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What have we done until now? 

What did we get? 

Lists of genes 

Up regulated Down regulated 

A complex high-throughput experiment: 

Microarrays 

Deep Sequencing 

Proteomics 

… 

 







Functional Genomics:  
Find the Biological Meaning 

• Take a list of "interesting" genes and find their 
biological meaning 
 

– Gene lists may come from 
significance/classfication analysis of microarrays, 
proteomics, or other high-throughput methods 

 

• Requires a reference set of "biological 
knowledge"  



Per Gene Annotation 

• Before going to gene sets, sometimes 
(especially if our gene list is short, ~30) we 
want to obtain maximum information for each 
single gene 

• If the list is longer automatic extracting and 
parsing is needed 

• The help of a bioinformatician is needed, but 
still there is a lot you can do by yourself 

 



Levels of Annotation per Gene 
Level Database 

Sequence GenBank 

SwissProt (curated) 

Metabolic 

pathways 

Kegg 

Transpath 

Biocarta 

Literature PubMed 

Gene ontology 

(GO)  

Biological process 

Molecular function 

Cell compartment 

Integrated – 

Meta databases 

GeneCards 

Entrez Gene 

OMIM 

PFAM 



Data Sources 

• There are several kinds of databases, looking at the 

genome, transcriptome or proteome level 

• The mapping of the different names is not trivial  
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Sets of “Biological Knowledge"  
 • Linking between genes and biological function: 

– Gene ontology: GO 

– Pathways databases 

• Discovery of common sequences in co-regulated 
genes 

• Meta-studies using data from multiple 
experiments 

– Pubic and private gene or proten expression 
databases 



Functional Information 

• Most of the information that can be obtained 
from genome browsers is not functional (except 
for the summary in Gene Entrez) 

• Functional annotation is difficult. It uses text and 
different people uses different words for the 
same function (translation and protein synthesis), 
or may mean different things for the same word. 
The context in which a gene was found (TGFb-
induced gene) may not be associated with its 
function 

• Inference of function from gene sequence alone 
is unreliable 



What is Ontology? 

• Dictionary: A branch of metaphysics 
concerned with the nature and relations of 
being. 

• Barry Smith:The science of what is, of the 
kinds and structures of objects, properties, 
events, processes and relations in every 
area of reality.  

1606 1700s 



What is Ontology? 

1700s                Ontology (from the Greek…) is the  

               philosophical study of the nature of being,  

               existence or reality in general, as well as of  

the basic categories of being and their relations.  

Traditionally listed as a part of the major branch of  

philosophy known as metaphysics, ontology deals  

with questions concerning what entities exist or can  

be said to exist, and how such entities can be  

grouped, related within a hierarchy, and subdivided  

according to similarities and differences. 
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What is a Gene ? 

  



• Gene Ontology project is a major 
bioinformatics initiative 

• Gene ontology is an annotation system 

• The project provides the controlled and 
consistent vocabulary of terms and gene 
product annotations, i.e. terms occur only 
once, and there is a dictionary of allowed 
words 

 



• Furthermore, terms are related to each other: 
the hierarchy goes from very general terms to 
very detailed ones 

• Subsections are 
• biological process 
• cellular component 
• molecular function 

• Each term is assigned to one of the three 
subsections of the ontology 

 



What is GO? 
• GO describes how gene products behave in a cellular context 

• A consistent description of gene products attributes in terms 
of their associated biological processes, cellular components 
and molecular functions in a species-independent manner  

• Each GO term consists of a unique alphanumerical identifier, a 
common name, synonyms (if applicable), and a definition 

• Each term is assigned to one of the three ontologies 

• Terms have a textual definition 

• When a term has multiple meanings depending on species, the 
GO uses a "sensu" tag to differentiate among them (trichome 
differentiation (sensu Magnoliophyta) ) 

 



Gene ontology is represented as a 
directed acyclic graph (DAG)  

Taken from: Nature Reviews Genetics 9:509-515 (2008) 



DAG 

• A child can have more than one parent (parents are 
closer to the root and are more general, children are 
further from the root and more specific) 
 

• There are no cycles - there is a root 
 

• It is a directed graph  
 

• You can skip levels in the graph 



Example 



Ontology Relations 

• Just as the ontology terms are defined, so are 
the relationships between them (the arrows). 
The terms are linked by three relationships: 

– is_a 

– part_of 

– regulates, positively regulates, negatively 
regulates 



Ontology Relations 

• is_a is a simple class-subclass relationship, for 
example, nuclear chromosome is_a 
chromosome. 

• part_of is slightly more complex; C part_of D 
means that whenever C is present, it is always 
a part of D. An example would be nucleus 
part_of cell; nuclei are always part of a cell, 
but not all cells have nuclei.  

 



A dotted line means an inferred relationship, e.g. one  

that has not been expressly stated 

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

Ontology Relations (cont) 



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

Ontology Relations (cont) 



Ontology Structure 

Every GO term must obey “the true path 
rule”: if the child term describes the gene 
product, then all its parent terms must also 
apply to that gene product.  

 
•           GO:0008150 : biological_process [292645 gene products]      

           GO:0022610 : biological adhesion [4030 gene products]      
           GO:0051825 : adhesion to other organism during symbiotic interaction [107 gene products]   

           GO:0044406 : adhesion to host [97 gene products] 
           GO:0051856 : adhesion to symbiont [10 gene products] 

           GO:0007155 : cell adhesion [3984 gene products]      
           GO:0043708 : cell adhesion during biofilm formation [7 gene products] 

           GO:0060519 : cell adhesion involved in prostatic bud elongation [0 gene products] 
           GO:0003392 : cell adhesion involved in retrograde extension [0 gene products] 
           GO:0033627 : cell adhesion mediated by integrin [52 gene products] 
           GO:0016337 : cell-cell adhesion [1502 gene products] 
           GO:0031589 : cell-substrate adhesion [586 gene products] 
           GO:0007162 : negative regulation of cell adhesion [173 gene products] 
           GO:0045785 : positive regulation of cell adhesion [238 gene products] 
           GO:0030155 : regulation of cell adhesion [582 gene products] 
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http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=minus_node&target=GO:0051825&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0044406&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=minus_node&target=GO:0007155&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0043708&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0003392&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0033627&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0016337&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0031589&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0007162&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0045785&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi?action=plus_node&target=GO:0030155&open_1=GO:0007155,GO:0022610,GO:0051825,all,GO:0008150&closed=GO:0044406&session_id=5027amigo1268674989




Available GO Information 

• Current ontology statistics: as of June, 2015:  

   42931 terms, 100.0% defined 

• 27532 biological_process 

• 3789 cellular_component 

• 9918 molecular_function 

• 1692 obsolete terms (not included in figures 
above) 

 
 

 



What is not GO? 

• Gene products: e.g. cytochrome c is not in the 
ontologies, but attributes of cytochrome c, such as 
oxidoreductase activity, are 

• Processes, functions or components that are unique to 
mutants or diseases: e.g. oncogenesis  

• Attributes of sequence such as intron/exon parameters  

• Protein domains or structural features  

• Protein-protein interactions 

• Environment, evolution and expression 

• It is not complete, it is done “by hand” by curators  



Evidence Codes 

Evidence codes — not all annotations are created equal 

Taken from: Nature Reviews Genetics 9:509-515 (2008) 



Type of annotation per evidence 



Type of annotation per species 



GO Pitfalls 

• Not complete 

• Computational annotations 

• NOT qualifier 

• Identifier flagged as ‘obsolete’, some 

tools do not update their databases 



• GO system provide annotation 

• GO system does not provide information on: 

o Molecular interaction 

o Chemical reactions 

o Mass Flux 

o Information flux 



Biological Pathways 

• A working definition of a pathway is a series of 
molecular interactions and reactions, often 
forming a network and allowing for mass flux 
(metabolism) or information flux (signal 
transduction) 

 



Networks and pathways 

• A collection of interactions defines a network 

• Pathways are subsets of networks 

 All pathways are networks of interactions, 

  however not all networks are pathways! 

 The difference is in the level of annotation 

  and understanding 

• We can define a pathway as a biological 

 network that relates to a known physiological 

 process or phenotype 
 



Networks and pathways  2  

• There is no precise biological definition of 

 a pathway 

• The partitioning of networks into pathways is 
somewhat arbitrary 

• We choose the boundary points based on 
“important” or easily understood compounds 

• Gives us the ability to conceptualize the 
mapping of genotype - phenotype 



Biological pathways   

There are 3 types of interactions that  can be 
mapped to pathways: 

 1) enzyme – ligand 
   metabolic pathways 

 2) protein – protein 
   cell signaling pathways 

   complexes for cell processes 

 3) gene regulatory elements – gene products 
   genetic/ transcription regulatory networks 

 



Pathways are inter-linked 
 



Publicly  available pathways databases 

• KEGG 

• BioCyc and MetaCyc 

• Reactome 

• Biocarta 

• WikiPathways 

 



Canonical pathways 

• “Canonical Pathways" - idealized or 
generalized pathways that represent common 
properties of a particular signaling module or 
pathway. 

• Most of the time canonical pathways 
definitions were based on model organisms. 

http://stke.sciencemag.org/about/help/cm 





 
KEGG Overview 

Genomes to Biological System 

 

• KEGG is a database resource for understanding high-level functions and 

utilities of the biological system 

 

• The ortholog identifiers are used as primary keys for automatic matching 

of genes in the genome and gene products in the pathway 

 
http://www.genome.jp/kegg/pathway.html 



Metabolite Graph 

Kegg 

• The comprehensive source for 

metabolic pathways (it has some 

others, but it is limited for transduction 

pathways) 

 

• KEGG PATHWAY: 392,645 pathways 

generated from 473 reference 

pathways 

 

• Download is complicated 

  

• Free for academic use 

http://www.genome.jp/kegg/pathway.html


Enzyme graph 

 

KEGG Organisms: 3900 
(http://www.genome.ad.jp/kegg/catalog/org_list.html) 

 

Eukaryotes: (Animals, Plants, Fungi/Protists)   

 

Bacteria 

 

Archaea 

 

http://www.genome.ad.jp/kegg/catalog/org_list.html
http://www.genome.ad.jp/kegg/catalog/org_list.html


BioCyc and MetaCyc 

 http://biocyc.org/ 

 

 BioCyc is a collection of 2038 Pathway/Genome 

 Databases (PGDB) [Version 16.5] 

 

 Each PGDB describes the genome and 

 metabolic pathways of a single organism 

 

 Except for MetaCyc database, which is a reference 

 source on metabolic pathways from many 

 organisms.  

http://biocyc.org/


ByoCyc Tiers 
The BioCyc databases are divided into three tiers, based on their 

quality 

       
• BioCyc Tier 1: Intensively Curated Databases  
 PGDBs in Tier 1 have received at least one year of literature-

based curation by scientists 
– EcoCyc Escherichia coli K-12  
– MetaCyc Metabolic pathways and enzymes from more than 

900 organisms 
– BioCyc Open Chemical Database  

. 
 

http://biocyc.org/norobot-warn.html
http://biocyc.org/norobot/norobot.php
http://biocyc.org/norobot.html
http://ecocyc.org/
http://metacyc.org/
http://metacyc.org/
http://metacyc.org/
http://biocyc.org/open-compounds.shtml


ByoCyc Tiers  (cont.) 
• BioCyc Tier 2: Computationally-Derived Databases Subject to 

Moderate Curation  
 PGDBs underwent manual review by a person (1-4 months of 

curation) to remove false-positive pathway predictions 
 20 databases are available such as HumanCyc,AnthraCyc and 

ShigellaCyc 
  

 
• BioCyc Tier 3: Computationally-Derived Databases Subject to 

No Curation  
• 349 databases are available and ready for adoption by 

interested scientists for curation and updating. PGDBs in Tier 3 
were produced as a collaboration between the groups of Peter 
D. Karp at SRI International and Christos Ouzounis at the 
European Bioinformatics Institute.  



The Web Cellular Omics Viewer  

Caspi R et al. Nucl. Acids Res. 2012;40:D742-D753 

© The Author(s) 2011. Published by Oxford University Press. 



Reactome 

Reactome 

The Reactome project is a collaboration among Cold Spring Harbor 

Laboratory, The European Bioinformatics Institute, and The Gene Ontology 

Consortium to develop a curated resource of core pathways and reactions 

in human biology.  

http://www.cshl.org/
http://www.cshl.org/
http://www.ebi.ac.uk/
http://www.geneontology.org/
http://www.geneontology.org/


Reactome Statistics 
 
 

*Reactome annotates to protein isoforms when this information is available. 

The total number of curated human proteins including isoforms is 8609. 



BioCarta 

 

Biocarta 

• Collaborative effort of scientists 

• Contains ~ 500 curated pathways: mostly 

human and mouse, metabolic and signaling 

• Very beautiful image clickable pathways 

• Not easy to extract the data 

• Free for academic use 



Gene Expression Databases 

• Large experiments (today most of them 
mcroarrays) may have hundreds of individual 
array hybridizations 

• Core lab at an institution or multiple 
investigators using one machine - data archive 
and validate across experiments 

• Data-mining - look for similar patterns of gene 
expression across different experiments 



GEO: Public Database Example 



Array Express at EMBL 



OUTLINE 
 Analysis of group of genes 

 Motivation 

 Data Sources 

 Genome browsers 

 Gene ontology (GO) 

 Pathways 

 Other defined gene sets 

 Group testing methods 

 Hypergeometric Test  and Fisher exact test 

 GO Independence Assumption 

 

 

 

 

 



 Testing Groups of Genes 

• Predefined gene groups provide more 
biological knowledge 

• More meaningful interpretation in biological 
context 

• Number of gene sets to be investigated is 
smaller than number of individual genes 

• Useful for validation of published gene groups. 
Example: Does a gene signature have 
predictive value? 



What is functional enrichment? 
 

• It is a measure of how much a group of 
gene products is found in our data set 

• It requires some type of background 
measure, as a basis for comparison 

• What we look at is how many we have 
(observed) as opposed to how many we 
would expect to see at random, given our  
background. 



Background 

• The choice of an appropriate background is 
critical to get meaningful results 

• You should use the set used in the 
experiment, if possible.  If it is a microarray, 
then use all the genes on the array, not all 
the genes in the genome.  If its deep 
sequencing, then all the genes detected by 
the method you used 



Problems working with large data sets 

• The more comparisons we make, the more 
there is a chance that we will get random hits 

• We have to correct for the ‘randomness’ 
factor when we decide if our results are 
significant or not 

• Statistical significance doesn’t necessarily 
mean biological significance 



What methods are used to correct for 
multiple tests? 

• Bonferroni 

• FDR (Benjamini) 

• qFDR 

• ... 



Using GO in Practice 

• statistical measure  

– how likely your differentially regulated genes fall 
into that category by chance 

microarray 

1000 genes 
experiment 

100 genes 

differentially 

regualted 

mitosis – 80/100 

apoptosis – 40/100 

p. ctrl. cell prol. – 30/100 

glucose transp. – 20/100 
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Using GO in Practice 

• However, when you look at the distribution of 
all genes on the microarray: 

Process  Genes on array    # genes expected in            occurred

        100 random genes 

mitosis       800/1000  80     80 

apoptosis      400/1000  40     40 

p. ctrl. cell prol.       100/1000  10     30 

glucose transp.         50/1000   5     20

  



Group testing: Hypergeometric Test 
• Define differentially expressed genes (t-statistic p-values) 

• Adjust for multiple testing and choose a cutoff to define a list of 
interesting genes 

• Given N genes on the microarray and M genes in a gene group, 
what is the probability of having x from K interesting genes in 
this group? 

•    A p-value for the gene group corresponds to P(X≥x│N;M;K) 



Fisher's Exact Test 
• The hypergeometric test is equivalent to Fisher's exact test 

 

 

• Fisher-test and similar tests based on gene counts are very often 
used in Gene Ontology analysis 

Example: 
N = 20000 genes on the microarray, M = 100 genes in a gene group of interest, K 

= 300 differentially expressed genes 

could be random 

p-value = 0.19 

not likely random 

p-value = 0.004 



Fisher's Exact Test 
Advantages 

•  Not restricted to analysis of differential expression 
•  If you just get a list of somehow interesting genes and want 

to assess biological background, tests based on gene counts 
are the only way to go 
 

Problems 

•  Loss of information because of two separated steps 
•  Small but consistent differential expression is not detected 
•  Dividing genes into differentially and non-differentially 

expressed genes is artificial 
•  No clear way of defining x: p-value correction and choice of a 

cutoff are crucial 



OUTLINE 
 Analysis of group of genes 

 Motivation 

 Data Sources 

 Genome browsers 

 Gene ontology (GO) 

 Pathways 

 Other defined gene sets 

 Group testing methods 

 Hypergeometric Test  and Fisher exact test 

 GO Independence Assumption 

 

 

 

 

 



Term-for-term 

• The most common type of analysis 

• Each term is considered independently of 
its neighbors in the GO tree 

• Compares observed to expected and 
calculates significance 



GO Independence Assumption 

Note: The coloring of the nodes represent the relative significance of the GO 

terms: dark red is the most significant, light yellow is the least significant 

from the graph 



Note: The coloring of the nodes represent the relative significance of the GO 

terms: dark red is the most significant, light yellow is the least significant 

from the graph 

GO Independence Assumption 



Elim and weight method 
The main idea: Test how enriched node x is if we do not consider 

the genes from its significant children 

1. Perform the analysis from bottom to top, This assures that all 

children of node x were investigated before node x itself 

2. The p-value for the children of node x is computed using Fisher’s 

exact test 

3. If one of the children of the node x is found significant, we 

remove all the genes mapped to this node, from x 

 



Algorithms review 

Alexa A, Rahnenführer J, Lengauer T. 

Bioinformatics. 2006 Jul 1;22(13):1600-7 



Parent-Child Algorithm 

Grossmann S, Bauer S, Robinson PN, Vingron M.  Bioinformatics. 2007 Nov 15;23(22):3024-31 

  

A) term-for-term                            B) parent-child-intersection 

The parent-child methods measure overrepresentation of a 

term t in the context of annotations to the parents of the term 



Parent-child intersection method  

Artificial overrepresentation of the GO term DNA repair.  

A) term-for-term analysis B) parent-child-intersection analysis 

Grossmann S, Bauer S, Robinson PN, Vingron M. 

Bioinformatics. 2007 Nov 15;23(22):3024-31 



Term for term 

Parent-child union 

Topology weighted 



Considerations to choose tools 

• The species 

• Databases (DB) of gene sets 

• Date of update of DB  

• Easy of use, custom background 

• Web server or installation (system) 

• Integration of results from different DB 

• Graphics of the results 

• Easy to download/extract results 

• The statistics used 

 

 



What is your input? 

• Up and downregulated genes separately 

• All the DE genes together 

• Each cluster separately 

• A ranked list 







Future: Integrated Analysis 



THANKS TO: 

• Dr. Shifra Ben Dor, for interchanging and 
improving slides 

 

• GO consortium website 

 

• Nature Genetics Review article (reference 
given on earlier slides and on the webpage) 






