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DAY 1 
Session 1 (9:30 - 12:30, 3h) 

Bioinformatic tools for Functional Enrichment Analysis (FEA) 
 
 

Session 2 (13:30 - 16:30, 3h) 
Construction of gene functional networks 

 

DAY2 
Session 3 (9:30 - 12:30, 3h) 
Protein interaction networks 

 
 

Session 4 (13:30 - 16:30, 3h) 
Construction and analysis of gene/protein networks 
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Session 2 (13:30 - 16:30, 3h) 
Construction of gene functional networks 

	
  
	
  
	
  

- Introduction to biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  

- Functional Enrichment Analysis (EA): from single to modular methods 
	
  

- Using EA tools to annotate gene lists: 
DAVID (single), GSEA (gene sets), GeneCodis (modular) 

	
  

- Sort out problems after EA: post-enrichment tool 
GeneTermLinker (postEA) 

	
  

- From co-annotation and enrichment to functional networks: 
networks construction using a R tool 

Session 1 (9:30 - 12:30, 3h) 
Bioinformatic tools for Functional Enrichment Analysis (FEA) 
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Many biological data resources (= annotation spaces) 
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large increase in the 
"omics" era !!! 



Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  
	
  
	
  
	
  

3 orthogonal annotation spaces 

Biological terms and definitions 
Gene Ontology (GO) http://www.geneontology.org/ 
	
  
	
  
	
  
	
  

Biomolecular pathways and reactions 
KEGG (pathways) http://www.genome.jp/kegg/ 
	
  
	
  
	
  
	
  

Biomolecular sequences and structure (domains, motifs) 
InterPro (sequences & structure) http://www.ebi.ac.uk/interpro/ 
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Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  

Gene Ontology (GO) http://www.geneontology.org/ 
The Gene Ontology 
project is a major 
bioinformatics initiative 
with the aim of 
standardizing the 
representation of gene 
and gene product 
attributes across 
species and databases. 
	
  
	
  

The project provides a 
controlled vocabulary 
of biological terms for 
describing gene product 
characteristics and 
gene product annotation 
data from GO Consortium 
members, as well as 
tools to access and 
process this data. 
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Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  

Gene Ontology (GO) http://www.geneontology.org/ 
	
  
	
  

GO is organized in 
3 independent hierarchies: 

	
  
	
  

•  Biological Process 
Ontology (BP) 

Biological and cellular processes 
where a given gene or gene 
product is involved. 
•  Molecular Function 

Ontology (MF) 
Molecular functions and activities 
that a given gene or gene product 
has. 
•  Cellular Component 

Ontology (CC) 
Place or part of the cell where a 
given gene or gene product works 
most of its time. 

Modified from Clark et al. (2005) 
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Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  

Gene Ontology (GO) http://www.geneontology.org/ 
	
  
	
  

GO is organized in 
3 independent hierarchies: 

	
  
	
  

•  Biological Process 
Ontology (BP) 

	
  
	
  

Example, search for: 
"NOTCH" or "NOTCH signaling" 

	
  
	
  

Find: 
GO:0007219	
  Notch	
  signaling	
  pathway	
  

	
  
	
  

GO includes 
ancestors & children terms 

Modified from Clark et al. (2005) 
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Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  

Gene Ontology (GO) http://www.geneontology.org/ 
	
  

GO is organized in 
3 independent hierarchies: 

	
  
	
  

•  Biological Process 
Ontology (BP) 

	
  
	
  

Example, search for: 
"NOTCH" or "NOTCH signaling" 

	
  
	
  

Find: 
GO:0007219	
  Notch	
  signaling	
  pathway	
  

	
  
	
  

GO includes 
ancestors & children terms 

	
  
	
  

2187 gene products 
assigned in all species (Oct.2014) 
1661 gene products 
assigned in mammalia (Oct.2014) 
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Biological information and annotation spaces: 
GO, KEGG, Interpro 

http://www.ebi.ac.uk/QuickGO/ 
	
  

GO is organized in 
3 independent hierarchies: 

	
  
	
  

•  Biological Process 
Ontology (BP) 

	
  
	
  

Example, search for: 
"NOTCH" or "NOTCH signaling" 

	
  
	
  

Find: 
GO:0007219	
  Notch	
  signaling	
  pathway	
  

	
  
	
  

GO includes 
ancestors & children terms 

	
  
	
  

2187 gene products 
assigned in all species (Oct.2014) 
1661 gene products 
assigned in mammalia (Oct.2014) 
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KEGG PATHWAY is a 
collection of manually 
drawn pathway maps 
representing our 
knowledge on the 
molecular interaction and 
reaction networks 
	
  
1. Metabolism 
2. Genetic Information Processing 
3. Environmental Informat. Processing 
4. Cellular Processes 

5. Organismal Systems 
6. Human Diseases 

7. Drug Development 

Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  

KEGG (pathways) http://www.genome.jp/kegg/ 
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KEGG (pathways) http://www.genome.jp/kegg/ 
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

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

	
  
1. Metabolism 
2. Genetic Information Processing 
3. Environmental Informat. Processing 
4. Cellular Processes 

5. Organismal Systems 
6. Human Diseases 

7. Drug Development 

Biological information and annotation spaces: 
GO, KEGG, Interpro 
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Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  

InterPro (sequences & structure) http://www.ebi.ac.uk/interpro/ 
	
  

InterPro provides sequence/structure analysis and classification of proteins into 
families  using  found  protein  motifs,  protein  domains  and  important  sites. They 
combine  protein  signatures  from  a  number  of  member  databases  into  a  single 
searchable resource to produce a integrated database and diagnostic tool. 
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Biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  
	
  

InterPro (sequences & structure) http://www.ebi.ac.uk/interpro/ 
	
  

InterPro provides sequence/structure analysis and classification of proteins into 
families  using  found  protein  motifs,  protein  domains  and  important  sites. They 
combine  protein  signatures  from  a  number  of  member  databases  into  a  single 
searchable resource to produce a integrated database and diagnostic tool. 

Search for NOTCH1 sequence: NOTC1_HUMAN (2555 aa) 
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Computational  Biology @ UCT 

Hands-on: Practical Examples 
	
  

Explore web sites:  GO, KEGG, lnterPro (& Pfam) 

(NOTCH and NOTCH signaling) 



Session 2 (13:30 - 16:30, 3h) 
Construction of gene functional networks 

	
  
	
  
	
  

- Introduction to biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  

- Functional Enrichment Analysis (EA): from single to modular methods 
	
  

- Using EA tools to annotate gene lists: 
DAVID (single), GSEA (gene sets), GeneCodis (modular) 

	
  

- Sort out problems after EA: post-enrichment tool 
GeneTermLinker (postEA) 

	
  

- From co-annotation and enrichment to functional networks: 
networks construction using a R tool 

Session 1 (9:30 - 12:30, 3h) 
Bioinformatic tools for Functional Enrichment Analysis (FEA) 
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Functional 
Enrichment Analysis (EA) 

general procedure: 
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Huang et al. (2009) NAR 

Functional 
Enrichment Analysis (EA) 
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Functional 
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Enrichment Analysis (EA) 

3 major types: 
	
  
	
  

singular EA = SEA 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA 
not a list, but the entire genes ranked used to 
query different annotation spaces (one by one) 
	
  
	
  

modular EA = MEA 
selected gene list used to query 
multiple annotation spaces (at once) 

Huang et al. (2009) NAR 
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Functional 
Enrichment Analysis (EA) 

Type 1: singular EA = SEA (DAVID) 
selected gene list used to query different 

annotation spaces (one by one) 

22 



Functional 
Enrichment Analysis (EA) 

Type 2: gene set EA = GSEA (GSEA) 
entire genes ranked used to query different 

annotation spaces (one by one) 

23 



Functional 
Enrichment Analysis (EA) 

Type 3: modular EA = MEA (GeneCodis) 
selected gene list used to query 

multiple annotation spaces (at once) 
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Functional 
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Enrichment Analysis (EA) 

3 major types: 
	
  
	
  

singular EA = SEA (DAVID ncbi) 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA (GSEA Broad) 
entire genes ranked used to query different 
annotation spaces (one by one) 
	
  
	
  

modular EA = MEA (GeneCodis CNB) 
selected gene list used to query 
multiple annotation spaces (at once) 

Huang et al. (2009) NAR 
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Enrichment Analysis (EA) 

3 major types: 
	
  
	
  

singular EA = SEA 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 
	
  
	
  

modular EA = MEA 
selected gene list used to query 
multiple annotation spaces (at once) 

statistical 
and theoretical 

basis 
of these methods 



Functional Enrcihment Analysis (EA, Análisis de Enriquecimiento Funcional): 
is  the  identification  of  biological  functions  and  processes  that  are  over- 
represented in a given gene list or in a gene subset selected in a given study. 
	
  
	
  
	
  

10,000 genes 
total analysed 

in a 'omic' study 

Find all the genes that are annotated to a 
given biological term and evaluate how 
relevant is such functional annotation 

¿Which is the probability that such 
annotation is by chance (i.e. random)? 

The p-value allows to calculate the statistical 
probability of a given selection and allows to fix 

confidence thresholds (for example, set the test to 
allow less than 5% expected selection by chance) 

	
  

If in 10,000 genes  total  =>  100 genes are red 
In 500 genes selected in one study  =>  5 genes are expected red 
so any ratio found ≤ 1% (0.01) is normal and equal to by chance 

500 genes 
selected as 

altered 

Functional 
Enrichment Analysis (EA) 
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QUERY gene list studied: 4 genes of 10 (in the gene list) annotated to 'apoptosis' 
REFERENCE gene list (i.e. whole proteome): 452 genes of 29,905 (universe) annotated to 'apoptosis' 
	
  
	
  
	
  
	
  

Statistical test for significant enrichment 
in the gene list studied 

'apoptosis' is an ENRICHED TERM with p-value = 1.12x10-5 

Functional 
Enrichment Analysis (EA) 
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Functional 
Enrichment Analysis (EA) 

3 major types: 

singular EA = SEA 
selected gene list used to query different 
annotation spaces (one by one) 

gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 

modular EA = MEA 
selected gene list used to query 
multiple annotation spaces (at once) 

These methods alocate groups of genes to terms 
in a contingency table (with YES or NO categories) 

and then they apply the: 
	
  

Fisher Exact test 
or 

Hypergeometric test 
	
  

that calculate the probability using the contingency table 
of frequency data cross-classified according the two 

categorical variables of assignment or not: 
YES = if the gene in the list is assigned to the term 

NO = if the gene in the list is not-assigned to the term 

Real 
Event 

Real 
Event 

Real Yes 

Real No 

29 



Functional 
Enrichment Analysis (EA) 

3 major types: 

singular EA = SEA 
selected gene list used to query different 
annotation spaces (one by one) 

gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 

modular EA = MEA 
selected gene list used to query 
multiple annotation spaces (at once) 

These methods alocate groups of genes to terms 
in a contingency table (with YES or NO categories) 

and then they apply the: 
	
  

Fisher Exact test 
or 

Hypergeometric test 
	
  

that calculate the probability using the contingency table 
of frequency data cross-classified according the two 

categorical variables of assignment or not: 
YES = if the gene in the list is assigned to the term 

NO = if the gene in the list is not-assigned to the term 

Gene Selected in Query List  YES / NO Gene 
Annotated 

White 

Yes 

No 

W Yes 

W No 

Yes 

No 

Gene Selected in Query List  YES / NO Gene 
Annotated 

White 

30 



Functional Enrichment Analysis (EA) Hypergeometric test 

Universe 
5 red and 45 black 

marbles in the urn of 50 
& 

Selection 
4 red and 6 black 

of 10 select marbles 

31 



CBO 

J. De Las Rivas- IBMCC (CSIC/USAL)- 2015 32 

Computational  Biology @ UCT 

Hands-on: Practical Examples 
	
  
	
  
	
  
	
  

Enrichment statistical tests 
	
  

(Hypergeometric  test and Fisher's Exact test) 
	
  

	
  

run R Protocol:  Protocol- 1- EnrichmentTests.R 



Functional 
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Enrichment Analysis (EA) 

3 major types: 
	
  
	
  

singular EA = SEA (DAVID ncbi) 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA (GSEA Broad) 
entire genes ranked used to query different 
annotation spaces (one by one) 
	
  
	
  

modular EA = MEA (GeneCodis CNB) 
selected gene list used to query 
multiple annotation spaces (at once) 

Huang et al. (2009) NAR 



Functional 
Enrichment Analysis (EA) 

3 major types: 
	
  
	
  

singular EA = SEA 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 
	
  
	
  

modular EA = MEA 
selected gene list used to query 
multiple annotation spaces (at once) 

Type 1: singular EA = SEA (DAVID) 
selected gene list used to query different 

annotation spaces (one by one) 
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Functional 
Enrichment Analysis (EA) 

Type 1: singular EA = SEA (DAVID) 
selected gene list used to query different 

annotation spaces (one by one) 

annotation 
space 

J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  2015
	
  35 

terms genes p-values 



CBO 

J. De Las Rivas- IBMCC (CSIC/USAL)- 2015 36 

Computational  Biology @ UCT 

Hands-on: Practical Examples 
	
  
	
  
	
  

Protein- SETs- 2015.xls 
(106g hs,  175g hs, yeast  11 pathways, yeast 59g5pc) 
	
  
	
  
	
  
	
  

run DAVID-FAC 



Subramanian et al. (2005) PNAS 

Functional 
Enrichment Analysis (EA) 
	
  
	
  
	
  

3 major types: 
	
  
	
  

singular EA = SEA 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 
	
  
	
  

modular EA = MEA 
selected gene list used to query 
multiple annotation spaces (at once) 
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GSEA 
	
  

MIT - Broad Institute 

Subramanian et al. (2005) PNAS 

Functional 
Enrichment Analysis (EA): GSEA 
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t-test cut-off 

FDR<0.05 
	
  
	
  
	
  

... testing genes independently ... 

FDR<0.05 
	
  

Biological meaning? 

Functional 
Enrichment Analysis (EA): GSEA 
	
  
	
  

ClassA  ClassB 

39	
  J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  
2015	
  

How GSEA works? 



ES/N
ES	
  staLsLc	
  

–	
  

Gene	
  set	
  2	
  (Term	
  2)	
  
enriched	
  in	
  Class	
  A	
  

	
  
	
  

 

+	
  

ClassA 	
  ClassB	
  
Gene	
  
Set	
  1	
  

t-test cut-off 

Gene	
  
Set	
  2	
  

Gene	
  
Set	
  3	
  

Gene	
  set	
  3	
  (Term	
  3)	
  
enriched	
  in	
  Class	
  B	
  

entire genes ranked used to query different 
annotation spaces (one by one) 

Annotation Terms 

Functional 
Enrichment Analysis (EA): GSEA 
	
  
gene set EA = GSEA 
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How GSEA works? 



NES 

p-value 

FDR 
Benjamini-­‐-­‐-­‐
Hochberg	
  

gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 

Functional 
Enrichment Analysis (EA): GSEA 
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How GSEA works? 



gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 

Functional 
Enrichment Analysis (EA): GSEA 
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How GSEA works? 



http://www.broad.mit.edu/gsea/ 
Functional 
Enrichment Analysis (EA): GSEA 
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GSEA software Functional 
Enrichment Analysis (EA): GSEA 
	
  
	
  

Main Window 
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GSEA software Functional 
Enrichment Analysis (EA): GSEA 
	
  

Downloads 
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Session 2 (13:30 - 16:30, 3h) 
Construction of gene functional networks 

	
  
	
  
	
  

- Introduction to biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  

- Functional Enrichment Analysis (EA): from single to modular methods 
	
  

- Using EA tools to annotate gene lists: 
DAVID (single), GSEA (gene sets), GeneCodis (modular) 

	
  

- Sort out problems after EA: post-enrichment tool 
GeneTermLinker (postEA) 

	
  

- From co-annotation and enrichment to functional networks: 
networks construction using a R tool 

Session 1 (9:30 - 12:30, 3h) 
Bioinformatic tools for Functional Enrichment Analysis (FEA) 
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Functional 

Huang et al. (2009) NAR 
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Enrichment Analysis (EA) 

3 major types: (examples) 
	
  
	
  

singular EA = SEA 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA 
entire genes ranked used to query different 
annotation spaces (one by one) 
	
  
	
  

modular EA = MEA 
selected gene list used to query 
multiple annotation spaces (at once) 



Functional 

Huang et al. (2009) NAR 
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Enrichment Analysis (EA) 

3 major types: 
	
  
	
  

singular EA = SEA (DAVID ncbi) 
selected gene list used to query different 
annotation spaces (one by one) 
	
  
	
  

gene set EA = GSEA (GSEA Broad) 
entire genes ranked used to query different 
annotation spaces (one by one) 
	
  
	
  

modular EA = MEA (GeneCodis CNB) 
selected gene list used to query 
multiple annotation spaces (at once) 



Beyond 
Enrichment Analysis (EA) 

problems: 
	
  
	
  
1. there are many annotation 
spaces that overlap 

2. this functional overlapping 
produces repetitive results 

3. for a single query gene list 
SEA and GSEA tools 
produced many result lists 
that are highly redundant 
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Functional 
Enrichment 

g1 

g2 

g3 

g4 

g5 

g6 

g7 

g8 

g9 

g10 

g11 

Gene List 

redundant, repetitive, complex, ofuscated 
results 

Problems: 
• Many different result lists, 
one for each annotation space 
(in singular EA) 

• One big results list 
(in concurrent modular EA) 

•  In both cases many 
repited and redundant terms 

Result Lists 

Beyond 
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Enrichment Analysis (EA) 



Examples of: redundant, repetitive 
... inherent problems to the annotation spaces: 

	
  
	
  
	
  
	
  
	
  

3  Equivalent terms, with the same biological meaning 
GO:0007049 cell cycle === GO:0022402 cell cycle process 

	
  
	
  
	
  

3  Redundancy of terms, repeated in different annotation spaces 
GO:0007049: cell cycle === KEGG hsa04110: cell cycle 

	
  
	
  
	
  

3  Bias due to highly frequent promiscuous terms that are unspecific 
GO:0005515: regulation of biological process includes 
≈ 45% of all annotated human genes in GO-BP 

Beyond 
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Enrichment Analysis (EA) 



showing most frequent terms in GO and KEGG 

problems: 
	
  
	
  
1. there are many annotation 
spaces that overlap 

2. this functional overlapping 
produces repetitive results 

3. for a single query gene list 
SEA and GSEA tools 
produced many result lists 
that are highly redundant 

Beyond 
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Enrichment Analysis (EA) 



Distributions of number genes per term 
in each annotation space 

GO terms with 
a very high number of genes annotated 
that have low-information-content and 

easily become over-represented 

Analysis of the distribution of genes per term in different annotation spaces 

Beyond 
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Enrichment Analysis (EA) 

GO Terms 
(annotations) 

Genes 
(N) 

GO-BP 
GO:0007165 signal transduction 1872 
GO:0006355 regulation of transcription, DNA dep. 1063 
GO:0045449 regulation of transcription 987 

GO-MF 
GO:0005515 protein binding 6618 
GO:0046872 metal ion binding 2759 
GO:0008270 zinc ion binding 1956 

GO-CC 
GO:0005634 nucleus 4877 
GO:0005737 cytoplasm 4457 
GO:0016021 integral to membrane 4109 



problems: 

Beyond 
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Enrichment Analysis (EA) 



Distribution of terms and genes in different annotation spaces 

low-information-content terms 
(if everybody is called jack ... jack 

becomes a meaningless term) 

Beyond 
Enrichment Analysis (EA) 

Analysis of the distribution of genes per term in different annotation spaces 

J.	
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Beyond 
Enrichment Analysis (EA) 

problems: there is also a clear knowledge bias in the scientific literature 
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Beyond 
Enrichment Analysis (EA) 

problems: there is also a clear knowledge bias in the scientific literature 

Edwards et al. (2011) SCIENCE 
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Beyond 
Enrichment Analysis (EA) 

problems: knowledge bias in the scientific literature === everybody wants 
to publish about celebrity proteins ('robert redford' et al.) 
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solution: 
	
  
	
  
design a new system of 
multiple EA that avoids 
redundant terms and provides 
a unified result based in 
functional convergence 
of genes & terms = 
	
  
	
  

GeneTerm Linker tool 

Beyond 
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Enrichment Analysis (EA) 



solution: 
	
  
	
  
design a new system of 
multiple EA that avoids 
redundant terms and provides 
a unified result based in 
functional convergence 
of genes & terms = 
	
  
	
  

GeneTerm Linker tool 

Beyond 
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Enrichment Analysis (EA) 



solution: GeneTerm Linker tool 

Beyond 

J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  2015
	
  61 

Enrichment Analysis (EA) 



Functional 
Enrichment Analysis (EA) 

singular EA = SEA :: DAVID 
selected gene list used to query different 
annotation spaces (one by one) 

http://david.abcc.ncifcrf.gov/ 

gene set EA = GSEA :: GSEA http://www.broadinstitute.org/gsea/ 
entire genes ranked used to query different 
annotation spaces (one by one) 

modular EA = MEA :: GeneCodis 
selected gene list used to query 
multiple annotation spaces (at once) 

http://genecodis.dacya.ucm.es/ 

Beyond EA :: GeneTerm Linker 
selected gene list used to query 
multiple annotation spaces (at once) 
avoiding repetition and redundancy 
and linking genes and terms 

http://gtlinker.dacya.ucm.es/ 
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CBO 
Computational  Biology @ UCT 

Hands-on: Practical Examples 
	
  
	
  
	
  

Protein- SETs- 2014.xls 
(106g hs,  175g hs, yeast  11pathways, yeast 59g5pc) 
	
  
	
  
	
  

run GeneTerm Linker 

J. De Las Rivas- IBMCC (CSIC/USAL)- 2015  63 



Session 2 (13:30 - 16:30, 3h) 
Construction of gene functional networks 

	
  
	
  
	
  

- Introduction to biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  

- Functional Enrichment Analysis (EA): from single to modular methods 
	
  

- Using EA tools to annotate gene lists: 
DAVID (single), GSEA (gene sets), GeneCodis (modular) 

	
  

- Sort out problems after EA: post-enrichment tool 
GeneTermLinker (postEA) 

	
  

- From co-annotation and enrichment to functional networks: 
networks construction using a R tool 

Session 1 (9:30 - 12:30, 3h) 
Bioinformatic tools for Functional Enrichment Analysis (FEA) 
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GeneTerm Linker 
a post enrichment tool 

Fontanillo et al. (2011) PLoS ONE 
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Testing the method 
with a set of 59 yeast 
nuclear proteins 
working in 5 known 
complexes 

	
  
	
  
	
  
Bader et al (2003) 

Prieto et al (2006) 
Hernández-Toro et al (2007) 

Reconstruction of the 
complexes using 
experimental protein 
interaction data (from 
APID and APID2NET) 

Validation example 

J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  
2015	
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Query list of 59 yeast proteins 
GeneTerm Linker results: 5 metagroups 

Validation example 
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Gene	
  Metagroups	
  found	
  (include	
  
all	
  the	
  related	
  groups)	
  

GENES	
  
found	
  

p-­‐-­‐-­‐
value	
  

Co-­‐-­‐-­‐AnnotaGons	
  (GO-­‐-­‐-­‐BP,	
  GO-­‐-­‐-­‐MF,	
  GO-­‐-­‐-­‐CC,	
  KEGG,	
  InterPro)	
  

Metagroup	
  1;	
  SilhouePe:	
  0.529	
   13(59) 2.26E-­‐-­‐-­‐
26	
  

GO:0005847:mRNA	
  cleavage	
  and	
  polyadenylaLon	
  specificity	
  factor	
  complex	
  
(CC),	
  GO:0006378:mRNA	
  polyadenylaLon	
  (BP),	
  GO:0006379:mRNA	
  cleavage	
  
(BP),	
  GO:0031123:RNA	
  3'-­‐-­‐-­‐end	
  processing	
  (BP),	
  GO:0006353:transcripLon	
  
terminaLon	
  (BP),	
  …	
  

GLC7,	
  REF2,	
  YTH1,	
  FIP1,	
  PAP1,	
  PFS2,	
  
CFT1,	
  RNA14,	
  PTI1,	
  	
  PTA1,	
  MPE1,	
  
CFT2,	
  YSH1	
  

Metagroup	
  2;	
  SilhouePe:	
  0.823	
   11(59) 4.85E-­‐-­‐-­‐
24	
  

04111:Cell	
  cycle	
  –	
  yeast,	
  GO:0004842:ubiquiLn-­‐-­‐-­‐protein	
  ligase	
  acLvity	
  
(MF),GO:0000070:mitoLc	
  sister	
  chromaLd	
  segregaLon	
  (BP),GO:	
  
0016567:protein	
  ubiquiLnaLon	
  (BP),GO:0000022:mitoLc	
  spindle	
  elongaLon	
  
(BP),GO:0005680:anaphase-­‐-­‐-­‐promoLng	
  complex	
  (CC),	
  …	
  

CDC23,	
  APC5,	
  CDC16,	
  APC2,	
  APC1,	
  
DOC1,	
  APC9,	
  APC11,	
  	
  APC4,	
  CDC27,	
  
CDC26,	
  GLC7,	
  TRA1	
  

Metagroup	
  3;	
  SilhouePe:	
  0.609	
   14(59) 8.11E-­‐-­‐-­‐
15	
  

GO:0000502:proteasome	
  complex	
  (CC),	
  03050:Proteasome,	
  GO:	
  
0034515:proteasome	
  storage	
  granule	
  (CC),	
  GO:0008541:proteasome	
  
regulatory	
  parLcle,	
  lid	
  subcomplex	
  (CC),	
  GO:0004175:endopepLdase	
  acLvity	
  
(MF),	
  GO:0030234:enzyme	
  regulator	
  acLvity	
  (MF)	
  

RPN13,	
  RPN8,	
  RPN1,	
  RPT1,	
  RPN3,	
  
RPN10,	
  RPN11,	
  RPN2,	
  	
  RPN5,	
  RPT3,	
  
RPT6,	
  RPN6,	
  APC2,	
  DOC1	
  

Metagroup	
  4;	
  SilhouePe:	
  0.750	
   14(59) 1.31E-­‐-­‐-­‐
14	
  

03018:RNA	
  degradaLon,	
  GO:0008033:tRNA	
  processing	
  (BP),	
  GO:	
  
0030529:ribonucleoprotein	
  complex	
  (CC),	
  GO:0046540:U4/U6	
  x	
  U5	
  tri-­‐-­‐-­‐
snRNP	
  complex	
  (CC),	
  GO:0000398:nuclear	
  mRNA	
  splicing,	
  via	
  spliceosome	
  
(BP),	
  IPR001163:Like-­‐-­‐-­‐Sm	
  ribonucleoprotein	
  (LSM),	
  GO:0005688:U6	
  snRNP	
  
(CC),	
  …	
  

LSM5,	
  DCP1,	
  PAP1,	
  LSM3,	
  LSM8,	
  
LSM6,	
  LSM1,	
  LSM4,	
  LSM7,	
  	
  LSM2,	
  
PTA1,	
  KEM1,	
  PAT1,	
  YSH1	
  

Metagroup	
  5;	
  SilhouePe:	
  0.570	
   14(59) 5.26E-­‐-­‐-­‐
12	
  

GO:0000124:SAGA	
  complex	
  (CC),	
  GO:0016568:chromaLn	
  modificaLon	
  (BP),	
  
GO:0016573:histone	
  acetylaLon	
  (BP),	
  GO:0046695:SLIK	
  (SAGA-­‐-­‐-­‐like)	
  
complex	
  (CC),	
  GO:0003702:RNA	
  polymerase	
  II	
  transcripLon	
  factor	
  acLvity	
  
(MF),	
  GO:	
  0004402:histone	
  acetyltransferase	
  acLvity	
  (MF),…	
  

NGG1,	
  HFI1,	
  TRA1,	
  SPT20,	
  SGF29,	
  
SPT7,	
  SGF73,	
  SPT8,	
  	
  SGF11,	
  GCN5,	
  
SPT3,	
  ADA2,	
  RPN6,	
  CFT2	
  



Gene	
  Metagroups	
  
found	
  (include	
  all	
  the	
  
related	
  groups)	
  

GENES	
  	
  p-­‐-­‐-­‐value	
  	
  	
  Co-­‐-­‐-­‐AnnotaGons	
  (GO-­‐-­‐-­‐BP,	
  GO-­‐-­‐-­‐MF,	
  GO-­‐-­‐-­‐CC,	
  KEGG,	
  
InterPro)	
  found	
  

Metagroup	
  1;	
  SilhouePe:	
  0.529	
  

13(59)  2.26E-­‐-­‐-­‐26	
  	
  polyadenylaGon	
  (BP),	
  GO:0006379:mRNA	
  cleavage	
  
(BP),	
  

GO:0005847:mRNA	
  cleavage	
  and	
  polyadenylaGon	
  
specificity	
  factor	
  complex	
  (CC),	
  GO:0006378:mRNA	
  

GO:0031123:RNA	
  3'-­‐-­‐-­‐end	
  processing	
  (BP),	
  
GO:	
  0006353:transcripLon 	
   terminaLon	
  
(BP),	
  …	
  

GLC7,	
  REF2,	
  YTH1,	
  FIP1,	
  PAP1,	
  
PFS2,	
  CFT1,	
  RNA14,	
  PTI1,	
  	
  
PTA1,	
  MPE1,	
  CFT2,	
  YSH1	
  

Metagroup	
  2;	
  SilhouePe:	
  0.823	
  

DOC1,	
  APC9,	
  APC11,	
  	
  APC4,	
  CDC27,	
  	
  	
  11(59)  4.85E-­‐-­‐-­‐24	
  	
  0016567:protein	
  ubiquiL n aLon	
  (BP) ,GO:0000022:mitoL c 	
   s p i n d l e 	
  
e l o n gaLon	
  

04111:Cell	
  cycle	
  –	
  yeast,	
  GO:0004842:ubiquiLn-­‐-­‐-­‐protein	
  ligase	
  
acLvity	
  (MF),GO:0000070:mitoLc	
  sister	
  chromaLd	
  segregaLon	
  
(BP),GO:	
  
(BP),GO:0005680:anaphase-­‐-­‐-­‐promoLng	
  complex	
  (CC),	
  
…	
  

CDC23,	
  APC5,	
  CDC16,	
  APC2,	
  APC1,	
  

CDC26,	
  GLC7,	
  TRA1	
  

Metagroup	
  3;	
  SilhouePe:	
  0.609	
  

RPN10,	
  RPN11,	
  RPN2,	
  	
  RPN5,	
  RPT3,	
  	
  14(59)  8.11E-­‐-­‐-­‐
15	
  

GO:0000502:proteasome	
  complex	
  (CC),	
  03050:Proteasome,	
  GO:	
  
0034515:proteasome	
  storage	
  granule	
  (CC),	
  GO:0008541:proteasome	
  
regulatory	
  parLcle,	
  lid	
  subcomplex	
  (CC),	
  GO:0004175:endopepLdase	
  acLvity	
  
(MF),	
  GO:0030234:enzyme	
  regulator	
  acLvity	
  (MF)	
  

RPN13,	
  RPN8,	
  RPN1,	
  RPT1,	
  RPN3,	
  

RPT6,	
  RPN6,	
  APC2,	
  DOC1	
  

Metagroup	
  4;	
  SilhouePe:	
  0.750	
  

14(59)  1.31E-­‐-­‐-­‐
14	
  

03018:RNA	
  degradaLon,	
  GO:0008033:tRNA	
  processing	
  (BP),	
  GO:	
  
0030529:ribonucleoprotein	
  complex	
  (CC),	
  GO:0046540:U4/U6	
  x	
  U5	
  tri-­‐-­‐-­‐	
  
snRNP	
  complex	
  (CC),	
  GO:0000398:nuclear	
  mRNA	
  splicing,	
  via	
  spliceosome	
  
(BP),	
  IPR001163:Like-­‐-­‐-­‐Sm	
  ribonucleoprotein	
  (LSM),	
  GO:0005688:U6	
  
snRNP	
  (CC),	
  …	
  

LSM5,	
  DCP1,	
  PAP1,	
  LSM3,	
  LSM8,	
  
LSM6,	
  LSM1,	
  LSM4,	
  LSM7,	
  	
  LSM2,	
  
PTA1,	
  KEM1,	
  PAT1,	
  YSH1	
  

Metagroup	
  5;	
  SilhouePe:	
  0.570	
  

14(59)  5.26E-­‐-­‐-­‐
12	
  

GO:0000124:SAGA	
  complex	
  (CC),	
  GO:0016568:chromaLn	
  modificaLon	
  (BP),	
  
GO:0016573:histone	
  acetylaLon	
  (BP),	
  GO:0046695:SLIK	
  (SAGA-­‐-­‐-­‐like)	
  
complex	
  (CC),	
  GO:0003702:RNA	
  polymerase	
  II	
  transcripLon	
  factor	
  acLvity	
  
(MF),	
  GO:	
  0004402:histone	
  acetyltransferase	
  acLvity	
  (MF),…	
  

NGG1,	
  HFI1,	
  TRA1,	
  SPT20,	
  SGF29,	
  
SPT7,	
  SGF73,	
  SPT8,	
  	
  SGF11,	
  GCN5,	
  
SPT3,	
  ADA2,	
  RPN6,	
  CFT2	
  

a. mRNA cleavage and 
polyadenilation specificity 
factor complex: 13 genes 

Validation example 
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Gene	
  Metagroups	
  
found	
  (include	
  all	
  the	
  
related	
  groups)	
  

GENES	
  	
  p-­‐-­‐-­‐value	
  	
  	
  Co-­‐-­‐-­‐AnnotaGons	
  (GO-­‐-­‐-­‐BP,	
  GO-­‐-­‐-­‐MF,	
  GO-­‐-­‐-­‐CC,	
  KEGG,	
  
InterPro)	
  found	
  

Metagroup	
  1;	
  SilhouePe:	
  0.529	
  

13(59)  2.26E-­‐-­‐-­‐26	
  	
  (BP),	
  GO:0031123:RNA	
  3'-­‐-­‐-­‐end	
  processing	
  (BP),	
  GO:
0006353:transcripLon	
  

GO:0005847:mRNA	
  cleavage	
  and	
  polyadenylaLon	
  specificity	
  factor	
  complex	
  
(CC),	
  GO:0006378:mRNA	
  polyadenylaLon	
  (BP),	
  GO:0006379:mRNA	
  cleavage	
  

terminaLon	
  (BP),	
  …	
  

GLC7,	
  REF2,	
  YTH1,	
  FIP1,	
  PAP1,	
  
PFS2,	
  CFT1,	
  RNA14,	
  PTI1,	
  	
  
PTA1,	
  MPE1,	
  CFT2,	
  YSH1	
  

Metagroup	
  2;	
  SilhouePe:	
  0.823	
  

11(59)  4.85E-­‐-­‐-­‐24	
  	
  segregaGon	
  (BP),	
  GO:0000022:mitoL c 	
   s p i nd l e 	
  
e l ongaLon	
  

04111:Cell	
  cycle	
  –	
  yeast,	
  GO:0004842:ubiquiLn -­‐ -­‐ -­‐
p rotein	
  ligase	
  acL v i t y 	
   (MF ) ,GO :0000070 :mitoGc	
  
sister	
  chromaGd	
  
(BP),GO:0005680:anaphase-­‐-­‐-­‐promoGng	
  complex	
  (CC),	
  
…	
  

CDC23,	
  APC5,	
  CDC16,	
  APC2,	
  APC1,	
  
DOC1,	
  APC9,	
  APC11,	
  	
  APC4,	
  CDC27,	
  
CDC26,	
  GLC7,	
  TRA1	
  

Metagroup	
  3;	
  SilhouePe:	
  0.609	
  

RPN10,	
  RPN11,	
  RPN2,	
  	
  RPN5,	
  RPT3,	
  	
  14(59)  8.11E-­‐-­‐-­‐
15	
  

GO:0000502:proteasome	
  complex	
  (CC),	
  03050:Proteasome,	
  GO:	
  
0034515:proteasome	
  storage	
  granule	
  (CC),	
  GO:0008541:proteasome	
  
regulatory	
  parLcle,	
  lid	
  subcomplex	
  (CC),	
  GO:0004175:endopepLdase	
  acLvity	
  
(MF),	
  GO:0030234:enzyme	
  regulator	
  acLvity	
  (MF)	
  

RPN13,	
  RPN8,	
  RPN1,	
  RPT1,	
  RPN3,	
  

RPT6,	
  RPN6,	
  APC2,	
  DOC1	
  

Metagroup	
  4;	
  SilhouePe:	
  0.750	
  

14(59)  1.31E-­‐-­‐-­‐
14	
  

03018:RNA	
  degradaLon,	
  GO:0008033:tRNA	
  processing	
  (BP),	
  GO:	
  
0030529:ribonucleoprotein	
  complex	
  (CC),	
  GO:0046540:U4/U6	
  x	
  U5	
  tri-­‐-­‐-­‐	
  
snRNP	
  complex	
  (CC),	
  GO:0000398:nuclear	
  mRNA	
  splicing,	
  via	
  spliceosome	
  
(BP),	
  IPR001163:Like-­‐-­‐-­‐Sm	
  ribonucleoprotein	
  (LSM),	
  GO:0005688:U6	
  
snRNP	
  (CC),	
  …	
  

LSM5,	
  DCP1,	
  PAP1,	
  LSM3,	
  LSM8,	
  
LSM6,	
  LSM1,	
  LSM4,	
  LSM7,	
  	
  LSM2,	
  
PTA1,	
  KEM1,	
  PAT1,	
  YSH1	
  

Metagroup	
  5;	
  SilhouePe:	
  0.570	
  

14(59)  5.26E-­‐-­‐-­‐
12	
  

GO:0000124:SAGA	
  complex	
  (CC),	
  GO:0016568:chromaLn	
  modificaLon	
  (BP),	
  
GO:0016573:histone	
  acetylaLon	
  (BP),	
  GO:0046695:SLIK	
  (SAGA-­‐-­‐-­‐like)	
  
complex	
  (CC),	
  GO:0003702:RNA	
  polymerase	
  II	
  transcripLon	
  factor	
  acLvity	
  
(MF),	
  GO:	
  0004402:histone	
  acetyltransferase	
  acLvity	
  (MF),…	
  

NGG1,	
  HFI1,	
  TRA1,	
  SPT20,	
  SGF29,	
  
SPT7,	
  SGF73,	
  SPT8,	
  	
  SGF11,	
  GCN5,	
  
SPT3,	
  ADA2,	
  RPN6,	
  CFT2	
  

b. Anaphase-promoting 
complex: 11 genes 

Validation example 
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Gene	
  Metagroups	
  
found	
  (include	
  all	
  the	
  
related	
  groups)	
  

GENES	
  	
  p-­‐-­‐-­‐value	
  	
  	
  Co-­‐-­‐-­‐AnnotaGons	
  (GO-­‐-­‐-­‐BP,	
  GO-­‐-­‐-­‐MF,	
  GO-­‐-­‐-­‐CC,	
  KEGG,	
  
InterPro)	
  found	
  

Metagroup	
  1;	
  SilhouePe:	
  0.529	
  

13(59)  2.26E-­‐-­‐-­‐26	
  	
  (BP),	
  GO:0031123:RNA	
  3'-­‐-­‐-­‐end	
  processing	
  (BP),	
  GO:
0006353:transcripLon	
  

GO:0005847:mRNA	
  cleavage	
  and	
  polyadenylaLon	
  specificity	
  factor	
  complex	
  
(CC),	
  GO:0006378:mRNA	
  polyadenylaLon	
  (BP),	
  GO:0006379:mRNA	
  cleavage	
  

terminaLon	
  (BP),	
  …	
  

GLC7,	
  REF2,	
  YTH1,	
  FIP1,	
  PAP1,	
  
PFS2,	
  CFT1,	
  RNA14,	
  PTI1,	
  	
  
PTA1,	
  MPE1,	
  CFT2,	
  YSH1	
  

Metagroup	
  2;	
  SilhouePe:	
  0.823	
  

DOC1,	
  APC9,	
  APC11,	
  	
  APC4,	
  CDC27,	
  	
  	
  11(59)  4.85E-­‐-­‐-­‐24	
  	
  0016567:protein	
  ubiquiL n aLon	
  (BP) ,GO:0000022:mitoL c 	
   s p i n d l e 	
  
e l o n gaLon	
  

04111:Cell	
  cycle	
  –	
  yeast,	
  GO:0004842:ubiquiLn-­‐-­‐-­‐protein	
  ligase	
  
acLvity	
  (MF),GO:0000070:mitoLc	
  sister	
  chromaLd	
  segregaLon	
  
(BP),GO:	
  
(BP),GO:0005680:anaphase-­‐-­‐-­‐promoLng	
  complex	
  (CC),	
  
…	
  

CDC23,	
  APC5,	
  CDC16,	
  APC2,	
  APC1,	
  

CDC26,	
  GLC7,	
  TRA1	
  

Metagroup	
  3;	
  SilhouePe:	
  0.609	
  

14(59)  8.11E-­‐-­‐-­‐
15	
  

GO:0000502:proteasome	
  complex	
  (CC),	
  
03050:Proteasome,	
  GO:0034515:proteasome	
  storage	
  
granule	
  (CC),	
  GO:0008541:proteasome	
  regulatory	
  
parL c l e , 	
   l i d 	
   s ubcomplex	
  (CC),	
  GO:
0004175:endopepLda se 	
  acL v i t y 	
   (MF ) , 	
  GO :0030234 :en zyme	
  regulator	
  
acL v i t y 	
   (MF ) 	
  

RPN13,	
  RPN8,	
  RPN1,	
  RPT1,	
  RPN3,	
  
RPN10,	
  RPN11,	
  RPN2,	
  	
  RPN5,	
  RPT3,	
  
RPT6,	
  RPN6,	
  APC2,	
  DOC1	
  

Metagroup	
  4;	
  SilhouePe:	
  0.750	
  

14(59)  1.31E-­‐-­‐-­‐
14	
  

03018:RNA	
  degradaLon,	
  GO:0008033:tRNA	
  processing	
  (BP),	
  GO:	
  
0030529:ribonucleoprotein	
  complex	
  (CC),	
  GO:0046540:U4/U6	
  x	
  U5	
  tri-­‐-­‐-­‐	
  
snRNP	
  complex	
  (CC),	
  GO:0000398:nuclear	
  mRNA	
  splicing,	
  via	
  spliceosome	
  
(BP),	
  IPR001163:Like-­‐-­‐-­‐Sm	
  ribonucleoprotein	
  (LSM),	
  GO:0005688:U6	
  
snRNP	
  (CC),	
  …	
  

LSM5,	
  DCP1,	
  PAP1,	
  LSM3,	
  LSM8,	
  
LSM6,	
  LSM1,	
  LSM4,	
  LSM7,	
  	
  LSM2,	
  
PTA1,	
  KEM1,	
  PAT1,	
  YSH1	
  

Metagroup	
  5;	
  SilhouePe:	
  0.570	
  

14(59)  5.26E-­‐-­‐-­‐
12	
  

GO:0000124:SAGA	
  complex	
  (CC),	
  GO:0016568:chromaLn	
  modificaLon	
  (BP),	
  
GO:0016573:histone	
  acetylaLon	
  (BP),	
  GO:0046695:SLIK	
  (SAGA-­‐-­‐-­‐like)	
  
complex	
  (CC),	
  GO:0003702:RNA	
  polymerase	
  II	
  transcripLon	
  factor	
  acLvity	
  
(MF),	
  GO:	
  0004402:histone	
  acetyltransferase	
  acLvity	
  (MF),…	
  

NGG1,	
  HFI1,	
  TRA1,	
  SPT20,	
  SGF29,	
  
SPT7,	
  SGF73,	
  SPT8,	
  	
  SGF11,	
  GCN5,	
  
SPT3,	
  ADA2,	
  RPN6,	
  CFT2	
  

c. proteasome, regulator 
complex: 12 genes 

Validation example 
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Gene	
  Metagroups	
  
found	
  (include	
  all	
  the	
  
related	
  groups)	
  

GENES	
  	
  p-­‐-­‐-­‐value	
  	
  	
  Co-­‐-­‐-­‐AnnotaGons	
  (GO-­‐-­‐-­‐BP,	
  GO-­‐-­‐-­‐MF,	
  GO-­‐-­‐-­‐CC,	
  KEGG,	
  
InterPro)	
  found	
  

Metagroup	
  1;	
  SilhouePe:	
  0.529	
  

13(59)  2.26E-­‐-­‐-­‐26	
  	
  (BP),	
  GO:0031123:RNA	
  3'-­‐-­‐-­‐end	
  processing	
  (BP),	
  GO:
0006353:transcripLon	
  

GO:0005847:mRNA	
  cleavage	
  and	
  polyadenylaLon	
  specificity	
  factor	
  complex	
  
(CC),	
  GO:0006378:mRNA	
  polyadenylaLon	
  (BP),	
  GO:0006379:mRNA	
  cleavage	
  

terminaLon	
  (BP),	
  …	
  

GLC7,	
  REF2,	
  YTH1,	
  FIP1,	
  PAP1,	
  
PFS2,	
  CFT1,	
  RNA14,	
  PTI1,	
  	
  
PTA1,	
  MPE1,	
  CFT2,	
  YSH1	
  

Metagroup	
  2;	
  SilhouePe:	
  0.823	
  

DOC1,	
  APC9,	
  APC11,	
  	
  APC4,	
  CDC27,	
  	
  	
  11(59)  4.85E-­‐-­‐-­‐24	
  	
  0016567:protein	
  ubiquiL n aLon	
  (BP) ,GO:0000022:mitoL c 	
   s p i n d l e 	
  
e l o n gaLon	
  

04111:Cell	
  cycle	
  –	
  yeast,	
  GO:0004842:ubiquiLn-­‐-­‐-­‐protein	
  ligase	
  
acLvity	
  (MF),GO:0000070:mitoLc	
  sister	
  chromaLd	
  segregaLon	
  
(BP),GO:	
  
(BP),GO:0005680:anaphase-­‐-­‐-­‐promoLng	
  complex	
  (CC),	
  
…	
  

CDC23,	
  APC5,	
  CDC16,	
  APC2,	
  APC1,	
  

CDC26,	
  GLC7,	
  TRA1	
  

Metagroup	
  3;	
  SilhouePe:	
  0.609	
  

RPN10,	
  RPN11,	
  RPN2,	
  	
  RPN5,	
  RPT3,	
  	
  14(59)  8.11E-­‐-­‐-­‐
15	
  

GO:0000502:proteasome	
  complex	
  (CC),	
  03050:Proteasome,	
  GO:	
  
0034515:proteasome	
  storage	
  granule	
  (CC),	
  GO:0008541:proteasome	
  
regulatory	
  parLcle,	
  lid	
  subcomplex	
  (CC),	
  GO:0004175:endopepLdase	
  acLvity	
  
(MF),	
  GO:0030234:enzyme	
  regulator	
  acLvity	
  (MF)	
  

RPN13,	
  RPN8,	
  RPN1,	
  RPT1,	
  RPN3,	
  

RPT6,	
  RPN6,	
  APC2,	
  DOC1	
  

Metagroup	
  4;	
  SilhouePe:	
  0.750	
  

14(59)  1.31E-­‐-­‐-­‐
14	
  

03018:RNA	
  degradaLon,	
  GO:0008033:tRNA	
  
processing	
  (BP),	
  GO:0030529:ribonucleoprotein	
  
complex	
  (CC),	
  GO:	
  0046540:U4/U6	
  x	
  U5	
  tri-­‐-­‐-­‐snRNP	
  
complex	
  (CC),	
  GO:	
  0000398:nuclear	
  mRNA	
  splicing,	
  via	
  
spliceosome	
  (BP),	
  IPR001163:Like-­‐-­‐-­‐Sm	
  
ribonucleoprotein	
  (LSM),	
  GO:	
  0005688:U6	
  snRNP	
  (CC),	
  
…	
  

LSM5,	
  DCP1,	
  PAP1,	
  LSM3,	
  LSM8,	
  
LSM6,	
  LSM1,	
  LSM4,	
  LSM7,	
  	
  LSM2,	
  
PTA1,	
  KEM1,	
  PAT1,	
  YSH1	
  

Metagroup	
  5;	
  SilhouePe:	
  0.570	
  

14(59)  5.26E-­‐-­‐-­‐
12	
  

GO:0000124:SAGA	
  complex	
  (CC),	
  GO:0016568:chromaLn	
  modificaLon	
  (BP),	
  
GO:0016573:histone	
  acetylaLon	
  (BP),	
  GO:0046695:SLIK	
  (SAGA-­‐-­‐-­‐like)	
  
complex	
  (CC),	
  GO:0003702:RNA	
  polymerase	
  II	
  transcripLon	
  factor	
  acLvity	
  
(MF),	
  GO:	
  0004402:histone	
  acetyltransferase	
  acLvity	
  (MF),…	
  

NGG1,	
  HFI1,	
  TRA1,	
  SPT20,	
  SGF29,	
  
SPT7,	
  SGF73,	
  SPT8,	
  	
  SGF11,	
  GCN5,	
  
SPT3,	
  ADA2,	
  RPN6,	
  CFT2	
  

d. U6 snRNP 
complex: 11 genes 

Validation example 

J.	
  De	
  Las	
  Rivas	
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Gene	
  Metagroups	
  
found	
  (include	
  all	
  the	
  
related	
  groups)	
  

GENES	
  	
  p-­‐-­‐-­‐value	
  	
  	
  Co-­‐-­‐-­‐AnnotaGons	
  (GO-­‐-­‐-­‐BP,	
  GO-­‐-­‐-­‐MF,	
  GO-­‐-­‐-­‐CC,	
  KEGG,	
  
InterPro)	
  found	
  

Metagroup	
  1;	
  SilhouePe:	
  0.529	
  

13(59)  2.26E-­‐-­‐-­‐26	
  	
  (BP),	
  GO:0031123:RNA	
  3'-­‐-­‐-­‐end	
  processing	
  (BP),	
  GO:
0006353:transcripLon	
  

GO:0005847:mRNA	
  cleavage	
  and	
  polyadenylaLon	
  specificity	
  factor	
  complex	
  
(CC),	
  GO:0006378:mRNA	
  polyadenylaLon	
  (BP),	
  GO:0006379:mRNA	
  cleavage	
  

terminaLon	
  (BP),	
  …	
  

GLC7,	
  REF2,	
  YTH1,	
  FIP1,	
  PAP1,	
  
PFS2,	
  CFT1,	
  RNA14,	
  PTI1,	
  	
  
PTA1,	
  MPE1,	
  CFT2,	
  YSH1	
  

Metagroup	
  2;	
  SilhouePe:	
  0.823	
  

DOC1,	
  APC9,	
  APC11,	
  	
  APC4,	
  CDC27,	
  	
  	
  11(59)  4.85E-­‐-­‐-­‐24	
  	
  0016567:protein	
  ubiquiL n aLon	
  (BP) ,GO:0000022:mitoL c 	
   s p i n d l e 	
  
e l o n gaLon	
  

04111:Cell	
  cycle	
  –	
  yeast,	
  GO:0004842:ubiquiLn-­‐-­‐-­‐protein	
  ligase	
  
acLvity	
  (MF),GO:0000070:mitoLc	
  sister	
  chromaLd	
  segregaLon	
  
(BP),GO:	
  
(BP),GO:0005680:anaphase-­‐-­‐-­‐promoLng	
  complex	
  (CC),	
  
…	
  

CDC23,	
  APC5,	
  CDC16,	
  APC2,	
  APC1,	
  

CDC26,	
  GLC7,	
  TRA1	
  

Metagroup	
  3;	
  SilhouePe:	
  0.609	
  

RPN10,	
  RPN11,	
  RPN2,	
  	
  RPN5,	
  RPT3,	
  	
  14(59)  8.11E-­‐-­‐-­‐
15	
  

GO:0000502:proteasome	
  complex	
  (CC),	
  03050:Proteasome,	
  GO:	
  
0034515:proteasome	
  storage	
  granule	
  (CC),	
  GO:0008541:proteasome	
  
regulatory	
  parLcle,	
  lid	
  subcomplex	
  (CC),	
  GO:0004175:endopepLdase	
  acLvity	
  
(MF),	
  GO:0030234:enzyme	
  regulator	
  acLvity	
  (MF)	
  

RPN13,	
  RPN8,	
  RPN1,	
  RPT1,	
  RPN3,	
  

RPT6,	
  RPN6,	
  APC2,	
  DOC1	
  

Metagroup	
  4;	
  SilhouePe:	
  0.750	
  

14(59)  1.31E-­‐-­‐-­‐
14	
  

03018:RNA	
  degradaLon,	
  GO:0008033:tRNA	
  processing	
  (BP),	
  GO:	
  
0030529:ribonucleoprotein	
  complex	
  (CC),	
  GO:0046540:U4/U6	
  x	
  U5	
  tri-­‐-­‐-­‐	
  
snRNP	
  complex	
  (CC),	
  GO:0000398:nuclear	
  mRNA	
  splicing,	
  via	
  spliceosome	
  
(BP),	
  IPR001163:Like-­‐-­‐-­‐Sm	
  ribonucleoprotein	
  (LSM),	
  GO:0005688:U6	
  
snRNP	
  (CC),	
  …	
  

LSM5,	
  DCP1,	
  PAP1,	
  LSM3,	
  LSM8,	
  
LSM6,	
  LSM1,	
  LSM4,	
  LSM7,	
  	
  LSM2,	
  
PTA1,	
  KEM1,	
  PAT1,	
  YSH1	
  

Metagroup	
  5;	
  SilhouePe:	
  0.570	
  

14(59)  5.26E-­‐-­‐-­‐
12	
  

GO:0000124:SAGA	
  complex	
  (CC),	
  GO:0016568:chromaLn	
  
modificaLon	
  (BP),	
  GO:0016573:histone	
  acetylaLon	
  
(BP),	
  GO:0046695:SLIK	
  (SAGA-­‐-­‐-­‐like)	
  complex	
  (CC),	
  GO:	
  
0003702:RNA	
  polymerase	
  II	
  transcripLon 	
   factor	
  acL v i t y 	
  
(MF),	
  GO:0004402:histone	
  acetyltransferase	
  
acL v i t y 	
   (MF ) ,… 	
  

NGG1,	
  HFI1,	
  TRA1,	
  SPT20,	
  SGF29,	
  
SPT7,	
  SGF73,	
  SPT8,	
  	
  SGF11,	
  GCN5,	
  
SPT3,	
  ADA2,	
  RPN6,	
  CFT2	
  e. SAGA complex: 

12 genes 

Validation example 

J.	
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  Las	
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Use 3 sets of genes/proteins grouped by different biological criteria: 
	
  
	
  

3  Comprehensive Resource of Mammalian protein complexes 
(CORUM) genes in 10 mammal multi-protein complexes 

3  Saccaromyces Genome Database (SGD) 

genes in 10 known yeast pathways 
	
  
	
  
	
  
	
  

3  Online Mendelian Inheritance in 

Man (OMIM) genes in 10 human 

diseases 

Validation with other gene/protein sets 
from multiple biological sources 
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Use 3 sets of genes/proteins grouped by different biological criteria: 
	
  
	
  

3  Comprehensive Resource of Mammalian protein complexes 
(CORUM) genes in 10 mammal multi-protein complexes 

3  Saccaromyces Genome Database (SGD) 

genes in 10 known yeast pathways 
	
  

	
  

3  Online Mendelian Inheritance in 

Man (OMIM) genes in 10 human 

diseases 

We evaluate the signal considering noise tolerance (20% noise added): 
	
  
	
  

3  Precision 

3  Recall 

Validation with other gene/protein sets 
from multiple biological sources 
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Validation with other gene/protein sets 
from multiple biological sources 

J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  
2015	
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Session 2 (13:30 - 16:30, 3h) 
Construction of gene functional networks 

	
  
	
  
	
  

- Introduction to biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  

- Functional Enrichment Analysis (EA): from single to modular methods 
	
  

- Using EA tools to annotate gene lists: 
DAVID (single), GSEA (gene sets), GeneCodis (modular) 

	
  

- Sort out problems after EA: post-enrichment tool 
GeneTermLinker (postEA)  vs  DAVID FAC (single+clustering) 

	
  

- From co-annotation and enrichment to functional networks: 
networks construction using a R tool 

Session 1 (9:30 - 12:30, 3h) 
Bioinformatic tools for Functional Enrichment Analysis (FEA) 
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http://david.abcc.ncifcrf.gov/ 

Comparison 
GeneTerm Linker  vs  DAVID FAC 
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http://david.abcc.ncifcrf.gov/ 

Huang et al (2007) Genome Biol. 

Huang et al (2009) Nature Protoc. 

Comparison 
GeneTerm Linker  vs  DAVID FAC 
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DAVID bioinformatics suite provides a post-enrichment tool: 
DAVID Functional Annotation Clustering (DAVID - FAC), after single 
enrichment analysis it clusters the terms based in the genes that they share. 

Comparison 
GeneTerm Linker  vs  DAVID FAC 
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Comparison 
GeneTerm Linker  vs  DAVID FAC 

Comparative analysis of two approaches that provide groups of genes and terms 

J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  
2015	
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Testing a set of 59 
yeast nuclear 
proteins working in 
5 known complexes 

GeneTerm Linker DAVID FAC 
(by default) 

DAVID FAC (tuned to 
find 5 groups) 

Total groups reference 5 5 5 

Total groups found 5 15 5 

Accuracy 0.952 0.311 0.884 

Jaccard coefficient 0.769 0.213 0.562 



Accuracy : percentage of genes grouped correctly. 

Jaccard coefficient : (measures similarity between sample sets) proportion of genes 
that belong to the same complex with respect to the total number of genes that are 
known to belong such complex or to any other. 

Comparison 
GeneTerm Linker  vs  DAVID FAC 

J.	
  De	
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  Rivas	
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GeneTerm Linker DAVID FAC 
(by default) 

DAVID FAC (tuned to 
find 5 groups) 

Total groups reference 5 5 5 

Total groups found 5 15 5 

Accuracy 0.952 0.311 0.884 

Jaccard coefficient 0.769 0.213 0.562 



DAVID bioinformatics suite provides a post-enrichment tool: 
DAVID Functional Annotation Clustering (DAVID - FAC), after single 
enrichment analysis it clusters the terms based in the genes that they share. 

Comparison 
GeneTerm Linker  vs  DAVID FAC 

DAVID Functional Annotation Clustering (DAVID - FAC) 
1. It groups/clusters genes or terms in an independent way 
2. It does not considers the enrichment p-value of each gene-term set to 
rank them during the clustering 
3.  It does not eliminates redundancies 

J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  
2015	
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CBO 
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Computational  Biology @ UCT 

Hands-on: Practical Examples 
	
  
	
  
	
  

Protein- SETs- 2014.xls 
(106g hs,  175g hs, yeast  11pathways, yeast 59g5pc) 

run DAVID-FAC &  GeneTerm Linker 



Session 2 (13:30 - 16:30, 3h) 
Construction of gene functional networks 

	
  
	
  
	
  

- Introduction to biological information and annotation spaces: 
GO, KEGG, Interpro 

	
  

- Functional Enrichment Analysis (EA): from single to modular methods 
	
  

- Using EA tools to annotate gene lists: 
DAVID (single), GSEA (gene sets), GeneCodis (modular) 

	
  

- Sort out problems after EA: post-enrichment tool 
GeneTermLinker (postEA) 

	
  

- From co-annotation and enrichment to functional networks: 
networks construction using a R tool 

Session 1 (9:30 - 12:30, 3h) 
Bioinformatic tools for Functional Enrichment Analysis (FEA) 

99	
  J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  
2015	
  



GeneTerm Linker 
web tool 
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FuncLona l 	
   ana l ysis	
  results	
  for	
  a	
  100	
  genes	
  signature	
  of	
  Acute	
  LinfoblasGc	
  Leukemia	
  
(AML)	
  

GeneTerm Linker 
results 
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FuncLona l 	
   ana l ysis	
  results	
  for	
  a	
  100	
  genes	
  signature	
  of	
  Acute	
  LinfoblasGc	
  Leukemia	
  
(AML)	
  

GeneTerm Linker 
results 
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FuncLona l 	
   ana l ysis	
  results	
  for	
  a	
  100	
  genes	
  signature	
  of	
  Acute	
  LinfoblasGc	
  Leukemia	
  
(AML)	
  

GeneTerm Linker 
results 

J.	
  De	
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  -­‐-­‐-­‐	
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  -­‐-­‐-­‐	
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Common gene term sets 
adjacency matrix (g :: gts) 

Common metagroups 
adjacency matrix (g :: Mg) 

derived from GeneTerm Linker 
	
  

The	
  results	
  of	
  the	
  gene-­‐-­‐-­‐term	
  metagroups	
  generated	
  by	
  GeneTerm	
  Linker	
  can	
  be	
  used	
  in	
  
a	
  further	
  analysis	
  to	
  build	
  funcGonal	
  networks	
  

Functional Network 

J.	
  De	
  Las	
  Rivas	
  -­‐-­‐-­‐	
  IBMCC	
  (CSIC/USAL)	
  -­‐-­‐-­‐	
  2015	
  	
  	
  
104 

gts 
1 

gts 
2 

gts 
3 

gts 
4 

g1 0 0 1 1 

g2 0 0 1 0 

g3 1 1 0 1 

g4 1 0 1 0 

Mg 
1 

Mg 
2 

Mg 
3 

Mg 
4 

g1 0 1 0 1 

g2 1 0 1 0 

g3 0 1 0 1 

g4 1 0 1 0 
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  a	
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Functional Network 

1 = d = U6 snRNP complex (LSM...) 
2 = b = Anaphase-promoting complex (APC...) 
3 = e = SAGA complex (SPT...) 
4 = a = mRNA cleavage & polyA spec. fact. complex 
5 = c = 19/22S regulator, proteasome (RPN...) 
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the	
  agreement	
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  very	
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Overlap	
  View	
  
	
  
	
  

Mg5	
  &	
  Mg6	
  overlap	
  

1 = d = U6 snRNP complex (LSM...) 
2 = b = Anaphase-promoting complex (APC...) 
3 = e = SAGA complex (SPT...) 
4 = a = mRNA cleavage & polyA spec. fact. complex 
5 = c = 19/22S regulator, proteasome (RPN...) 
6 ........ mix group overlapping with 3 other: 5, 3, 2 
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