TALLER 8: USO DE R PARA LA EJECUCION DE
ANALISIS DE ENRIQUECIMIENTO FUNCIONAL

Noviembre 25 de 2021.

Chrystian C. Sosa Y Mauricio A. Quimbaya
Doctorado en ingenieria y ciencias aplicadas




-¢Que es un analisis de enriquecimiento funcional y qué
es un grafo?

‘Realizacion de un analisis de enriquecimiento funcional
usando una lista de genes

-Analisis de enriquecimiento funcional en R

-Analisis de enriquecimiento funcional por categorias y
entre dos especies usando R
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¢Queé es un analisis de
enriquecimiento
funcional y qué es un
grafo?

Genomica & BT



¢Qué quisiéramos tener? ¢Qué tenemos en biologia?
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¢CoOmo se puede saber que funciones tiene
una proteina?
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Fig. 1 Sequence similarity and homology in protein function prediction. Flowcharts summarizing (a) basic
concepts on homology and sequence divergence and (b) possible strategies in protein annotation using
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¢Que necesitamos para poder comprender
la complejidad de funciones biologicas de
una proteina?

cldeas?



¢Que es una funcion biologica®?

* Mecanismo: qué partes contribuyen a un sistema
* Entidades y actividades
e {Qué es una entidad?: Proteina
* ¢Qué es una actividad?: Traduccion

* Bajo la vision de un bidlogo molecular:

* Actividades coordinadas que tienen la apariencia de haber sido disenadas por
un proposito



El proyecto gene ontology

#2 © 2000 Nature America Inc. » http://genetics.nature.com comrmien tary

Gene Ontology: tool for the
unification of biology

ontologia
Del lat. mod. ontologia, de onto-'onto-'y -/ogia '-logia’.
1. f. Fil. Parte de la metafisica que trata del ser en general y de sus propiedades trascendentales. The Gene Ontology Consortium*

2. 1. En ciencias de la comunicacion y en inteligencia artificial, red o sistema de datos que define las
relaciones existentes entre los conceptos de un dominio o area del conocimiento.

d (& [ A Noseguro | http://geneontology.org Q| P AP ¢ QDB @& O C‘ » =
VSO‘GENUEP"TIE.),&,OGY About Ontology Annotations Downloads Help 0 v £ AfLIANGE

A COVID-19 pandemic: click here to get GO data on SARS-CoV-2

Current release 2021-09-01: 43.850 GO terms | 7.928.834 annotatio
1.568.828 gene products | 5.086 species (see statistiics)

* Lenguaje estructurado
THE GENE ONAOLOGY RESOURCE'
(] Base de datos GO Enrichment Analysis @

The mission of the GO Consortium is to develop a comprehensive, computational model of biological Powered by PANTHER

systems, ranging from the molecular to the organism level, across the multiplicity of species in the tree of life.

The Gene Ontology (GO) knowledgebase is the world’s largest source of information on the functions of genes.
This knowledge is both human-readable and machine-readable, and is a foundation for computational analysis of

Y h tt ° t | large-scale molecular biology and genetics experiments in biomedical research.
: eneontoliogy.or
l biological process

_ Q Homo saplens Examples Lhunchy

O Any @ Ontology ® Gene Product Hint: can use UniProt ID/AC, Gene Name, Gene Symbols, MOD IDs

Ashburner et al.,2000 °


http://geneontology.org/

¢Que sabemos de los terminos de ontologia

(GO)?

e Cambian con el tiempo

* Existen métodos
automaticos y curacion

Statistics for release [2021-09 v

Statistics for release |2021-1
manual e

Ontology Annotations Gene products and species
Property Value Property Value Property ‘Value
Valid terms 43850 (A=-28) MNumber of annotations 7928834 Annotated gene products 1,568,828
Obsoleted terms 3378 (A =27) Annotations for biological process 2,970,944 Annotated species 5,086
Merged terms 2335 (A=19) Annotations for molecular function 2538694 Annotated species with over 1,000 annotafions 202
Biological process terms 28503 Annotations for cellular component 2419196
Maolecular function terms 11168 Annotations for evidence PHYLO 3,886,746
Cellular component terms 4179 Annotations for evidence [EA 2,020,599

Annotations for evidence OTHER 829,676

Annotations for evidence EXP 875,954

Annotations for evidence ND 260,621

Annotations for evidence HTP 55,238

:\ Mumber of annotated scientific publications 165,158
v

Ontology Annotations Gene products and species
Property Value Property Value Property Value
Valid terms 43832 (A=-18) Mumber of annotations 7,827 476 Annotated gene products 1,542 582
Obsoleted terms 3394 (A=186) Annotations for biclogical process 2,950,031 Annotated species 5,086
Ierged terms 2348 (A=125) Annotations for molecular function 2525429 Annotated species with over 1,000 annotations 201
Biological process terms 28484 Annotations for cellular component 2,352,016
olecular function terms 11166 Annotations for evidence PHYLO 3,782 649
Cellular component terms 4182 Annotations for evidence IEA 2,019,391

Annotations for evidence OTHER 830,737

Annotations for evidence EXP 880,087

Annotations for evidence ND 259,029

Annotations for evidence HTP 55,583

MNumber of annotated scientific publications 165,816

http://geneontology.org/stats.htm| 9



http://geneontology.org/stats.html

iLa representacion de una ontologia de
genes es un grafo!

Gene ontology
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Funcion de un GO

e Gen: Es una region contigua de ADN que codifica instrucciones para
como la célula genera macromoléculas

* Macromolécula: Producto de un gen (Proteina o ARN no codificante)

e Un producto de un gen puede actuar como una maquina molecular
para desarrollar una accion quimica (actividad)

* Los productos de genes de diferentes genes se pueden combinar en
maquinas moleculares mas grandes (complejos)



GO define el posible universo de funciones
de un gen particular!

* Funcion molecular: actividad o proceso a nivel molecular
 Componente celular: localizacion relativa en la célula

* Proceso biolégico: procesos moleculares vinculados a un objetivo
biologico



¢ Como funciona un algoritmo de e
enriguecimiento funcional? o '

User to input
a gene list

* Hasta el ano 2009 habian mas de 68 [ o
herramientas disponibles e g

* Capas: I
e Datos de soporte o - Dok
e Algoritmo de mineria de datos incluido |
estadistica

 Presentacion de datos

N
3

Published online 25 November 2008 Nucleic Acids Research, 2009, V.
¢

ol. 37,
doi:10.109.
SURVEY AND SUMMARY

Bioinformatics enrichment tools: paths toward
the comprehensive functional analysis of large
gene lists

Da Wei Huang, Brad T. Sherman and Richard A. Lempicki*

jo. 1 1-13
nar/gkn923

Laboratory of Immunopathogenesis and Bioinformatics, Clinical Services Program, SAIC-Frederick, Inc.,
National Cancer Institute at Frederick, Frederick, MD 21702, USA

Huang et al.,, 2009 "



Table 2. Categorization of enrichment analysis tools

Tool category

Description

Indication and limitation

Sub-type of algorithms

Methods

Example tool

Class I:
singular
enrichment
analysis
(SEA)

Class 1I;
gene set
enrichment
analysis

LGSEA)

Class I11:
modular
enrichment
analysis
(MEA)

Enrichment P-value is calculated
on cach term from the pre-selected
interesting gene list. Then,
enriched terms are listed in a
simple linear text format. This
strategy is the most traditional
algorithm. It 1s still dominantly
used by most of the enrichment
analysis tools.

Entire genes (without pre-selec-
tion) and associated experimental
values are considered in the
enrichment analysis. The unique
features of this strategy are: (i) No
need to pre-select interesting
genes, as opposed to Classes I and
II; (i) Experimental values inte-
grated into P-value calculation,

This strategy inherits key spirit of
SEA. However, the term-term/
gene-gene relationships are con-
sidered into enrichment P-value
calculation. The advantage of this
strategy is that term-term/genc-
gene relationship might contain
unique biological meaning that is
not held by a single term or gene.
Such network/modular analysis is
closer to the nature of biological
data structure.

Capable ol analyzing any gene
list, which could be selected from
any high-throughput biological
studies/technologies (e.g.
Microarray, ChIP-on-CHIP,
ChIP-on-sequence, SNP array,
EXON array, large scale sequence,
ctc.). However, the deeper inter-
relationships among the terms
may not be fully captured in linear
format report.

Suitable for pair-wide biological
studies (e.g. discase versus con-
trol). Currently, may be difficult to
be applied to the diverse data
structures derived by a complex
experimental design and some of
the new technologies (e.g. SNP,
EXON, Promoter arrays).

Capable of analyzing any gene
lists, which could be selected from
any high-throughput biological
studies/technologies, like Class I,
Emphasis on network relation-
ships during analysis. ‘Orphan’
gene/term (with little relationships
to other genes/terms), that some-
times could be very interesting,
too, may be left out from the
analysis.

Global reference background

Local reference background

Neural network
Based on ranked gene list

Based on continuous gene values

Composite annotations

DAG Structure

Global annotation relationship

Fisher’s exact
hypergeometric
chi-square
binomial

Fisher's Exact
hypergeometric
chi-square
binomial

Bayesian
Kolmogorov-Smirnov-like

-Test
permutation
Z-score

Mecasure enrichment on
joint terms

Measure enrichment by
considering parents-child
relutionships

Measure term-term global
similarity with

Kappa Statistics
Czekanowski-Dice
Pearson’s correlation

GoStat, GoMiner, GOTM.
BinGO, GOtoolBox, GFinder, etc.

DAVID, Onto-Express,
GARBAN, FauGo, etc.

BayGO

GSEA, CapMap, ctc.
FatiScan, ADGO, erminel,
PAGE, 1GA, GO-Mapper,

GOdist, FINA, T-profiler,
MetaGP, ctc.

ADGO, GeneCodis,
ProfCom, ectc.

topGO, Ontologizer, POSOC, etc.

DAVID, GoToolBox, etc.

14



¢Queé hace el analisis de enriquecimiento
funcional? (I)

e Distribucion hipergeométrica

’ N-—-M
1 (4'!)( n—i )

B i e
20

* N es el nuUmero de genes en la distribucion background (genes
anotados en el genoma)

* M es el numero de genes dentro de la distribucion que estan
anotados

* n es el tamano de la lista de genes de interés
* k es el numero de genes de la lista que estan anotados



De cada 20 piezas fabricadas por una maquina, hay 2 que son
defectuosas. Para realizar un control de calidad, se observan 15

elementos y se rechaza el lote si hay alguna que sea defectuosa. Vamos
a calcular la probabilidad de que el lote sea rechazado

N =20
n=15
X =numero de piezas defectuosa s de las 15 escogidas
PXz)=1-p(X <1)=1-p(X =0)

(2 (20 - 2)
‘. 0 ‘ 15
- ] = =0,947

(20} 15504 19

s

https://bit.ly/3F1hCn7 16



iQué hace el ana

Isis de enriguecimiento

funcional? (Il) (Test exacto de Fisher)

e Basado en distribucion
hipergeométrica

A Not A Total

In sample a b r
Not in sample s d I

(1 (%) N

<"l ) (Q) ¢! (5!
2%
~\a)\b) 07 pa

* Posibles muestras

* Formas en que A esta en una muestra de 0
tamano cl

de tamano N-cl=c2

* Formas en que elegir a de Asy b que no esta

* Formas en que no esta A esta en una muestra (Q)
en As ( )

(1 !('J!TI !f:!

T N — NI
N I']!r_]!

Nlalb!c!d!

(Hoffman., 2019) 17



Table 13.1 Basis of Fisher's test

Women Men Total

In sample 3 2 5
Not in sample 17 8 25
20 10 30

Example 13.1

A medical clinic has 30 patients, 20 women and 10 men. A random sample of 5 patients is
drawn. What is the probability that there will 2 men?

30

5 ) ways = 142,506 ways.

A sample of 5 patients out of 30 can be chosen in (

2 3

pa—

( 10) (20)
5 1P\ 3
= =51,300/142,506 =0.359985.

(7)

. (10 0 -
A sample of 2 men and 3 women can be drawn in ( ) X (2 ) ways = 51,300 ways.

Therefore P(2 men, 3 women) =

(Hoffman., 2019) 13



¢Que hace el analisis de enriquecimiento
funcional? (lll) Correccion de hipotesis multiples

Adual

* Hay que reducir el riesgo de errores
de omision y comision @

* Problema de la propagacion de | s o
genes (Una funcion compartida e &g -

entre genes)

= |
. . o oo l ' N ‘ . ol
. 3 l(r(_ ¢ un (gtl(f). l(n"g wl (4(1(9!
conclusion from g 1
r statistical analysis 1 £ -
Accept the Null Reject the Null Q
Null hypothesis
is true Type | Error ' g
Correct . i :
I Conclusion :TI’ECtatrue. 'f'\ b
n ypothesis ) g
the true state L — .
of nature 'ng eres un (4“‘9! '”0 eres un (édt@!
Type Il Error
l Correct
accept a false Coticlicion
Null hypothesis null hypothesis
is false
https://bit.ly/3mYCgOl;https://bit.ly/307AfyU 1°




Bonferroniy False
Discovery Rate

1. Bonferroni=a/k (punto critico)

2. FDR:
 Ordenar de la forma:

*P1=DP2= " =Dk
* Comenzando con el p;mas alto,

alpha

alpha/k

buscar p; < i * a (punto critico)

* Bonferroni es muy conservador

0.05

Conservation Genetics (2006) 7:783=787

DOl

10.1007/510592-005-9056-y

© Springer 2006

Beyond Bonferroni: Less conservative analyses for conservation genetics

Shawn R. Narum
Columbia River Inter-Tribal Fish Commission, 3059-F National Fish Hatchery Road, Hagerman, ID, 83332,
USA (Corresponding author: Phone: + 1-208-837-4072; Fax: + 1-208-837-6047; E-mail: nars(@critfc.org)

Received 4 March 2005: accepted 4 September 2005

Key words: Bonferroni, conservation genetics, false discovery rate, multiple comparison tests

10/15
. BONFERRON FDR
P P VALUE< VALOR CRITICO i pi FDR P VALUE< VALOR
<=i/k*alpha CRITICO
0.0001 VERDADERO 1| VERDADERO | 0.00333333 VERDADERO
0.001 VERDADERO 2| VERDADERO | 0.00666667 VERDADERO
3| VERDADERO 0.01 VERDADERO
4| VERDADERO | 0.01333333 VERDADERO
5| FALSO 0.01666667 VERDADERO
6| FALSO 0.02 VERDADERO
7| FASO 002333333 VERDADERO
8| FALSO 0.02666667 VERDADERO
9| FALSO 0.03 VERDADERO
10| VERDADERO VERDADERO
11]  FALSO
12|  FALSO
13  FALSO
14 FALSO
15]  FALSO

Narum.,2006 *°




Trampas en el
analisis de
enriguecimiento
funcional
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iLos GO evolucionan!

Chen et al. BMC Bioinformatics (2021) 22:178
https://doi.org/10.1186/512859-021-04105-8

BMC Bioinformatics

Establishing a consensus for the hallmarks
of cancer based on gene ontology and pathway
annotations

Yi Chen’, Fons. J. Verbeek and Katherine Wolstencroft

i Los GO terms cambian en el tiempo!

Nodos rojos oscuros: existen en 2012 y 2016 pero
solo seleccionados por GO2

Nodos rojos claros: obsoletos en 2016

Nodos azules oscuros: existen en 2012y 2016
pero solos seleccionados por GO1

Nodos azules claros: Nuevos nodos creados
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Las trampas:

* Paradoja de Simpson: Analisis de datos agregados puede llevar a
diferentes conclusiones

* Los datos de GO pueden estar incompletos
e Resultados contradictorios

* Diferencias entre especie (Ejemplo, zebrafish tiene mas datos
relacionados a desarrollo)

* Sesgo del anotador
* Desbalance de anotaciones positivas y negativas
* Conversion entre identificadores de genes o proteinas



1ame 1
Main pitfalls or biases discussed in the chapter and their remedies

- - \Wununucu)
Pitfall or bias Remedy
Wrongly assume that absence of Account for the fact that both ontology and annotations Pitfall or bias Remedy
annotation implics absence of function. are necessary incomplete, for instance by assessing the 2 : T s TS ;
: i 5 7 ; Different species tend to have very When performing statistical analyses or using information-
impact of incompleteness on one’s analyses and findings. o : 3 “ TSI g x 3
3 different types of annotations. For theoretic similarity measures, use species-specific
Not all directed edges in the ontology The transitivity of cach type of relations must be taken instance, model species have many more  frequencies of GO term.
structure have the same meaning; into account when reasoning over the GO. “Is a” and experiment-based annotations.
depending on their type, the “part of” are transitive, but “regulates™ is not. G 3 ; < S
R tYPS, % gul Experiment-based annotations derived Control for authorship bias in analyses that may have
relationship they represent may or may 7 ‘ ; B 20 A
3 from the same rescarch article tend to varying proportion of annotations stemming from the
not be transitive. W : ; 3
be more similar than annotations same article, lab, or annotation tcam.
To yield meaningful results, GO Specify the actual background distribution used in the derived from different articles. Similar
enrichment analyses require accurate analysis of interest. Short of this, ensure that the trends hold for annotations derived
specification of the background enrichment analysis is performed on consistent databasc from same versus different authors, and
distribution, which can vary rclcase and subsets of species, terms, ctc. To test the same versus different annotators.
substantially across releascs, specices, ctc. robustness of results, consider repeating the analysis 2 7 3 z :
i S = Because annotations are preferentially Restrict such analyses to experiment-based annotations.
using several releases of GO ontology/annotation R i
; ’ propagated among closcly related Avoid circularity.
databases. Avoid tools that are not regularly updated. ; :
: sequences, clectronic annotations can
Inter-ontology links and annotation Keep track of database releases in analyses. If they are confound analyscs secking to
extensions can result in large variations relevant, make sure that annotation extensions arc characterize relationships between
in the number of annotations. implemented consistently. evolution and function.

Furthermore, annotation extensions

2 ; . There are many more positive annotations Consider false-positive and false-negative rates separately.
may not be consistently implemented, if y PO po & P ¥

than negative annotations. As a result, Focus on subsct of data for which the class imbalance
at all, across analyses tools or workflows. -
. standard accuracy measures used by problem is less pronounced.
Qualifiers such as “NOT™ or “co-localizes Remember to take into account qualifiers. When using machine learning methods may be
with” are important parts of a gene tools or software librarics, make sure that these take misleading (“class imbalance problem”).
annotation in that they fundamentally qualifiers into account as well.
change the meaning of annotations.
Because only a small minority of all
annotations have qualifiers, such errors
can casily go unnoticed.
Annotations arc supported by different Take evidence code into account. In statistical analyses,
types of evidence (categorized by consider the distribution of annotations in terms of
evidence codes). The annotations evidence codes, and, if needed, control for this potential
associated with cach code vary in their confounder.
scope, specificity, and number. These 24

differences can confound some analyses.




¢Que es un grafo?

* Una red es un catalogo de:
 Componentes de un sistema (nodos)
* Interacciones directas (aristas)

* NUmero de nodos (N): numero de componentes
(tamano) i=1,2,...,N

* NUmero de vinculos (L): numero total de interacciones
entre nodos

(a)

(b)

@ f@

(d) ' ;

Different Networks, Same Graph

Barabasi, 2016
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a Undirected network

Tipos de grafos

I Weighted

I Directed

Undirected
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Algunos ejemplos de
herramientas para
enriquecimiento
funcional

Genomica & BT



Herramientas mas usadas

< brogramas. PROGRAMMING TOOLS:
* Binco ADVENTURES WIH

d DAVI D flllul gll\k.!.\fluflﬂ.»{.\ ntrol {I 1

e g:Profiler s

* AmiGO T ——
* Paquetes de R: ;

* topGO

* clusterprofiler

 gprofiler2

https://www.nature.com/articles/517109a.pdf



https://www.nature.com/articles/517109a.pdf

Recursos para explorar

https://yulab-smu.top/biomedical-knowledge-mining-book/index.html

https://gohandbook.org/doku.php
https: //apps.cytoscape.orqg/apps/bingo
-http:/ /bioinformatics.sdstate.edu/go/
http://amigo.geneontology.org/amigo
http://geneontology.orqg/
-https://biit.cs.ut.ee/gprofiler/
http://revigo.irb.hr/

Gendmica [



https://yulab-smu.top/biomedical-knowledge-mining-book/index.html
https://gohandbook.org/doku.php
https://apps.cytoscape.org/apps/bingo
http://bioinformatics.sdstate.edu/go/
http://amigo.geneontology.org/amigo
http://geneontology.org/
https://biit.cs.ut.ee/gprofiler/
http://revigo.irb.hr/

APPLICATIONS NOTE " 2% icimamomascamiss:

Systems biology

BiNGO: a Cytoscape plugin to assess overrepresentation of
Gene Ontology categories in Biological Networks

Steven Maere, Karel Heymans and Martin Kuiper*
Department of Plant Systems Biology, Flanders Interuniversity Institute for Biotechnology (VIB), Ghent University,
Technologiepark 927, B-9052, Ghent, Belgium
Received on May 18, 2005; revised on June 13, 2005; accepted on June 17, 2005
& Session: New Session Advance Access publication June 21, 2005
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File Edit View Select Layout Apps Tools Help

> Em %hE QQAQQ

I BINGO Settings — X | Notuork =
BiNGO settings
G) | Enter search terms for NDEX...
Save settings as default Help
A A 10f 1 Network selected
DCE o v DCE
2 Iy 5
() Get duster from network (@) Paste genes from text 2: e @oce
AT1G60900 ~
AT4G36690 o
AT2G30200 bl
AT5G67590 >
AT4G26910
AT5G55070 g
AT4G33090 ®
AT2G05850 2
AT3G25420 §
AT3G52000 (=]
AT3G52010
AT4G12910 2
£
v
Assess: (@) Overrepr i (O Underrepr i [V visualization B
Select a statistical test: o
| ic test v E
Select a multiple testing correction: ‘g
| & Hochberg False Discovery Rate (FDR) v| x
Choose a significance level: i i3 BINGO output =
10.05
Select the categories to be visualized:
|Overrepresented categories after correction v| Annotation: Curator = GO, Spedies or file = Arabidopsis thaliana, Type = default Ontnlogy:Cuatnr-bhoo,Type-nanq:ace[ Close tab @
Select reference set: o
|Use whole as ref set v/ GOID GO Description p-val Corrected p-val Cluster frequency Total frequency Genes P -
Select ontology file: [[]8152  metabolic process 9.8147E-46 1.0914E-42 383/677 56.5% 6834/22304 30.6% AT4G27960 ATSGS50950 AT5G24420 AT5G53300 AT4G21980 AT1G24180 AT3G06810 AT3G0S5... A
|GO_Biological_Process v []44281  small molecule metabolic process 2.5544E-44 1.42026-41 142/677 20.9% 1248/22304 5.5% ATSG50950 AT1G13440 AT5G24420 AT1G60550 AT4G04320 AT4G28410 ATSGO8570 ATSG13... [ |
Select namespace: '] [[151179  localization 1.5862E-43 5.8796E-41 159/677 23.4% 1566/22304 7.0% AT3G05960 AT2G26170 AT2G33820 AT4G27040 AT3G60970 AT4G23400 AT2G16120 AT4G24... B nod
. f[Je810  transport 6.2061E-42 1.7253E-39 153/677 22.5% 1502/22304 6.7% AT3G05960 AT2G26170 AT2G33820 AT4G27040 AT3G60970 AT4G23400 AT2G16120 AT4G24...
Select organism/annotation: [[]51234  establishment of localization 1.6534E-41 3.6771E-39 153/677 22.5% 1514/22304 6.7% AT3G05960 AT2G26170 AT2G33820 AT4G27040 AT3G60970 AT4G23400 AT2G16120 AT4G24...
[ | q[J9%056  catabolic process 8.3551E-41 1.5485€-38 99/677 14.6% 660/22304 2.9% AT4G27960 AT1G13440 AT1G64230 AT5G24420 AT4G26910 AT5G53300 AT4G21980 ATSGOS...
- e Sl e . | [ 144282  small molecule catabolic process 1.7013€-37 2.7026E-35 51/677 7.5% 163/22304 0.7% AT1G13440 AT5G24420 AT4G26390 ATSG08570 AT1G17290 AT2G20860 AT3G05290 AT4G26... 5
r : 1 [[]6091  generation of precursor metabolites and energy 4.9076E-36 6.8216E-34 54/677 7.9% 199/22304 0.8% AT1G13440 AT3G58730 AT4G26910 AT4G26390 AT2G17130 AT4G02580 AT2G44350 AT4G3S5... I
L ) [[]J46164 alcohol catabolic process 9.3987E-28 1.16136-25 30/677 4.4% 68/22304 0.3% AT4G26530 AT3G49360 AT1G13440 AT3G55440 AT3G04050 ATSG24420 AT4G26390 AT1G13...  |rkTable
[ save BINGO data file in: D:\pD | Browse... \ []9987  celular process 1.0562€-27 1.1744E-25 360/677 53.1% 7393/22304 33.1% AT4G27960 AT3G05960 ATSG50950 ATSG24420 AT5G53300 AT4G27040 AT4G21980 AT1G10... |
[ Start BNGO ‘ [ [[]19320  hexose catabolic process 1.5380E-27  1.4253E-25 29/677 4.2% 63/22304 0.2% AT4G26530 AT3G49360 AT1G13440 AT3G55440 AT3G04050 ATSG24420 AT4G26390 AT1G13... | L
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g:Profiler: a web server for functional enrichment
g . P rof | | e r analysis and conversions of gene lists (2019 update)

Uku Raudvere ", Liis Kolberg "', lvan Kuzmin "', Tambet Arak', Priit Adler'?,
Hedi Peterson “':2" and Jaak Vilo “1:2:3"
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0 & https:/biit.cs.ut.ee/gprofiler/gost @A S —

g i P rOﬁ ]_ e r News Archives Beta API R client FAQ Docs Contact Cite g:Profiler Services using g:P List of organisms =

g:Profiler has been updated with new data from Ensembl.

Show more... Close

g:GOSt g:Convert g:Orth g:SNPense

Functional profiling Gene ID conversion Orthology search SNP id to gene name

Query Upload query Upload bed file

Options

Input is whitespace-separated list of genes @ .
Organism: ©

Homo sapiens (Human)

(J Ordered query @
(J Run as multiquery @

https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/page/r
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Realizacion de un analisis
de enriquecimiento
funcional usando una lista
de genes

Genomica & BT
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|A\roidinglmmlActi\ra‘finglnva Deregulationg EnablingReplic EvadingGrowt Genomelnstal InducingAngic ResistingCellD SustainingProlTumorPromo‘_l

Sustaining Evading
proliferative growth
signaling suppressors

El dataset que vamos a usar &

Resisting Enqbliqg
* 5494 genes de H. sapiens en diez death imimortaity

categorias:

* Inestabilidad gendmica (167 genes) cenome YN e

instability and
mutation

* Dos ejercicios: BinGO y ShinnyGO UGG o acivating

promoting
inflammation

angiogenesis invasion and
metastasis

Ll L1 L1} m L1} m L1 L1} m " m mn L] L1} m L1} m L1 m-
CYBB TSTA3 SUCLG1 PRIM2 VPS53 CDKSRAP3 SLC12A6 CDKSRAP3 CDKSRAP3 CYBB { AID . AIM . [x:E . ERI . EGS . GIM . IA . RCD . SPS . -rPI .
PSMC1 DUSP26 CHMPAC PCNA BARD1 CNOTZ ACTA2 CSNK2A1  CHMPAC RPS19
POLR3C BZW1 VPS36 ccT4 RBL1 RNASEH2A  AQP1 CAT CSNK2A1  CAMKID
PSMD12 GSK3B CYP2CS NSMCE2 STK11 PCNA HMGB1 GSK3B PPP6C CHIA
POLR3F BZW?2 ADIPOR1  TFIP11 SIN3A POLR2D PRKX PDKA CNOT7 HMGB1

Knijnenburg et al. Chin J C 2015) 34:48 :
CYFIP1 DENND6A  SORD POLD1 cDC73 NSMCE2 AAMP SLC25A4 PRIM2 TLR7 Drgjlr;%nT1U£g/i48880_'g15_gg;g6( ) Chlnese Journal Of Cancer
SLC11A1 RPL23A GSK3B GAR1 MYBBP1A  POLR2G SAT1 ACSLS PSMC1 IRAKA ;
SERINC3 oLAl VPS35 UPF1 NDRG1 CDK1 NCL PDK2 RPL23A MAPK14
RPS19 DOCK7 YIPFL MAPK14 MSH2 COPS7A CTH HMGNS STAG3 LBP
PSME4 CYFIP1 PDKA DKC1 FHIT CUL4A PDCL3 PRDX2 PCNA NOX4 0 ry
GNL1 RPS19 TAZ RFC3 RAD51C BARD1 NOX1 ATAD3A PA2GA CALR ORIGINAL ARTICLE pen Access
PIK3R4 CDK1 MLYCD FEN1 PLCD1 GTF2H1 ANXA3 NMT1 HMGNS ANXAL @Cmmm
POLR3A RPL34 CHAF1B CALR HINT1 POLR2| EDF1 ZFANDG CDKL1 PPIA A m I I I _ m I k
POLR3B MMP7 ACSLS RADS50 RBMS POLD1 CHI3LL PRDX3 CHMP4A PHB u tl eve pan cancer ap INKS gene
CHIA ATPGVID  PDK2 TERT ASS1 CCNB1 ACVR1 SMNDC1 UFL1 GBF1 m : h ”m k
CTSH GTPBP4 AKR1AL MIF cuL3 HMGB1 SPHK1 CDK1 DOCK? MIF Utatlons to cancer na arks
PSMD1 CAMK1D NDUFAF1  XRCCS PPP2R1B  CUL4B PDCD6 GLO1 PSMD12 RAC1 %
Theo A. Knijnenburg'”, Tycho Bismeijer?, Lodewyk F. A. Wessels? and llya Shmulevich'

MAPK10 ENTPD1 CHMP4A MAPKAPKS  WWOX UPF1 SETSIP CUL4A SLC25A33  MVK ) 9.1y ) Y b
DDX3X BYSL IPPK MAPK1 HPGD MSH6 SERPINEL ~ CTNNBL1  NSMCE2 NCKAP1L
SERINCS SERPINB3  SCD RAD51D NDRG2 EXOS XDH BARD1 PRMT5 CHID1

. mam o e L e P e B 12 Hanahan & Weinberg, 2011 3,



BinGO

* 1. Descargar el archivo disponible en
httpS://raW.glthUbusercontent-com/ccso File Edit View Select Layout Apps Tools Help

() = B *4 App Manager...

sa/R Examples/master/GIM.csv

()' e T ool AutoAnnotate

Recen

«§ Network
o 0O

clusterMaker
clusterMaker Dimensionality Reduction >

clusterMaker Ranking

& Style

clusterMaker Visualizations

e 2. Abra Cytoscape y el busque el plugin
BinGO en el menu Apps

Y Filter
(]
o

orize

m Annotation
@
-
@
(o]

Sampl
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https://raw.githubusercontent.com/ccsosa/R_Examples/master/GIM.csv

Nombre del analisis

Espacio para incluir los ids de los genes
Seleccion de evaluacion a ser realizada
Prueba estadistica a ser usada

Seleccion del método de correccion de
hipotesis multiples

Eleccion del alfa

Seleccion de los GO a ser visualizados en un
grafo

Seleccion de la referencia a usar
Informacion a ser obtenida

Seleccion del organismo a ser analizado
Espacio para guardar el archivo localmente
Boton para correr el analisis

g® BINGO Settings

rBINGO settings

| Save settings as default |
Cluster name:

(O Get duster from network (@) Paste genes from text

QODDO8

<
Assess: (®) Overrepresentation  (0) Underrepresentation
Select a statistical test:

Hypergeometric test
Select a multiple testing correction:

Benjamini & Hochberg False Discovery Rate (FDR) correction
Choose a significance level:

0.05
Select the categories to be visualized:

Overrepresented categories after correction
Select reference set:

Use whole annotation as reference set
Select ontology file:

GO_Biological_Process
Select namespace:

Select organism/annotation:
Oryza sativa
Discard the following evidence codes:

Save BINGO data file in: D:\DD
Start BINGO

Help

v
>

[] visualization

v

v

Browse...
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GO ID
[[]e974

[Je281

[(]6259
[[]33554

[]51716
[Jo0304
[(6139
[[]34641
[Jeso7
[[J44280
[e9s0
[[6289
[J43170
[[]44237
[6310
[TJ44238
[e260

8152

iQué es cada cosa en un analisis de

enriguecimiento funcional?

|d, descripcion, p valores, FDR

GO Description
response to DNA damage stimulus
DNA repair
DNA metabolic process
cellular response to stress
cellular response to stimulus
nudleic acid metabolic process
nucleobase, nudeoside, nudeotide and nudeic acd metabolic process
cellular nitrogen compound metabolic process
nitrogen compound metabolic process
cellular macromolecule metabolic process
response to stress
nucleotide-exdsion repair
macromolecule metabolic process
cellular metabolic process
DNA recombination
primary metabolic process
DNA replication
metabolic process

Annotation: Curator = GO, Spedies or file = Homo sapiens, Type = default Ontology: Curator = bingo, Type = namespace

p-val
8.0209€-123
1.2554E-122
6.1519E-108
7.0582E-103
9,4405€-83
3.7304E-80
3.1703E-70
6.8807E-63
3.0593E-60
2.3271E-58
9.3223E-57
2,6415E-53
6.6767E-51
3.2887E-39
1,.7287E-38
3.5899E-37
1,1688E-32
7.0191E-31

Corrected p-val

0.0000E-100
0.0000E-100
0,0000E-100
2.0000E-100
2.2091E-80
7.2742€-78
5.2990E-68
1.0063€-60
3.9771E-58
2,7228E-56
9,9155€-55
2.5755€E-51
6,0090E-49
2,7484E-37
1.3483E-36
2.6251E-35
8.0440E-31
4.5624E-29

Cluster frequency

101/154 65.5%
94/154 61.0%

100/154 64.9%
102/154 66.2%
103/154 66.8%
114/154 74.0%
114/154 74.0%
114/154 74.0%
114/154 74.0%
132/154 85.7%
103/154 66.8%
34/154 22.0%

132/154 85.7%
132/154 85.7%
32/154 20.7%

133/154 86.3%
34/154 22.0%

133/154 86.3%

Total frequency

394/14301 2.7%
298/14301 2.0%
515/14301 3.6%
617/14301 4.3%
985/14301 6.8%
1456/14301 10.1%
1782/14301 12.4%
207414301 14.5%
2192/14301 15.3%
3504/14301 24.5%
1771/14301 12.3%
58/14301 0.4%
4013/14301 28.0%
4986/14301 34.8%
105/14301 0.7%
5284/14301 36.9%
185/14301 1.2%
5955/14301 41.6%

Close tab

Genes

MPG CCNH SMC5 CCND1 RUVBL2 ALKBH 1 CHEK1 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD1L
FEN1MPG CCNH OGG1 SMCS5 HMGE 1 PRPF 19 POLB RUVBL2 ALKBH 1 CHEK'1 POLE PRMT6 RFCS5 UPF 1
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD 1L RBX1 M
MPG CCNH SMC5 CCND1 RUVBL2 ALKBH1 CHEK1 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD1L
MPG CCNH SMC5 CCND1 RUVBL2 ALKBH 1 CHEK1 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD1L
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD1L R
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD 1L R
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD1L R
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD 1L R
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR USP7 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CH
MPG CCNH SMC5 CCND1 RUVBL2 ALKBH1 CHEK1 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CHD1L
PCNA CCNH OGG1 XPC POLD3 POLD1 POLD2 POLE RFC5 RFC3 RFC4LIG1 RFC2 RPA1 LIG4RPA2 R/
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR USP7 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CH.
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR USP7 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CH
IGHMBP2 SMC5 HMGB1 UNG RAD54B RECQL4 RUVBL2 CHEK1 RADS54L ZSWIM7 XRCC6 RBM14 LIG1)
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR USP7 LIG1 NSMCE2 RECQL LIG4 CSNK 1D CSNK1E CH
FEN1RNASEH2A PCNA IGHMBP2 POLB POLD3 CDC45 POLD1 CHEK1 POLD2 NAE1 POLE RFCS UPF1.
MPG CCNH SMC5 RUVBL2 ALKBH1 CHEK1 AQR USP7 LIG1 NSMCE2 RECQL LIG4 CSNK1D CSNK1E CH
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Resultado visual
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ShinnyGO http://bioinformatics.sdstate.edu/go/

ShinyGO v0.741: Gene
Ontology Enrichment Analysis +

more

Select or search your species. Or use our best guess.

Human

Demo genes

v Info

"The only way to escape the

RAD17
COPS4
ERCC2
CHD1L
CCNH
ERCC8
ZNF830
RBL2

on working." -- Einstein. enrichment

analysis

Background (recommended)

P-value cutoff (FDR)

0.05

Gene IDs examples

Try iDEP for RNA-Seq data analysis

# of top pathways to show

30 v

corruptible effect of praise is to go

Enrichment

Enrichment

FDR
3.1E-04
3.1E-04
3.1E-04
3.1E-04
3.1E-04
9.3E-45
1.2E-17
1.1E-05
1.1E-05
1.1E-05
1.4E-30
1.4E-34
3.7E-24
1.0E-93

Chart

Sort by Fold Enrichment

nGenes

NN NN

Tree

Network

-

Pathway
Genes

NN

10

23
30
21
81

KEGG Genes

Fold
Enrichment

136.5
136.5
136.5
136.5
136.5
130.6
122.9
102.4
102.4
102.4
100.9
91

9

89.3

Groups Plots Genome Promoter STRING ?

FDR is adjusted from the hypergeometric test. Fold Enrichment is defined as the percentage of genes in your list belonging to a pathway, divided by the
corresponding percentage in the background. FDR tells us how likely the enrichment is by chance; Fold Enrichment indicates how drastically genes of a
certain pathway is overrepresented. We think the latter deserves at least some attention.

Pathways (click for details)

DNA replication, Okazaki fragment processing

DNA replication proofreading

Positive regulation of midbrain dopaminergic neuron differentiation
Regulation of Wnt-mediated midbrain dopaminergic neuron differentiation
Positive regulation of Wnt-mediated midbrain dopaminergic neuron differentiation
Nucleotide-excision repair, DNA damage recognition

Protein deneddylation

Leading strand elongation

Lagging strand elongation

DNA replication, removal of RNA primer

Nucleotide-excision repair, DNA gap filling

Nucleotide-excision repair, DNA duplex unwinding

Error-prone translesion synthesis

Transcription-coupled nucleotide-excision repair

39


http://bioinformatics.sdstate.edu/go/

% genes de lista en una ruta

Fold enrichment:

% genes en background
(como los genes son sobrerepresentados)

MNucleotide-excision repair, DNA damage recognition
Transcription-coupled nucleotide-excision repair
Nucleotide-excision repair, preincision complex assembly
Nucleotide-excision repair, DNA incision, 5 -to lesion
MNucleotide-excision repair, DNA incision
MNucleotide-excision repair

DNA duplex unwinding

DNA geometric change

DNA repair

Double-strand break repair

Cellular response to DNA damage stimulus

DNA recombination

DNA metabolic process

Nucleic acid phosphodiester bond hydrolysis

DNA replication

Chromosome organization

Cellular response to stress

Cell cycle process

Cell cycle

Response to stress

50 15[}
Fold Enrichment

-

-log10(FDR)
50
100
150
200
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Recomendaciones

* Instale las librerias antes de realizar los ejercicios
* Corra el codigo linea a linea
* Intente no cambiar el codigo, hagalo solo si es necesario

* Algunos ejercicios pueden tomar algo de tiempo, por favor sea
paciente

* Para futuros trabajos no guarde los resultados en su escritorio



Paquete gProfiler?2

Tareas

 Cargar librerias

e Cargar un archivo CSV

* Correr un analisis de
enriquecimiento similar al de
BiNGO, solo con procesos
biologicos

liomart); 1ib
sterProfiler) e(Gosummaries)

url_file - "httﬁsf//raw.githubusercontent.com/ccsosa/R_Examp1es/master/GIM.csv"
X <- read.csv(url_file,header = 1)

url_file = “"https://raw.githubusercontent.com/ccsosa/R_Examples/master /GIM.csv"

x <- read.csv(url_file,header =5

- gprofiler2::gost(query = x[,1],
organism = “hsapiens”, ordered_query = FALSE,
multi_query = FALSE, significant = TRUE, exclude_iea = FALSE,
measure_underrepresentation = FALSE, evcodes = FALSE,
user_threshold = 0.05, correction_m = "false_discovery_rate",
domain_scope = "annotated”, custom _bg
numeric_ns = "", as_short_link = FALSE,
sources="G0:BP")

https://f1000research.com/articles/9-709 a3



https://f1000research.com/articles/9-709

* Graficar en un Manhattan plOt p <- gostplot(x_s, capped = F, interactive = FALSE)
no interactivo .

e Graficar en un Manhattan plot
no intera CtiVO eI top diez de GO gprofiler2: :publish_gostplot(p, highlight_terms = x_sfresult$term_id[1:10])
obtenidos
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4k

458
363
354

467

259

373
104
522
172
790
670

227

query

query_1
query_1
query_1
query_1
query_1
query_1
query_1
query_1
query 1
query 1
query 1
query 1
query_1
query 1
query_1
query_1
query_1

query_1

s
-

View(x sSresult

significant
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

s
S

p_value -
2.200238e-04
1.782347e-05
3.311130e-05
2.274247e-21
1.611159%e-04
4,193197e-02
3.178246e-04
3.604250e-32
£.615812e-08
1.536764e-28
2.456541e-05
2.557733e-18
1.363356e-03
£.015003e-12
3.149738e-02
1.282726e-02
4.74106%e-09

2.072091e-03

term_size -
21

1515

13

136

19
185
196

17
136

155
343
663

query size

166
166
166
166
166
166
166
166
166
166
166
166
166
166
166
166
166
166

intersection_size

-
-

4
33

23

(1)

19

16

precision -
0.024096386
0.198795181
0.024096386
0.138554217
0.018072289
0.012048193
0.054216867
0.204819277
0.036144578
0.168674699
0.048192771
0156626506
0.024096386
0.120481928
0.006024096
0.036144573
0.114457831

0.096385542

recall  *
0.19047619
0.02178218
0.30769231
016911765
042857143
010526316
D.04864865
017346939
035294118
0.20588235
D.08163265
0.10000000
011764706
0.07633583
1.00000000
D.03870963
005539359

0.02413273

termid T
GE0000002
GCE0000D03
GCHO0D0D12
GCH0000018
GCH0000019
GCH0000028
GCH0000070
GO:0000075
GO:0000076
GCH0000077
GCH0000079
GO:0000082
GO:0000083
GO:0000086
GCH0000160
GO:0000187
GOE0000209

GO:0000226

source
GCREP
GCREP
GCLEP
GCREP
GCLEP
GCREP
GCLEP
GCREP
GCREP
GCREP
GCREP
GCREP
GCREP
GCREP
GCREP
GCREP
GCREP

GO-EP

s
-

term_name

mitechondrial genome maintenance
reproduction

single strand break repair
regulation of DMA recombination
regulation of mitotic recombination
ribosomal small subunit assembly
mitotic sister chromatid segregation
cell cycle checkpoint signaling

DMA replication checkpoint signaling
DMA damage checkpoint signaling

.
-

regulation of cyclin-dependent protein serine/threcnin...

G1/5 transition of mitotic cell cycle

regulation of transcription inveolved in G1/5 transition o..

G2/M transition of mitotic cell cyde
phosphorelay signal transduction system
activation of MAPK activity

protein polyubiquitination

microtubule cytoskeleton organization

effective_domain_size =
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123
18123

source order

35
36
37
3
41
42
45
&9
78

100

103

parents
GOR0007005
GO:0008150
GC:0006281
o"GO:0006310", ™
o"GO:0000015",
o"GO:0022618", ™
o"GO:00008197,
o"GO:0035556", ™
GO:0031570
of"GO:0031570", ™
of"GO:0071900",
o "GO:0044772",
o "GO:0000082",
o "GO:0044772",
GOR0035556

o GO:0032147", "
GO:0016567

o "GO:0007010", ™

"GO:01400147,

"G0:0006355",

GO:00510527)

"GO:00063127)

GO:0042255", "GO
"GQ

G0:19019887)

GO:00427707)

"GO:190402537)

GO:0044843")

"GO

GO:00448397)

GO:00434067)

GO:0007017)



-log10{p-adj)

rafico?

O!

os

05
Oi"

O&

04

010

id | source term_id term_name term_size p_value
1 |GOBP  |GO:0006974 | cellular response to DNA damage stimulus 894 De-197
2 |GO:BP |GO:0006281 | DMA repair 586 5. Te-191
3 |GOEBP [GO-0006259 | DMNA metabolic process 976 1.8e-160
4 |GO:BP |[GOr-0033554 | cellular response to stress 2142 3. 2e-136
& |GOBP |GO:0006289 | nuclectide-excision repair 107 1.0e-111
6 [GO:BP |GO:0006283 | transcription-coupled nucleotide-excision repair 72 4e-93
T |GO:BP |[GO:-0006%50 | response to stress 43zt 5.de-89
& |GO:BP |GO:0090304 | nucleic acid metabolic process 5234 Se-T4
9 |GO:BP |GO:0006133 | nucleobase-containing compound metabolic process [5752 1.8e-67
10 |[GO:BP |GO:00512Té | chromosome organization 1270 Ae-6T

resultado: ¢Que se puede inferir del

03
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Pagquete topGO

Tareas
e Cargar librerias

e Cargar un archivo CSV

* Descargar los términos GO
asociados a la lista de genes
usando ENSEMBL

bliomart); 1ibrary(topGo);
re(Gosummaries)

url_file = "httﬁsf//raw.githubusercontent.com/ccsosa/R_Examp1es/master/GIM.csv"
X <- read.csv(url_file,header = 1)

url_file = “"https://raw.githubusercontent.com/ccsosa/R_Examples/master /GIM.csv"

x <- read.csv(url_file,header = 1)

db= biomaRt: :useMart (" ENSEMBL_MART_ENSEMBL ' ,dataset="hsapiens_gene_ensembl’, host="www.ensembl.org")
go_ids= biomaRrt::getBM(attributes=c('go_id", ‘external_gene_name’, 'namespace_1003"),
filters="external_gene_name’,
values=x[,1],
mart=db)
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Tarea
 Obtener el formato necesario de

keep =which{kéep==TRUE}

la lista de genes para usarse en candidate Tistox[,1] [keep]
. geneList=factor(as. integer (x[,1] %in% candidate_list),levels = c(0,1))
topGO y remover genes sin names (geneList)= x[,1

anotaciones

Godata-new( "topGodata® , ontol ogy="BP", allGenes = geneList, annot = annFUN.gene2G0, gene2G0 = gene_2_GO)

* Obtener el objeto a ser usado en
el analisis
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Tarea

* Correr pruebas de hipotesis y otros

algorltmos resultFisher <- runTest(Godata, algorithm = "classic”, statistic = "fisher™)
resultkS <- runTest(codata, algorithm = "classic”, statistic = "ks")
resultks.elim <- runTest(Godata, algorithm = "elim”, statistic = "ks")

* Guardar los resultados de los analisis en
una unica tabla y solo conservar el top

(j' allRes <- topGo::GenTable(Godata, classicFisher = resultFisher,
|EEZ classicks = resultks, elimks = resultks.elim,
orderBy = "elimks"”, ranksof = "classicFisher™, topNodes = 10)

* Obtener los valores de las pruebas de TTE
pvalue.classic <- score(resultks)

. r4 .
hIpOtESIS pvalue.elim <- score(resultks.elim) [names (pvalue.classic)]
gstat <- topGO::termStat(Godata, names (pvalue.classic))

|
* Graficar el grafo con los tres resultados
mas significantes usando el método elim

par(cex = 1)
showsigofNodes (Godata, score(resultkS.elim), firstSigNodes = 3,useInfo = "def")




View(allRes

GO.ID Term Annotated Significant F!anl:_ o classicFisher classickS elimks
classicFisher

GO0042652  muscle cell differentiation 0.0019 0.0019
GORO071396  cellular response to lipid , 0.0021 00021
GOe0007507  heart development 00027 QL0027
GO0051240  positive regulation of multicellular org... 0.0040 0.0040
GO0022411  cellular component disassembly 0.0046 0.0046
GO2000026  regulation of multicellular organismal d... 0.0063 00063
GO0031124 mRBRMNA 3-end processing 0.0070 0.0070
GOr0034504 protein localization to nudeus 0.0075 0.0075

GO00DEE11  protein export from nucleus 0.0077 0.0077

GO2001251  negative regulation of chromosome organi. 2 2 2 0.0081 0.0081
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GO004ETI

?

GODOTZIE

GOD04EESE

GOD04E513

GOD0E10E1

GOD00EEET

GOD04EEE

GOD0I5S

GOD0S0EE

GODOS1TIE

GODOTOEET

GO0OT 1310

GOD04ZEE

GO0010033

GOD0IEEE



Paguete GOSummaries

Tareas Codigo
* Listar los genes candidatos

e Usar g:Profiler para realizar el
anéIiSiS de enriquecimiento gs = Gﬂsummar'ies::gﬂs_umnmriEth]jj:

plot(gs, Tontsize = &)

gl = Tist(cIM = x[,1])

e Graficar

a1

n: 167 jchment p-value
_ 1 -

cellular response to DNA damage ... DNA repair
OMA Repair
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View(gs[[1]]SWCDSwcd1

Term Score -
cellular response to DNA damage stimulus 1.62e-210
DMA repair 6.98e-208
_ ) GIM
DMA Repair 348e-133 n 187 ichment p-value
DA integrity checkpaint 70e-3 [
cell cycle phase transition .
cellular response to DNA damage ... DNA repair
mitotic cell cyce phase transition .
DMA Repair

regulation of cell cycle phase transition

response to radiation 1.03e-27
Cell Cycle 9.23e-26
telomere maintenance 2.13e-25
DMA Replication 544e-25
DA geometric change

regulation of DMA repair

positive regulation of cell cyde

transcription elongation from RMA polymerase |l promoter

protein modification by small protein remnoval
regulation of chromosome organization

RMA Polymerase Il Pre-transcription Events

meictic cell oyde
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Analisis de enriquecimiento
funcional por categorias y
entre dos especies usando R

Genomica & BT



Paguete gProfiler2

Tareas

i Ca rga r | i b re rl’a S i gp"rdﬁ'ierz,i =1ab lb[iomaRt ); 1ibrary(topGo);

clusterpProfiler); ire(GOsummaries)

url_file = "https://raw. githubusercontent. com/ccsosa/R_Examples/master/GIM. csv™
X <- read.csv(url_file,header = 1)

url_file = "https://raw. githubusercontent. com/ccsosa/TALLER_OMICAS/master/HalImarks_of_cCancer_AT.csv"
x_group <- read.csv(url_file)

e Cargar un archivo CSV

CH <- cl "AID","AIMF","

X_Hsap <- lapply(seqg_len(length(CH)),

[ ) CO”VlrtiendO Cada C0|umna en X_unigque <=- unique(na.omit({x_group[,

x_umigue <=- x_umique[which(x_unigue
Xx_umigue <- as. list(x_unique)

una lista de genes el unaue

names (X_Hsap) =-

https://f1000research.com/articles/9-709 ss



https://f1000research.com/articles/9-709

Tarea Codigo
e Correr el analisis de

. . . f . I x_s_'group' = gprbfi1ér2: :gost(query = ){;Hsép, B
ism = " i = = FALSE,
enriquecimiento runcional para e Ee e R e
. _und i = FALSE, des = T,
cada una de las listas de genes e A TPELHOTd & 0 05, ciifection aathal = P~
domain_scope = "annotated”, custom_bg = NUI

ety
numeric_ns = "", sources = "GO:BP", as_short_link = FALSE)

* Guardar el resultado en un objeto

* Obtendremos el numero de res_group <- x_s_groupSresult
términos enriquecidos por lista de
genes

tapply(res_groupiquery,res_groupiquery,length)
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Tarea Codigo

i Esta VeZ ha remOS el gra,fico p <- gprofiler2::gostplot(x_s_group, capped = F, interactive = TRUE)
interactivo

* Obtener el top tres de GO 513 i 1 Tengthicn)
enriquecidos por categoria =k

 Obtener la tabla de frecuencia

x_resiquery <- factor(x_resiquery,levels = CH)

pa ra Ia grafica other_table <- table( x_resiquery,x_res$term_name)
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Vamos a graficar el top tres de GO

enriguecidos

Codigo
par(mar = c(13, 4, 11, 1)

bar <- barplot(other_table,
main = "",
xlab = "", ylab = "Frecuencia”,
col = rainbow(10),
Xaxt="n"
axes=T,

beside = F,

las=2,horiz = F,
space=0,cex.names = 0.8)

labs <- paste(colnames (other_table))
text(cex=1, x=bar-1, y=-.52,labs, xpd=TRUE, srt=45)

legend("top"”, rownames (other_table), fill = rainbow(10)

kex = 0.5)

, bty = "n",horiz = T,inset = c(0,-0.5),xpd = T,
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Frecuencia

ATD AIM DCE
1102 1605 1067

EG
35

5

1

ERT GIM

TA RCD

17 874 B22 1784

b

1492

TPI
803

Top tres de téerminos GO
por cancer hallmark




clusterProfiler

Other sources

Ranked gene list

Gene Set Enrichment Analysis

ReactomePA

2seMKEGG

Measuring semantic Similarites

| microarray

Differential expressed gene F-

| based on Gene Ontology by GOSemSim |

GSEA
for MSigDb, wikiPathway
and many others

Ch[Pseek-é-r

| based on Disease Ontology by DOSE I

meshes |

Visualization using enrichplot

GSEA only

\ Region of interest |—-| Gene in proximity |

Gene of interest
e.g. from pull-down

| based on Medical Subject Headings by meshes ]

clusterProfiler
[erehGO}

enricher
for MSigDb, wikiPathway
and many others

Over Representation Analysis

DOSE

enrichDO

emove redundant terms

compareCluster

simplify for GO only .
._—» by GOSemSim

by clusterProfiler
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Tarea
e Cambiar ids de HUGO a ENTREZ

X_Hsap_2 <- list()

for(i in 1:length(x_Hsap)){
fromType = "SYMBOL",
toType = c("ENTREZID"),
orgbb = "org.Hs.eg.db")[,2]

names (X_Hsap_2) <-CH

* Correr enriquecimiento

x_compare <- clusterProfiler::compareCluster (geneClusters=x_Hsap_2,enrichGo, orgbb = org.Hs.eg.db)

* Obtener resultados de
e n rl q U ECI m |e ntO clust_results <- x_comparefcompareClusterResult

tapply(clust_resultsicluster,clust_resultsicluster, length)

* Graficar en un dotplot

enrichplot: :dotplot(x_compare)
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AID AIM DCE ERI EGS GIM

66 81 141 b4 9 108 15 75 112 11

threonine-type endopeptidase activity

threonine-type peptidase activity 1
endopeptidase achivity 1

ubiguitin protein igase binding

ubiquitin-like protein igase binding 1

MAP kinase activity

unfolded protein binding 1
ATPase activity 1

protein serinefthreonine kinase activity

Rac GTPase binding -

GTP binding 1

purne nbonucleoside binding 1
purine nucleoside binding -

single-stranded DNA binding

heat shock protein binding
phospholipase inhibitor activity 1
cadherin binding 1
calcium-dependent protein binding -

calmodulin binding

oxidoreductase activity, acting on CH-OH group of donors

ATPase activity, coupled to transmembrane movement of ions, rotational mechanism -
proton-transporting ATPase activity, rotational mechanism -

pyrophosphate hydrolysis-driven proton fransmembrane transporter activity 1

oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor

catalytic activity, acting on DNA -
DMNA-dependent ATPase activity |

telomeric DNA binding

DNA helicase activity 1

nuclegtidyliransferase activity -

damaged DNA binding

RMNA polymerase Il activating transcription factor binding -

mismatch repair complex binding

mismatched DNA binding 1

DNA replication origin binding 1

ammonium transmembrane transporter activity 1
superoxide-generating NAD(P)H oxidase acfivity 1

oxidoreductase activity, acting on MAD(P)H, oxygen as acceptor

opsonin binding 1
complement binding 1

[ ] .
& -
& *
® L ] L] L ] [ ] ® ] L]
o . L] ] ® [ ] L o
- L] .
L] - ® - -
® . ® i * [ ]
L ] [ [ ] L 2 L ® L] ® [ ]
- L ] L]
- & L]
- [ ] .
* » .
. L 2 [ .
’ . P - GeneRatio
'3 - » - ® 01
® . . ® oz
. [ ] ® o
* ®
L ] p.adjust
-
i 0.01
FA 0.02
» 0.03
& [ ] - ® 0.04
[ ] [ ] . [ ]
L ] - -
® » . .
L J *
® [ ] * .
L]
. .
[ 3 .
+ .
L ]
L 4 L]
L L
1]
L]
AID AlM DCE ERI EGS GIM 1A RCD SPS TPI
(164) (251) (385) (59) (34) (167) (25) (211) (450) (39)
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CNETPLOT

e Graficar una red de
interacciones

enrichplot: :cnetplot(x_compare

Cluster

B o
B am
B oce
B =
B ecs
B cu
M rep
M srs



Visualizacion de gprofiler en clusterprofiler

Tarea Codigo
* Obtener los resultados de gProfiler Lesultados par cop
“term_id",
"term_name",
::p_va1ue'_', .
. s "?::iggzli?m'] size"

* Calcular proporcion de GO “term size”,
enriquecidos y alistar para ver los Sntersection] ¢ "
resultados de gprofiler en
C|USterprOf||er gp_modiGeneRatio = paste0(gp_mod$intersection_size, "/", gp_modSquery_size)

gp_mod$BgRatio = pasteO(gp_mod$term_size, "/", gp_modSeffective_domain_size)
names (gp_mod) = c("Cluster", "Category", "ID", "Description"”, “p.adjust",
"query_size", "Count", "term_size", "effective_domain_size",
. . ) "ggﬂeED"a :GeneRatig", "BgRatio"}

» Convertir de formato gprofilera  FirriteReemn et

clusterprofiler

gp_mod_cluster = new("compareClusterResult”, compareClusterResult = gp_mod)

gp_mod_enrich = new("enrichResult"”, result = gp_mod)




Visualizacion de gprofiler en clusterprofiler

response to stimulus - o ® @ ® ® ® ® @ ®
biological regulation - @ @ ® ® ¢ ® o ® ®
regulation of biological process - @ ® ® ® ¢ ® ® ® L
cellular component organization or biogenesis - @ L L O @ ® ® < ®
regulation of cellular process @ ® @ ® ¢ ® ® ® ®
macromolecule metabolic process - L ® @ o @ ® ® ® L J !
GeneRatio
cellular macromolecule metabolic process - L ® O o @ ® @ ® @ * 02
® 04
programmed cell death 1 . . o} . ® ® . ® ® 05
® s
multicellular organism development [ ] o L [ ] * ®
multicellular organismal process ® ® @ ® [ ] @ p.adjust
organic substance metabolic process - @ ® ® @ o o ® ® ® ® oo
0.02
developmental process @ ® O ® ® ® ® 0.03
004
anatomical structure development - ® L J . @ ®
nitrogen compound metabolic process - L ® @ o @ ® ® ® @
metabolic process - ® ® ® @ o ® ® ® @ @
primary metabolic process - L ® ® @ o ® ® ® ®
cellular metabolic process | L ® ® @ ® @ ® ® ® ®
cellular process - @ ® @ @ ® ®
AID AlM DCE EGS ERI GIM 1A RCD SPS TPI

(163) (248) (385) (34) (59) (1686) (24) (210) (449) (38)



Visualizacion de gprofiler en clusterprofiler
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GOSummaries

Tarea

* Ajustar el formato de genes a
GOSummaries

* Correr el analisis via g:Profiler y
graficar

x_Hsap3 <- lapply(seq_len(length(CH)), function(i){
X_unique <- as.character(x_Hsap[[i]])
__return(x_unique)

L)

names (X_Hsap3) <- CH

gsl = gosummaries (x_Hsap3)
plot(gs1[1:5])
plot(gs1[6:10])
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AID

n: 166 Enrichment p-value GIM

1 107
4

o 2 wwtrynany Regulstion of ornithine decarbox.
NIK-»noncancnical NF4B signaling Oxyge pendent proline hydroxy
CLECTA (Dectin-1) signaling GLI3 is prooessed to GLI3R by th...
SCF-bets-TrCP medated degradati regulation of immune response
Vpu mediated degradation of CD4
AUF1 (hnRNF DO} binds and destab
CDT1 associstion with the CDCE-O

DNA Repair
cellular response to DNA damage ... DNA repair

stor (FCERI) sign

AIM

; 25
1

vasculature development  blood vessel morphogenesis

RCD
n-211
reguiaton of ag Y -.:,-,,.__ abolis n“ ” uchan: g - 7. . a positve reg llation of apoptotic
process utlhzmg autophagic mec.. e o e e i it negative regulation of programmek,.
monocarboxylic acid metabolic pr... sarbayhc 30 ’ apoptotic signaling pathway
oxidation-reduction process ribose phosphate metabolic process
cofactor metabolic process drug metabolic process purne = e
SPS
ERI n: 454
i : L i - : i : . o M— Cell Cycle 'Iregﬁ.l'atian of cell cycle process
regulation of telomere maintenance mitotic cell cycle Synthesis of DNA
ll cycle phase transiti — |
telomere malqtenance _ cell cycle phase transiion
TPI
EGS n: 39
— =
- . regulation of response 1o exter lokine p fior
al t {le} .
inflammatory response glnion of eukocyie i .

eu e ra = yie [ axls regula f 2 atory response



GOCompare

ER——

266082

P R two
415 0 of trang o 3 .» Specles
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Inputs -
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graphGOspecies compareGOspecies
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Lista de funciones actuales implementadas

Funcion Foco Descripcion
. rocesos biologicos mas
mostFrequentGOs Una especie P 5 ,
frecuentes por categoria
) . Conversion una lista procesos
graphGOspecies Una especie P

compareGOspecies

evaluateGO_species

graph_two_Gospecies

Dos especies

Dos especies

Dos especies

biologicos y categorias a grafos

Comparacion de dos listas de
procesos bioldgicos y categorias
usando PCoA vy distancias de
Jaccard

Evaluacion de la importancia de
un proceso biolégico para n
categorias usando pruebas Chi
cuadrado

Conversiéon una lista procesos
bioldgicos y categorias en dos
especies a grafos




Las ideas detras

* El enriguecimiento funcional se usa para identificar posibles funciones
asociadas a una lista de genes especificada.

* Los posibles procesos bioldgicos asociados se representan como
términos de ontologia de genes (GO terms).

* No hay una manera sencilla de comparar GO terms entre especies y
categorias.

* Los GO terms se pueden representar como grafos no dirigidos tambien.

e Se pueden otorgar pesos para cada nodo de acuerdo a cuantos GO
terms estan compartidos entre categorias de listas de genes.



Paguete GOCompare

Tareas
e Cargar los datos a ser usados
H. Sapiens y A. thaliana

* Definir la columna que tiene la info de
los GO enriquecidos

 Nombrar las especies

Comparar GO enriquecidos entre
especies usando estadistica
multivariada

Codigo

data(H_sapiens_compress)
data(A_thaliana_compress)

GOterm_field <- "Functional_Category"

speciesl <- "H. sapiens"”|
species? <- "A. thaliana"

X

<- compareGOspecies (dfl=H_sapiens_compress,
df2=A_thaliana_compress,
GOterm_field=Goterm_field,
speciesl=speciesl,
species2-species2)
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x$graphics|

s DCE
feature GO species oc
AlD Regulation of defense response H. sapiens
AlD Immune effector process H. sapiens
02-
AlD Activation of immune response H. sapiens
AlD Regulation of immune system process H. sapiens
. . . . AID
AlD Positive regulation of immune system process H. sapiens N Rop  species
= A thaliz
: . . ES
AlD Regulation of response to stimulus H. sapiens 00- H. sapi
AlD Positive regulation of response to stimulus H. sapiens spS
AlD Regulation of immune response H. sapiens
AlD Positive regulation of immune response H. sapiens
2] RCD
AlD Immune response-activating signal transduction H. sapiens
AID
AlD Immune resoonse-reaulating sianaling oathway H. sapiens
feature ~ GO = [ .
SPS
AlD Response to stress L L4 =
04 0 0.0
Axis 1
AlD Defense response
AID Immune response : Chistar Denaioaren
AlD Immune system process .
AlD Innate immune response o
AID Response to external stimulus 2
AID Response to biotic simulus z °
el o ﬁl;
= =10 | ° t — w w 4 ‘
AlD Response to other organism i : — 8 8 i g 4
o~ 2 a o X c 4
B =8 g g & § H 3 - :
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2 2 @« = < 2 =
2 2 £ < = s
H g H < <
AlD Response to organic substance = B
AlD Cellular response to organic substance - xscistance 73

helust (*, "ward.D")




¢Qué GO enriquecidos son mas importantes
pa 'd uhnad SOla eSpGCle? 1,257 nodos y 433,285 aristas

Ta reas ¥ GO_WEIGHT

Response to stress 1.587908

Regulation of response to stimulus 1.587908

Regulation of response to sires 1.587908

H H 26 Response to external stimulus 1.587908

* CO m p a ra r G O e n rl q u e C I d O S Response to organic substance 1.587908
en t re vawwm% a Cellular response to organic substance 1.587908

. . . Cellular response to chemical stimulus 1.587908
especie y extraer importancia Multi-organism process 1587908

Positive regulation of cell communication 1.587908
Positive regulation of signaling 1.587908

x_graph - QFEI.[.'II'IGDS [.'IEC'i es df=H_s El.p'l ens_compress, Positive regulation of signal transduction 1.587908

Goterm_field=Goterm_field,

Intracellular signal transduction 1.587908

option = "GD",
numCores=2,
saveGraph=FALSE,
outdir = NULL)

Regulation of cell communication 1.587908
Regulation of signaling 1.587908

Regulation of protein metabolic process 1.587908

Positive regulation of intracellular signal transduction 1.587908

Positive regulation of protein metabolic process 1.587908

Interspecies interaction between organisms 1.587908



¢Qué GO enriquecidos son mas importantes

entre dos especies?

Tareas

Comparar GO enriquecidos
entre categorias para una sola
especie y extraer importancia

x_graph_two <- graph_two_GOspecies (x=x,
speciesl=speciesl,
species2=species?2,
Goterm_field=Goterm_field,

numCores=2,
sangraph = FALSE,
option= "GO",
outdir = NULL)

1,948 nodos y 456,674 aristas

Organic substance catabolic process
Establishment of localization in cell

Organic substance transport

Nitrogen compound transport

Intracellular transport

Intracellular protein transport

Response to temperature stimulus

Response to heat

Organonitrogen compound catabolic process
Response to acid chemical

Positive regulation of phosphorylation

Cellular catabolic process

Catabolic process
Macromolecule localization

Establishment of protein localization

= GO WEIGHT
1.818718
1.818718
1.795058
1.795058
1.795058
1.795058
1.795058
1.795058
1.795058
1.795058
1.779604
1.670305
1.670305
1.670305

1.670305
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Un caso de |a vida real:
¢Se puede usar A. thaliana para estudiar cancer? .



Caso de estudio: Comparacion de genes asociados a cancer y sus ortdélogos en
A. thaliana

* 5494 genes de H. sapiens o, ~
| .
e 2223 genes ortologos en A.
thaliana ER
e iMuchos GO terms unicos!
 Alta incidencia de procesos ER
biologicos asociados a . s
respuesta al estrés y ciclo sPs
celular %°|° A.thaliana
. ® H. sapiens
* Cuatro CH priorizados:
« Activating Invasion Motility (AIM) IA
Deregulating Cellular Energetics (DCE) D
Resisting Cell Death (RCD) A'FSCDTM WE I?;
esisting Ce ea AlM DCE |
Sustaining Proliferative Signaling (SPS)
Mayor cg#Cania a A. thaliana D
IM
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Comparacion de procesos biologicos entre
categorias para humano

* Nodos: 2001 procesos biologicos
* Aristas:888508 interacciones

 Alta incidencia de procesos
biologicos asociados a respuesta a

estrés y ciclo celular

shared name name GO_WEIGHT v
Response to stress Response to ... 2.49375312343828
Regulation of response to stimulus Regulation o... 2.49375312343828 -
Requlation of response to stress Regulation o... 2.49375312343328 e .
Response to organic substance Response to ... 2.49375312343328 e
Multi-organism process Multi-organis... 2.49375312343828
Intracellular signal transduction Intracellular ... 2.49375312343828
Regulation of cell communication Regulation o... 2.49375312343828
Regulation of signaling Regulation o... 2.49375312343828
Requlation of protein metabolic process Regulation o... 2.49375312343828
Positive regulation of protein metabolic process Positive regu... 2.49375312343828
Phosphorylation Phosphorylat... 2.49375312343828
Positive regulation of cellular protein metabolic process Positive regu... 2.49375312343828
Regulation of intracellular signal transduction Regulation o... 2,49375312343828
Regulation of cellular protein metabolic process Regulation o... 2.49375312343828
Positive regulation of metabolic process Positive regu... 2.49375312343828
Positive regulation of cellular metabolic process Positive regu... 2.49375312343828

Dam datine Af nhacnharidatine Damidabinm A 7 407782177242Q979

1,0000 5,5000 10,0000

Categorias compartidas por
BP
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Comparacion de categorias como nodos

* Nodos:10 categorias

e Aristas: 52 interacciones entre
categorias

* Hay un gran numero de procesos
biologicos compartidos entre
categorias, en especial para TPI,
IA,RCD y AIM
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Comparacion de procesos biologicos

* Nodos:2863 procesos
biologicos

e Aristas: 870003 interacciones
entre categorias

* Los pesos se calculan para
cada subgrafo (es decir por

kFom
Ky(U)= LY w(U. )
especiey si se comparten)

shared name

* Alta incidencia de procesos
bioldgicos asociados a respuesta Pestve regulation of catalyti activity

, ., L. Positive regulation of metabolic process
a estrésy regu lacion metabolica positive reguiation of cellular metabolic process

Positive regulation of nitrogen compound metabolic process
Regulation of response to stress
Cellular component assembly
Cellular component biogenesis
Positive regulation of protein modification process
Positive regulation of molecular function
Positive regulation of cellular protein metabolic process
Positive regulation of macromolecule metabolic process

s _bEF  se

A, thaliana
H. sapiens
Shared
GO_WEIGHT v name
2.57658916083916 Positive regu...
2.5451013986014 Positive reau...
2.5451013986014 Positive requ...
2.5451013986014 Positive requ...
2.51456381118881 Regulation o...
2.44154241904418  Cellular comp...
2.44154241904418  Cellular comp...
2.4270506993007 Positive regu...
2.4270506993007 Positive regu...
2,4248513986014 Positive regu...

2.39556293706294

Positive regu...

entre especies
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El mensaje a llevar a casa

-El analisis de enriquecimiento funcional es un recurso
vital en la bioinformatica moderna pero debe usarse con
cuidado

-Aunque los analisis son relativamente faciles de realizar,

se requiere un conocimiento previo de los genes para no
caer en trampas

‘R es bastante util a la hora de realizar analisis
bioinformaticos

Se presenta a consideracion una nueva metodologia que

puede ser interesante para el campo de la genomica
comparativa
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