]
GenMAPP Standalone (http://www.genmapp.org) [11,71]
GoMiner Standalone, Web (http://discover.nci.nih.gov/gominer) [72,73]
FatiGO Web (http://babelomics.bioinfo.cipf.es) [74]
GOstat Web (http://gostat.wehi.edu.au) [7]
FuncAssociate Web (http://llama.mshri.on.ca/funcassociate/) [6]
GOToolBox Web (http://genome.crg.es/GOToolBox/) [10]
GeneMerge Standalone, Web (http://genemerge.cbcb.umd.edu/) [9]
GOEAST Web (http://omicslab.genetics.ac.cn/GOEAST/) [75]
ClueGO Standalone (http://www.ici.upmc.fr/cluego/) [76]
FunSpec Web (http://funspec.med.utoronto.ca/) [77]
GARBAN Web [78]
GO:TermFinder Standalone (http://search.cpan.org/dist/GO-TermFinder/) [8]
WebGestalt Web (http://bioinfo.vanderbilt.edu/webgestalt/) [79]
agriGo Web (http://bioinfo.cau.edu.cn/agriGO/) [80]
GOFFA Standalone, Web (http://edkb.fda.gov/webstart/arraytrack/) [81]
WEGO Web (http://wego.genomics.org.cn/cgi-bin/wego/index.pl) [82]
FCS tools

GSEA Standalone (http://www.broadinstitute.org/gsea/) [21,29]
sigPathway Standalone (BioConductor) [22]
Category Standalone (BioConductor) [24]
SAFE Standalone (BioConductor) [30]
GlobalTest Standalone (BioConductor) [15]
PCOT2 Standalone (BioConductor) [17]
SAM-GS Standalone (http://www.ualberta.ca/~yyasui/software.html) [83]
Catmap Standalone (http://bioinfo.thep.lu.se/catmap.html) [84]
T-profiler Web (http://www.t-profiler.org) [85]
FunCluster Standalone (http://corneliu.henegar.info/FunCluster.htm) [86]
GeneTrail Web (http://genetrail.bioinf.uni-sb.de) [87]
GAzer Web [88]
PT-based tools

ScorePAGE No implementation available [37]
Pathway-Express Web (http://vortex.cs.wayne.edu) [38,39]
SPIA Standalone (BioConductor) [40]
NetGSA No implementation available [43]

doi:10.1371/journal.pcbi.1002375.t001




Gene Set Enrichment Analysis (GSEA) is a computational method that
determines whether an a priori defined set of genes shows statistically
significant, concordant differences between two biological states

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

Cene Set Enrichment Analysis

Downloads Maolecular Signatures Database

. "

Overview
Molecular Profile Data
Gene Set Enrichment Analysis (GSE4) is a computational method
that determines whether an a priori defined set of genes shows
statistically

significant, concordant differences between two biological states
(e.g. phenotypes).

Enriched Sets

Farikmwni phal) SIETICHE_TIMAS TRATIS GINEL

From this web site, you can:

= Download the GSEA software and additional resources to
analyze, annotate and interpret enrichment results.

* Explore the Molecular Signatures Database (MSigDB), a
collection of annotated gene sets for use with GSEA software.

Gene Set Database

* View documentation describing GSEA and MSigDB.




Running GSEA

1. Provide
Gene sets
-

\ ._' '

Molecular Profile Data

AN

Gene Set Database

2. Provide
expression data

3. Choose

parameters
via GSEA
interface

Enriched Sets

ol L Pl n e el "

|

1] - )

4. Decide if the GSEA
output contains

informative results

o




Main Data Files for Input

* Gene sets database files

* GeneMatrix (filename.gmt) in local machine (download from the Broad MSigDB)

* Expression Data files (expression values or differential expression levels)

* Gene Cluster Text file: filename.gct (full expression data)

* Ranked list file format: filename.rnk (condensed differential expression data)

* ExpRESsion (with P and A calls) file: filename.res (a format for Affymetrix data)

* Phenotype information files (categorical = specify the group for each sample)
* Need a .cls file if using full expression data (.gct)

e Categorical (e.g. tumor vs normal) class file format: filename.cls

* Continuous (e.g. clinical data or a gene profile) file format: filename.cls



Information available from the Broad Institute GSEA documentation

Preparing Data Files for GSEA

When you use GSEA, you supply four data files: an expression dataset file, phenotype labels file, gene sets file, and chip annotations file. The following table lists each data file and
its valid file formats. All files are tab-delimited ASCII text files; they can be created and edited using any text editor.

For descriptions and examples of each file format, see GSEA file formats. For more information about each data file, click the data file link in the following table.

Data File Content Format Source
Expression Contains features (genes or probes), samples, and res, get, pel, or | You create the file.
dataset an expression value for each feature in each sample. | txt

Expression data can come from any source
(Affymetrix, Stanford cDNA, and so on).

Phenotype Contains phenotype labels and associates each cls You create the file or have GSEA create
labels sample with a phenotype. it for you.
Gene sets Contains one or more gene sets. For each gene set, | gmx orgmt You use the files on the Broad ftp site,
gives the gene set name and list of features (genes export gene sets from the Molecular
or probes) in that gene set. Signature Database (MSigDb) or create
your own gene sets file,
Chip Lists each probe on a DNA chip and its matching Chip You use the files on the Broad ftp site,
annotations HUGO gene symbal. Optional for the gene set download the files from the GSEA web
enrichment analysis. site, or create your own chip file.

The expression dataset, gene sets, and chip annotation files all contain lists of features (genes or probes) to be analyzed. It is critical that you use the same feature (gene or probe)
identifiers across all of the data files. For more information, see Consistent Feature ldentifiers Across Data Files.

Consistent Feature Identifiers Across Data Files

Typically, the feature identifiers in your expression dataset are the probe identifiers for the DNA chip array used to produce the data. For example, an expression dataset produced
using the HG_UM133A chip contains HG_U133A probe identifiers and an expression dataset produced using the HG_U954Av2 chip contains HG_U95Av2 probe identifiers. When
using GSEA, it is critical that yvour expression dataset, gene sets, and chip annotation files all use the same feature identifiers.

Typically, yvou use one of two approaches to ensure that you are using consistent feature identifiers across files: you collapse vour probe sets into genes and use the HUGO gene
symbols as your consistent feature identifiers or you use the probe identifiers from your expression dataset as your consistent feature identifiers.

+ HUGO gene symbols. To use HUGO gene symbals as your consistent feature identifiers:

From http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html



http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html

GCT: Gene Cluster Text file format (*.gct)

# of samples Third column omwards
are sample names.
These must be UNIQUE

2] e Edt Vew [nset Fomat Tooks [Dats  Window e
Always “#127 (D GH2IPEI& LB S0 0 R -NEUIBLG|w -0f

{ ans -0 -|BZ U EEEEIS % 0 BBEE O-O-A-F
A B c D E E

1 |#1.2
-I:hE # Df rows _____i_.—-—-F 1000 130 Dé
(i.e probe 3 [NAME Descrption DLBCL 205 |DLBCL 206 |OLBCL 232 [DLBCL 239 |OWBCL 240
sets) 4 1007 s ot |U48705 [FEATURE=mRINA [DEFINTION=HS| __ 28053] _ 27148] _ 11357]  12491]  12491] Data starts on
5 1053 at MaT338 FEATURE= /DEFINITION=HUMA15] 3213 918 117 .43] 41.29] 3366 line 4
6 117 _at X51T757 IFEATURE=cds /DEFINITION=HSPT( 51.27 61.12 24.1| 41.44 4356
7 1121 at X69699 /FEATURE= /DEFINITION=HSPAXA| T38.32 330.59| 249 39| .55 329.55
8 1255 g at  |LIGBE1 /FEATURE=expanded cds /DEFINITH BB.45 12.94) 18.46 29.96 x|
9 11294 at L13852 /FEATURE= /DEFINITION=HUME 1UH B5.57 88.06 6224 96.59] B1.01
10 11316_at X55005 FEATURE=mRNA /DEFINITION=HS 106 87 45 11 30.05 46 65 385
11 1320 _an XT9510 /FEATURE=cds /DEFINITION=HSPTH 58.49 27 95 176 27 87 2852
12 11405 i at  |M21121 /FEATURE= /DEFINITON=HUMTCS| 10.83 135.24 13.43) 203.16 B85.74
13 11431 at JU2843 /FEATURE=cds /DEFINITION=HUMC 41.88 2409 16.07 26 68| 254
14 1438 at 75208 [FEATURE=cds /[DEFINITION=HSFTH 80.87 9.77] 15.33 11.18] 44 59|
15 11487 at LIB48T FEATURE=mRNA /DEFINITION=HUI [Z% 80 61 102 ﬂ_& 5477 105.72
16 1494 f at  |M33318 FEATURE=mRMNA /DEFINITION=HL 2337 9688 5506 9614 TRTT
AT 1598 g at  |L13720 /FEATURE= /DEFINITION=HUMGAS 456 88 215.59 186.72 1B87_36 237 69)
18 160020 at | 748481 /FEATURE=cds /DEFINITION=HSMM 411.94 171.16 130] 23478 26696
1911729 at L41630 /FEATURE= /DEFINITION=HL 81.59 83.94 T4.75 110.9] 126.98)
2001773 at L00635 /FEATURE = /DEFINITION=HUMFP 62.82 45 96 41.15 23.1 28.41]
21 177 _at LJ38545 [FEATURE = /DEFINITION=HSU3854 57.04 2805 16.74 29 66 £3.29]
22 1179 _at LJ35980 /FEATURE= /DEFINITION=U38980 H 33396 254 15 241.24 350 58] 1%3.53]
A% (4084 . IIEEOTA ICCATI INC = MECCIRIMALI-LIS! EEaT an ed 39 A E3 ETT] T el

Column 2: Row
descriptions. Ignored by
the program — can be
dummy values (e.g. “na

Each column contains
expression values from 1
sample. Missing values are
allowed (leave empty).

Column 1: Row
identifiers. Typically
probe set ids or clone
ids. These must be

UNIQUE
= If editing, in Excel, make sure to save your data as “tab delimited text”

http://www.broadinstitute.org/cancer/software/gsea/wiki/index.php/Data_formats



GMT: Gene Matrix Transposed file format (*.gmt)

EJBEHIMMFMIMEHEMM
P 5 AP % G e A - e B E - 4L LR[S

: Arial -0 | B L U|EEBE S % > B e
B85 - - & Cytogenetic band
A JEENEEEES Cc | D | E || F | G | |fediting inexcel
Each row 1 [chri0g24 Cytogenetic band PITX3  SPFH1 NEURL  C10orf12 NDUFBB ( o0 bo o
represents one ____, | 2 |chr5g23 Cytogenetic band ALDHTA1 IL13 B-Sep tendency to auto
gene set 3 |chrBq24 Cytogenetic band HAS2  LRRC14 TSTA3 DGAT1 RECQL4 ( cy -
4 |chr16q24 Cytogenetic band RPL13 GALNS FANCA CPNE7 coTL1 ¢  format gene sets
|5 |chri3g14 [Ctogenetic band lAKAP11 ARL11  ATP7B  C13efl  Ci3efd ¢  (SEP8 becomes 8-
6 |chiTp21 Cylogenetic band ARL4A SCIN  GLCCH SP8  SOSTDC11 Sep)
| T |chr10g23 Cytogenstic band [SNCG ~ FERIL3  C10orf116 HHEX THKS2 1
8 |chr14q12 Cytogenetic band C14orf125 FOXGIC HECTD1 SCFD1  APAS1  (
9 |chri3q13 Cytogenetic band ALGS  RFXAP  DCAMKL1MAB21L1 STOML3 ¢
10 |chrip34 Cytogenetic band JMJD2A MRPS15 HIVEP3 GJB3  CDCAB [
11 |chr10g21 Cytogenetic band MBL2  C100ri70 DNAJC12 BICC1  CXXCE |t

Second column
contains a brief
description. lts optional
—you can fillin a

dummy field (e.g. “na

First column are gene
set names. Duplicates
are not allowed

Unequal lengths (i.e # of
genes) is allowed

GMT format is convenient to store large databases of gene sets. For
a handful of sets (<256) the gmx format offers greater excel-
editability



CHIP: Chip file format (*.chip)

The CHIP file contains annotation about a microarray. It should list the features (i.e probe sets)
used in the microarray along with their mapping to gene symbols (when available). While this file
is not used directly in the GSEA algorithm, it is used to annotate the output results and may also
be used to collapse each probe set in the expression dataset to a single gene vector.

E f Eroso o] ey BTk DA Arep.
3] e Edt Vew [nsert Fomat Took Data  Window Help

R N HEE RSl N ey e ot A0 S W
: Arial =0 B I U|FE=EE-A S %
BY - A& AVEN
Columns can appear in A B ] C ™D
any order (and there can _," 1 probe Set ID " Gene Symbol  Gene Title 1
be more columns which 2 |A_23 P100001 LOC400451 hypothetical gene supporte
will be ignored). ~3 |A_23 P100011 AP3S2 adaptor-related protein con
_4 |A_23 P10002 CEPE3 centrosome protein Cep6l
The column headers 5 |A 23 P100022 SVIB synaptic vesicle ghycoprote
must be identical to B |A 23 PI00033 MNA na
listed: 7 |A_23 P100059 HA na
8 [A_23 P100065 LOC383137 similar to Golgi autoantiger
Probe Set 1D T8 |A_23_P100074 AVEN lapoptosis. {:agpasa amiﬂal
10 (A 23 P100083 PSMAS prateasome (prosome, mai
Gene Syl 11|A 23 P1000S2  FLI3SB67 hypathetical protein FLJ35
Gene Title 12 [A_23_P100103 VPS39 vacualar protein soting 39
13 |A_23 P100115 A na
14 |A_23 P100127 CASChH cancer susceptibility candi
15 A 23 P100133 MA na
16 |A_23 P100141 C160RF28 chromosome 16 open read
A7 |A 23 P100155 FLJ20507 hypothetical protein FLJ20!
Gene symbols are 188 23 P MMP15 matrix metalloproteinase 1
considered to be case- —'_'_'_'_-‘I_'.Q_.ﬁ._}ﬂ_‘l:‘mmﬁg PRM1 pratamine 1
INsensitive 20 [A_23 P100196 USF10 ubiquitin specific protease

N T

Column 1: probe set
identifiers. These
correspond to the

features on the
microarray. Must be
unigue

Column 2: Gene symbol
of the probe set. Enter
MA if there is none.

Need not be unique

Column 3: Gene title of
the probe set. Enter NA
if there is none



RNK: Ranked list file format (*.rnk)

The RNK file contains a single, rank ordered gene list (not gene set) in a simple newline-delimited text
format. It is used when you have a pre-ordered ranked list that you want to analyze with GSEA. For
instance, you might have used your favorite tTest-like statistic to produce a ranked ordered gene list from
your dataset which you now want to test for enrichment. Order of lines does not matter. It is important,
however, that the second column will have numeric values - they will be used to rank order genes by GSEA.

_ﬂ MIERoG0T Ecel oy ranred CED
(] He Edt Vew [nsert Format Too
)GV R e G

! Ariad - W -|B F U
G16 - i
| A | B |

1 [# 1 will be ignored

2 |HAS2 0.61
"3 |LRRC14 0.51
4 |TSTA3 0.41
"5 |DGAT 03

6 |RECOL4 023

7T |GPR1T2A, 0.1%

8 |COL14A1 0.1&
"9 |ExT1 0.03
10 [RAD21 0.01

11 | SLA -0.06

12 |RHPN1 0.14

13 [# | too will be ignored

14 |[PPF1R164 -0.14

15 |MYC 0.15
46| cPsF1 017

17 |SNTB1 017

18 | GLK 0.18

19 |PSCA 0.29

20 |PTK2 -0.32

21 |ZnF251 051
22

23 [ [

Column 1:contains Column 2:contains the weight
feature identifiers {i.e (i.e class-difference metric)
gene symbols, affy for this feature. The list need

probe sets ids etc) not be sorted.



GSEA algorithm

e Calculate the enrichment score of each gene set
* Move down the list and increment a counter

* |f the current gene is a member of the set, add quantity whose magnitude depends
on the gene’s correlation with the class variable

* For non-members subtract this quantity
* The enrichment score (ES) is the maximum deviation from 0

* Estimate the significance level of the gene set enrichment values

* Repeatedly permute the class labels (1000 times) and then calculate the enrichment
values of the gene sets

* The significance level of each gene set is determined by this null distribution

* Forexample, if the enrichment value of a gene set is greater than all but 5 of the enrichments values from
the permutation, then its p-value is 0.005.

A Phenotype B Leading edge subset
Classes /’—\‘ Gene set S

Gene set S U)

| Correlation with Phenotype

= — |

Random Walk

-o--"
L
g
oy
CE
[OF
O
Lol
(O
X
B
oL
o

Maximum deviation ~Gene List Rank
from zero provides the
enrichment score ES(S)

Proc Natl Acad Sci U S A. 2005 Oct 25;102(43):15545-50



http://www.ncbi.nlm.nih.gov/pubmed/16199517

GSEA Enrichment tests

ENRICHMENT

TEST

Quaid Morris

A 4

Gene list
Fisher’s Exact Test,
Binomial and Chi-
squared.

A 4

Ranked list (semi-
quantitative)
Minimum
hypergeometric test,
GSEA,

Wilcoxon ranksum,
Mann-Whitney U,
Kolmogorov-Smirnov

UP

UP

N

, DOWN

to Quaid Morris
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GSEA/mHG: Method

GSEA/mHG score calculation

gene-set

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



GSEA/mHG: Method

GSEA/mHG score calculation

|
|

1 101 401 Gene rank

gene-set

VY. . ) \ \ \4 \ A v vy

ES score

Every present gene (thick red vertical bar) gives a positive contribution, \Warning: the

Every absent gene (black vertical bar) gives a negative contribution alignment here
between bars and

plot is a little off

to Quaid Morris



GSEA/mHG: Method

GSEA/mHG score calculation

1 101 401 Gene rank

ES score

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.

gene-set

to Quaid Morris



Permutation-based P-values

Empirical p-value estimation (for every gene-
set)

1. Generate null-hypothesis distribution from
randomized data (see permutation settings)

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

Counts

ES Score



Permutation-based P-values

Estimate empirical p-value by comparing observed max ES
score to null-hypothesis distribution from randomized
data (for every gene-set)

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

Counts

Real ES score

ES Score



Permutation-based P-values

Estimate empirical p-value by comparing observed max ES
score to null-hypothesis distribution from randomized
data (for every gene-set)

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

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

Counts

Real ES score

v

ES Score

to Quaid Morris



More GSEA examples

Ranked
gene list WL

treated E*

¢ —
~
e

Gene-set 1 (n=17)
. Enriched in treated

Enrichment Score

Q Gene-set 2
AR Not enriched

L1
-
I

-~ :Z‘nsﬁ#;‘x’agi‘ﬁﬁs“:ﬂaGl’;Eﬁ#ﬂ 883368

Gene-set 3 (n=22)

, E ’l Depleted in treated
DOWN in .+
Enrichment Score
treated

R |
FL—
15 I
—
B o=

to Quaid Morris



Molecular Signatures Database v6.2

hallmark gene sets are coherently expressed H (hallmark gene sets, 50 gene sets)
. signatures derived by aggregating many MSigDB -
—— M S I D B H gene sets to represent well-defined biological C1 (positional gene sets, 326 gene sets) -
e B g states or processes. by chromosome: 1234567891011 1213 14 15 16 17 1¢
==  Molecular Signatures
— Database C 1 positional gene sets for each human C2 (curated gene sets, 4762 gene sets) H
chromosome and cytogenetic band. CGP (chemical and genetic perturbations, 3433 gene sets)
CP (Canconical pathways, 1329 gene sefts)
curated gene sets from online pathway .
Overview cz databases, publications in PubMed, and CP:BIOCARTA (BioCarta gene sefs, 217 gene sets) &

knowledge of domain experts. CP:KEGG (KEGG gene sets, 186 gene sets) B

The Molecular Signatures Database (MSigDB) is a collection
of annotated gene sets for use with GSEA software. From

CP:REACTOME (Reactome gene sets, 674 gene sets)
motif gene sets based on conserved cis-

this web site, you can c3 regulatory motifs from a comparative analysis of C3 (motif gene sets, 836 gene sets)
the human, mouse, rat, and dog genomes. !
Search for gene sets by keyword. MIR {microRNA targets, 221 gene sets)
Browse gene sets by name or collection. computational gene sets defined by mining TFT (transcription factor targets, 615 gene sets)
. \ , c4 large collections of cancer-oriented microarray
Examine a gene set and its annotations. See, for data. C4 (computational gene sets, 858 gene sets) Bl
example, the GO_NOTCH_SIGNALING_PATHWAY gene

CGN (cancer gene neighborhoods, 427 gene sets)

set page.

C5 GO gene sets consist of genes annotated by CM (cancer modules, 431 gene sets)

Download gene sets. the same GO terms.

Investigate gene sets: C5 (GO gene sets, 5917 gene sets) B
oncogenic signatures defined directly from BP (GO biological process. 4436 gene sets
CDmputeleerllaps between your gene set and C6 microarray gene expression data from cancer ( gical p ' g ]
gene sefs in MSigDB. gene perturbations. CC (GO cellular compenent, 580 gene sets)
Categorize members of a gene set by gene families. MF (GO molecular function, 901 gene sets)
immunologic signatures defined directly from

View the Exﬂ,ressmn IperlIE Df, a gene set ”,-' any of C 7 microarray gene expression data from C6 (oncogenic signatures, 189 gene sets)
the three provided public expression compendia. immunalogic studies.

C7 (immunologic signatures, 4872 gene sets) H




Gene Set Enrichment Analysis

Downloads

GSEA Home

Molecular Signatures Database

Software

Easy-to-use graphical user interface

There are several options for GSEA software. All options implement exactly the same algerithm. Usage recommendations and installation instructions
are listed below. Current Java implementations of GSEA require Java 8.

See the license terms page for details about the license for the GSEA software and source code. Please note that the license terms vary for different

versions of the software.

javaGSEA
Desktop Application

T

¥

T

T

Easy-to-use graphical user interface.

Runs on any desktop computer (Windows, macOS, Linux etc.) that
supports Java 8. Oracle Java is recommended as there are
known issues when running with Open]DK. Java 9 and
higher are not supported at this time.

Produces richly annotated reports of enrichment results.

This release is open source under a BSD-style license. The source is
available on our GitHub repository. The changes are noted in the
Release Notes.

We rec
your

1d using a
's total Y.

y configuration smaller than

Launch with
| 1GB (for 32 or 64-bit Java) %]
memory:

javaGSEA + Command line or offline usage. See our User Guide for details. download
Saxatiantile « Runs on any platform that supports Java 8. Oracle Java is gsea-3.0.jar
recommended as there are known issues when running with
Openl]DK. Java 9 and higher are not supported at this time.
» We recommend using the ‘Launch’ buttons above instead of this
mode for mest users.
BETA = The current Beta version of the MSigDB XML Browser (formerly part BETA
of the GSEA Desktop).
MSigDB XML Browser download

Java Jar file

T

L4

¥

L4

Please contact us with bugs or other feedback. We will aim to
address problems as soon as possible in future Beta releases.

Download and launch from the command line with ‘java -jar
MSigDB_XML_Browser-1.0_beta_4.jar', or double-click to launch.

Runs on any platform that supports Java 8. Oracle Java is
recommended as there are known issues when running with
Openl]DK. Java 9 and higher are not supported at this time.

This release is open source under a BSD-style license. The source is
available on our GitHub repository.

MSigDB_XML_Browser-1.0_beta_4.jar

GenePattern GSEA Module

.

¥

Use GSEA from within GenePattern.

Use GSEA in concert with a large suite of other analytics found in
GenePattern (a powerful and flexible analysis platform developed at
the Broad Institute).

GenePattern site




L/ Gene get Enrichment Analysis

0@
Steps in GSEA analysis

Load data

| =]
| '3';'3' Leading edge analysis
A Enrichment Map Visualization

Tools

E Run GSEAPreranked

j Collapse Dataset

Chip2Chip mapping

GSEA desktop application

GSEA 3.0 (Gene set enrichment analysis)

E?'] Analysis history
- GSEA reports
Processes: click 'status’' field for
results
Name Status
1 @ Gsea Invalid P...
2 @ GseaPreranked "t BUCCess
3 @ GseaPreranked " BUCCess
4 E CseaPreranked " Success
Show results folder

| EfF11:31:39

m Gene Set Tools Getting Help

1. What you need for GSEA
+ Expression data set
* Phenotype annotation
+ Gene sets — use MSigDB or
your own gene seis
2. Run GSEA
+ Start with default parameters

* If you want to collapse probes to
genes, specify chip platform

3. View results

4. Leading edge analysis

+ Leading edge finds genes
driving enrichment results

Chip2Chip mapping

+ Convert gene sets between
platforms

| Chip2Chip mapping

Explore MSigDB gene sets

+ See the online toels and data at
www.msigdb.org

+ Search the database of
thousands of gene sets

= Browse the gene sets by name
+ Find overlapping gene sets
+ Export gene sets

GSEA web site:
www.gsea-msigdb.org

Contact the GSEA team:
gsea-msigdb.org/gsealcontact.)sp

E BROAD

INSTITUTE

UC San Diego

3818 [INFO ] Opened widget: GSEA_exercise

il 1439M|of 3184M




. 0oad data

1
2
3
4
I
5}
7
g
9

10
11

A
ZHFE53
HOXB-AZ
MIRIOA
MIR1964Z

TEHDE
HOXEY
STMNZ
MABZIL1
HIST
HOXE3
HOXC10
REFI
FAX3
NPTX1
GOs2
FLCEDI
FLT1
SCN9A
HOXEG
FRMD3
SLC7414
HOXE4
MIR1BA
LAME3
MIR70E
MRAP2
A0QFL
TLR4
ADREZ

B
2979982
4522795
4372696
4.163029
3.961958
3.8858059
3.256591
3.237871
3.106976
2956016
2.880392
2.334008
2.812718
2.811849
2.7158431
2.562242
2.317767
2.502511
2432267
2.426308
2425239
2.318901
2.220983
2.218843
2.187673
2.185362
2.180603
2.159465
2.157506

~GSEA reports

1. RPKM ratio

2. Sorting/unique

3. Save as .txt
4 ..txt 2 .rnk

ece
Steps in GSEA analysis

.._! Load data 1

Leading edge analysis
A Enrichment Map Visualization

Tools

a': Run GSEAPreranked 4

£l Collapse Dataset

Chip2Chip mapping

E?'] Analysis history

GSEA 3.0 (Gene set enrichment analysis)

Load data: Import data into the application

Method 3: drag and drop files here

Supported file formats

Method 1:
I Browse for files ...

Method 2:
% Load last dataset used

Dataset: res or gct (Broad/MIT),
pcl (Stanford)
txt (tab-delim text)
Phenotype labels: cls
Gene sets: gmx or gmt or grp
Annotations: chip

Clear

3 1 -
3 Load these files (7) More on file formats ...

Recently used files

Processes: click 'status’ field for results

(double click to load, right click for mere options)

Mame Status

Object cache

(objects already loaded & ready for use, right click fer more options)

W oAnneenss s oosE TG4 A0E o

Show results folder

T 01:41:23 5757 [INFO ] Loading ...

1 files GSEA_exercise.rnk Files loaded successfully: 1 [ 1 There were NO errors

¥ =5 Objects in memory [shift-click to expand all
¥ | RankedGenelList
@ GSEA_exercise [22520 names)

fl  1ASM of 724M




arameters of pre-ranked GSEA |

Gene sets database:

c2.cp.kegg.v6.2.symbols.gmt

Steps in GSEA analysis

BI2] oad cata

Run GSEA

—

| Leading edge analysis

A Enrichment Map Visualization

Tools

Run GSEAPreranked

2 Cotapse Dataset

Chip2Chip mapping

E?j Analysls history

GSEA reports
Processes: click 'status' field for results

[ x |:F7} Run Gsea on a Pre-Ranked gene list x

1+ 00 @

]

Required fields
Gene sets database
Number of permutations. 1000

Ranked List GSEA_exercise [22520 names]

Basic fields

Advanced fields

Select one or more gene sets(s)

Gene sets (grp)

o= h.all.v6.2.symbols.gmt [Hallmarks]

<= cLall.v6.2.symbols.gmt [Positional]

<= c2all.v6.2.symbols.gmt [Curated]

o= €2.cgp.v6.2.symbols.gmt [Curated]

o= €2.¢p.v6.2.symbols.gmt [Curated]

= €2.¢p.biocarta.v6.2.symbols.gmt [Curated]
+- c2.cp.kegg.v6.2.symbols.gmt [Curated]

o= €2.cp.reactome.v6.2.symbols.gmt [Curated]

Name Status

Show results folder

<= c3.all.v6.2.symbols.gmt [Motif]

<= €3.mir.v6.2.symbols.gmt [Motif]

o= €3fLv6.2.symbols.gmt [Motif]

<= c4all.v6.2.symbols.gmt [Computational]
<= c4.cgn.vé.2. symhols.gmt [Computational]
o= ¢4.cm.v6.2.symbols.gmt [Computational]
<= cS.all.v6.2.symbols.gmt [Gene ontology]

(@) Help (%) MSigDB License Cancel

@ < Reset % Last 5 Command » Run

FF 0151337

5757 [INFO ] Loading ..

Show

Show

Steps in GSEA analysis

Load data
Run GSEA

—
| Leading edge analysis

A Enrichment Map Visualization

Tools

Run GSEAPreranked

) Cotapse Dataset

Chip2Chip mapping

Chip platform:
GENE_SYMBOL.chip

GSEA 3.0 (Gene set enrichment analysis)

| x

£-3 Run Gsea on a Pre-Ranked gene list x

&
Required fields
Gene sets database
Number of permutations

Ranked List

Basic fields
Analysis name

Enrichment statistic

Max size: exclude larger sets
Min size: exclude smaller sets

Save results in this folder

Advanced fields
Normalization mode
Alternate delimiter

Create SVG plot images

E?j Analysis history
GSEA reports
Processes: click 'status' field for results
Name Status

1files GSEA_exercise.rnk Files loaded successfully: 1/ 1 There were NO errors.

W 178M of 724M

Show results folder

Make detailed gene set report

Plot graphs for the top sets of each
phenotype

Seed for permutation

Make a zipped file with all reports

Q

JReser D Last

| FF 01:54:12 5757 [INFO ] Loading

te.org://pub/gsea/gene_sets_final/c2.cp.kegg.v6.2.symbols.gmt
1000

GSEA_exercise [22520 names]

my_analysis
weighted

500

15

/Users/mbird/gsea_home/foutput/nov27

meandiv

false
true
20

timestamp.

false

i Command » Run

c@E @

o

Hide

Hide

1files GSEA_exercise.rnk Files loaded successfully: 1 / 1 There were NO errors

f 201M of 724M



Parameters of pre-ranked GSEA ||

O1

Steps in GSEA analysis

s}! Load data

Leading edge analysis

et urphmle;JViSLlalizalior1
roject name

3 Run GSEAPreranked

j Collapse Dataset

.E] Analysis history

- GSEA reports
Procesges: click 'status’ field fog [esults

" Pick a speetfic rando
number generator
seed so can exactly
reproduce the result

Show results folder

g

GSEA 3.0 (Gene set enrichment analysis)

4

I B

2

Required fields
Gene sets database
Number of permutations

Ranked List

w

Analysis name

te.org://pub/

100|

gene_sets_final /c2.cp.kegg.v6.2.symbols.gmt

CSEA_exercise [22520 names]

) my_analysis

o o)

Advanced fields

Normalization mode

Alternate delimiter

Create SVG plot images

m Make detailed gene set report

Plot graphs for the top sets of each
phenotype

Make a zipped file with all reports

meandiv

false

true

20

See% timestamp

false

s ! w fUsers /mbird/gsea_home/output/nov27?
itputfolder

Enrichment statistic weighted B
I Max size: exclude larger sets 500 ]
Min size: exclude smaller sets 15 <

I N > REN <

[ <> ES

Hide

Hide

For full run use 1000 permutations

@ < Reset

% Last

5| Command I  Run I

| T4 01:58:05 5757 [INFO ] Loading ...

1 files GSEA_exercise.rnk Files loaded successfully: 1 / 1 There were NO errors

W 206M of 724M



Result=> index.html

GSEA Report for Dataset GSEA_exercise

Enrichment in phenotype: na

94 / 178 gene sets are upregulated in phenotype na_pos

11 gene sets are significant at FDR < 25%

9 gene sets are significantly enriched at nominal pvalue < 1%
15 gene sets are significantly enriched at nominal pvalue < 5%
Snapshot of enrichment results

Detailed enrichment results in html format

Detailed enrichment results in excel format (tab delimited text)
Guide o interpret results

Enrichment in phenotype: na

B84 /178 gene sets are upregulated in phenotype na_neg

26 gene sets are significantly enriched at FDR < 25%

16 gene sets are significantly enriched at nominal pvalue < 1%
24 gene sets are significantly enriched at nominal pvalue < 5%
Snapshot of enrichment results

Detailed enrichment results in html format

Detailed enrichment results in excel format (tab delimited text)
Guide fo interpret results

Dataset details

= The dataset has 22520 features (genes)

Gene set details

= Gene set size filters (min=15, max=500) resulted in filtering out 8 / 186 gene sets
« The remaining 178 gene sets were used in the analysis
= List of gene sets used and their sizes (restricted to features in the specified dataset)

Gene markers for the na_pos versus na_neg comparison

* The dataset has 22520 features (genes)
» Detailed rank ordered gene list for all features in the dataset

Global statistics and plots

= Plot of p-values vs. NES
= Global ES histogram

Other
« Parameters used for this analysis
Comments

» Timestamp used as the random seed: 1543298510119

= No probe set => gene symbol collapsing was requested, so all 22520 features were used

Report: my_analysis.GseaPreranked.1543298501162.rpt by user: mbird
xtools.gsea.GseaPreranked [Tue, Nov 27, '18 2 PM 1]

Data of pre-ranked GSEA

Data summary

Table: GSEA Results Summary

Dataset || GSEA_exercise |
| Phenotype || MNoPhenotypeAvailable |
| Upregulated in class || na_pos |

GeneSet

KEGG_CELL_CYCLE

Enrichment Score (ES)

0.5274482

| Mormalized Enrichment Score (NES) || 1.2457196 |
Nominal p-value 0.06557377

FDR g-value 0.6398135

| FWER p-Value [1.0 |




Data of pre-ranked GSEA
snapshot of enrichment results

Snapshot of enrichment results
Enrichment plot: KEGG_CELL_CYCLE

Enrichment score —=———@

Enrichment score (ES)
(=]
(%)

0.1
Leading edge oobf N
Table: GSEA Resulis Summary Su bset a1l
| Dataset ” GSEA_exercise |
| Phenoctype ” NoPhenotypeAvailable |
|Upregu|ated in class ” na_pos | —_
[GeneSet |[kEGG_CELL_CYCLE | 3 i
|Er‘-richment Score (ES) ”0.52?4492 | E 5.0 na-pos [Pﬂsm""'::h" i
|Normalized Enrichment Score (NES) ” 1.2457196 | E 1
|Nominal p-value ”0.0555?3?? | E 2:3 z:zm crods at 6547
|FDR g-value ||0.6398135 | g 00 "
[FWER p-Value 1.0 | g . ‘ :
E | 'na_neq’ (negatively correlated)
Rank at max E 0 2,500 leuu 7500 10,000 12500 15,000 17,500 20,000 22,500

Rank in Ordered Dataset

| Enrichment profile — Hits Ranking metric scores




Data of pre-ranked GSEA
Detailed enrichment results in html format

Table: Gene sets enriched in phenotype na [plain text format]

1 KEGG TASTE TRANSDUCTION Details ... 49 0.82|1.79 |[0.000 0.008 0.010 231 tags=10%, list=10%, Signal:ﬂ%
2 |[KEGG SYSTEMIC LUPUS ERYTHEMATOSUS Details ... 134 |[0.69]/1.70 |[0.000 0.013 0.030 2760 tags=43%, list=12%, signal=48%
3 |[KEGG OOCYTE MEIOSIS Details ... 110 |[0.65]/1.65 ||0.000 0.030 0.100 3651 tags=4d%, list=16%, signal=52%
4 |[KEGG CALCIUM SIGNALING PATHWAY Details ... 175 |[0.64]/1.62 |[0.000 0.032 0.120 2560 tags=18%, list=11%, signal=22%
5 ||KEGG NEUROACTIVE LIGAND RECEPTOR INTERACTION Details ..  ||268 |[0.59]1.57 |[0.000 0.071 0.310 1369 tags=67%, list=6%, signal=6%
6 |[KEGG DNA REPLICATION Details .. |36 |[0.76]1.52][0.018 0.117 0.490 3859 tags=63%, list=17%, signal=84%
7 |[kEGGE HOMOLOGOUS RECOMBINATION Details .. |28 |[0.73]1.48 |[0.000 0.179 0.680 4297 tags=71%, list=19%, signal=88%
8 |[KEGG TIGHT JUNCTION Details ... 131 |[0.60]1.48 |[0.017 0.166 0.730 4411 tags=36%, list=20%, signal=44%
9 |KEGG PROXIMAL TUBULE BICARBONATE RECLAMATION Details ... |22 |[o.81]1.48][0.000 0.149 0.740 866 tags=23%, list=4%, signal=24%
10||KEGG MISMATCH REPAIR Details .. |23 |0.74]1.46 |[0.018 0.162 0.800 4574 tags=70%, list=20%, signal=87%
11||KEGG _PHOSPHATIDYLINOSITOL SIGNALING SYSTEM Details ... |75 |[0.63]1.45|[0.000 0.162 0.870 4173 tags=39%, list=19%, signal=47%
[11] | [75_Jloga]1.4s5 ]| I | | 12 g
[12]|[KEGG_CARDIAC MUSCLE CONTRACTION |Details .. |71 |[0.63]1.40][0.036 0263 o970 |[2378 |[tags=21%, list=11%, signal=24%
[13][KEGG DORSO VENTRAL AXIS FORMATION |Details .. |24 |0.74] 1.37][0.053 |[0:311 |[0.990 2718 |[tags=29%, list=12%, signal=33%
[14][KEGG REGULATION OF ACTIN CYTOSKELETON |Details .. ][210 |jo.51][1.33][0.030 |[0.435  ][1.000 ||3496 |[tags=33%, list=16°%, signal=39%
[15]|[KEGG_PROGESTERONE MEDIATED OOCYTE MATURATION |Details .. |85 |0.55] 1.31][0.000 |[0.482 ][1.000 ||3702 |[tags=45%, list=16°%, signal=53%
[16]|[KEGG OLFACTORY TRANSDUCTION |Details .. |[339 |[0.45] 1.27 ][0.039 o612 ][1.000 || 1971 |[tags=12%, list=9%, signal=1% |
[17]|[KEGG_ALDOSTERONE REGULATED SODIUM REABSORPTION |Details .. |41 |o.58] 1.26][0.070 o594 [1.000 || 2652 |[tags=24%, list=12%, signal=28%
[18]|[kEGG CELL cYCLE |Details .. |[124 |0.53] 1.25][0.086 o640 ][1.000 || 4643 |[tags=53%, list=21%, signal=67%
* Nominal P —value e Tags
* Isthe GS significantly changed between two — % of gene hits before (for positive ES) or after (for negative ES) the peak in
classes the running enrichment score.
e NES — % of genes contributing to the enrichment score.
. List
* ES/Mean(All permutated ES) ) _ o
< Acomparable ES across gene sets — % of genes in the ranked gene list before (for positive ES) or after (for
P g negative ES) the peak in the running enrichment score.
o | s ‘ _ . . . . ined.
N actual ES where in the list the enrichment score is attained
mean(ESs against all permutations of the dataset) .
. Signal

FDR or FWER

* The estimated probability that a gene set with a
given NES represents a false positive finding.

N is the number of genes in the list

Nh is the number of genes in the gene set

(Tag %)(1 - Gene %)[

o
N —Nh

If the gene set is entirely within the first Nh positions in the list, then the
signal strength is maximal or 100%. If the gene set is spread throughout the

list, then the signal strength decreases towards 0%.




Leading Edge Analysis
Import GSEA results

eo0e
Steps in GSEA analysis

Load data

Leading edge analysis
A Enrichment Map Visualization

Tools

ﬂ{ Run GSEAPreranked
% Colapse Dataset

Chip2Chip mapping

E Analysis history

GSEA 3.0 (Gene set enrichment analysis)

1 x| E3 x| &

Select a GSEA result from the application cache

[ OR ] Locate a GSEA result folder from the file system itput/nov27/my_analysis.CseaPreranked.1543298501162

Load GSEA Results

x X GSEAResults X

positive phenotype: na pos  negative phenotype: na neg
Filter Gene Sets

178 out of 178 gene sets

~GSEA reports
Processes: click 'status’ field for results
Name Status
1 | | GseaPreranked | * Success
2 | | GseaPreranked | * Success

Gene Set Size ES NES

_I'.il

. 0.032
69
——-IE
—_I-m

KEGGTIGHT U..|  131]  0.603[ 1476  0.017] 0166  0.73]
m—a—m
m_!ﬂ
——n—mm
__

KEGGDORSOV..| 24 0736 1372 00s3] 031  0.99]

KEGG REGULATL..| 2100 osuf 133 003 o043 1
—--:m
tag=
—_ :
—-ﬂﬂﬂ—

NOM p-val Rank at Max

FDR g-val FWER p-val Leading Edge

ma
el
[

Se
e r=1E=]
=l | =
P | | B
n o [~
oo || =
===

(=]

=] oo
o DOO
—|w|o|=|e
[ | | oo
D—

.

= |

=

LAI

Show results folder

KEGG ADHEREN 0.539 1.225 0.175 0.696 4 58? tags=42%, li
KEGG_ERBB_SIG... 8? 0.514 1.203 0.117 0.758 ]. 5,673 tags=51%, list
KEGG_VIRAL_MY... 68 0.519 1.194 0.132 0.766 1 878 tags=19%, list
KEGG_GLIOMA 64 0.519 1.186 0.203 0.772 1 4,730 tags=39%, list=...
KEGG_AUTOIMM... 44 0.577 1.181 0.186 0.757 1 2,494 tags=5%, list=1...
KEGG_GAP_JUN... 89 0.501 1.177 0.164 0.746 1 3,604 tags=36%, list=...
KEGG RNA DEG... 57 0.547 1.17 0.197 0.754 1 4,827 tags=49%, list=...
(':?) Help For 18 selected gene sets: » Run leading edge analysis » Build HTML Report

L'FfF 02:42:02 8118 [INFO ] Begun importing: RankedList from: /Users/mbird/gsea_home/output/nov27/my_analysis.CGseaPreranked.1543298501162,/edb/CSEA_exercise.rnk

546M of 2650M




Data of leading Edge Analysis

o0 e
] Steps in GSEA analysis

m Load data

Leading edge analysis
A Enrichment Map Visualization

Tools

E Run GSEAPreranked

j Collapse Dataset

GSEA 3.0 (Gene set enrichment analysis)

2 x| B3 x

& x - [&Leading edge analysis x| q

Select a GSEA result from the application cache

[ OR ] Locate a GSEA result folder from the file system

X Leading Edge Analysis-1 X .

Load GSEA Results

itput/nov27/my_analysis.GseaPreranked.1543298501162

File Edit

File

m

dit

GCene Set

i

Heat Map shows the (clustered) genes in the leading edge subsets.
| =4 a Expression values are represented as colors
| Red: high; Pink: moderate; Light blue: low; Dark blue: lowest

KEGG SYSTEM. ..
KECG TIGHT ...
KEGG HOMOLD. ..
KEGG_DMA_RE. ..
KEGG_MISMAT...
KEGG_REGULA. ..
KEGG_DOASD ...

KEGG_CELL C...

KEGG SYSTEM
KEGG TIGHT

KEGG HOMOLO|
KEGG DNA RE|
KEGG MISMAT]
KEGG REGULA
KEGG DORSO

KEGG PHOSPH
KEGG NEUROA
KEGG CARDIA
KEGG PROXIM
KEGG ALDOST]
KEGG CALCIU
KEGG OLFACT]
KEGG OOCYTE|
KEGG PROGES
KEGG CELL C

'~ GSEA reports
.| Processes: click 'status' field for results
Name Status
il | @ GseaPreranked | " Success
2 | GseaPreranked | " Success

Show results folder

File View

File View

KEGG

Set-to-Set
correlations

SYSTEMIC LUPUS ERYTHEMATOSUS si...
TIGHT JUMCTION signal

HOMOLOGOUS RECOMBINATION signal
DNA REPLICATION signal

MISMATCH REPAIR signal

REGULATION OF ACTIN CYTOSKELETO...
DORSO VENTRAL AXIS FORMATION si...
PHOSPHATIDYLINOSITOL SIGNALING ...
NEURDACTIVE LIGAND RECEPTOR INT...
CARDIAC MUSCLE CONTRACTION signal
PROXIMAL TUBULE BICARBONATE REC...
ALDOSTEROME REGULATED S0DIUM RE...
CALCIUM SIGMALING PATHWAY sianal
0L FACTORY TRANSDUCTTON sianal

Genein
Subsets

Number Of Gene Sets

100 4

Number of Occurences

0.05 0.10

015

0.20 0.25 0.30 0.35

Histogram

T4 02:39:36

8118 [INFO ] Begun importing: RankedList from: /Users/mbird/gsea_home/output/nov27/my_analysis.CseaPreranked.1543

Jacquard is the intersection divided by the

union for a pair of leading edge subsets.

Number of Occurrences is the number of
leading edge subset pairs in a particular bin.




DATASET Download




GSEA Exercise:
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» [ A Gene listfg2&

* 3 TPreranked tools (C2.KEGG)
« B4 GSEA Report

* [[EAZ pos vs. neg enrichment tableEd ZEH
GSEA Enrichment plot

* Leading edge analysis Fij 71 & [LEY
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Networks

* Represent relationships
* Physical, regulatory, genetic, functional interactions

* Useful for discovering relationships in large data
sets

e Better than tables in Excel

* Visualize multiple data types together
* See interesting patterns

* Network analysis



Six Degrees of Separation

* Everyone in the world is connected
by at most six links

* Which path should we take?

* Shortest path by breadth first search

* If two nodes are connected, will find the shortest path
between them

Picture thanks to bridgettribe.wordpress.com

* Are two proteins connected? If so, how?
* Biologically relevant?



Applications of Network Biology

* Gene Function Prediction — o _ o
shows connections to sets of genes/proteins involved in same biological process

* Detection of protein com\:lexes/other modular structures —
discover modularity & higher order organization (motifs, feedback loops)

* Network evolution — _ _
biological process(es) conservation across species

* Prediction of new interactions and functional associations —
Statistically significant domain-domain correlations in protein interaction network to predict
protein-protein or genetic interaction

* ldentification of disease subnetworks — identification of disease network subnetworks that are
transcriptionally active in disease.

« Subnetwork-based diagnosis — source of biomarkers for disease classification, identify
interconnected genes whose aggregate expression levels are predictive of disease state

e Subnetwork-based gene association — map common pathway mechanisms affected by
collection of genotypes

to Gary Bader



What's Missing?

* Dynamics
« Pathways/networks represented as static processes
« Difficult to represent a calcium wave or a feedback loop

* More detailed mathematical representations exist that
handle these e.g. Stoichiometric modeling, Kinetic
modeling (VirtualCell, E-cell, ...)

* Need to accumulate or estimate comprehensive kinetic
information

 Detail — atomic structures
« Context — cell type, developmental stage



What Have We Learned?

* Networks are useful for seeing relationships in large
data sets

* Important to understand what the nodes and edges
mean

* Important to define the biological question - know
what you want to do with your gene list or network

 Many methods available for gene list and network
analysis
— Good to determine your question and search for a solution

— Or get to know many methods and see how they can be
applied to your data

O—®—0—@



Network Visualization and
Analysis using Cytoscape

* Network visualization and analysis using Cytoscape
software
e Cytoscape basics

* Cytoscape network analysis examples
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Welcome to Cytoscape 2.6.0

GRI D

. Attribute browser

rafrocoe e e carcfr o
G
Data Panel Ca
U =)
1]

IC Cegree gallRCexp galLRGsig gal4RGexp gal4RCsig gal80Rexp gal80Rsig
YALO38W 3 -0.652 1.3173E-10 0.123 0.10377 -0.453 1.54B9E-7 -
YALOO3W 2 -0.157 0.0018696 -0.2 6.2814E-4 -0.146 0.013062 .
YALO3OW 2 -0.05 0.18782 0.027 0.55374 0.0030 0.95396 v

[ Node Attribute Browser | Edge Attribute Browser

Network Attribute Browser |

Right-click + drag to ZOOM Middle-click + drag to PAN

to Gary Bader
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Y, yFiles Organic



yFiles Circular

B28 1 cary Bader



Network Layout

* Many algorithms available through apps
 Demo: Move, zoom/pan, rotate, scale, align

f Rotate '« Scale  Align and Distribute Rotate  Scale  Align and Distribute 1'
Rotate in Degrees: Align
V | & &S| 77| @ fo
0 90 180 270 160 Distribute

b | v | | = | =| =

to Gary Bader



Create Subnetwork

N:Xala) Cytoscape Desktop (Session: galFiltered.cys)

3N Edit View Select Layout Plugins Help
New » Network » From selected nodes, all edges “N

Open ~0 Session From selected nodes, selected edges ~{rN
Save “~5 r 1 Clone current network i
Save As... “{'S  grk | Editor Empty Network
Import >[=. Construct network using cPath...
Export r — ———
B 331(7) 3620200
Print... ~P — N
Quit ~Q
Fr Ly
4L ﬁ“”‘@ -
CytoPanel 5 a] - 7%
! Rotate Scale  Align and Distribute} ....... A
~Align
| & S| 77| 4| b :
rDistribute _
b | 9 | 0| =| =] =|
CytoPanel 2
=3
i
=R
I
YFLOZ6W ~
YDR461W .
YNL145W \

[ Mode Attribute Browser | Edge Attribute Browser Ho» )

Welcome to Cytoscape 2.4.1 Right-click + drag to ZOOM Middle-click + drag to PAN y to Gary Bader




Create Subnetwork

ene Cytoscape Desktop (Session: galFiltered.cys)
File Edit View S5elect Layout Plugins Help

%[& Q@g@'default :JSearch:| |"|

CytoPanel 1 H [ee@® aalFiltered sif
{ I Editor ) (s Na)a) galFiltered.sif--child
Network Nodes Edges
galFiltered.sif 331(7) 362(20)

_ [oalFiltered 5% 7 (0) 7(0) YCLO67C YJL159W

LOZ6
YDR461W W
CytoPanel 5 Ta)
! Rotate = Scale Align and Distribute } YNL145W
~Align AW
SNEIEI SRS :
~Distribute
e | 1| = =] =

YCLOG&YC YIL15 W

CytoPanel 2

508

[ Mode Attribute Browser | Edge Attribute Browser Fp
Welcome to Cytoscape 2.4.1 Right-click + drag to ZOOM Middle-click + drag to PAN y to Gary Bader




Visual Style

* Customized views of experimental data in a
network context

* Network has node and edge attributes
e E.g. expression data, GO function, interaction type

* Mapped to visual attributes
* E.g. node/edge size, shape, colour...

* E.g. Visualize gene expression data as node colour
gradient on the network

to Gary Bader



Visual
Style




-0.227

Visual ()
Style <

Load “Your Favorite Expression”
Dataset

-0.074

to Gary Bader



Visual Style

a6 Cytoscape Desktop (Session: galFiltered.cys)
A o
% ] .
[=J=NCNCRO NG AN MIE
Control Panel Ful rﬁ (SR &) galFiltered.sif "
- [ Tg Network = VizMapper™  Editor = Filters ] mﬁ/ ! = e
oA / L LT
Current Visual Style Ejme;'f', o/ o= 3 BT
A /" . il 145
’7 Sample3 a | e - \ [rosceac] ’ﬂ,'/( / ]
il . iy [roLaesc] / YERLTIE] L EITT
-Defaults = it ” 8eNne Gradient Editor for Node Color
/ ~Continuous Mapping for Node Color
/4/ 4V v
7
277\
vsry
¥ Edge Visual Mapping ™ /
b Edge Color interaction
¥ Node Visual Mapping i ",72,4050 -0.0000 1'224(}
v Ain=— al4RGex = /
P Node Tooltip gal4RGexp r,% mﬂ!r;e;lns"iue-' ¥ B Max=1.224
> | Ty
Node Laoe! P v { b % Min/Max | Add | | Delete ‘
¥ Node Color gal4RGexp m‘ y
Mapping Type Continuous Mapping =ilis
GCraphical View -
-2.41 1.22
¥ Unused Properties
Node Border Color s
frivrre
Node Shape
; T S
Node Width ‘#‘
_ e 502] . vy 7
Node Height LI 7 L Fererizn]

Map expression values to node colours using a continuous mapperaxs........



Visual
Style

Expression data mapped
to node colours



Interaction Database Search
TSI Network (multiple file types)...

Export >

~P

Print...

Cytoscape Desktop (New Session)

DNA_Repair_{Reactome)

L\ d”‘ﬂf«%é‘? NA substhate:nas.

iy syitnes eed INA fra.
Sl

DN coraining | g)eu-wr_(\flii)
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1\ neplacz-@u syt oL ue- CLED)
S b z@nmm A
Dmym,@m sighossn.

POL Betw:&PE1-baghd|DNA .

g ==

xecHRz35am

Heteroduflex D

Welcome to Cytoscape 2.6.0 Right-click + drag to ZOOM Middle-click + drag to PAN

Results Panel
& Node

Network from Table (Text/MS Excel

Network from web services...

808

Visual Legend

Edge Type

COMPONENT _IN_SAME

Edge is drawn if the first entity is a component of
the second entity, which is a complex. This
interaction is transient in the sense that A
COMPONENT_OF B and B COMPONENT_OF C
implies A COMPONENT_OF C. This interaction is
undirected.

COMPONENT _OF

Edge is drawn if two entities belong to at least
one molecular complex. This does not
necessarily mean they interact directly. In a
complex with n molecules, this rule will create
clique composed of nln-1)/2 interactions. This
interaction is directed

CO_CONTROL_DEPENDENT_ANTI

Edge is drawn if the first and second entities.
have control over the same process, their
control is dependent, i.e. one of them have effect
aver control of the ather one, and their effect is
in different directions (one of them activates, the
ather inhibits. This interaction is undirected.”

CO_CONTROL_DEPENDENT_SIMILAR

Edge is drawn if the first and second entities
have control over the same process, their
control is dependent, i.e. one of them have effect
over control of the other one, and their effect is
in the same direction (both activates or both
inhibits). This interaction is undirected.

CO_CONTROL_INDEPENDENT _ANTI

Edge is drawn if the first and second entities.
have control over the same process, their
control is independent, l.e. they act without
affecting each other's activity, and their effect is
in different directions (one of them activates. the

View Details

Filter Edges

Color

Import Network from Database

Import Network From Database

Darta Source

Pathway Commons Web Service Client e About

!‘ Search ons |

Step 1: Search

BRCAL Human

Examples: TE53, BRCAL, or SREY.

Step 2: Select Step 3: Select Network(s)

! Pathways | Interaction Networks |

BRCAL
Breast and ovarian cancer sm

ATM Path.wm,r Data Source
DMA Repair Reactome
RADS1
NELFB & Double-5trand Br... Reactome
i v Homologous Reco... Reactome
] Homolegous reco... Reactome

Details = |ATM mediated res... Reactome
m ATM mediated ph... Reactome

Recruitment of re... Reactome

Aurora A signaling  NCI / Nature Path...
BARD1 signaling e... NCI / Nature Path...
Signaling by Auror... NCI / Nature Path...
Links: AndrogenReceptor Cancer Cell Map

BRCA1

Homo sapiens

> Double-click pathway to retrieve.

- UniProt: P38398 v

@ to Gary Bader



6eo0e Cytoscape Desktop (New Session)
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Links:

- UNIPROT: P18858
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- REF_SEQ: NP_000225
- Search iHOP

Visual Legend

to Gary Bader



0eoe Cytoscape Desktop (New Session)
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Links:
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Visual Legend

to Gary Bader
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GSEA <-> Cytoscape

Steps in GSEA analysis

E}! Load data

—u
[ ':"'G':"'I Leading edge analysis
A Enrichment Map Visualization

Tools

#’ Run GSEAPreranked
j Collapse Dataset

Chip2Chip mapping

E%] Analysis history

~GSEA reports
Processes: click 'status’ field for
results

x| E3

Select a GSEA result from the application cache

/nov27/my_analysisLog2.GseaPreranked.1543307165566

[ OR ] Locate a GSEA result folder from the file system

Clear Load GSEA Results

Name Status
1 | @GseaPrerank... | ' Success

Show results folder

Dataset 1
Dataset 1:

*Expression (Dataset 1):

fUsers{mbird/gsea_home/output/nov27/my_analysisLog2.GseaPreranked. 1543307165566

[Volumes /WD3T/Service/2018/YCY_GSEA_20181126/05CC32_gseaSET181125Log2.rnk

<>

*If you are using GSEAPreranked and you would like to see the expression values in the heat map instead of the ranks

change this default setting.

Enrich Map P s
P-value Cutoff 0.005
FDR Q-value Cutoff 0.1
Advanced Options »
e

An Enrichment map was successfully loaded and created in cytoscape. Please navigate to cytoscape to view results

Build Enrichment Map

% 08:38:19 || [+ 5562 [INFO ] An Enrichment map was successfully loaded and created in cytoscape. Please navigate to cytoscape to view results

o |455M of 5906M
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Control Panel -
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Session: New Session
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EM1_Enrichment Map

@ @o-o @o-o

5 DO

P-value Cutoff

o
0.0

Q-value Cutoff

I [ I f
0.0 0.1
Similarity Cutoff

f I | [
0.5 1.0

current Parameters p

advanced Preferences

Table Panel r Ox
g D + @ = /v @

i shared name name @ EM1_GS_DESCR & EM1_Formatted_name i EMI1_Name # EM1_GS_Source i
KEGG_FOCAL_ADHE.. KEGG_FO..  httpy//www.broadinsti.. KEGG_FOCAL_ADHESION KEGG_FOCAL_AD.. none ENR
KEGG_RIBOSOME KEGG_RIB... http:/ fwew.broadinsti... KEGG_RIBOSOME KEGG_RIBOSOME none ENR
KEGG_SMALL_CELL_.. KEGG_SM..  http://www.broadinsti.. KEGG_SMALL_CELL_LUNG_C.. KEGG_SMALL_CEL.. none ENR
KEGG_HOMOLOGO... KEGG_HO... http:/ fwew.broadinsti.. KEGG_HOMOLOCOUS_RECO.. KEGG_HOMOLOG.. none ENR
KEGG_STEROID_HO.. KEGG STE.. httpy//www.broadinsti.. KEGG_STEROID_ HORMONE_.. KEGG STEROID H.. none ENR
KEGG_ALDOSTERD... KEGG_AL... http:/ /wew.broadinsti... KEGG_ALDOSTERONE_ REGU... KEGG_ALDOSTER... none ENR

\LLLEELS Edge Table  Network Table - Heat Map (nodes) -, Heat Map (edges)
@ Memory
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