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To fully utilize the results of contemporary
biological research, one would like to
analyze data on biological function in

addition to sequence information.

Adopted from http://www.geneontology.org/
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Unfortunately ...

« Compared to sequence information, biological
function is much more difficult to analyze.

 Biological data is fragmented

— Biologists currently waste a lot of time and effort in
searching for all of the available information about each
small area of research.

 Language used in biological research is not well

controlled

— This is hampered further by the wide variations in
terminology that may be common usage at any given time,
which inhibit effective searching by both computers and
people.
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Adopted from http://www.geneontology.org/

SJChen/CGU/2011/



A simple example

* |If you were searching for new targets for antibiotics, you might
want to find

— all the gene products that are involved in bacterial protein
synthesis, and

— that have significantly different sequences or structures
from those in humans.

* | If one database describes these molecules as being involved in
‘translation‘ while another uses the phrase ‘protein synthesis’,
it will be difficult for you - and even harder for a computer - to
find functionally equivalent terms.

!

Inconsistent descriptions of biological function makes
systemic functional analysis virtually impossible

Adopted from http://www.geneontology.org/
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In biology...
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Adopted from http://www.geneontology.org/
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Bud initiation?

Adopted from http://www.geneontology.org/
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The Gene Ontology

http://www.geneontology.org

The Gene Ontology (GO) provides a way to
capture and represent biological data

and

make all this knowledge in a computable form

Adopted from http://www.geneontology.org/
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The Gene Ontology
is like a dictionary

Each concept (term)

has:
°a name Term: transcription initiation
* a definition Definition: Processes involved in the

e an ID number assembly of the RNA polymerase
complex at the promoter region of a
DNA template resulting in the
subsequent synthesis of RNA from that
promoter.

ID: GO:0006352

Adopted from http://www.geneontology.org/
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perception of touch ; GO:0050975

Adopted from http://www.geneontology.org/

SJChen/CGU/2011/

©



@ _

Adopted from http://www.geneontology.org/

tooth bud initiation

cellular bud Initiation

flower bud initiation
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What is the Gene Ontology project?

« The Gene Ontology (GO) project is a collaborative effort
to address the need for consistent descriptions of gene
products in different databases.

 The project began as a collaboration between three
model organism databases, FlyBase (Drosophila), the
Saccharomyces Genome Database (SGD) and the Mouse
Genome Database (MGD), in 1998.

o Since then, the GO Consortium has grown to include
many databases, including several of the world’'s major
repositories for plant, animal and microbial genomes.

SJChen/CGU/2011/
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How does GO work?

What information might we want to capture about a
gene product?

What does the gene product do?
Where and when does it act?

Why does it perform these activities?

GO uses “GO term” to represent these concepts

Each gene is associated (annotated) with multiple “GO
terms” to describe its location and functions

The information is stored in the GO database

Adopted from http://www.geneontology.org/
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The GO project (l)

« The GO project has developed three structured controlled

vocabularies (ontologies) that describe gene products in
terms of their associated biological processes, cellular
components and molecular functions in a species-
independent manner.

 There are three separate aspects to this effort:
— development and maintenance of the ontologies

— annotation of gene products, which entails making
associations between the ontologies and the genes and
gene products in the collaborating databases

— development of tools that facilitate the creation,
maintenance and use of ontologies.

 The use of GO terms by collaborating databases
facilitates uniform queries across them.

SJChen/CGU/2011/
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The Gene Ontology

« The Gene Ontology project provides an ontology of
defined terms representing gene product properties.

« The ontology covers three domains pertinent to the
functioning of integrated living units: cells, tissues,
organs, and organisms.

— cellular component:
the parts of a cell or its extracellular environment

— molecular function:
the elemental activities of a gene product at the molecular
level, such as binding or catalysis

— biological process:
operations or sets of molecular events with a defined
beginning and end

SJChen/CGU/2011/
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Example: GO terms for cytochrome c

« The gene product “cytochrome c” can be described by
the following GO terms:

— molecular function:
oxidoreductase activity

— biological process:
oxidative phosphorylation and induction of cell death

— cellular component:
mitochondrial matrix and mitochondrial inner membrane

NADH Cytochrome Cytochrome ¢ ATP synthase
dehydrogenase bey complex oxidase ! ADELE
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Apoptotic signals
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Intarmembrans
QA

Caspase

Nature Reviews | Molecular Cell Biology Cascade
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The GO project (ll)

The controlled vocabularies are structured so that they
can be queried at different levels.

For example, you can use GO to find all the gene
products in the mouse genome that are involved in signal
transduction, or you can zoom in on all the receptor
tyrosine kinases.

This structure also allows annotators to assign
properties to genes or gene products at different levels,
depending on the depth of knowledge about that entity.

SJChen/CGU/2011/
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GO Structure

GO isn’t just a flat list of biological terms.
Terms are related within a hierarchy.

SJChen/CGU/2011/
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Structure of GO Terms

« The GO ontology is structured as a directed acyclic graph
DAC).

« Each term has defined relationships to one or more other
terms in the same domain, and sometimes to other

domains.
Cell
Relationship: Hierarchical Directed
..... is-3 Acyclic Graph (DAG) -
_____ part-of multiple parentage
g e allowed
Membrane chloroplast
v ..... A Q
Mitochondrial Chloroplast

membrane membrane

SJChen/CGU/2011/
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GO structure

Eall; all (166775 ) &
FH@ 00008150 biological_process { 115690 )
@ GO00099587  cellular process { 71171)
@ GOO050875  cellular physiological process { GL0ET )
@ GO0044237 - cellular metabolism { 41108 )
H@ GO0006139  nuclechase, nucleoside, nucleo
M@ GOO006259 . DMA metabolism { 4671 )
@ G0:0006260 : DNA replication (
Ho 00007582 - physiological process [ 73658 )
@ GO0050875  cellular physiological process { G087 )
M@ GO0044237 - cellular metabolism { 41108 )
@ 000061358 nuclechase, nucleoside, nucleo
@ GO0006259 ) DMA metabolism { 4671 )
@ 0:0006260 : DNA replication (
@ GO O003152 - metabolism | 44953 )
@ GO0044237 - cellular metabolism { 41108 )
H@ GO 0006139 nucleohase, nucleoside, nuclec
@ GO0006259 ) DMA metabolism {4671 )
@ G0:0006260 : DNA replication (
M@ GO0043170  macromolecule metabolism | 23499 )
H@ GO 0043283 biopolymer metabolism { 1352%
@ GO0006259 ) DMA metabolism {4671 )
@ 0:0006260 : DNA replication (
M@ GO0044235 - primary metabolism { 36601 )
F@ GO O006139  nuclecbase, nucleoside, nucled
FH@ ZO0:0006259  DMA metabolism { 4671 )

FH@ GO:0006260 : DNA replication ( 1115)

Adopted from http://www.geneontology.org/
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GO structure

gene
A
Hall : all { 166775 ) @& -z
@® GO:0008150 : bialogical_process { 118690 ) T -
® GO0009987 © cellular process (71171 )47 il e
Mo GO 0050875 cellular physiological process { 65087 ]lt,,/"" e
@ GO:0044237 : cellular metabolism { 41108 =" e -

& -
F@ GO 0006139 - nucleobase, nucleoside, nucleotide’ﬁﬁﬁ nucleic acid metabolism { 16561 )
@ GO0006259 : DA metabolism { 4671 ) &7 k'/
@ GO:0006260 : DMNA replication { 1115 )

growth
pattern
specification,

« This means genes can be grouped el differentation
embryonic

according to user-defined levels development

response to
stress

homeostasis

metabolism

morphogenesis

 Allows broad overview of gene set
or genome

cell growth/

death maintenance

Adopted from http://www.geneontology.org/
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GO namespace

GO terms are divided into three types:
— Cellular component : where and when does it act?
— Molecular function : what does the gene product do?

— Biological process : why does it perform these activities?

Adopted from http://www.geneontology.org/
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Cellular Component

« where a gene product acts

Mitochondria Structural Features

Iinner
Membrane

Quter
Membrane

Adopted from http://www.geneontology.org/
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Cellular Component

« where a gene product acts

Plasma Membrane Structural Components

Glycoprotein
Carbohydrate

Hydrophilic Side Chain—
Region

Hyﬁggmn o
qulrﬁhnhlc
Winies 2 ' Transmembrane

Protein

Adopted from http://www.geneontology.org/
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Cellular Component

« where a gene product acts

Adopted from http://www.geneontology.org/
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Cellular Component

« where a gene product acts

Ribosome
Structure and Funtion

in
Protein Synthesis

Rihn;%me
Subunit

Exit
Site
Small
Ribosome
Subunit

=3’ Messenger RNA
Terminus

5 Messenger RNA- Mucleotide
Terminus Unit

« Enzyme complexes in the component ontology refer to places, not activities.

Adopted from http://www.geneontology.org/
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Molecular Function & Biological Process

A gene product may have several functions.

* A function term refers to a reaction or activity, not a
gene product
- How ?

o Sets of functions make up a biological process
- Why ?

Adopted from http://www.geneontology.org/

SJChen/CGU/2011/
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Molecular Function

o activities or “jobs” of a gene product

O-H 0
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H-C-OH ‘c-oH
HO-C-H —  HOC-H
H-C-OH } H-C-OH
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| |
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Co, T CO,H | s
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HO-(l}H -« HO*(‘:*H
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H-C-O-“H'NH,  H-C-O—IL-NH,
CHyo(p) Lvs CHyO(P) Lys
CH,-OH
LoOH
|
HO-C-H
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glucose-6-phosphate isomerase activity

Adopted from http://www.geneontology.org/
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Molecular Function

o activities or “jobs” of a gene product

Insglin

Insulin R &
Receptor &% ¥

insulin binding
insulin receptor activity
Adopted from http://www.geneontology.org/
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Molecular Function

« activities or “jobs” of a gene product
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drug transporter activity

Adopted from http://www.geneontology.org/
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Biological Process

« a commonly recognized series of events

Imranuclear condanaation

of chromosomes ] 8, equaborial plane, uplndlo completnd,

Emmmﬁ nuchaar ammiops disappearance of nuclear amvealopa
and nucleslus

cell division

Adopted from http://www.geneontology.org/
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Biological Process

« a commonly recognized series of events

m | 1
y i ||
Factor sigma DNA helix

Initiation

Elongation

Termination G @

transcription

Adopted from http://www.geneontology.org/
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Biological Process

« a commonly recognized series of events

R Pyruvate
HCO, + ATP
pyruvate carboxylase
ADP Oxaloacetate
GTP
PEP carboxykinase
CO, + GDP

PEP

1 L enolase

2-Phosphoglycerate
1 L phosphoglycerate mutase

3-Phosphoglycerate

ATP
m phosphoglycerate kinase
ADP

1,3-Bisphoshoglycerate

NADH
Pi G3pP
dehydrogenase .
MNAD

Dihydroxyacetone :_"' 3-Phosphoglyceraldehyde
phoshpate
wﬂ:se
Fructose-1,6-bhisphosphate
fructos e-1,6-hisphosphatase
Fructose-£-phosphate

phosphogluco isomerase

Glucose-6-phosphate

glucos eb-phosphatase
Pi

Glucose

regulation of gluconeogenesis
Adopted from http://www.geneontology.org/
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Biological Process

« a commonly recognized series of events

o oni
i 3 ?“ : i B
: { RS ¥

limb development
Adopted from http://www.geneontology.org/
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Categorization of gene products
using GO Is called annotation.

So how does that happen?

Adopted from http://www.geneontology.org/
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] HEA_ | Inferred from Electronic Annotation
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IMP Inferred from Mutant Phenotype
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UniProtKB/Swiss-Prot
entry P05147

Entry name
Primary acsession numbar
Socandary accession numbers
Intsgratod into Swiss-Prat on T

0 was |ast modifed on April 1, 1990 (Sequence versian
Annztaticns wers kst medified on _ October 31. 2006 (Eriry version 45)

Synanyms. ECaziio
iroquinate dehydratase

Gane name

From (Aspergillus ridulans) [TaxiD: 162425]

Taxenemy Peziznmycoting: Eurstimycetes; Eurctisies;
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Mol Gen. Genot. 214:224.231(1988)
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A1 | Roview:0 5
12 Mol Gen Gener, 1988 Oct214@23:224-31 Resated Artcies, Links

Molecular organisation of the quinic acid utilization (QUT) gene cluster in Aspergillus
nidulans.

Hawking AR, Lamb HE, Smith M, Keyte JW, Roberts CF

Department of Genetics. University of Newcastle upan Tyne, UK.

The functional integrity of the QUTB. 1 confirmed by

PMID: 2976880

AROM locus of Aspergillus miculans, and
Neurospora crassa. The QUTD geng sers strong homology with the N, crassa QA-Y gene and QUTG with the
QA-X gene. QUTD, QUTE, eUTG, QUTE forsm two pairs of divergently transcribed genes, and conserved

sequence motifs idspufed In (he two common 5 non-coding regions show significant homology with UASGAL and

Gologous 1o the mammalian CAAT box are noted and  previously unreported conserved 22

PMID: 2976480 [PulMed - indexed for MEDLINE]
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GO0O:0047519

IDA PMID:2976880

GO0:0047519
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EC1.1.98.25
MetaCyc:1.1.90.25-RXN

Cammant: None
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Graphical View

g on CH-OH group of donors ( 1241 )
aul ) activity (0}

External References
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7 MetaCye | 1)
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RCA | Reviewed Computational Analysis
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Submit to the GO Consortium

Last Saved: 17/01/2007 12:42:01 pm

__ gene_association.sgd

w File Path: ~/De sktop/gene_association.sgd

ubmitted file is available from:
/submission/

files please see:
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73 IS8
1s8
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Iss

YOL165C

2151 | PMID:105
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000 84 c
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Iss
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YCR1Q7W

Is

YIR155W

YFLOS5TC

15S_rRNA|15S_RRNA_:
158_rRNA|15S_RRNA_
158_rRNA|155_RRNA
155_rRNA|15S_RRNA :
215_rRNA|21S_rRNA_
218_rRNA|21S_rRNA_
215 rRHA|

Qo ommlOD PO

tor

C  ADP/ATP translc

F  ADP/ATP translc

2000000126 P ADP/ATP transl

18000000126 P ADP/ATP transl
Cc AD
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21
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Annotation appears in GO database

|Oe AmiCO: Gene Product Search Results ]
@ A A ] @ 3 hitp: f fwww.godatabase.org/ cgi-bin famigo/ge.cgifaction=query&view=query&s = Q~ Google -\-l
© AmiGO: Gene Product se... [ ===

L the Gene Ontology AmiGO

Search Advanced Search  BLAST search Browse Help

Gene Product Search Results

2 results for ic a in field(s) name(s), symbol, synonyms
Filter results
Filter Gene Praducts Filter Gene Praducts by Associations—  (set filters )
Species Data source Evidence Code Ontology :
All All All Curator A dm| [All (_Remave all filters )
m m pprove m —
A thaliana \ CCD \ IC \ Biclogical Process
B. anthracis str. Am & | |dictyBase H DA s+ Cellular Component
B. taurus v | |FlyBase A IEP v |Molecular Function
Name Details
et

AT3G27010.1  BLAST gene from Arabidopsis

D @Get FASTA sequences CGet annotation summary

Last updated 2007-01-16
Terms of use » Disclaimer » GO helpdesk
Copyright © 1999-2006 the Gene Ontology Consortium

4

Adopted from http://www.geneontology.org/
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. CG4301
Many species

groups annotate
\

\ sop ——@Mc)

GeneDB /

calcium-transporting

(Atp2cl)—— MGl  — | ATPase activity = ~—___ Wormbase ——(X11D9.2B)
We see the = TAIR UniProt
research of one / \\ (AT HUMAN)
function across (AT2A2_HUMAN)
all species (AT2A3_HUMAN)
ECAI1

Adopted from http://www.geneontology.org/
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« The GO vocabulary is designed to be species-neutral,

Scope of GO Terms

and includes terms applicable to prokaryotes and
eukaryotes, single and multicellular organisms.

Species, Database

Agrobacterium
tumefaciensstr. C58
PAMGO

Arabidopsis thaliana
TAIR

Aspergillus nidufans
AspGD

Comprehensive Microbial
Resource [multispecies]

JCVI

Bos taurus

GO Annotations @ EBI

Caenorhabditis elegans

WormBase

Candida albicans
CGD

Gene Products
Annotated

82

31766

21035

61752

25495

17477

6334

Annotatit Gallus gallus 16235 75366 4/8/2011
GO Annctations @ EBI {4139 non-IEA)

248

(248 non-|Homo sapiens 18255 231096 4/8/2011
GO Annotations @ EBI (135905 non-IEA)

133010

(102197 n Leishmania major 10 28 5/31/2010
Sanger GeneDB {28 non-IEA)

73646

(56612 no Magnaporthe grisea 11274 27631 3/18/2011
PAMGO (27631 non-IEA)

155509

(155509 n Mus musculus 33917 285214 4/8/2011
MGI (195161 non-1IEA)

118905 Oomycetes 30 126 5/31/2010

(8535 non PAMGO {126 non-IEA)

07000 07 sativa 41142 49638 3/18/2011

(58271 Gramene {49638 non-1IEA)

no
30347 _
rotein Data Ban
(17624 Prot Data Bank 93982 879623 4/8/2011
no

[multispecies]

GO Annotations @ EBI

{31390 non-IEA)

SJChen/CGU/2011/
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Example 1

Using GO to identify all genes involved in
a specific biological process.
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There is a lot
of biological
research output

Entrez PubMad

Al Dralatrensers
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Search

About Entrez

Text Version
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Overview

Help | FAQ
Tutorials
%ew!hoteworthy

E-Utilities

PubMed Services
Journals Database
MeSH Dalabase
Single Citation
Matchar

Batch Citation
Matchar

Clinical Queries
Special Queries
LinkQut

My NCBI

Related
Resources
Order Documents
NLM Mobile

NLM Catalog
NLM Gateway
TOXNET

How healthy is America?

The latest report from the Health, [niied States series, by the
Centers for Diszase Control and Prevention (CDC), is now
available on the Bookshelf.

\, S

PubMad is a service ofthe U.S. National Library of Medicine that
includes over 1€ million citations from MEDLINE and other life science
journals for hinmedical articles back to the 1950s. PubMed includes
links to full text articles and other related resources.

Adopted from http://www.geneontology.org/

A service of the National Library of Medicine

P b d anc the National Instifutes of Health [l @a (%=1

u e Sign In] [Register
www.pubmead.gov
Pulbsivied Murchetice Probein S Struwiune oMM PMC JourTEls Bk
PubMed I-#-] for | | Clear
| Limits | Previewlindex | History | Clipbosrd | Detais. |
e To get started, enter ong or more search terms,
* Search terms may be topics, authors or journals.
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BOB Entrez PubMed

You’re

@ A A @ = hitp: f {www.n chl.nlm.nih.gov /entrez/query.fegizdb=PubMe @ [EE ~ Q- Google
Interested In SR,

o ] Entrez PubMed

(l(..) A zervice of the National Library of Medicine Mv NCBI o
: . and the National Institutes of Health
which genes =RNe:il PubNled (S ] (Rogter
All Databases PubMed Nucieotide Proiein Ganomea Structure OMIM PMC Journals Books
CO n t ro I SEEIC]I ' PubMed |~¥"} fOI mesoderm development]
d [ Limits || Previewlindex: | History | Cipboara | Details |
m eS O e r m About Entrez e To get started, enter one or more search terms.
e Search terms may be topics, authors ot journals.
development... ToxtVerson et
' N

You conduct a
term search In
PubMed

Entrez PubMed
Ovarview

Help | FAQ
Tutorials
%&w!No!ewonhy

E-Utilities

PubMed Services
Journals Database
MeSH Database
Single Citation
Matcher

Batch Citation
Matcher
Clinical Queries
Special Queries
LinkOut

My NCBI

Related
Resources

Order Documents
NLM Mobile

NLM Catalog
NLM Gateway
TOXNET
Consumer Health
Clinical Alerts
ClinicalTrials.gov

e

gt

= How healthy is America?

The latest report from the Health, United States series, by the
Centers for Disease Control and Prevention (CDC), is now
available on the Bookshelf.

. v

PubMed is a service of the U.S. National Library of Medicine that
includes over 16 million citations from MEDLINE and other life science
journals for biomedical articles back to the 1950s. PubMed includes
links to full text articles and other related resources.

Adopted from http://www.geneontology.org/
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Adopted from http://www.geneontology.org/
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GO browser

= -~ _the Gene Ontology AmiGO

Advanced Search BLAST search Browse Help

AmiGO

Search, browse and visualize Gene Cntology data

Search the Gene Ontology database

> |Meso

derm development

® GO terms

7 gene symbols or names [ exact match

Submit

Last updated 2007-01-16

Copyright © 1999-2006 the Gene Ontology Consortium

Adopted from http://www.geneontology.org/
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< -~ _.the Gene Ontology AmiGO

Search Advanced Search BLAST search Browse Help

Term Search Results

8 results for mesoderm development in field(s) term name, synonyms

Filter your results

Ontology | Set filters |
All -
Remowve all filters |

Biclog cal Process \
Celluler Component
Molecular Funcrion

Term Ontology

axial mesoderm development [show def] [view assnciations]

gonadal mesoderm development [show def] [view assocations]

gut mesoderm development [show cef] [view associations]

intermediate mesoderm development [show def] [view associations]

paraxial mesoderm development [show def] [view associations]

process

Adopted from http://www.geneontology.org/
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Definition of

mecndarm

TTINWU\UVIN T TLI]

development

Gene products
Involved In
mesoderm
development

T~ the Gene Ontology AmiGO

Search Advanced Search BLAST search Browse Help

Term Associations

Filter your results

Filter associations set filters )
Species Data source Evidence Code P ———
All 0 All 0 All CuranrApprovedm (_Remove allfilters |
A, thaliana CCD IC
E. anthracis sur. Am . cictyBase - 1D -

E. taurus v | |FlyBase | |IEP e

View associations
( @ All associaticns  © Direct associations‘

Gene Product Associations to mesoderm development ;
G0:0007498 and its children

Get this data as RDF-XML.

The process whcse specific outcome is the progression of the mesoderm over time, from its
formation to the mature structure. The mesoderm is the middle germ layer that develops into
muscle, bone, cartilage, blood and connective tissue.

Qualifier Name / Symbol Information Evidence Reference Assigned

by
O AIOL HUMAN protein from TAS PMID:10552935 Proteome
IKZF3, ZNFN1A3: Hoemo Inc.
Zinc finger protein sapiens (via
Aiolos UniProt)

Adopted from http://www.geneontology.org/
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Example 2

Using GO to classify genes differentially
expressed from microarray study
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Bregje Wertheim at the Centre for Evolutionary Genomics,

Department of Biology, UCL and Eugene Schuster Group, EBI.

Microarray data
shows changed
expression of
thousands of genes.

How will you spot
the patterns?

I I

attacked control
Adopted from http://www.geneontology.org/
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Traditional Analysis

Gene 1

Apoptosis

Cell-cell signaling
Protein phosphorylation
Mitosis

Gene 3

Growth co=*=~!
Mitosis | Gene 4
Oncogene Nervous system

Protein ph Pregnancy
Oncogenesis
Mitosis

« After searching all information about these 100 genes, it is still

Gene 2

Growth control

Mitosis

Oncogenesis

Protein phosphorylation

...‘

Gene 100

Positive ctrl. of cell prolif
Mitosis

Oncogenesis

Glucose transport

difficult to know which biological processes are most

significantly altered

Adopted from http://www.geneontology.org/
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Using GO Annotations

 But by using GO annotations, this work has already been
done

Gene Symbol

ATAA_HUMAN
ATGCC / GOst

Ad4_HUMAN
ATGCC / GOst

AA2A_HUMAN
ATGCC / GOst

ABS_HUMAN
ATGCC / GOst

AG22_HUMAN
ATGCC / GOst

AHR_HUMAN
ATGCC / GOst

APAF_HUMAN GO:0006915: apoptosis

ATGCC / GOst

APGB_HUMAN
ATGCC / GOst

ARH6_HUMAN
ATGCC / GOst

BCLE_HUMAN
ATGCC / GOst

BCLX_HUMAN
ATGCC / GOst

BRC1_HUMAN
ATGCC / GOst

CAR4_HUMAN
ATGCC / GOst

CD14_HUMAN
ATGCC / GOst

AL e I A 1 e O I

Adopted from http://www.geneontology.org/
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Grouping Genes by Biological Process

Apoptosis
Gene 1
Gene 53

Positive ctrl. of
cell prolif.
Gene 7

Gene 3

Gene 12

Mitosis
Gene 2
Gene 5
Gened5
Gene 7
Gene 35

Growth
Gene 5
Gene 2
Gene 6

Adopted from http://www.geneontology.org/

Glucose transport

Gene 7
Gene 3
Gene 6
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Bregje Wertheim at the Centre for Evolutionary Genomics,
Department of Biology, UCL and Eugene Schuster Group, EBI.

Defense response

Immune response
Response to stimulus

Toll regulated genes
JAK-STAT regulated genes

Puparial adhesion
Molting cycle
hemocyanin

Amino acid catabolism

Lipid metobolism

Peptidase activity
Protein catabloism
Immune response

Immune response
Toll regulated genes

I I

attacked control
Adopted from http://www.geneontology.org/
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How to spot biological functions
embedded in a gene list?
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DAVID Bioinformatics Resources

« DAVID web server : http://david.abcc.ncifcrf.gov/home.jsp

/= DAY¥ID 2008 Functional Annotation Bioinformatics Microarray Analysiz - Windows Internet Explorer

a@' - |E, hitp:fidavid abee neifod, gov/home jep b | ii |Gaogle ||£|L|
wRE HREE #RE BeEW IBD B e - PEE

Google | P HTWE - B EEE - T E@EN - 4 G- @2\

SJ - @~ | Wb Search < [T Baokmarks+ [1Settings~ | (3 Travel = EMail = €3 Answers = | §T3 Translate Fage = [ Pop-Up Elacker - »

o [@ DATID 2008 Fonctional Annotation Bioinformeatics Mi.. l_\ - = - PEED - GTEQ -

|

Ay v S 5; DAVID Bioinformatics Resources 2008
‘]l 3_1 Do National Institute of Allergy and Infectious Diseases (NIAID), NIH

| Home | Start Analysis | Shortcut to DAVID Tools | Technical Center | Downloads & APIs | Term of Service | Why DAVID? | About Us

SJChen/CGU/2011/

Shortcat to DAVID Tools Becommending: A paper published in Nature Protocols describes step-by-step procedure to nuse DAVID!
: : = Welcome to DAVID Bioinformatics Resources
= Functional Annotation
T E— 2003 - 2009
ene-annotation enrichment ana B i r
functional an tion clustering . BioC B H_ Search J
KEGG path =y rr|.=|:||:|||'||:| gene-dise =
homologue match, ID . . R . = r ' ¥ b
tranElati-::n.- s e e The Database for Annotation, Visualization and Integrated Discovery =/ What's Important in DAVID 20082
s Funclional Classificats (DAVID) 2008 is the sixth version of our original web-accessible
et Db in gl et programs. DAVID now provides a comprehensive set of finctional » New requirement to cite DAVID
P o i eere T adate nge oo annotation tools for investigators to understand biological meaning s IDs of Affy Exon and Gene arrays
! ¥ behind large list of genes. For any given gene list,. DAVID tools are supported
R hm: i able to- + Novel Classification Alsonithms
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Construction of a DAVID Gene

NREF(NF00095014)
PIR_ID:138140
GenPept: CAASE042

RefSeq:NP_008970
Uniprot: Q16825

UniRef100_Q16825
Swissprot:PTN21_HUMAN

Uniprot: Q16825

Entrez Gene (11099)
Genepept:: CAASB042
Refseq:NP_008970

Uniprot: Q16825
Genepept:: CAD19000

UniRef100_Q8WX29 NREF(NF00B2B766)
Swissport:Q8WX29_HUMAN / Uniprot: Q8WX29

Uniprot: Q8wx29 Genpept:CAD19000

Nucleic Acid Res (2007) 35:W169

=

DAVID Gene (2858470)

UniRef100_Q16825

Swissprot: PTN21_HUMAN

Uniprot: Q16825

UniRef100_Q8WX29

Swissprot: QBWX29 HUMAN

Uniprot: Q8wx29

NREF:NF0O0O095014

PIR_ID:138140

Uniprot: Q16825

Genpept: CAALSB042

RefSeq:NP_008970

NREF:NF0O0828766

Genpept: CAD19000

Entrez Gene:11099

SJChen/CGU/2011/
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Analytic tools/modules in DAVID

a Users’ large gene lists derived from Analytic flow
high-throughput genomic studies with DAVID

0" Submit gene

lists
@ Step no. Gene list manager and
described tool/module menu page ,

modules through
/ % \ tool menu page
Jointly use DAVID
§ analytic modules
in a sequential
4 order or any
‘ Integrate and

summarize

Comparison and integration of results

customized
combination
results from various tools

Obtain
annotation
results

SJChen/CGU/2011/
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DAVID analytic modules

B Highly recommended
Recommended

Convert gene IDs from one type to another

Diagnose and fix problems of gene IDs

Explore gene names in batch

S
GQK\?J\\Q
N N> S\
LN, .,
Oé\\s@c-}@ X @
PRI S St )
O o Y @ B
& O A B
&L O EE
O E S S S
& & & ANTANT N
o & L& &9
\9(‘ \\}Q\OQ\O «©
QQ‘QQ‘QJQQ‘QDQGQG
F FF YR

Discover enriched functionally related gene groups

Display relationship of many-genes-to-many-terms on 2D view.

Initial glance of major biological functions associated with gene list

Identify enriched (overrepresented) annotation terms

Visualize genes on BioCarta and KEGG pathway maps

L 1 - S - gy

Lii-lh yelic—ulisedse dosuulalivli:

Highlight protein functional domains and motifs

Redirect to related literatures

List interacting proteins

Cluster redundant and heterozygous annotation terms

Search other functionally similar genes in genome, but not in list

Search other annotations functionally similar to one of my interests

Read all annotation contents associated with a gene

SJChen/CGU/2011/
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Gene List — Quality Control

Reasonable number of genes ranging from hundreds to
thousands (e.g., 100-2,000 genes), not extremely low or
high.

Most of the genes significantly pass the statistical
threshold for selection (e.g., selecting genes by
comparing gene expression between control and
experimental cells with t-test statistics: fold changes = 2
and P-values <0.05).

A ‘good’ gene list should consistently contain more
enriched biology than that of a random list in the same
size range during analysis in DAVID.

SJChen/CGU/2011/
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Background List - Definition

To decide the degree of enrichment, a certain
background must be set up to be compared with the
user’s gene list.

For example, 10% of user’s genes are kinases versus 3%
of genes in human genome (this is population
background) are kinases.

Thus, the conclusion is obvious in the particular example
that the user’s study is highly related to kinase.

However, 10% itself alone cannot provide such a
conclusion without comparing it with the background
information.

SJChen/CGU/2011/
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Background List — How to use

A general guideline is to set up the reference background
as the pool of genes that have a chance to be selected for
the studied annotation category under the scope of
users’ particular study

Default background is the entire genome-wide genes of
the species matching the user’s input IDs.

Pre-built backgrounds, such as genes in Affymetrix chips
and so on, are available for the user’s choice

In principle, a larger gene background tends to give
smaller P-values.

As most of the high throughput studies are, or at least
are close to, genome-wide scope, the default background
is good for regular cases in general

SJChen/CGU/2011/
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Classification Stringency

To control the behavior of DAVID Fuzzy clustering

A general guideline is to choose higher stringency
settings for tight, clean and smaller numbers of clusters;
otherwise, lower for loose, broader and larger numbers of
clusters

Default setting is medium
Five predefined ieveis from iowest to highest for user’s
choices

Users may want to play with different stringency for more
satisfactory results

SJChen/CGU/2011/
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Enrichment Score - Definition

To rank overall enrichment of gene groups.

It is the geometric mean of all the enrichment P-values
(EASE scores) for each annotation term associated with
the gene members in the group.

To emphasize that the geometric mean is a relative score

instead of an absolute P-value, minus log transformation
is applied on the average P-values.

A higher score for a group indicates that the gene
members in the group are involved in more important
(enriched) terms in a given study; therefore, more
attention should go to them

SJChen/CGU/2011/
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Fold Enrichment — How to use ?

Enrichment score of 1.3 is equivalent to non-log scale
0.05. Fold enrichment 1.5 and above are suggested to be
considered as interesting.

Caution should be taken when big fold enrichments are
obtained from a small number of genes (e.g., <3).

This situation often happens to the terms with a few
genes (more specific terms) or of smaller size (e.g.,<100)
of user’s input gene list. In this case, the reliability is not
as much as those fold enrichment scores obtained from
larger numbers of genes

SJChen/CGU/2011/
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P-vlaue (EASE score)

To examine the significance of gene-term enrichment
with a modified Fisher’s exact test (EASE score).

The smaller the P-values, the more significant they are
Default cutoff is 0.1

Users could set different levels of cutoff through option
panel on the top of result page.

hl\ 'ataYa s “ ‘ klﬁl ﬂﬂﬂﬂﬂ I fl *"l m “ N~ Af Iﬂ\

ha
UVVIIIS I.U l.. 1 LUITIMI l\ll..y UI UIUIUHIDGI ual.a HinnNIy v |||S

type, P-values are suggested to be treated as score
systems, i.e., suggesting roles rather than decision-
making roles.

Users themselves should play critical roles in judging
‘are the results making sense or not for expected biology

SJChen/CGU/2011/

65



Benjamini

To globally correct enrichment P-values to control family-
wide false discovery rate under certain rate (e.g., <0.05).

It is one of the multiple testing correction techniques
(Bonferroni, Benjamini and FDR) provided by DAVID

More terms examined, more conservative the corrections
are. As a result, all the P-values get larger

It is great if the interesting terms have significant P-
values after the corrections.

But as the multiple testing correction techniques are
known as conservative approaches, it could hurt the
sensitivity of discovery if overemphasizing them.

SJChen/CGU/2011/
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% - Defintion

Number of genes involved in given term is divided by the
total number of user’s input genes, i.e., percentage of
user’s input gene hitting a given term.

For example, 10% of user’s genes hit ‘kinase activity

It gives overall idea of gene distributions among the
terms

The higher percentage does not necessarily have a good
EASE score because it also depends on the percentage
of background genes

SJChen/CGU/2011/
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Data Interpretation

 Fold enrichment and EASE score should always be
examined side by side.

 Terms with larger fold enrichments and smaller
EASE score may be interesting.

SJChen/CGU/2011/
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Start analysis wizard

/= DA¥ID 2008 Functional Annotation Bininformatics Microarray Analysis - Windows Internet Explorer

5@' - |E; httpifdavid aboe neiferd. govhome jsp Vlii”i! |Google ||EE|
BEE HHEE RO FREW IBO JRAWD e - REE

GOL-gle| v QR0 gpr | B o EE- PHTenE - EHEE- T eaEs - 4 G- @B
9!’ v| Q\'!Weh Seart:h!w @Bookmarks‘ [ Bettings ~ | @vael - %Maﬂ - Eaﬁnswers - |E‘)Tmnslate Page ~ EPDP-UP Elocker - »»
o [Q DAVID 2008 Frunctions] Aniotition Biinformatizs Mi.. ]_l fi - ® - [JEED - GTRO - T

/

Home | Start Analysis | Shortcut to DAVID Tools | Technical Center | Downloads & APIs | Term of Service = Why DAVID? | About Us |

Click “Start
Analysis”
from
anywhere
within the
website

£y v ‘ ‘B} DAVID Bioinformatics Resources 2008
‘l‘ = (o)1) National Institute of Allergy and Infectious Diseases (NIAID), NIH
Shortcut to DAVID Tools Recommending: A paper published in Nature Protocols describes step-by-step procedure to use DAVID!
Welcome to DAVID Bioinformatics Resources
= Functional Annotation
2003 - 2009
: arta & |[ Search J
e e e b e The Database for Annotation, Visualization and Integrated Discovery </ What's Important in DAVID 2008?
(DAVID) 2008 is the sixth version of our original web-accessible ) . .
programs. DAVID now provides a comprehensive set of functional o New requirement to cite DAVID
e e e annotation tools for investigators to understand biological meaning « IDs of Affy Exon and Gene arrays
s behind large list of genes. For any given gene list, DAVID tools are supported
able to: + Novel Classification Algorithms
o Pre-built Affymetrix and Ilhunina
backgrounds

® Identify enriched biological themes, particularly GO terms o User's customized gene background
® Discover enriched functional-related gene groups « Enhanced calculating speed
® Cluster redundant annotation terms
® Visualize genes on BioCarta & KEGG pathway maps <) Statistics of DAVID

ene Name Batch Viewer & Display related many-genes-to-many-terms on 2-D view. =

f iven & Search for other functionally related genes not in the list DAVID Citations per year 285

& List hltaacmE prOtEinS Based on Google Scholar 248
& Explore gene names in batch Updated inJan. 2009
& Link gene-disease associations
® Highlight protein functional domains and motifs 143
® Redirect to related literatures
& Convert gene identifiers from one type to another.
® And more

2003 2004 2005 2006 2007 2008

A A S ,.:e:.mn;\lvrr\ ]
1l 2
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Submit gene list or use built-in demo gene

lists

/= DAYID: Functional Annotation Tools - Windows Internet Explorer

@ - |E| hitp:fidavid abee neiferd. govdiools jsp .V_*,‘| |E |z| |Google |@|

BEE REED R0 #REW IBD JHO S - g

Goagle| YRR - B Ty EE- | Prns - e Soael - H & OB
9! v| Q'lWebSearclq? [ElElookmarksv [ Settings ~ | E?Travel i EaMajl ol Eaﬁnswers - | @Translate Page - EPop-Up Blocker - »»
UF 90 | @ DAVID: Funstional knnotstion Tools - - [ EEE - GIRO - T
Google™ E=%x#EE » E "Google TR, BEMIEE? BEES UM ACERRERY | x

Home | Start Analysis | Shortcut to DAVID Tools | Technical Center | Downloads & APIs | Term of Service | Why DAVID? | About Us |

List Background . .
Analysis Wizard
Upload Gene List

Tell us how vou like the tool
Contact us for questions

« Step 1. Submit your gene list through left panel.

Step 1- Enter Gene List |
; ' Note: Affy Exon IDs and Affy Gene Array IDs are now supported in DAVID, as "affy_id" type.

An example: |

Copy/paste IDs to "box 4" > Select Identifier as "Affy ID" -> List Type as "Gene List" -> Click "Submit" button

1007_s_at
1033 _at
117 _at
121 _at
1255 g at
1204 at
1316_at
1320 _at
Step 2: Select Identifier 1405 i at
] 1431 _at
AFFY ID e 1438_at
1487 _at
1454 f at

Step 3: List Type 1598 g at

Gene List 3

Background &

L
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Select one of the DAVID Tools

/= DAYID: Functional Annotation Tools - Windows Internet Explorer

@ ~ [ hipitiavid.aboe.acifer.govitools 8] [#9] [ ] [oo0z

BREE REED RO EHSEELW IAD HA@ Eame - e

ngle| ,{|.;|;;g§u;.@.q.v B 2 PHERE - 2682 Y EEl - 4 Q- @B
S! - @, ~ [ieh Searchl «» [§ Bookmarks~ FlSettings~ | (3 Travel » EAMail + EJdnswers - | I Tronshte Page ~ [} Pop-Up Blocker ~ »
U6 40 | @ DAVID: Functionsl Annotation Took [_] - @@ - [EER - IR0 T
Google" :#R%E - FF "Google THS , BEWE? MEES R x

Gene List
Manager
Panel

al

DAVID Bioinformatics Resources 2008, NIAID/NIH

iﬁ_&_ Analysis Wizard

Analysis Wizard

Tell us how von like the tool
Contact us for questions

& Step 1. Successfully submitted gene list

Current Gene List: demolist1
Current Background: Homo sapiens

Step 2. Analyze above gene list with one of DAVID tools

List Manager Help ', Which DAVID tools to use?
Select List to: « Functional Annotation Clustering
« Functional Annotation Chart
. + Functional Annotation Table
RS e

Show Gene List™=*' %> Gene Functional Classification Tool

<% Gene ID Conversion Tool

3 Gene Name Batch Viewer -

SJChen/CGU/2011/
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Gene Name Batch Viewer

/= DAYID: Gene List - Windows Internet Explorer

@ - |€| hitp:fidavid abee neiferf govlist jsp V|[‘__f| |z| |G00gle | yel |'|
BEE REED WRO BRRELw IRD SHE®E @mn - FBE

Google| - @ g | B W B P eERE - MR- Seawn - 9 - (OB~
9! - | a - IWeb_SeaIt:h|<iv [ Bookmarks+ [ Settings = | O Travel = B Mail » B dnswers ~ | {3 Translate Page = 53 Pop-Up Blocker ~ »
T 2 »
¢ ot | @ DAVID: Gens List l ] - - - [EED - G IEO -
Google" E=3#:fE  H2 "Google TR, AEEHS 7 MEES % FOEIREET) x
2y
Gene Name Batch Viewer
DAVID Biocinformatics Resources 2008, NIAID/MNIH
Home | Start Analysis | Shortcut to DAVID Tools | Technical Center | Downloads & APIs : Term of Service | Why DAVID? | About Us | 3
Gene List Manager Gene List Report
Help and Manual
Current Gene List: demolist1
Current Background: Homo sapiens
171 Gene(s) K pownload File
AFFY_ID Gene Hame IZecIi:‘t::I Species C I = k
31621 _5_AT elastin (supravalvular aortic stenosis, williams-beuren syndrome RG Homo sapiens I c O n g e n e
33685_AT atpase, class i, type 8b, member 3 RG Homo sapiens m H
List Manager Help 37983_AT angiotensin ii receptor, type 1 Homo sapiens na e Wi " Iead to
34636_AT arachidonate 15-lipoxygenase Gene name Homo sapiens more deta'l 'nfo
37898 _R_AT trefoil factor 3 {intestinal} / I d Homo sapiens I I
38103_AT trinucleotide repeat containing 15 trans ate Homo sapiens
Select List to: 33027_AT hypothetical gene supported by ak093334; al833330; bg Homo sapiens
34529_AT hvpothetical protein loc255458 by DAVI D Homo sapiens 73 RG [1)
— - 38604 _AT neuropeptide v RG Homo sapiens m ea n S
. 2090 _I_AT wingless-type mmtv integration site family, member & RG Homo sapiens 73 Tl
Show Gene List™=* 33027_AT similar to arf gtpase-activati rotein RG Homo sapiens Re I ate d G e n es
————— 36421 AT se ii complex component, homolog (s. e ok S -
- 'S i e wmse= | gagrch fucntion
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Gene Functional Classification
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2D View of Gene Function Classification
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Select annotation category and run
Functional Annotation Chart
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Select annotation category and run
Functional Annotation Chart
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Select annotation category and run
Functional Clustering
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