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ESTRUTURA DA TESE

Esta tese de doutorado esta caracterizada da seguinte maneira: uma introducdo,
0s objetivos, seguida de uma revisdo bibliografica geral e de dois capitulos principais.
Na parte final, encontra-se uma discussao geral, as conclusdes obtidas, as perspectivas e
trés adendos. Os dois capitulos aparecem na forma de artigos cientificos e seguem as
normas utilizadas pelos periédicos para os quais foram e/ou serdo submetidos.

Na introducdo sdo levantados aspectos importantes sobre a bioinformaética e
biologia de sistemas para a analise de redes de interacdo de proteinas.

A seguir, aparecem o0s dois capitulos principais: O primeiro capitulo, intitulado
“DIS2PPI: A WORKFLOW DESIGNED TO INTEGRATE PROTEOMIC AND
GENETIC DISEASE DATA” foi aceito para publicacdo com modificacdes no
periddico International Journal of Knowledge Discovery in Bioinformatics. Este artigo
apresenta uma forma de gerar uma rede de interacdo entre doencas monogénicas e
proteinas especificas a partir de multiplos conjuntos de dados. Para tanto, um programa
organizado na forma de um workflow cientifico que consulta diferentes bancos de dados
bioldgicos, tais como o0 OMIM (Online Mendelian Inheritance in Man) e STRING
(Known and Predicted Protein-Protein Interactions) foi gerado.

O segundo capitulo, intitulado “NET2HOMOLOGY: A WORKFLOW
DESIGNED TO ANALYZE CONSERVED BIOLOGICAL PROCESS
BETWEEN TWO DIFFERENT SPECIES USING [INTERACTOMIC
NETWORKS” sera submetido a um periddico internacional de bioinformatica (ainda
ndo definido). Este artigo permite comparar duas redes de interacdo de proteinas
geradas para dois organismos diferentes a fim de verificar processos biologicos

conservados. Este workflow recebe uma rede de interacdo de proteinas de um organismo
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como dados de entrada. Um alinhamento de sequéncias usando o programa Psi-Blast é
feito com estas proteinas usando um outro organismo de interesse. O resultado do Psi-
Blast apresenta proteinas distantemente relacionadas entre os organismos envolvidos. O
workflow extrai as informacgdes necessarias deste resultado para pesquisar redes de
interacdo de proteinas para cada organismo no banco de dados STRING. Estas redes séo
comparadas usando os programas NetworkBlast ou PathBlast.

Seguindo a ordem estabelecida, a tese apresenta a discussdo geral inter-
relacionando os conhecimentos dos dois capitulos e o relato das conclusbes e das
perspectivas pretendidas. A seguir sdo apresentados trés anexos. O primeiro anexo
apresenta o trabalho intitulado “Toxicological effects of the main carcinogenic
substances in tobacco smoke on human embryonic development”, o qual participo como
co-autor e que se encontra em fase de revisdo no periddico PLoS ONE. Neste artigo é
descrito o mecanismo de acdo de varias pequenas moléculas presentes no tabaco no
desenvolvimento embrionario utilizando, para tanto, ferramentas de biologia de
sistemas. O segundo anexo apresenta o Portal IntergenicDB, que prove acesso ao banco
de dados IntergenicDB. Este banco de dados foi criado para auxiliar no estudo de
sequéncias promotoras de DNA de organismos procariontes. O portal fornece uma
interface de consulta a genes, a organismos, a sequéncias de DNA e a métodos de
predicdo. O terceiro anexo apresenta ferramentas de consultas a dados bioldgicos
desenvolvidos para auxiliar no desenvolvimento das ferramentas DIS2PPI e
NET2HOMOLOGY. Consultas podem ser feitas aos bancos de dados STRING e PDB,

bem como a execucdo de uma consulta ao BLAST.
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RESUMO

Workflows cientificos sdo projetados para realizar experimentos in silico com o
intuito de processar e analisar uma grande quantidade de dados usando simulacao
computacional. Os experimentos sdo organizados como uma sequéncia de etapas que
caracterizam um fluxo de execucdo, onde em cada etapa utilizam-se diferentes
softwares. Estes softwares ndo possuem um modelo de representacdo de dados comum.
Por isto, quando um workflow cientifico é construido com o objetivo de integrar e
processar dados, cada etapa precisa analisar a estrutura dos dados, processa-los e
preparar 0s mesmos de acordo com a estrutura necessaria para a execucao da préxima
etapa do workflow. Desta maneira, os workflows cientificos usam diferentes algoritmos
provenientes das areas da matematica e da ciéncia da computacdo, os quais sdo capazes
de processar, armazenar e transformar os dados utilizados em informacéo atil para
diferentes analises de pesquisadores de biologia. Adicionalmente, a biologia de sistemas
¢ uma subéarea da bioinformatica que ajuda a compreender as interacdes observadas
entre populacdes de moléculas, células e organismos resultantes do aumento da
complexidade bioldgica. Assim, nesta tese de doutorado, buscou-se desenvolver
workflows cientificos utilizando-se ferramentas de bioinformatica e biologia de sistemas
para comparar processos bioldgicos através da geracdo de redes de interacdo proteina-
proteina. Para tanto, o programa Dis2PPI foi gerado por meio de um workflow cientifico
que possibilitou integrar os bancos de dados de doengas monogénicas OMIM (Online
Mendelian Inheritance in Man) com o programa de metabuscas STRING (Search Tool
for the Retrieval of Interacting Genes/Proteins). O objetivo desta integracdo foi gerar
uma rede de interacdo proteina-proteina associada com doencas de natureza
monogénica. Como prova de conceito, o programa Dis2PPl foi utilizado para a

obtencdo de redes de interacdo para as sindromes xeroderma pigmentosa e de
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Cockayne, duas doengas monogénicas raras e cujos fendtipos estdo associados com
acumulos de danos de DNA, cancer, progeria e neurodegeneracdo. Uma vez geradas,
estas redes foram avaliadas com o uso ferramentas de biologia de sistemas para analise
de ontologia génica e de centralidade no programa Cytoscape. Da mesma forma, o
programa Net2Homology foi gerado através de um desenho de um workflow cientifico
que possibilitasse integrar o resultado de um alinhamento de sequéncias de proteinas,
usando o programa NCBI PSI-BLAST, com o programa de metabuscas STRING. Neste
sentido, o programa Net2Homology possibilitou recuperar duas redes de interacdo
proteina-proteina associada a dois organismos diferentes. Este mesmo programa foi
utilizado para a obtencdo de redes de interacdo para a doenga xeroderma pigmentosa e
para a enzima ciclo-oxigenase-1 cruzando as informacdes dos organismos Homo
sapiens e Mus musculus. As redes de interacdo obtidas foram comparadas visando obter

0s processos bioldgicos evolutivamente conservados.

Palavras-chaves: redes de interacdo proteina-proteina, workflow cientifico, biologia de

sistemas.
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ABSTRACT

Scientific workflows can be used to design in silico experiments to process and
analyse a great amount of data using computational simulation. In this sense, all in
silico experiments are organized as a sequence of steps that characterize an execution
flow, where each steps employ different softwares. It is important to note that these
softwares do not employ a common structure or model to represent data. Thus, taking
into account the diversity of softwares and data representation, a scientific workflow
should be built to integrate and process data, where each step must be able to analyse
the data structure, to process these data and finally generate a new data structure that
provide the requirements needed to execute the next step of the workflow. It is
important to note that scientific workflows use mathematics and computer sciences
methods capable to process, storage, and transform these data into useful information.
In addition, a subarea of Bioinformatics termed Systems biology helps to understand the
interactions observed between populations of molecules, cells and organisms as the
result of the increase of biological complexity. Thus, the purpose of this work was to
develop scientific workflows using bioinformatics and system biology softwares with
the purpose to compare different biological processes from the generation of protein-
protein interaction (PPI) networks. In this sense, the Dis2PPI software was design as a
scientific workflow to integrate OMIM (Online Mendelian Inheritance in Man)
database with metasearch program STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) in order to retrieve protein-protein interaction networks
associated to monogenic diseases. The Dis2PPI was used to generate PPI networks for
xeroderma pigmentosum and cockayne syndromes, two rare monogenic diseases
associated with DNA damage, cancer, progeria, and neurodegeneration. The PPI

networks generated were analyzed with Cytoscape program and specific plugins that

XVIII



evaluate gene ontologies and centrality analysis. By its turn, Net2Homology program
was designed as a scientific workflow to integrate NCBI PSI-BLAST sequence
alignments with STRING metasearch program to recovery PPI networks associate with
two different species. In this sense, Net2Homology was used to obtain PPI network for
xeroderma pigmentosum disease and cyclooxigenase-1 enzyme by crossing Homo
sapiens and Mus musculus information. A comparison between these networks was

realized to verify the major evolutively conserved biological process.

Key words: protein-protein interaction network, scientific workflow and

systems biology.
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1. INTRODUCAO

A bioinformatica fornece um conjunto variado de ferramentas para armazenar,
processar, analisar e avaliar uma grande quantidade de dados através de experimentos in
silico executados por meio de uma simulagdo computacional. Além disto, programas
computacionais sdo devsenvolvidos para fazer inferéncia de arquivos de dados, gerar
conexdes entre estes e derivar predi¢Ges Uteis e interessantes para as ciéncias bioldgicas,
uma vez que a maioria dos bancos de dados possui uma estrutura propria, dificultando a
integracdo entre eles. Neste sentido, a Biologia de Sistemas auxilia a compreender como
funcionam as interacdes entre populacfes de moléculas, células e organismos devido ao
aumento da complexidade dos processos bioldgicos.

Assim, por definicdo, um banco de dados € um conjunto de informacdes
integradas e que tem por objetivo atender a uma comunidade de usuérios. O conceito de
banco de dados é usado na area de computacdo para representar um conjunto de dados
relacionados. Por sua vez, na area das ciéncias bioldgicas, um banco de dados
compreende os dados de 4acidos nucleicos e sequéncias de proteinas, estruturas
moleculares e fungbes, bem como dados de interacfes entre estas moléculas em
diferentes contextos bioldgicos, tais como vistas em inumeras patologias. Desta
maneira, um banco de dados bioldgico permite o armazenamento de diferentes tipos de
dados onde 0 mais importante é fornecer um mecanismo de consulta que seja eficiente
para a coleta de informacdes especificas a partir destes bancos.

A grande variedade de ferramentas de bioinformatica disponiveis para pesquisar
e analisar bancos de dados (DNA, RNA e proteinas) é uma tarefa relativamente simples
para um pesquisador quando usadas isoladamente. Quando pesquisadores desejam usar
mais de uma ferramenta para realizar experimentos in silico, surgem problemas tais

como os diferentes formatos de entrada e de saida de dados empregados pelos bancos de



dados, o que dificulta o uso destas informacdes em outras ferramentas de bioinformatica
e, por fim, a dificuldade de integracdo dos dados entre as diferentes ferramentas de
bioinformatica.

Assim, uma forma de construir experimentos que envolvam o uso de diversas
ferramentas e formatos heterogéneos de dados ¢ através de um workflow. Um workflow
visa automatizar procedimentos, onde documentos, dados, informacdes ou tarefas séo
distribuidos entres os participantes, de acordo com um conjunto pré-definido de regras,
para se alcancar o objetivo proposto.

Os workflows cientificos sdo usados para descrever experimentos in silico
construidos através de uma sequéncia de passos que caracterizam um fluxo de
execucdo. Neste caso, cada um destes passos pode usar diferentes ferramentas e bancos
de dados de bioinformatica, onde sempre hd a manutencdo de um registro dos passos
executados, o que permite repetir o workflow com pequenas variagcbes nos parametros
empregados.

Assim, esta tese mostra a geracdo de workflows cientificos para estudo de
doencas monogénicas, 0s quais possuem um forte impacto em pesquisas basicas e
aplicadas nas areas das Ciéncias Bioldgicas. Para o desenvolvimento destes workflows
utilizou-se ferramentas de bioinformatica e de biologia de sistemas para comparar
processos bioldgicos através da geracao de redes de interacdo proteina-proteina. Foram
obtidas redes para as sindromes xeroderma pigmentosa e de Cockayne, duas doencas
monogeénicas raras e cujos fenotipos estdo associados com acumulos de danos de DNA,

cancer, progeria e neurodegeneracao.



2. OBJETIVOS

2.1 OBJETIVO GERAL
Desenvolver workflows cientificos para a prospeccao de dados protebmicos com
0 proposito de gerar redes de interacdo entre proteinas para estudos comparativos de

processos bioldgicos.

2.1.1 OBJETIVOS ESPECIFICOS

e Desenhar um workflow utilizando os programas NCBI Eutils WSDL, Entrez
Utilities Web Service, Apache Axis for Java e URL Internet Access que
possibilitem integrar os bancos de dados OMIM com o programa de metabuscas
STRING a fim de recuperar uma rede de interacdo proteina-proteina associada
com doencas de natureza monogénica;

e Utilizar o workflow gerado para a construcdo do programa Dis2PPl na
linguagem de programacdo Java, que permita a recuperacdo e 0 uso de redes
interatdmicas obtidas em associa¢do com o programa Cytoscape;

e Utilizar o programa Dis2PPIl para obtencdo de redes de interacdo para as
doencgas Xeroderma Pigmentosa e sindrome de Cockayne.

e Analisar as redes de interacdo obtidas para as doencas Xeroderma Pigmentosa e
sindrome de Cockayne usando ferramentas de biologia de sistemas presentes no
programa Cytoscape. Neste caso, especificamente, fazer analises de ontologia
génica e de centralidade.

e Desenhar um workflow utilizando os programas Entrez Utilities Web Service,
PDB Web Service, Apache Axis for Java e URL Internet Access que

possibilitem integrar um alinhamento de sequéncias de proteinas usando o



programa NCBI PSI-BLAST com o programa de metabuscas STRING a fim de
recuperar duas redes de interacao proteina-proteina associada a dois organismos
diferentes;

Utilizar o workflow gerado para a construcdo do programa Net2Homology na
linguagem de programacgdo Java que permita o uso das redes obtidas em
associacdo com os programas NetworkBlast e Cytoscape;

Utilizar o programa Net2Homology para obtengé@o de redes de interacéo para a
doenca Xeroderma pigmentosa e para a enzima Ciclo-oxigenase-1 cruzando as
informac@es dos organismos Homo sapiens e Mus musculus.

Analisar as redes de interacdo obtidas para as doencas Xeroderma pigmentosa e
para a enzima Ciclo-oxigenase-1 cruzando as informagdes dos organismos
Homo sapiens e Mus musculus visando obter processos bioldgicos conservados

através do uso do programa NetworkBlast.



3. REVISAO BIBLIOGRAFICA GERAL

Este capitulo apresentara os portais de bioinformatica, os bancos de dados e as
ferramentas de bioinformatica, bem como descreverd a biologia de sistemas e suas
ferramentas, as caracteristicas e topologias de redes biolégicas e, por fim, introduzira a
possibilidade de integracdo das ferramentas de bioinformatica e biologia de sistemas

através do uso de workflows cientificos.

3.1 PORTAIS DE BIOINFORMATICA

O INSDC? (International Nucleotide Sequence Database Collaboration) é uma
associacdo entre 0 NCBI? (National Center for Biotechnology Information), o ENA®
(European Nucleotide Archive) e o DDBJ* (DNA Data Bank of Japan). Os trés
institutos realizam uma colaboragéo internacional para manter um conjunto de dados
bioldgicos onde estes dados estdo em constante sincronia (Barnes e Gray, 2003; Jones e
Pevzner, 2004; Lesk, 2008). Além destes portais, o portal do ExPasy sera apresentado

nas proximas secoes.

3.1.1 NCBI

O NCBI tem por objetivo fornecer e desenvolver novas tecnologias para o
armazenamento e analise de dados de biologia molecular, bioguimica e genética,
facilitando o0 uso dessas bases dados e programas para 0s pesquisadores (Barnes e Gray,
2003; Jones e Pevzner, 2004; Lesk, 2008). Alguns dos servigos disponibilizados pelo

NCBI sio o PubMed® e o Entrez’. O PubMed é uma das ferramentas de busca

! http://www.insdc.org/

2 http://www.ncbi.nlm.nih.gov/

® http://www.ebi.ac.uk/ena/

* http://www.ddbj.nig.ac.jp/

% http://www.nchi.nlm.nih.gov/sites/pubmed

® http://www.nchi.nlm.nih.gov/sites/gquery
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oferecidas pelo NCBI que fornece acesso a citagfes na literatura biomédica contidos no
banco de dados MEDLINE, revistas cientificas e livros on-line (Barnes e Gray, 2003;
Jones e Pevzner, 2004; Lesk, 2008). O Entrez é um servico que fornece mecanismos de
busca entre os diversos bancos de dados disponibilizados pelo NCBI. Ele integra a
literatura cientifica, bancos de dados de DNA e proteinas, estruturas tridimensionais (3-
D) de proteinas, genomas completos e informacgdes taxonémicas dos organismos
conhecidos no seu sistema de busca (Barnes e Gray, 2003; Jones e Pevzner, 2004;
Wheeler et al., 2006; Lesk, 2008). O Entrez fornece um site para consultas na Internet
assim como um suporte a chamada de web services ou a resolucdo de solicitacGes de
consulta através da montagem de uma URL (Uniform Resource Locator) (Barnes e
Gray, 2003; Jones e Pevzner, 2004; Wheeler et al., 2006; Lesk, 2008). As ferramentas
do Entrez podem ser usadas para a construcdo de programas especificos para pesquisa e

analise de dados biologicos.

3.1.2 ENA

O ENA é um portal que prové informacbes sobre sequéncias de nucleotideos,
desenvolvido e mantido pelo EMBL-EBI (European Bioinformatics Institute) (Barnes e
Gray, 2003; Lesk, 2008). Os servicos do ENA sdo constantemente aprimorados para
refletir o crescente volume de dados, sempre melhorando a tecnologia de anotagéo
gendmica e ampliando as aplicagdes onde sdo armazenadas (Barnes e Gray, 2003; Lesk,

2008). O ENA possui atualmente cerca de 255,1 milhdes de sequéncias’ armazenadas.

3.1.3 DDBJ

O DDBJ ¢é um portal japonés que oferece ferramentas de pesquisa e anélise para
sequéncias de DNA e proteinas, bem como fornece acesso a diversas ferramentas de

bioinformética. Além disto, o DDBJ fornece o tUnico banco de dados de sequéncias de

" Dados retirados do site http://www.ebi.ac.uk/ena/about/statistics em 17/10/2012.
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nucleotideos da Asia (Barnes e Gray, 2003). Os dados submetidos ao DDBJ sdo
processados e disponibilizados utilizando o seu formato proprietario de distribuicao
através do uso de arquivos textos (flat files) (Barnes e Gray, 2003). O arquivo texto
inclui a sequéncia de nucleotideos, as informacfes do provedor, referéncias, 0s
organismos-fonte e as caracteristicas definidas pela tabela de caracteristicas do
DDBJ/EMBL/GenBank para descrever a natureza biologica das sequéncias de
nucleotideos (Barnes e Gray, 2003).

Os arquivos texto sdo usados com muita frequéncia para submeter ou adquirir
informacdes de bancos de dados bioldgicos. O formato de arquivo texto chamado de
FASTA é um tipo de arquivo comum utilizado para armazenar sequéncias de acidos
nucleicos, aminoacidos e RNA (Pearson e Lipman, 1988). A Figura 1 mostra algumas
informac@es das proteinas ATM, BRCAL e CDKN1A do organismo Homo sapiens no
formato de arquivo FASTA. As linhas iniciadas com o caractere “>’ indicam a descri¢ao
de um gene, proteina ou RNA armazenado e as demais linhas contém a sequéncia de

dados que descrevem um gene, proteina ou RNA (Lesk, 2008).

>ATM (Homo sapiens) (STRING-Protein-Id:9606.ENSP00000278616)
MSLVLNDLLICCRQLEHDRATERKKEVEKFKRLIRDPETIKHLDRHSDSKQG(....)
>BRCAI (Homo sapiens) (STRING-Protein-1d:9606.ENSP00000350283)
MDLSALRVEEVQNVINAMQKILECPICLELIKEPVSTKCDHIFCKFCMLKLL(....)
>CDKNIA (Homo sapiens) (STRING-Protein-Id:9606.ENSP00000244741)
MSEPAGDVRQNPCGSKACRRLFGPVDSEQLSRDCDALMAGCIQEARERW(....)

Figura 1: Exemplo de um arquivo FASTA para as proteinas ATM, BRCAL e

CDKNZ1A de Homo sapiens.

3.1.4 EXPASY

O ExPASy® é um portal de recursos de bioinforméatica que fornece acesso a

bancos de dados cientificos e ferramentas de software para diferentes areas das ciéncias

8 http://www.expasy.org/
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humanas (Artimo et al., 2012). As ferramentas incluem proteomas, genomas, filogenia,

biologia de sistemas, transcriptomas, entre outros (Artimo et al., 2012).

3.2 BANCOS DE DADOS

Os portais de bioinformatica organizam os dados de diferentes organismos na
forma de bancos de dados de genomas, de transcriptomas, de proteomas, de sequéncias
intergénicas, entre outras classificacdes existentes. Os bancos de dados biologicos nao
sdo exclusivos de portais, uma vez que existe uma grande variedade de trabalhos
publicados sobre a criacdo, armazenamento e consulta de bancos de dados para
diferentes dados bioldgicos (Barnes e Gray, 2003; Jones e Pevzner, 2004; Lesk, 2008).
O Anexo 2 apresenta um exemplo de um banco de dados criado para sequéncias
intergénicas. Nesta secdo serdo conceituados os tipos de banco de dados de genomas, de
transcriptomas, de protedmas e de sequéncias intergénicas. Apenas alguns bancos de
dados existentes serdo explicados uma vez que esses foram utilizados no

desenvolvimento deste trabalho.

3.2.1 GENOMA

O genoma € o conjunto das informacfes genéticas de um organismo que esta
codificada no seu DNA (Barnes e Gray, 2003; Jones e Pevzner, 2004; Lesk, 2008).
Considerando a espécie humana, o projeto genoma humano® teve a participacdo de
empresas e pesquisadores do mundo inteiro. O proposito deste sequénciamento foi
mapear todos 0s genes de nossa espécie (Barnes e Gray, 2003; Jones e Pevzner, 2004;
Lesk, 2008).

As informagdes obtidas com o sequénciamento estdo sendo organizadas em

diversos bancos de dados bioldgicos. Atualmente, existem muitos bancos de dados

® http://www.genome.gov/10001772
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bioldgicos disponibilizados on-line. Por exemplo, 0 GenBank™ é um banco de dados de
sequéncias de DNA e uma colecdo de anotacbes de todas as sequéncias publicas de
DNA de diferentes organismos. O GenBank tem sido expandido para incluir dados de
expressao de sequéncias, dados de sequéncias de proteinas, estrutura tridimensional de
proteina, taxonomia, informacgdes sobre diferentes tipos de interacdes bioldgicas e
literatura biomédica (Jones e Pevzner, 2004; Lesk, 2008). O GenBank possui
atualmente mais de 380 mil organismos sequénciados (Benson et al., 2011). Além disto,
h&, aproximadamente, mais de 13 milhdes de registros de sequéncias no banco de dados

Ill

tradicional ™ e, quase 62 milhdes de registros de sequéncias incompletas submetidas no

WGS™ (Whole Genome Shotgun).

3.2.2 TRANSCRIPTOMA

Por analogia com o termo genoma, criou-se 0 termo transcriptoma que
representa o conjunto completo dos transcritos presentes em uma célula (Lesk, 2008).
Estes bancos de dados ttm como objetivo coletar e classificar dados referentes aos
diferentes tipos de RNA encontrados em Vvarios organismos, além de identificar e
caracterizar potenciais peptideos e/ou proteinas que estdo codificadas em moléculas de
RNA mensageiro (Barnes e Gray, 2003; Lesk, 2008). Outro objetivo é reconhecer quais
sdo o0s genes expressos em diferentes tecidos e fases de desenvolvimento, gerando uma
visdo mais abrangente da forma como os organismos regulam a expressao de diferentes
genes para uma condicdo ambiental e/ou fisioldgica especifica (Lehninger et al., 2005).

Um exemplo de banco de dados de transcriptoma é o0 GEO™ (Gene Expression

Omnibus) que € um repositorio de dados publico para armazenar informagfes sobre

10 http://www.nchi.nlm.nih.gov/genbank

1 Dados extraidos do site http://www.nchi.nlm.nih.gov/genbank em 24/09/2012.

12 http://www.nchi.nlm.nih.gov/genbank/wgs

13 http://www.nchi.nlm.nih.gov/geo/
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expressdes de gene e arranjos de hibridizacdo (Edgar et al., 2002). O GEO possui cerca

de mais 38 mil séries armazenadas e quase um milh&o de modelos®*.

3.23 PROTEOMA

Um proteoma’® tem o objetivo de identificar, localizar e analisar funcdes das
proteinas envolvidas com as células. As analises de uma proteina envolvem a separacéo,
identificacdo e quantificacdo de varias amostras de proteinas presentes em uma amostra
(Lesk, 2008). Outras informacOes armazenadas visam registrar as relagcdes entre as
proteinas para uma determinada funcdo celular (Barnes e Gray, 2003). As informacdes
de um proteoma podem armazenar padres de expressdes de proteinas obtidos com o
uso de técnicas de biologia molecular e, com o intuito de complementar as informacdes
de projetos de genomas e transcriptomas (Lesk, 2008).

O proteoma humano é organizado pelo HUPO' (The Human Proteome

Organization), uma organizagdo cientifica internacional®’

com cooperacao e
colaboracdo de vérias organizacdes de pesquisa com o objetivo de desenvolver novas
tecnologias, técnicas e treinamento. Um proteoma pode possuir informacGes sobre
analise de estrutura, de modificacbes pds-traducionais, predi¢des e interacBes de
proteinas conhecidas, entre outras (Barnes e Gray, 2003; Jones e Pevzner, 2004; Lesk,
2008). Os bancos de dados PDB, ProtClustDB, PRIDE e Swiss-Prot sdo alguns dos
bancos de dados de proteinas existentes.

O PDB* (Protein Data Bank) é um banco de dados que armazena estruturas

tridimensionais de proteinas, acidos nucleicos, virus e carboidratos (Berman, 2000). No

1% Dados retirados do site http://www.ncbi.nlm.nih.gov/geo/summary/ em 26/09/2012.

15 Definigao extraida do site http://www.hupo.org/overview/background/proteomics.asp em 19/12/2012.

18 http://www.hupo.org/research/hpp/

17 Definico extraida do site http://www.hupo.org/overview/background/ em 19/12/2012.

18 http://www.rcsb.org/pdb
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PDB h4 cerca de 84 mil estruturas depositadas™® sobre quase 55 mil organismos®
diferentes.

O ProtClustDB* (Entrez Protein Clusters DataBase) é um banco de dados que
fornece mecanismos de consulta para informac6es de anotacdo, dominio e estruturas de
proteinas, além de publicacbes sobre estes temas e uma colecdo de sites para
ferramentas disponiveis na web (Klimke et al., 2009). Este banco de dados possui uma
colecdo de agrupamentos de sequéncias de proteinas com informacGes verificadas e
outras ndo (Klimke et al., 2009). Possui mais de 4,6 milhdes de proteinas armazenadas,
além de informacdes a respeito de mais de 627 mil agrupamentos de proteinas?.

O banco de dados PRIDE® (PRoteomics IDEntifications) é um repositorio para
dados protebmicos que incluem identificadores de proteinas, peptideos e modificacdes
pos-traducionais, sendo possivel realizar consultas por espécie, tipo de célula, termos de
ontologia génica e doencas (Vizcaino et al., 2010). Atualmente este banco de dados
possui informacdes a respeito de mais de 26 mil experimentos, mais de onze milhGes de
identificadores de proteinas e mais 63 milhdes de identificadores de peptideos*.

O Swiss-Prot®® é um banco de dados de anotacdes de sequéncias de protefnas
manualmente anotadas e uma secdo revisada do UniProtkB (UniProt?® Knowledgebase)
do portal ExPasy (Bairoch et al., 2004). As suas anotagdes descrevem funcdes de uma

proteina, modificagdes pos-traducionais, dominios e sites, estrutura secundaria de uma

¥ Dados retirados do site http://www.rcsh.org/pdb/home/home.do em 24/09/2012.

2 Dados retirados do item “By Source Organism (Gene Source)” em 24/09/2012 do site
http://www.rcsb.org/pdb/static.do?p=general_information/pdb_statistics/index.html

2L http://www.ncbi.nlm.nih.gov/proteinclusters

22E statisticas retiradas do site http://www.nchi.nlm.nih.gov/genomes/prkstats.html em 19/12/2012.

28 http://www.ebi.ac.uk/pride/
24 Estatisticas extraidas do site http://www.ebi.ac.uk/pride/ em 19/10/2012.

2 http://web.expasy.org/docs/swiss-prot_gquideline.html

26 http://www.uniprot.org/
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proteina, entre outras informacdes (Bairoch et al., 2004). O Swiss-Prot possui mais de
538 mil sequéncias armazenadas, compreendendo mais de 191 milhdes de aminoacidos

sumarizados em mais de 213 mil referéncias?’.

3.2.4 SEQUENCIAS INTERGENICAS

As regides promotoras, encontradas em uma sequéncia de DNA, representam
um mecanismo de regulagdo da expressao génica. Estas regides localizam-se & montante
em uma determinada regido codificadora e interagem com a enzima RNA polimerase
(RNAp), desencadeando 0 processo de expressdo génica (Zaha, 1996, Alberts et al.,
1999; Lehninger et al., 2005). Deste modo, os bancos de dados de promotores auxiliam
nos estudos sobre a regulacdo génica, sendo importante organizar dados sobre
promotores pertencentes a organismos que ainda ndo possuem repositdrios publicos
(Avila e Silva, 2011). Além disto, as sequéncias de nucleotideos de um organismo
podem ser usadas para definir um modelo de sequéncias para iniciar a transcricdo em
outro organismo (Zaha, 1996; Alberts et al., 1999; Lehninger et al., 2005).

O RegulonDB? é um banco de dados que possui informages sobre as regides
promotoras da bactéria Escherichia coli. Outro tipo de banco de dados é o que armazena
informacdes sobre sequéncias repetidas ndo-codificantes presentes no DNA que formam
grandes fragdes dos genomas de eucariotos, sendo que a sequéncia repetida pode ser
curta (Short Interspersed Sequences - SINES) ou longa (Long Interspersed Sequences —
LINES) (Lesk, 2008). Este tipo de banco de dados pode ser acessado pelas ferramentas

do NCBI.

21 Estatisticas extraidas do site http://web.expasy.org/docs/relnotes/relstat.html em 19/10/2012.

28 http://requlondb.ccg.unam.mx/
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3.2.5 OUTROS TIPOS DE BANCO DE DADOS

O OMIM? (Online Mendelian Inheritance in Man) é um banco de dados que
contém um catalogo de doengas genéticas mantido pelo NCBI (Barnes e Gray, 2003;
Lesk, 2008; Amberger et al., 2009). As pesquisas podem ser realizadas no site por
palavras-chave ou atraves do uso das ferramentas de consulta do Entrez (Barnes e Gray,
2003; Lesk, 2008; Amberger et al., 2009).

O BioSystems®® (Biological Systems) é um banco de dados que fornece um
acesso integrado a sistemas bioldgicos cruzando informacGes de diversos bancos de
dados e ferramentas usando os recursos do NCBI (Geer et al., 2010). E possivel
consultar informac6es dos sistemas bioldgicos e seus componentes (genes, proteinas e
moléculas), bem como, acessar informacGes sobre doencas (genes, biomarcadores e
drogas) e publicacdes (Geer et al., 2010).

O PubChem® é um banco de dados com dados experimentais que prové acesso a
informacdes sobre atividades bioldgicas de pequenas moléculas (Bolton et al., 2008).
Este banco de dados esta dividido em trés diferentes se¢fes com informacBes para
substancias, compostos e ensaios de avaliacdo da atividade bioldgica (Bolton et al.,
2008; Wang et al., 2012). Uma das ferramentas disponibilizadas € a pesquisa por
estruturas quimicas baseada em similaridade (Bolton et al., 2008; Wang et al., 2012). O
PubChem possui atualmente mais de 100 milhdes de substancias®?, contém mais de 500
mil descricbes de protocolos de ensaios bioldgicos abrangendo mais de cinco mil
proteinas e 30 mil genes, e cobre mais de 130 milhGes de registros de atividades

bioldgicas armazenadas (Wang et al., 2012).

2 http://www.ncbi.nlm.nih.gov/omim

% http://www.ncbi.nlm.nih.gov/biosystems/

31 http://pubchem.nchi.nlm.nih.gov/

%2 Estatistica extraidas do site http:/pubchem.ncbi.nim.nih.gov/ em 20/10/2012.
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O banco de dados SWISS-MODEL®* armazena informacées sobre anotacdes
tridimensionais de modelos de comparacao de estrutura de proteinas gerados a partir do
modelo SWISS-MODEL de homologia (Kiefer, 2009). Este banco de dados contém
informacdes sobre modelos teoricamente calculados, sendo gque 0os mesmos podem
conter falsos positivos (Kiefer, 2009). Atualmente, este banco de dados possui®* mais de
3,2 milhdes de entradas de modelos para mais de 2,3 milhGes de sequéncias Unicas

armazenadas no banco de dados UniProt.

3.3 FERRAMENTAS DE BIOINFORMATICA

Nesta secdo serdo descritas as ferramentas de bioinformaética dos portais NCBI e
Expasy. Estes portais fornecem diversas ferramentas para manipulacdo de genomas,
proteomas e transcriptomas, bem como ferramentas para acesso aos seus dados, para
alinhamento de sequéncias e para analise de interacdes de proteinas. Uma pequena parte
destas ferramentas sera apresentada nesta secdo, sendo que algumas delas foram

utilizadas no desenvolvimento deste trabalho.

3.3.1 GENOMAS

O PCR®® (Polymerase Chain Reaction) é uma técnica de amplificacdo do DNA
na qual se obtém varias copias de uma fita de DNA (Lehninger et al., 2005). O PCR ¢
uma técnica muito utilizada em laboratérios de biologia molecular. No entanto, €
possivel simular um PCR usando a ferramenta e-PCR (Electronic PCR) que permite
identificar sequéncias em sitios marcados (STS) dentro de sequéncias de DNA

(Rotmistrovsky et al., 2004).

% http://swissmodel.expasy.org/repository/

% Estatisticas retiradas do site http://swissmodel.expasy.org/repository/ em 20/10/2012.

% http://www.ncbi.nlm.nih.gov/sutils/e-pcr/
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Uma forma de analisar um genoma € verificar os aminoacidos gerados apos a
transcricdo e traducdo de uma molécula codificante de DNA. Neste sentido, existem
diversas ferramentas de bioinformatica que permitem fazer a transcricéo e a traducéo in
silico. Um exemplo é a ferramenta ProtMap®® (Protein Map) que utiliza genomas
completos de proteinas agrupadas através de um método baseado em grupos de
similaridade de sequéncias (COG - Clusters of Orthologous Groups) ou de virus (VOG
- Viral COG) (Klimke et al., 2009). O ProtMap mostra 0 mapeamento de cada proteina
baseado no COG/VOG com 0 seu genoma e apresenta todos 0s segmentos vizinhos do
genoma para membros de um grupo especifico de proteinas relacionadas (Klimke et al.,

2009).

3.3.2 ACESSO AOS BANCOS DE DADOS DO NCBI

A ferramenta E-Utilities®’ (Entrez Programming Utilities) é um conjunto de
programas que fornece acesso a consultas baseadas no Entrez e acesso a diversos
bancos de dados do NCBI (Sayers e Wheeler, 2004). O E-Utilities caracteriza-se por ser
uma ferramenta que oferece programas de acesso do lado de um servidor web (Sayers e
Wheeler, 2004), ou seja, é necessario fazer um acesso remoto usando um programa
cliente para acessar as informacdes desejadas. Normalmente, este acesso € feito usando
uma sintaxe fixa de URL (como um endereco web qualquer que usa-se para fazer uma
consulta na internet) com um conjunto de parametros pré-estabelecidos (Sayers e
Wheeler, 2004). As ferramentas do E-Utilities séo utilizadas neste trabalho para fazer
consultas a algumas bases de dados (OMIM e GenBank) e servicos do NCBI

(alinhamento de sequéncias e pesquisa de sequéncia de aminoacidos).

% http://www.nchi.nlm.nih.gov/sutils/protmap.cgi
37 http://www.nchi.nlm.nih.gov/books/NBK 25501/
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3.3.3 ALINHAMENTO DE SEQUENCIAS

O BLAST?®® (Basic Local Alignment Search Tool) usa métodos de similaridade
para comparacdo e alinhamento de sequéncias de nucleotideos ou de proteinas
(Altschul, 1990; Altschul, 1997). O resultado é baseado em célculos estatisticos apds a
obtengdo de casamentos (matches) significativos entre as sequéncias (Altschul, 1990;
Altschul, 1997). O algoritmo processa os dados utilizando a heuristica comparativa por
pares de segmentos, realizando testes exaustivos com os dados encontrados atraves do
acesso aos diferentes bancos de dados publicos e tendo como finalidade encontrar o
menor numero de gaps (falhas) nos fragmentos resultantes (Altschul, 1990; Altschul,
1997). O BLAST pode ser usado para inferir relacionamentos funcionais e
evolucionarios entre sequéncias, bem como identificar membros de uma familia de
genes (Altschul, 1990; Altschul, 1997).

O Psi-Blast (Position-Specific Iterated BLAST) é um dos programas disponiveis
para encontrar proteinas distantemente relacionadas ou encontrar novos membros de
familias de proteinas (Gish e States, 1993). As pesquisas podem ser realizadas no site
através do upload de dados de genes ou proteinas através do uso das ferramentas de
consulta do Entrez (Barnes e Gray, 2003; Lesk, 2008; Amberger et al., 2009).

O alinhamento pode ser aplicado para encontrar um gene em um genoma,
identificar éxons, identificar dominios proteicos ou identificar possiveis homélogos em
um banco de dados (Barnes e Gray, 2003; Lesk, 2008). A busca de similaridade pode
ser aplicada na predicdo de genes, predicdo de fungdo, predicdo de estrutura e na
inferéncia de arvores filogenéticas (Barnes e Gray, 2003; Lesk, 2008). Através do
alinhamento de sequéncias podem-se identificar algumas caracteristicas, tais como: a)

duas sequéncias similares e, com a mesma funcéo, podem ndo ter o0 mesmo ancestral; b)

38 http://blast.ncbi.nlm.nih.gov/
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duas sequéncias sdo homologas se elas possuem uma sequéncia ancestral comum; c)
duas sequéncias sdo paralogas quando se obtém homologia por duplicacdo; d) duas
sequéncias sdo ortologas quando se identifica a homologia por especiacao; e, e) se duas
(ou mais) sequéncias sdo parecidas, onde estas podem ser homologas e/ou podem ter
funcGes similares e/ou podem ter a mesma estrutura (Barnes e Gray, 2003; Lesk, 2008).

O e-value representa 0 numero esperado de alinhamentos locais distintos em um
casamento (match) realizado para a comparacdo de duas sequéncias aleatdrias de
quaisquer tamanhos (Altschul, 1990; Altschul, 1997). Em outras palavras, o valor do e-
value descreve o nivel de ruido (hit) do alinhamento podendo variar entre zero e o
nimero de sequéncias procuradas no banco de dados (Barnes e Gray, 2003; Lesk,
2008).

Outras ferramentas para realizar alinhamento de sequéncias séo o COBALT e o
CLUSTAL. A ferramenta COBALT® permite realizar maltiplos alinhamentos de
sequéncias de proteinas (Papadopoulos e Agarwala, 2007). Esta ferramenta procura uma
colecdo de pares derivados de pesquisas em bancos de dados, similaridade de
sequéncias e entradas do usuario onde estes dados sdo combinados e incorporados a um
alinhamento de sequéncias progressivo (Papadopoulos e Agarwala, 2007). A ferramenta
Clustal*® ¢ um programa para alinhamento de multiplas sequéncias desenvolvido para

diferentes sistemas operacionais (Larkin, 2007).

3.3.4 PREDICAO DE INTERACAO DE PROTEINAS

O STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) é uma
ferramenta para realizar metabuscas com o intuito de se obter redes de interagéo de

proteinas (Jensen et al., 2009). O STRING possui um banco de dados sobre predigdes e

%9 http://www.nchi.nlm.nih.gov/tools/cobalt

40 http://www.clustal.org/clustal2/
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interacdes de proteinas conhecidas, envolvendo associagdes fisicas e funcionais (Jensen
et al.,, 2009). Atualmente, 0 STRING possui informagdes sobre mais de 1,1 mil
organismos e mais de cinco milhdes de proteinas. Por outro lado, a ferramenta SBRT*
(Systems Biology Research Tool), disponivel no portal Expasy, permite executar
diversos métodos para analise de redes usando teoria dos grafos, geometria e analise

combinatéria (Wright and Wagner, 2008).

3.4 BIOLOGIA DE SISTEMAS

Com o sucesso do Projeto Genoma Humano e o estabelecimento das técnicas de
analise de larga escala de sistemas bioldgicos, tornou-se necessario entender como
ocorrem as interacdes entre os diferentes tipos de moléculas de origem bioldgica, assim
como para possibilitar visualizar, de forma mais ampla, a funcdo exercida por genes,
proteinas e outras moléculas em um determinado contexto bioldgico (Barabasi e Oltvali,
2004). Um grande desafio da biologia é compreender como populacdes de organismos
sdo estruturadas a partir das suas interacdes com o meio ambiente e como sistemas
complexos tem evoluido (Karsenti, 2012). Sistemas complexos e organismos vivos, em
particular, surgem a partir da ocorréncia de processos dinamicos simultaneos em
diferentes escalas de tempo (Karsenti, 2012).

Uma das ferramentas usadas para trabalhar nestas pesquisas é a Biologia de
Sistemas, uma area interdisciplinar com o objetivo de compreender como funcionam as
interacOes entre populacfes de moléculas, células e organismos devido ao aumento da
complexidade de processos biologicos (Karsenti, 2012). O estudo das interagdes entre
0s componentes de um sistema biol6gico envolvem a teoria dos grafos, matematica
discreta e processamento computacional (Barabasi e Oltvai, 2004; O’Malley e Dupré,

2005; Siegal et al., 2007). Assim, o uso destas ferramentas e técnicas aliadas a relacéo

4 http://www.ieu.uzh.ch/wagner/software/SBRT /index.html
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entre a topologia de uma rede bioldgica e suas propriedades funcionais ou
evolucionérias foram utilizadas para descrever as interacfes de sistemas celulares
através das redes de livre-escala (Rosvall e Sneppen, 2003; Barabasi e Oltvai, 2004;
O’Malley e Dupré, 2005; Siegal et al., 2007).

Esta secdo apresenta inicialmente a teoria dos grafos, na sequéncia as redes
bioldgicas, redes de livre-escala e finaliza abordando a topologia local e global de uma

rede.

3.4.1 TEORIA DOS GRAFOS

Um grafo é uma forma de representar relacionamentos existentes entre pares de
objetos (Goodrich e Tamassia, 2007). Um grafo é definido geometricamente como um
conjunto de pontos no espaco que sdo interconectados por um conjunto de linhas
(Gibbons, 1994). Formalmente, um grafo G (V, E) consiste de um conjunto de vértices*?
V = {v1, v2,..} e um conjunto de arestas® E = {el, €2,...}, onde uma aresta representa
um conjunto de pares ndo dirigidos de elementos de V (Gibbons, 1994; Goodrich e
Tamassia, 2007; Shaffer, 2011). Os vértices representam 0s objetos, as arestas
representam relacGes entre os objetos e cada aresta define uma relacéo simétrica (grafos
ndo dirigidos; Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011).

As ligagOes entre os veértices podem ser dirigidos, e neste caso chamam-se arcos,
ou ndo dirigidos, e neste caso chamam-se arestas (Gibbons, 1994; Goodrich e Tamassia,
2007; Shaffer, 2011).

Um grafo pode ser representado visualmente usando pequenos circulos para

veértices e retas ou curvas para arestas. A Figura 2 apresenta um exemplo de um grafo G

*2 Um vértice também pode ser chamado ponto, nodo ou né. Para a explicagdo da teoria dos grafos
adoraremos o termo vértice e a partir da explicacdo do seu uso na biologia de sistemas, utilizaremos o0
termo nd.

*Uma aresta também é chamada de elo, ligacdo ou conector. Para a explicacdo da teoria dos grafos
adoraremos 0 termo aresta e a partir da explicacdo do seu uso na biologia de sistemas utilizaremos o
termo conector ou ligacéo.
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= (V, E) e o calculo das medidas do grau de um vértice, do caminho entre dois vértices,
do comprimento entre dois vértices e a menor distancia entre dois vertices.

O grau (ou conectividade) de um vértice é calculado pela equacdo grau(v) =
Y. arestas(v) onde deve somar o numero de vezes que v é usado como uma ligacdo
para as arestas, ou seja, esta medida indica o nimero de ligagdes de um vértice tem com
0s outros vértices (Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011). A
Figura 2 mostra os valores calculados dos graus do nés 1, 2, 3, 4, 5 e 6 na quarta linha a

direita.

G=(V, E)

v={1,273,45,6,7,8)
E={(1,2),(12,4),(1,5),(1,6),(2,3),(2,7),(3,6), ...}
g(1)=4,8(2) =3,8(3) =3, g(4) =4, g(5) = 3, g(6) =3
caminho(1,8) ={(1, 2), (2, 7), (7, 4), (4, 8)}
caminho(1,8) = {(1, 2), (2, 7), (7, 8)}

caminho(1,8) = {(1, 4), (4, 8)}
comprimento(caminho(1, 8)) =4 ou 3 ou 2
distancia(1, 8) =2

Figura 2: Exemplo de um grafo G = (V, E), onde V representa os vértices e
E representa as arestas entre os vértices.

O grau de distribuicdo de um vertice € calculado pela equagdo graugiscy) =

Z“;‘Z—ué‘c’; onde se calcula o grau do vértice v e divide-se nimero total de vértices

(Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011). Para o grafo da Figura 2,
por exemplo, o vertice v(1) possui grau(1l) = 4 e tem um grau de distribuicdo de 0,5 por
causa da divisdo deste valor por 8, que é o numero total de veértices.

Um caminho de um grafo é uma sequéncia de vertices com ligacOes existentes
partindo-se de um vértice A e chegando a um vértice B, sendo que a equacao

caminho(v1l,vn) = {(v1,v2),(v2,v3),(v3,v4),..} permite determinar o caminho
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como uma sequéncia de veértices vy, Va,.., Vi, tal que vj, vi+ 1 € E, sendo 1 <i<|k-1],
0 caminho de v; a vk onde k-1 é o comprimento do caminho (Gibbons, 1994; Goodrich
e Tamassia, 2007; Shaffer, 2011). A Figura 2 mostra trés possiveis caminhos para o
mesmo par de vertices (1, 8) nas linhas cinco a sete a direita.

Quando se tem um caminho em que o Vértice inicial e o final sdo 0s mesmos,
denomina-se de ciclo (Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011). O
caminho mais significativo representa a média sobre todos os caminhos mais curtos
possiveis entre todos os pares de Vvértices e o célculo é feito pela equagdo
caminhomais; i cicativo = media(QL, < distancia(vl,v2))  (Gibbons, 1994,
Goodrich e Tamassia, 2007; Shaffer, 2011).

O comprimento de um caminho é calculado pela equacdo
comprimento(vi,vn) = )i, arestas(caminho(vi,vn)) onde deve-se somar 0 nimero
de ligacBes entre as arestas do vértice inicial até o vertice final (Gibbons, 1994). A
Figura 2 mostra o valor calculado do comprimento de um caminho na penultima linha a
direita, sendo que trés valores sdo mostrados, um para cada caminho exemplificado. O
menor destes valores representa 0 caminho mais curto entre dois vértices, isto porque
que pode existir mais de um caminho entre dois vertices em um mesmo grafo, conforme
mostra a Figura 2 (Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011).

A distancia entre dois Vvértices é calculada pela equacdo distancia(v,w) =
menor (comprimento(caminho(v,w))) onde se devem calcular todos os caminhos
entre os vértices v e w, sendo que o comprimento do menor caminho entre eles € o
resultado da equacdo (Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011). A
Figura 2 mostra o valor calculado para a distancia na ultima linha a direita.

O didmetro de um grafo é representado  pela  equacdo

diametro = maior( Vdistancia(v,w)) onde se deve primeiro encontrar o caminho

21



minimo entre cada par de vértices de um grafo (Gibbons, 1994; Goodrich e Tamassia,
2007; Shaffer, 2011). A maior distancia encontrada entre qualquer par de vértices é o
diametro do grafo (Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011). O
caminho representado pelas arestas E = {(1, 5), (5, 6), (6, 3), (3, 8), (8, 4), (4, 7), (7, 2),
(2, 1)} representa a maior distancia para o grafo da Figura 2. Com isto, o diametro do
grafo é 8.

Um grafo € conexo (ou conectado) se, para quaisquer dois vertices, existir um
caminho entre eles (Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011). O

subgrafo mostrado na Figura 3 € um exemplo de um grafo conexo.

e G =(V, E)
V'={1,2,4,7)
o E' ={(1, 2), (1, 4), (2, 7), (4,

o 7)}

Figura 3: Um subgrafo G’ = (V’, E’) do grafo G = (V, E) com os vértices V’ e as

arestas E’.

Um subgrafo € um grafo obtido a partir da remocéo de vértices e arestas do grafo
original (Gibbons, 1994; Goodrich e Tamassia, 2007; Shaffer, 2011). Formalmente, um
subgrafo € um subconjunto do grafo original onde um subgrafo G* = (V’, E’) de um
grafo G = (V, E) é um grafo tal que V'’ < V e E’ < E (Gibbons, 1994; Goodrich e
Tamassia, 2007; Shaffer, 2011). A Figura 3 mostra um subgrafo do grafo da Figura 2

COM 0S Seus Veértices e arestas.
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Denomina-se cliqgue de um grafo G = (V, E) um subgrafo de G que seja
completo (Gibbons, 1994). Um grafo é completo quando cada par distinto de vértices
define uma aresta de tal forma que um vértice possui conexdo com todos 0s outros

vertices (Gibbons, 1994). O subgrafo mostrado na Figura 3 € um exemplo de um cligue.

3.4.2 REDES BIOLOGICAS

Uma rede complexa descreve uma grande variedade de sistemas na natureza e na
sociedade fortemente conectados (Barabasi e Albert, 2002), tais como redes sociais,
redes celulares, redes de computadores, redes de interacdo de proteinas e a Internet,
entre outros exemplos. O comportamento de sistemas complexos, desde a célula até a
Internet, caracteriza-se por atividades orquestradas onde muitos componentes
interagem um com o0 outro através de interacdes de um par de componentes (Barabasi e
Albert, 2002; Barabasi e Oltvai, 2004). Estes componentes representam um conjunto de
nés que sdo conectados com outros componentes por uma ligagdo, onde cada ligagdo
representa interagdes entre os dois componentes, sendo que, desta forma, o conjunto de
todos os noés e todas as ligacdes entre os n6s formam uma rede (Barabasi e Albert, 2002;
Barabési e Oltvai, 2004).

Desta forma, uma rede pode representar um sistema biolégico completo, onde os
nos e suas ligacBes podem ser diferentes entidades biologicas, tais como moléculas,
células, entre outras (Weston e Hood, 2004; Siegal et al., 2007) No contexto da analise
de dados protedmicos, 0s nds sdo representados pelas proteinas e 0s conectores pelas
reacOes quimicas (Barabasi e Albert, 2002; Rosvall e Sneppen, 2003; Barabési e Oltvai,
2004; O’Malley e Dupré, 2005; Siegal et al., 2007).

Diversas pesquisas mostram que redes reais, independente de sua idade, funcédo
OU escopo, convergem para uma arquitetura homogénea, uma caracteristica que permite

a pesquisadores de diferentes areas usarem a teoria de redes como um paradigma
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comum (Barabasi, 2009). Diversas pesquisas feitas nos Gltimos anos mostram que as
redes de livre-escala ajudaram a proliferar o estudo sobre as redes em diversos campos
da ciéncia, um novo campo de pesquisa com os seus desafios e habilidades (Barabasi,

2009). As redes de livre-escala sdo o topico da proxima secao.

3.4.3 REDES DE LIVRE-ESCALA

Paul Erdds e Alfréd Rényi (1960) inicialmente estabeleceram os conceitos
matematicos da topologia de redes de livre-escala que tém sua distribuicdo de
conectividade regida pela lei de poténcia definida pela equacdo P(k) = kY, onde k
representa 0 nimero de nos e y representa as ligacdes (Barabasi e Albert, 1999; Rosvall
e Sneppen, 2003; Barabési e Oltvai, 2004; Barabasi, 2009).

A observacdo inicial do grau de distribuicdo de n6s, em redes baseados na lei de
poténcia, foi feita por (Barabasi e Albert, 1999). Os autores discutiram que as redes
reais de livre-escala sdo baseadas em dois mecanismos genéricos de muitas redes reais
(Barabasi e Albert, 1999; Barabasi e Albert, 2002): i) uma rede comega com um ndmero
fixo n de n6s que, entdo, sdo aleatoriamente conectados sem modificar n. Muitas redes
reais descrevem sistemas abertos que crescem com a inclusdo continua de novos nés.
Assim, uma rede € criada inicialmente com um nucleo pequeno de nds, ocorrendo um
aumento gradual de nds durante o ciclo de vida da rede; e, ii) os modelos de rede
assumem a probabilidade de que dois nos sdo conectados independe do grau dos nds, ou
seja, novas ligacOes sédo feitas aleatoriamente.

A andlise das redes de livre-escala envolve o estudo do fendmeno de interacéo
molecular através da integracdo multinivel de dados e modelos (Barabasi e Oltvai,
2004; O’Malley e Dupré, 2005; Siegal et al., 2007). A rede livre de escala mais
conhecida é a rede Barabasi-Albert (BA) que possui dois mecanismos basicos (Barabasi

e Albert, 1999; Barabasi e Albert, 2002; Barabasi e Oltvai, 2004): i) o crescimento da
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rede significa que a rede emerge atraves da ligacao de nos subsequentes; e, ii) novos nds
ligam-se, preferencialmente, aos nés mais conectados, ou seja, 0s nGs com maior grau
de distribuicio. Um modelo baseado nestes dois mecanismos indica que o
desenvolvimento de grandes redes é governado por um fendmeno de auto-organizagéo
que esta além de caracteristicas especificas de sistemas individuais (Barabasi e Albert,
1999). A Figura 4 apresenta um exemplo da rede BA onde 0s nos cinco e quinze sdo 0s
mais conectados da rede e, por outro lado, os nés terminais** s&o os menos conectados.
Os noés altamente conectados tem uma maior probabilidade de ter um efeito na
funcionalidade da rede do que nds esparsos, como por exemplo, proteinas altamente

conectadas tendem a ser mais letais quando forem eliminadas (knocked out) (Siegal et

Figura 4: Exemplo de uma rede do tipo Barabasi-Albert.

al., 2007).

O grau de distribuicdo de um né pode determinar diferentes classes de redes, ou
seja, este valor pode nos ajudar a determinar a topologia de uma rede bioldgica

(Barabaési e Albert, 2002; Barabasi e Oltvai, 2004). O valor desta medida representa que

* Os nés terminais sao os nés nas extremidades do grafo. Neste grafo, 0s nés 9, 4, 22 e 18 sdo alguns dos
nds terminais.
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um no e denominado de hub, que se caracteriza por ter um grande numero de ligacOes e
por manter os nds unidos (Barabési e Albert, 2002; Barabasi e Oltvai, 2004). Esses nds
representam pontos de controle da rede (Rosvall e Sneppen, 2003; Barabasi e Oltvai,
2004). Desta maneira, analisando a equacéo da lei de poténcia, quanto menor for o valor
de y, mais importante € o papel dos hubs na rede, por outro lado, se o valor de y for
menor que trés, os hubs sdo irrelevantes; se o valor de y for maior que dois e menor que
trés, ha uma hierarquia de hubs, onde o hub mais conectado esta em contato com uma
pequena fracdo de todos os nds; e, por fim, se y for igual a dois, 0 hub estd em contato
com a maior parte de todos os nos (Barabasi e Albert, 2002; Barabasi e Oltvai, 2004).
Em geral, uma rede de livre-escala deve possuir um valor de y menor que trés e, tem
como principal caracteristica n6s com significativas diferencas no grau de conectividade
entre 0s nos (Barabasi e Albert, 2002; Barabasi e Oltvai, 2004).

As redes de livre-escala predizem que os nés que aparecem antes na histéria séo
0s nds mais conectados da rede (Barabasi e Oltvai, 2004). Assim, as proteinas
evolutivamente mais antigas tém mais conexdes quando comparadas com proteinas
recentes (Barabasi e Oltvai, 2004). Essa descoberta empirica demonstra uma preferéncia
por formacdo de novas conexfes com proteinas evolutivamente antigas (Barabasi e
Oltvai, 2004), enfatizando que estes nds, com um ndmero maior de conexdes, podem
desempenhar funcbes bioquimicas importantes na célula (Siegal et al., 2007.). Em
grafos dirigidos, as interagcdes entre dois nds tém uma direcdo bem definida, como por
exemplo, a direcdo do fluxo de material de um substrato para um produto em uma
reacdo metabolica (Barabési e Oltvai, 2004). Em grafos nao-dirigidos, as ligacdes nao
tém uma direcdo assinalada, por exemplo, em uma rede de interacdo de proteinas, uma

ligacdo representa uma relagdo muatua de amarracéao bilateral, se a proteina A amarra-se

26



a proteina B, entdo a proteina B também se amarra a proteina A (Barabasi e Oltvai,
2004).

As redes de livre-escala representam as redes de interacdo entre proteinas (PPI),
visto que as redes PPI também seguem a lei de poténcia (Barabasi e Oltvai, 2004; Siegal
et al., 2007), sendo que a analise de uma rede pode levar em consideracdo as
informacdes a respeito da sua topologia, que pode ser classificada em local ou global

(Aittokallio e Schwikowski, 2006).

3.4.4 TOPOLOGIA LOCAL DE UMA REDE

A anélise de topologia local visa descobrir padrées individuais de interacdo que
carreguem alguma informacdo significativa sobre o seu papel no mecanismo celular
através da interpretacdo de subgrafos obtidos através de hubs®, motivos ou cliques
(Aittokallio e Schwikowski, 2006).

Os motivos representam um grupo de moléculas (n6s) ligadas com o intuito de
trabalharem juntas para realizar uma funcdo bioldgica, ou seja, representam processos
biolégicos comuns (Barabasi e Oltvai, 2004). Para identificar os motivos que
caracterizam uma rede é necessario determinar todos os subgrafos de uma rede. Em
seguida, uma rede aleatéria é gerada mantendo-se inalterados o nimero de nds, ligacdes
e grau de distribuicdo. Subgrafos que aparecem significativamente mais frequentes na
rede real comparando-se a rede aleatoria sdo designados como candidatos a serem
classificados como motivos (Barabasi e Oltvai, 2004). Os motivos normalmente sdo
associados com alguma funcéo bioldgica otimizada (Barabasi et al., 2011).

Em termos de centralidades, esta € uma medida quantitativa da posicao relativa
de um n6 em relagdo aos outros nos, e pode ser usada para estimar a importancia

relativa ou o papel global de um nd na rede (Aittokallio e Schwikowski, 2006). As

** O conceito de hubs foi apresentado na secéo 1.4.3.
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medidas de centralidade estdo baseadas na conectividade do né (grau de centralidade), o
menor caminho de um n6 em relacdo a outros nos (medida chamada de closeness) ou o
numero de caminhos minimos que atravessam o n6 (medida chamada de betweenness;
Aittokallio e Schwikowski, 2006). Closeness é definida pela soma das distancias de um
nd para todos os outros nds pela equacdo closeness(v) = Y-, comprimento(v, vi)
(Everett and Borgatti, 2012). Por outro lado, a medida de betweenness é uma medida
relacionada a centralidade dos nos na rede e é calculado a partir do nimero de caminhos
minimos que passam por um no (Yu et al., 2007; Rahn et al., 2010). Esta medida ¢
calculada pela equacgéo da distancia d(v, w) apresentada na se¢éo 3.4.1.

NOs que possuem muitos caminhos minimos que passam por eles possuem maior
betweenness, indicando uma maior importancia para a estrutura da rede (Yu et al.,
2007). As proteinas que possuem um alto grau de nd determinam a existéncia de um
hub enquanto que as proteinas que possuem um valor alto de betweenness controlam o
fluxo de informacdo em uma rede e, assim, quanto maior for este valor, maior é a
chance de uma proteina conectar diferentes agrupamentos ou processos biolégicos
(Rahn et al., 2010).

E possivel cruzar diferentes tipos de medidas de centralidades para obter maiores
informacgdes sobre quais nos seriam importantes para a rede, como por exemplo, cruzar
os dados de grau de nds e betweenness para obtencdo dos chamados nos gargalos,
também conhecidos como bottlenecks (Yu et al., 2007).

Os gargalos sdo conectores chave entre proteinas com propriedades funcionais e
dindmicas interessantes e, correspondem a componentes dindmicos de interacdo na rede
(Yu et al., 2007). Em redes dirigidas, o valor da medida de betweenness (nodo
associado ao gargalo) é muito mais significativo do que o grau de um né (tipicamente

um hub, neste caso; Yu et al., 2007).
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A Figura 5 apresenta um exemplo de uma rede bioldgica onde o né 15
representa um hub na rede porque possui 0 maior grau de todos os nés da rede e, 0

circulo preto indica um ponto de gargalo na rede através da analise de centralidade.

Figura 5: Exemplo de uma rede bioldgica com um ponto de gargalo na rede obtida

através da analise de centralidade.

3.4.5 TOPOLOGIA GLOBAL DE UMA REDE

A topologia global tenta caracterizar o comportamento de uma célula como um
todo, ou seja, tenta averiguar a organizagdo hierarquica de uma célula procurando por
motivos ou agrupamentos em uma rede através de grupos interconectados envolvidos
em uma fungdo celular comum (Aittokallio e Schwikowski, 2006). As medidas
analisadas na topologia global envolvem o grau de distribui(;éo46 e coeficiente de
agrupamento em redes celulares e proteomas (Aittokallio e Schwikowski, 2006).

O grau de distribuicdo é usado para descobrir padrfes de interacdo baseado na

andlise de centralidade (Aittokallio e Schwikowski, 2006). O grau de distribuicdo

*® O calculo do grau de distribuic&o foi apresentado na se¢do 1.4.2.
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também fornece uma medida de conectividade da rede, onde uma rede com pouca
conectividade de n6s possui poucos nés com um grau alto de conectividade na rede. Por
outro lado, redes com uma média alta de conexdes entre 0s nOS possuem poucos nds
com um grau baixo de conectividade, sendo esta uma caracteristica das redes aleatdrias,
também conhecidas como redes randdmicas (Siegal et al., 2007). A consequéncia da
presenca desta propriedade em uma rede é que poucos hubs altamente conectados
mantém o controle de toda a rede juntos (Barabasi et al., 2011).

O  coeficiente de  agrupamento € calculado pela  equacdo

grau(v)

ST arestas®) onde o namero de ligacdes dos vizinhos
i=

CoeflClenteagrupamento(v) =

de um no (calculado pelo grau do ndé) dividido pelo numero maximo de ligacdes destes
nos (numero de arestas de um nd; Aittokallio e Schwikowski, 2006). O coeficiente de
agrupamento visa descobrir padrbes de pathways através da decomposicdo da rede em
grupos, sendo que para analisar um padrdo de pathways é necessario lembrar que um
caminho é um conjunto de nos Unicos (sem repeticdo) conectados através de um grafo
dirigido sem ramificacdes ou circulos (Aittokallio e Schwikowski, 2006). Desta forma,
um pathway em uma rede celular representada por um grafo representa a transformacéo
de um caminho de um nutriente em um produto final na rede metabdlica ou uma série
de modificagBes pos-traducional do sentido de um sinal para o destino pretendido de um

sinal de traducdo da rede (Albert, R., 2005).

3.5 FERRAMENTAS DE BIOLOGIA DE SISTEMAS

Existem varias ferramentas para a anélise de biologia de sistemas, tais como
Medusa, Pajek e Cytoscape. A ferramenta Medusa*’ usa um método de integracéo de

dados baseado em modelos de aprendizado de motivos e, usa fatores de transcrigdo

47 http://chio.mskcc.org/leslielab/software/medusa
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através da juncdo de sequéncias promotores e expressao génica (Kundaje et al., 2004).
A ferramenta Pajek* é uma ferramenta para visualizagdo e analise de grandes redes,
especialmente redes sociais (Batagelj and Mrvar, 2002). O software Cytoscape®
permite visualizar as informacdes referentes a uma rede de interagdo das proteinas e
fazer analises de biologia de sistemas usando os plugins desenvolvidos para aplicacdes

em conjunto com este software (Shannon et al., 2003).

@ Cytoscape Desktop (Session: xeroderma_union.cys)
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Figura 6: Rede PPI da doenga xeroderma pigmentosa importada para o programa
Cytoscape.

O Cytoscape foi utilizado neste trabalho como ferramenta de analise de biologia
de sistemas porque permite buscar diretamente uma rede de interagdo de proteinas e
possui um grande conjunto de plugins para analisar agrupamentos, ontologia génica e
centralidade em uma rede. Outro fator importante é que o Cytoscape pode ser acessado
por outros programas desenvolvidos na forma de workflows. Esta abordagem foi
utilizada neste trabalho, onde uma rede resultante de um algoritmo pode ser visualizada
diretamente no Cytoscape, sem a necessidade de uma intervencdo manual. A Figura 6

apresenta uma rede de interacdo de proteinas para a doenca xeroderma pigmentosa,

“8 http://pajek.imfm.si/doku.php

49 http://www.cytoscape.org
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importada para o Cytoscape a partir de uma pesquisa realizada no banco de dados
STRING.

Alguns plugins disponiveis no site do Cytoscape permitem realizar analise de
agrupamentos em redes de interacdo de proteinas, bem como, inferir as funcdes
bioldgicas dos seus componentes e anélise de centralidade. O MCODE® (Molecular
Complex Detection) é o plugin utilizado para detectar regides densamente conectadas
em grandes redes de interacdo de proteinas que representam complexos moleculares, ou
seja, esta analise pode levar a deteccdo de agrupamentos (Bader e Hogue, 2003).

A Figura 7 apresenta o resultado do uso do plugin MCODE para anélise da rede
de interacdo de proteinas para a doenca xeroderma pigmentosa. A esquerda s&o
apresentados os agrupamentos da rede e, a direita sdo apresentados os agrupamentos
juntos na rede. Os nameros de 1 a 4 indicam os pontos de conexdo da rede denominados

de hubs.

Cluster Browser

Id: 1
Score:

Nedes:
Edges:

Id: 2 (ramk: 2)
Score: 9,833
Hodes: €

Edges: 59

. Id: 3 (zank: 3)
Score: 4,667
Hodes: 3
Edges: 14

Figura 7: Andlise de agrupamentos de uma rede PPl usando o plugin MCODE

para a identificacdo de pontos de conexdo da rede denominados de hubs.

% http://www.allegroviva.com/allegromcode
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O plugin BiNGO®* (Biological Networks Gene Ontology) permite determinar as
categorias de ontologia génica (GO) presentes em um conjunto de genes ou em um sub-
grafo biologico de uma rede (Maere, 2005). Isto é feito atraves da identificacdo de hubs
em uma rede com o intuito de permitir a analise de suas funcionalidades e conexdes
usando a classificacdo determinada pelo Consércio de Ontologia Génica®® (Maere,
2005). O objetivo deste consorcio € produzir um vocabulario controlado para ser usado
em eucariotos, mesmo sabendo-se que, 0 conhecimento sobre 0s genes e papéis das
proteinas em células cresce e muda constantemente (The Gene Ontology Consortium et
al., 2000). As ontologias servem para classificar as redes conforme suas funcdes
bioldgicas, que podem ser componente celular, processo bioldgico ou fungdo molecular
(The Gene Ontology Consortium et al., 2000).

A Figura 8 apresenta a analise de ontologia génica da doenca xeroderma
pigmentosa (Figura 6). O resultado mostra o codigo e a descri¢do da funcionalidade de
cada proteina, bem como alguns valores estatisticos e o gene envolvido na funcgéo

biolégica como resultado do uso do plugin BINGO.

|£| BINGO output
weroderma
EO,HomD Sapiens, default, bingo, namespace] close
GO-ID Description p-val corr p-val cluster freq total freq geneq
[|18 egulation of DNA recombination 3.8247E-8 3.5561E-7 4/19 21.0% 2714306 0.1% [MSH&
[ EE] egulation of mitotic recombination 5.3024E-3 1.3166E-2 1/19 5.2%: 4/14306 0.0% |MLH1
75 iell cycle checkpoint 2,2790E-7 1.7784E-6 512 26.3% 107/14306 0.7%[XPC M
=77 DMNA damage chedkpoint 2.7332E-3 7.7055E-3 219 10.5% 59/14306 0.4% [XPC M
=79 egulation of cydin-dependent protein kinase activity 2,8252E-3 7.9143E-3 2f13 10,5% 50/14306 0.4% |MMAT:
[|z33 pachytene 5.3024E-3 1.3166E-2 119 5.2% 4/14306 0.0% [MLH1
[|288 nudear-transcribed mRNA catabolic process, deadenylation-dependent decay 5.3024E-3 1.3166E-2 1/19 5.2%: 4/14306 0.0% |MLH1
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717 nudeotide-exdsion repair, DMA duplex unwinding 1,3231E-3 4, 3080E-3 1/19 5.2% 1/14306 0.0%: |[ERCC3

Figura 8: Analise de ontologia génica para da rede PPl da doenca xeroderma

pigmentosa.

5% http://www.psb.ugent.be/cbd/papers/BiNGO/Home.html

52 http://www.geneontology.org/
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A Ultima medida a ser apresentada € a analise de centralidade (Figura 9)
conforme foi descrita na secdo 3.4.5. Esta analise pode ser feita usando o programa
CentiScaPe® (Centralities for Cytoscape) que calcula a medida de diferentes
parametros de centralidade para uma rede e, permite ao usuario analisar as relacdes
existentes entre os dados experimentais fornecidos pelos usuérios, além de identificar os

nos da rede que sdo relevantes para analisar visfes topoldgicas (Scardoni et al., 2009).

3} Cytoscape Desktop (Session: xeroderma_union.cys)
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Figura 9: Analise de centralidade usando o plugin CentiScape no programa
Cytoscape.

A Figura 9 apresenta o resultado do uso do plugin CentiScape para o célculo da
distancia média (rede apresentada a direita) para a rede de interacdo de proteina da

doenca xeroderma pigmentosa (apresentada a esquerda).
3.6 WORKFLOWS CIENTIFICOS

Um workflow diz respeito a automatizacdo de procedimentos, onde documentos,
informacdes ou tarefas sdo passadas entre os participantes de acordo com um conjunto

pré-definido de regras, para se alcancar ou contribuir no objetivo global de um negocio

%3 http://www.chmc.it/~scardonig/centiscape/centiscape.php

34


http://www.cbmc.it/~scardonig/centiscape/centiscape.php

(Wfmc, 2004; Sommerville, 2007). Apesar de um workflow permitir a organizagéo
manual de procedimentos, na pratica a maioria dos workflows sdo organizados dentro de
um contexto do sistema de informacdo para prover um apoio automatizado aos
procedimentos (Wfmc, 2004; Sommerville, 2007).

Workflows cientificos sdo usados para descrever experimentos in silico em
bioinformatica (Silva, 2006; Freire et. al, 2006; Davidson et, al, 2007; Silva et. al, 2010;
Chirigati and Freire, 2012) e, 0 seu uso tem crescido muito nos ultimos anos (Freire et.
al, 2006; Davidson et, al, 2007; Silva et. al, 2010; Linke et al., 2011; Chirigati and
Freire, 2012). Estes workflows sdo construidos através de uma sequéncia de passos que
caracterizam um fluxo de execucdo onde, cada um destes passos usam programas de
terceiros (Silva, 2006). Cada execucdo do workflow é considerada um experimento e, de
acordo com o resultado alcancado, os parametros podem ser revistos e o workflow é
novamente executado ou, eventualmente, é preciso realizar algumas execuc¢des parciais
novamente (Silva, 2006; Freire et. al, 2006; Davidson et, al, 2007; Silva et. al, 2010;
Chirigati and Freire, 2012). A execucdo de um determinado workflow pode ndo
terminar ou ndo oferecer resultados conclusivos, porém é importante manter registrado
0S experimentos com execu¢do bem sucedida, bem como aqueles com execucdes
defeituosas (Meyer et al., 2004; Freire et. al, 2006; Davidson et, al, 2007; Silva et. al,
2010; Chirigati and Freire, 2012).

Existem programas especificos para a criacdo e execucdo do workflow, tais
como, Taverna (Oinn et al., 2004), Kepler (Altintas et al., 2004; Wang et al., 2012a),
VisTrails (Callahan et al., 2006), Galaxy (Goecks et al., 2010) e Conveyor (Linke et al.,
2011). Estas ferramentas permitem desenhar o workflow e fornecem mecanismos para

acessar os programas de terceiros usando web services, chamadas remotas via URL ou
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chamadas via linha de comando (Altintas et al., 2004; Oinn et al., 2004; Callahan et al.,
2006; Linke et al., 2011; Wang et al., 2012a).

Para usar uma das ferramentas citadas anteriormente, é necessario conhecer e
compreender o seu funcionamento interno, visando usar e integrar corretamente 0s
softwares de terceiros, como é possivel observar na explicacdo do uso do Kepler (Wang
et al., 2012a). Por si s6, compreender o funcionamento dos programas de terceiros €
uma tarefa ardua e, quando juntamos ambos, a complexidade pode aumentar muito
(Goecks et al., 2010). Uma alternativa a isto é desenvolver o workflow sem o uso destas
ferramentas utilizando uma linguagem de programacdo para desenvolver o seu préprio
workflow (Koster and Rahmann, 2012). Neste caso, a complexidade de usar programas
de terceiros continua, mas o desenvolver ja conhece a linguagem de programacao.
Entretanto se ndo a conhecer, a complexidade é a mesma da situacdo anterior.

Um workflow é construido a partir de varios passos ligados que consumem
entradas, processam e convertem dados e produzem resultados (Linke et al., 2011;
Wang et al., 2012a). Os mais simples workflows sdo cadeias lineares de passos para
converter entradas de dados para saidas desejadas (Linke et al., 2011; Wang et al.,
2012a). Procedimentos mais complexos podem incluir lacos de repeticdo, ramificacdes,
processamento paralelo e condicional, leitura de vérias fontes de dados e, devem
escrever diferentes saidas de dados usando diferentes formatos (Linke et al., 2011;
Wang et al., 2012a).

Muitos experimentos in silico em bioinformatica sdo feitos usando o conceito de
workflow para gerar workflows genéricos ou especificos. Exemplos de workflows
genéricos foram desenvolvidos para usar a linguagem de programacdo phyton para o
processamento de agrupamento de dados (Koster and Rahmann, 2012), ou para integrar

varios programas e ferramentas de bioinformatica usando o Taverna. Desta forma, ha a
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possibilidade do usuario de bioinformatica usar estas ferramentas para montar o seu
préprio workflow (Bruin et al., 2012). Uma abordagem para deteccdo probabilistica de
motivos (Claeys et al., 2012) e uma analise de perda e ganho de genes em genomas
distantemente relacionados (Ptitsyn and Moroz, 2012) sdo exemplos de workflows com

propdsito especifico.
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Dis2PPI: A workflow designed to integrate proteomic

and genetic disease data

Summary

Experiments in bioinformatics are based on protocols that employ different steps for
data mining and data integration, collectively known as computational workflows.
Considering the use of databases in the biomedical sciences software that is able to
query multiple databases is desirable. Systems biology, which encompasses the design
of interactomic networks to understand complex biological processes, can benefit from
computational workflows. Unfortunately, the use of computational workflows in
systems biology is still very limited, especially for applications associated with the
study of disease. To address this limitation, we designed Dis2PPI, a workflow that
integrates information retrieved from genetic disease databases and interactomes.
Dis2PPI extracts protein names from a disease report and uses this information to mine
protein-protein interaction (PPI) networks. The data gathered from this mining can be
used in systems biology analyses. To demonstrate the functionality of Dis2PPI for
systems biology analyses, we mined information about xeroderma pigmentosum and
Cockayne syndrome, two monogenic diseases that lead to skin cancer when the patients
are exposed to sunlight and neurodegeneration.

Keywords: Data integration, system biology, interactomes networks.

1. INTRODUCTION

Less than two percent of DNA actually encodes proteins from human genome
and more than fifth percent consists of repeated sequences (transposons, movable DNA
sequences) (Lehninger et al., 2005). So, there are many researches to be done to
discovery DNA and proteins undefined yet. Biological databases are important tool
used for bioinformatics analyses like that mentioned above. All biological databases are
built taking into consideration the amount of information generated, its logical structure,
and the diversity of tools used to gain access to and analyze the information stored
(Lesk, 2008). Thus, any bioinformatics application must be able to share and/or
integrate data from more than one biological database. To perform this task, the
biological data present in the initial database should be read and processed, the output
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result should be usable as input for another database, and all data should be collected.
This process is repeated when a third database is available, resulting in time-consuming
data mining and analysis with results that are not always satisfactory.

Unfortunately, the diversity of available tools and the unique logical structure of
each database make the simultaneous retrieval of information from multiple sources a
difficult task for the user. Two important biological databases containing useful
information are (i) Online Mendelian Inheritance in  Man (OMIM,;
http://www.ncbi.nlm.nih.gov/omim), which describes monogenic diseases in humans
and their cellular and molecular components (Amberger et al., 2009), and (ii) STRING
[http://string-db.org/], a database of known and predicted protein-protein interactions
from a large number of organisms, including direct (physical) and indirect (functional)
association (Jensen et al., 2009). Unfortunately, the crosstalk between these two
databases is very limited, although both contain similar information. This heterogeneous
task character a workflow process.

Workflows are used in many bioinformatics experiments to follow a protocol to
establish the steps that must be taken and the order in which these steps must be
undertaken by the user to execute that protocol. Thus, the organization of these steps in
an automatic manner is desirable in many research areas within bioinformatics and the
biological sciences. Peng et al. (2009) and Downing et al. (2009) have used
computational workflows to define steps for biological experiments using databanks.
The results of these experiments were then used to query databases. For example, Peng
et al. (2009) developed workflow steps that verify post-transcriptional gene regulation
at the miRNA level in complex human diseases, focusing on liver tissue biopsies
contaminated or uncontaminated by the hepatitis C virus. Workflows can also be
applied to health population analyses, as demonstrated by Downing et al. (2009). One
example of this application is the creation of a database to query heterogeneous data
sources and extract useful disease information following dynamic neuroscience
(Cheung et al., 2009), genomic (Nuzzo and Riva, 2009), and computerized clinical
guidelines (Damiani et al., 2010). Another interesting application of the use of
workflows is to analyze microscopy images, leading to multiple classifications and the
elucidation of complex phenotypes (Misselwitz et al., 2010).

Interestingly, many applications that use web services to extract and integrate
data from biological databases (e.g., genomic or proteomic) could also use workflows to

define the main steps used for computational processing. Silva et al. (2006) defined a
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workflow management engine independent of the data source that is based on a set of
scientific web services, a set of template data web services, and a database manager.
Workflows designed for data management (downloading, importing, extracting,
integrating, and normalizing), data and metadata annotation assignments, queries, and
custom and meta-analyses of gene expression datasets have been developed (Bisognin
et al., 2009).

One of the primary purposes of a scientific workflow is to analyze the results
generated from multiple simultaneous database mining operations. Some areas of
bioinformatics, including systems biology, can make use of workflows to better
integrate mined biological data in useful models. Systems biology enables the study of
interactions among the different components of biological entities on a large scale
(Weston and Hood, 2004; Barabasi and Oltvai, 2004), and the use of analytical high-
throughput methods generates a large amount of information about the behavior of an
organism under particular physiological conditions (Barabasi, 2002).

To help researchers integrate different types of high-throughput data, software
and algorithms have been developed to facilitate the analysis and design of biological
models (Zollner et al., 2005; Gehlenborg et al., 2010; Linke et al., 2011), including
those that integrate data on monogenic diseases and protein-protein networks. Some
prominent examples of these systems include the NCBI Entrez Utilities Web Service
(Wheeler et al., 2006), which enables developers to access DNA, RNA, protein, and
genetic disease data; the Agilent Literature Search Software, which can generate PPI
networks from literature data mining
[http://www.agilent.com/labs/research/litsearch.ntml]; and DisGeNET, software that
can query and analyze a network representation of human gene-disease networks
(Bauer-Mehren et al., 2010). Using these programs, it is possible to query a database
with the name of a disease and obtain a protein-protein interaction (PPI) network, but
each software program mentioned here must be used separately, and users must query,
select, process, and prepare data from each program separately. None of the software
programs mentioned is able to query multiple databases simultaneously to generate a
diseasome network. A diseasome network is a graph of disorders and disease genes
linked by known disorder—gene associations that offers a platform from which to
explore, in a single-graph theoretic framework, all known phenotype and disease gene
associations, indicating the common genetic origin of many diseases (Goh et al., 2007).
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To better generate diseasome networks from multiple high-throughput data,
Dis2PPI allows the user to generate a diseasome network using a single program that
queries OMIM and STRING databases and/or other databanks and software.

2. MATERIAL AND METHODS

2.1 DATABASES

The OMIM database was queried using human genetic diseases as search terms.
We chose xeroderma pigmentosum and Cockayne syndrome as diseases for which we
mined information from OMIM. The STRING database was used to query protein-
protein interaction (PPI) networks using the names of proteins extracted from our query
of OMIM genetic diseases. In this case, proteins related to xeroderma pigmentosum and
Cockayne syndrome were used to query the STRING database. The parameters used in
STRING software were as follows: all prediction methods enabled, excluding text
mining; 20 to 50 interactions; degree of confidence, high (0.700); and a network depth
equal to 1. The OMIM database were accessed by NCBI Eutils WSDL>* specification
using Entrez Utilities Web Service™ with Apache Axis2 for Java (Amberger et al.,
2009).

2.2 DIS2PPI DESIGN AND VALIDATION

The scientific  workflow integrated in the Dis2PPI®®  software
[http://www.danlian.com.br/dis2ppi] is explained in Fig. 1. Initially, a genetic disease
search term is input by the user (Fig. 1). We used xeroderma pigmentosum and
Cockayne syndrome, two monogenic diseases, to mine for information about the major
PPI networks associated with these diseases. Briefly, Dis2PPI submits a genetic disease
as a query to the OMIM database using web services. The output from this first analysis
is an HTML file with a report of all monogenic diseases that match the original input.
The software then presents a report for the user’s evaluation. This report is presented as
a tree window, allowing the user to select the desired data. After the user selects the

desired data, Dis2PPIl proceeds by extracting protein names from the report and

> Details is available at http://www.ncbi.nlm.nih.gov/entrez/eutils/soap/v2.0/eutils.wsdl
> Details is available at http://www.ncbi.nlm.nih.gov/entrez/eutils/soap/v2.0/DOC/esoap_java_help.html

% Dis2PPi software is distributed under GPL license terms.
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displaying the results for the user as a new tree window. The user can then add or
remove duplicate or synonymous protein names from a chosen organism. The resulting
list of selected proteins is used as input to the STRING database using a Uniform
Resource Locator (URL) method, returning a PPI network file that matches the protein
name input supplied by the user. The resulting network can be displayed in a browser or
can be imported with the Cytoscape (Shannon et al., 2003; http://www.cytoscape.org)

tool for further systems biology analyses (e.g., modularity or centralities analyses).
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Figure 1. A workflow describing the major steps of Dis2PPI.

2.3. CLUSTER ANALYSIS

The binary PPI network obtained from the initial search was analyzed using the
Cytoscape plugin Molecular Complex Detection (MCODE; Bader and Hogue, 2003),
which is available at http://baderlab.org/Software/MCODE. MCODE is based on vertex
weighting by the local neighborhood density and outward traversal from a locally dense
seed protein to isolate the dense regions according to given parameters stipulated by the
researcher (Bader and Hogue, 2003). The parameters for cluster finding were as
follows: loops included; degree cutoff 2; expansion of a cluster by one neighbor shell
allowed (fluff option enabled); deletion of a single connected node from clusters
(haircut option enabled); node density cutoff, 0.1; node score cutoff, 0.2; kcore, 2; and

maximum network depth, 100.
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2.4. CENTRALITY ANALYSIS

Centrality analysis was performed using the program CentiScaPe (Compe and
Egly, 2012; http://profs.sci.univr.it/~scardoni/centiscape/centiscapedownload.php). In
this analysis, CentiScaPe scanned the network, and measured the significance levels of
node degree and betweenness to establish the most important nodes (proteins) in the
network. Thus, it is possible to detect the most relevant proteins for a determined
pathway or connection. Betweenness indicate the number of shortest paths that go
through each protein (Scardoni et al., 2009). Thus, proteins with a high betweenness
score control the information flow through a network. The higher a protein’s
betweenness score, the higher the probability that the protein connects to different
clusters or biological processes, which characterize so-called bottlenecks. Finally, the
node degree is a simple measure that indicates the number of connections that involve a
specific protein. Proteins with a high node degree are called hubs (Scardoni et al., 2009)
and have key regulatory functions in the cell. Thus, the local topologies of the network
(hubs and bottlenecks) were defined considering the threshold generated by node degree
and betweenness centralities calculated by CentiScape 1.0. In this sense, bottlenecks
were defined as a node with a value above the threshold calculated for node degree and
betweenness, and hubs are nodes with high node degree and low betweenness.

3. RESULTS

3.1 DIS2PPI IMPLEMENTATION

Dis2PPI software was designed as a scientific workflow tool used to search and
integrate genetic disease information with protein-protein interaction (PPI) networks.
Dis2PPI allows the user to evaluate the major biological pathways and protein
complexes that can be affected by a specific genetic disease or physiological condition.
Dis2PPI employs five primary steps used to mine disease-protein interaction networks
(Fig. 1): (i) searching for a specific disease, primarily human genetic diseases; (ii)
extracting a list of proteins names associated with the disease; (iii) searching for
protein-protein interactions (PPI); (iv) visualizing the resulting PPI network; and (v)
proceeding with a systems biology analysis.

The first step receives a user input of a monogenic disease, which is used to
access the OMIM database to obtain a description of the disease. After the desired
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description is selected by the user (Fig. 2A), the software extracts protein names from
the disease description (Fig. 2B) and uses this as input to access the STRING database
remotely (Fig. 3A) and capture PPI networks. After the PPI networks are gathered (Fig.
3B), the user can obtain a text file containing information about the disease-genetic

networks identified and upload the text file to various programs for network analyses
(e.g., Cytoscape).
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Figure 2. (A) The initial analysis of xeroderma pigmentosum type XPA
performed by Dis2PPI software. Dis2PPI lists different diseases that are
related to Xeroderma pigmentosum, allowing the user to select a specific
genetic pathology. Once selected, the user also chooses the species whose

proteins will be investigated (B).
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Figure 3. (A) Descriptions of the major proteins gathered from xeroderma
pigmentosum data by Dis2PPI choosing Homo sapiens as the model species.
The major PPl network generated from STRING 9.0 prospection by
Dis2PPI. The gathered PPI network was visualized in Cytoscape (B).

3.2 DATA EXTRACTION AND AUTOMATIC DATA INTEGRATION

To effectively implement the steps described previously, Dis2PPI makes use of
regular expressions to extract biological information for data mining and systems
biology analyses. Regular expression is a computational method to look for patterns in a
text file, i.e. this method is interesting to scan unknown text to find expressions that
matches with a target search. In our case, the regular expression used was ([A-Z]{1}[A-
Z0-9]{1,5}), which extracts a protein identifier that begins with a capital letter and
whose next five characters can be capital letters or numbers. When a regular expression
is executed, many terms are correct proteins names like CCNH and CDK7. But it is
possible to obtain false-positive proteins names like HTML tags or proteins names that
do not match with the chosen organism. More details are related on section 3.4. Regular
expressions were also used in Dis2PPl implementation to access String databases to
correct mount URL (e\\_([A-Za-z0-9]{2}[A-Za-z0-9\\ _]+)\\.) to download the network
image file from String database.

OMIM and String databases were accessed using remote calls. Web services
were used to access the OMIM database using Entrez Program Utilities (Amberger et
al., 2009) tools (Fig. 4A), and URL access method was used to access the STRING
database (Fig. 4B).

A EUtilsServiceStub service = new EUtilsServiceStub();
EUtilsServiceStub ESearchR equest req = createSearchRequest(qr);
EUtilsServiceStub ESearchR esult res = serviceun_eSearchireq);
listIdsDisease = processSearchResultRequest(res);

return listIdsDisease;

B URL url =new URL("http://string-db.org/api/tsv-no-header/resolve?identifier=" +
vo.getTerm () + " &species=" + vo.getSpecie()):

HttpURLConnection connection = (HttpURL Connection) url openConnection();

connection.addR equestPropertv(" Request-Method", "GET");

connection.setDolnput(true);

connection.setDoQOutput(fal se);

connection.connect();

BufferedR eader reader = new BufferedReader(new InputStreamR eader(url.openStream (}));

Figure 4. The Java source code used to access the ESearch tool web service
to obtain a disease report (A) and the Java source code to access the String

database to obtain a protein description (B).
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The extract proteins step (Fig. 1) was implemented as a regular expression
(presented above) to extract all proteins cited in the HTML-format disease report
generated by the OMIM database (Fig. 2B). When the regular expression was executed,
proteins appeared in the results, including A188, APOAL, B15, CLEC16, and many
others. However, the algorithm can also mine for non-protein names, which can be
excluded by the researcher to avoid the inclusion of non-protein names and expressions
in the results of the analysis. The Dis2PPI software access the String database to query
all proteins names extracted. The validate proteins names and its descriptions were
shown to user (Fig. 3A). Proteins names that did not have a query match on String
database were discarded to avoid user work with false-positive proteins names.

The get proteins description step (Fig. 1) was implemented to separate the query
results. Any line from the query results contains information that is then combined with
the query parameters. The separation of these two forms of information is needed to
enable the user to select all proteins (of the user’s choice) with which to generate the
protein-protein interaction network (Fig. 3A).

The get protein interaction network step (Fig. 1) was implemented as a regular
expression to create the URL string needed to access the STRING database and obtain a
PPI network XML flat file to use with Cytoscape software. Also, an image file was

downloaded to display to the user (Fig. 3B) at web browser.

3.3 A CASE ANALYSIS WITH DIS2PPI - XERODERMA PIGMENTOSUM

To evaluate the functionality of Dis2PPI, the disease xeroderma pigmentosum
type XPA was used as the initial query. The data returned from the OMIM included
several entries, being the first selected (Fig. 2A). After selected all protein names and
Homo sapiens as the model organism to be searched (Fig. 2B), we mined PPI network
information using STRING database. The data gathered from STRING include many
proteins and their descriptions (Fig. 3A). Proteins that were not found to belong to a
major PPl network were discarded in this analysis. Once generated, the PPI network
was uploaded in Cytoscape (Fig. 3B).

A PPI network was acquired for xeroderma pigmentosum type XPA using
Dis2PPI software. The whole process of protein extraction from OMIM report’s
diseases followed by PPI network generation from STRING database is shown on Fig.
5A to D. An important point is that all data gathered is validated by the user. Dis2PPI
extracted all candidate proteins (Fig. 5B) from OMIM’s report (Fig. SA). The expert
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can remove or add protein names to avoid false-positive information. In this example,
ABES858, B4AAB7, E25FDB, E496CF, JCI113, L3HHYT, S00928, SO161, S77E,
TTD1, TTD2, XP4 and XP8 were queried to STRING database as part of Homo sapiens
proteome, and the results indicated that these names are not valid proteins

identifications.
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Figure 5. Example of protein data extraction and processing using Dis2PPi
software and expert advises. In (A) the OMIM’s report for xeroderma
pigmentosum was used to extract all potential protein names (B). After
selecting the correct protein names (C), the list was subjected to STRING

database in order to generate a PPI network (D).

On the other hand, CDK7, MNAT1, ERCCL1, ERCC2 and P18074 are valid proteins
names, as indicated by STRING database (Fig. 5C). At this point, the user can select
these proteins to obtain a xeroderma pigmentosum (XP) PPl network. Dis2PPI
generates a new XP PPI network (Fig. 5D) by querying STRING database, allowing the

user to apply different systems biology analyses.

3.4 XERODERMA PPI NETWORK SYSTEM BIOLOGY ANALYSIS

Dis2PPI was used to obtain three different XP networks for XPA, XPC and XPD
groups (Fig. 6A). The Merge Cytoscape plugin (Shannon et al., 2003) was used to

create a new PPI network using union method to merge all XP networks (Fig. 6B).
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Figure 6. In (A), xeroderma pigmentosum PPI network was acquired for
XPA, XPC and XPD groups. Then, a merged PPI network obtained using
Merge Cytoscape plugin (B).

The next step was to analyze the merged XP network (Fig. 6B) in terms of cluster
number and node centralities. Considering cluster analysis, it was possible identify three
major clusters (Fig. 7), which are associated to: (i) DNA damage removal by nucleotide
excision repair (NER), (ii) DNA mismatch repair (MMR), and (iii) RNA transcription
and NER (Table 1). In addition, centrality analysis was performed in order to identify
the major nodes within the XP network. Centrality data indicated the presence of four
major bottlenecks that are associated to the cluster 1, necessary for DNA damage
recognition and repair. These bottleneck proteins are ERCC1, 2 and 4, and XPA
proteins (Fig. 7). In addition to NER, one interesting cluster analyzed from major XP
network is responsible for MMR process (Cluster 2; Fig. 7). Moreover, unclustered
proteins like RAD23A and PMS2L1 were found within major XP network (Fig. 7).
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Table 1. Specific gene ontology (GO) classes derived from physical protein-protein interactions observed
in different subgraphs.

Cluster|GO biological )
GO number, p-value Corrected p-value® k L
number|process category

Nucleotide-excision
repair, DNA damage| 718 3.56x10™%° 1.03x107% 10 21

removal

Cluster 1

Response to UV 9411 2.40x10% 8.47x10™ 7 62

Mismatch repair 6298 5.28x10% 1.28x10™"2 5 22

Cluster 2

Nucleotide-excision
repair, DNA damage| 718 2.73x10°° 3.84x107 3 21

removal

RNA elongation
from RNA

Cluster 3

6368 3.54x10® 1.69x10°® 3 48
polymerase I

promoter

®Values calculated from p-value after FDR application.
®Total number of proteins found in the network that belong to a specific GO.

“Total number of proteins belonging to a specific GO.
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Figure 7. Cluster and centrality analyses of XP network. The three major
clusters and the bottlenecks nodes are shown in the network by different

node shapes and by a gray color, respectively (inset box).

3.5 EXPANDING THE XERODERMA PIGMENTOSUM

NETWORK BY ADDING COCKAYNE SYNDROME-
ASSOCIATED PROTEINS

In order to improve the systems biology analysis of XP network (Figure 7), we
expanded the original XP network with proteins associated with Cockayne syndrome
(CS), also a monogenic disease related to NER and MMR pathways.

The data gathered allow to the generation of a XP-CS network, which contains 81
nodes and 907 edges (Figure 8).
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Cluster analysis of XP-CS network (Figure 8) indicated the presence of four
major subgraphs, which are associated to: (i) NER pathway and response to DNA
damage, (ii) MMR pathway and DNA replication, (iii) transcription and DNA repair

processes, and (iv) protein folding mechanism (Table 2).
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Table 2. Specific gene ontology (GO) classes derived from physical protein-protein interactions observed
in different subgraphs of XP-CS network.

Cluster|(GO biological )
GO number, p-value Corrected p-value® k L
number|process category
Nucleotide-excision
—  |repair, DNA damage| 718 3.06x10™*° 5.15x10%¢ 10 21
S
%'), removal
3
O .
Response to UV 9411 4.41x10™ 6.17x10" 6 Five
Mismatch repair 6298 2.20x10™ 5.61x10™" 5 29
o
3
(%2}
=
@] . 12 -11
DNA replication 6263 2.41x10 4.10x10 5 71
RNA elongation
from RNA
6368 1.95x10™ 3.82x10°% 17 47
o  [polymerase I
E’ promoter
3
O  |Nucleotide-excision
repair, DNA damage| 718 1.54x10° 1.04x107 4 21
removal
<t
£ |Protein folding 6457 6.14x10™" 9.76x10™ 8 182
>
O

®Values calculated from p-value after FDR application.
®Total number of proteins found in the network that belong to a specific GO.
“Total number of proteins belonging to a specific GO.

Centralities analysis pointed to the major bottleneck nodes previously indentified
only in the XP network (Figure 7) and also five new bottleneck nodes, which are TP53,
CDK7, CCNH, MNAT1, PPP2R1A, PPP2CA, PPP2CB, ERCC4, and ERCC5. Some
bottlenecks nodes, like those associated to the serine/threonine-protein phosphatase 2A
catalytic subunit alpha and beta isoforms (PPP2CA and PPP2CB, respectively) and
serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform
(PPP2R1A) were not previously described for XP and CS diseases.
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4. DISCUSSION

The NCBI Entrez Utilities Web Service enables developers to access Entrez
Utilities via the Simple Object Access Protocol (SOAP) [http://www.w3.org/TR/soap/].
The current version of the NCBI Entrez Utilities Web Service provides access to DNA,
RNA, and protein data from many species and allows users to query the OMIM
database (Amberger et al., 2009). Dis2PPI uses the Entrez utilities web service to
directly access OMIM disease reports. In this sense, other plug-ins commonly used to
search for PPI networks associated with diseases include the Agilent Literature Search
software (Agilent, 2012) for Cytoscape (Shannon et al., 2003) and DisGeNET (Bauer-
Mehren et al., 2010).

Agilent Literature Search software generates an overview network of
gene/protein associations. When a query is entered, it is submitted to multiple user-
selected search engines, and the retrieved results (documents) are fetched from their
respective sources. Each document is then parsed into sentences and analyzed for
protein-protein associations. Agilent Literature Search software uses a set of "context"
files (lexicons) for defining protein names (and aliases) and association terms (verbs) of
interest (Agilent, 2012). Associations extracted from these documents are collected into
a Cytoscape network. The sentences and source hyperlinks for each association are
further stored as attributes of the corresponding Cytoscape edges (Agilent, 2012). The
differences between Agilent and Dis2PPI are as follows: (i) Dis2PPI specifically queries
the OMIM about diseases, whereas Agilent is an engine used to query many sources for
information about genes and proteins; (ii) Dis2PPI extracts proteins from a disease
report based on the use of regular expressions to identify protein names, and users can
add or remove proteins associated with a specific disease; (iii) Dis2PPI does not use
verbs as search terms.

By its turn, DisGeNET is another Cytoscape plug-in used to query and analyze a
network representation of human gene-disease databases (Bauer-Mehren et al., 2010).
DisGeNET allows the user to query specific diseases and their respective associated
genes (Bauer-Mehren et al., 2010). This plug-in represents gene-disease associations in
terms of bipartite graphs and provides gene-centric and disease-centric representations
of the data (Bauer-Mehren et al., 2010). DisGeNET assists the user in the interpretation
and exploration of complex human diseases with respect to their genetic origins using a

variety of built-in functions (Bauer-Mehren et al., 2010). Dis2PPI allows the user to
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mine for protein-disease associations in different species by generating a protein
interaction network representation. While DisGeNET provides a gene- and disease-
centric association, Dis2PPI have a interatomic approach by considering not only gene
data, but also proteomic and literature data.

Thus, considering the algorithm implemented in Dis2PPI software, we prompt
us to evaluate the functionality of the program by prospecting the major proteins related
to xeroderma pigmentosum (XP) disease and then expanding the XP network by adding
proteins that are related to Cockayne Syndrome (CS).

XP is a genetically heterogeneous autosomal recessive disorder characterized by
increased sensitivity to sunlight with the development of carcinomas at an early age
(Satokata et al., 1992) and characterized by increased sensitivity to ultraviolet (UV)
irradiation and increased risk of skin cancer resulting from a defect in DNA repair
pathways, especially nucleotide (NER) and base excision repair (BER) (Li et al., 1993).
Patients of the group A, the most common form in Japan, show involvement of the
central and peripheral nervous systems in addition to cutaneous lesions (Kanda et al.,
1990). XPC is the most common form of XP in the caucasian population, accounting for
over a third of all cases in this group, where cell lines from these patients were the least
sensitive to UV-irradiation compared to 4 other cell lines, and exhibited a near-normal
level of XPC mRNA (Li et al.,, 1993). Linkage of trichothiodystrophy (TTD) and
xeroderma pigmentosum of complementation group D of XP (Nuzzo et al., 1986) and
the ERCC2 DNA repair gene corrects the defect in XPD cells (Flejter et al., 1992).

Both NER and MMR are two DNA repair pathways evolutively conserved that
are found in both prokaryotes and eukaryotes (Friedberg et al., 2005). NER and MMR
are essential for the remotion of different types of base lesions generated on DNA,
including ultraviolet light (UV)-induced cyclobutane pyrimidine dimer (CPD) and
pyrimidine (6-4) pyrimidone photoproduct (6-4PP), as well as other bulky base adducts
that can be induced by numerous chemical compounds (Friedberg, 2001; Hoeijmakers,
2001; Friedberg et al., 2005). It is known that defects in NER are associated with
several human autosomal recessive hereditary disorders, such as XP. In this sense, the
proteins ERCC1 and ERCC4 and XPA (Fig. 7) composes a ternary complex that
recognizes the DNA damages induced by UV light (Park and Sancar, 1994), where
ERCC1 and ERCC4 are two structure-specific DNA repair endonucleases responsible
for the 5’-incision during DNA repair (Rahn et al., 2010), while XPA, a 32 kDa zinc

metalloprotein, is the sole recognition factor required for NER activities and is believed
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to play a role in verification of DNA damage (Friedberg et al., 2005). By its turn,
ERCC2 is an ATP-dependent 5'-3' DNA helicase (White, 2009), component of the core-
TFIIH basal transcription factor and is also involved in NER. In fact, these four proteins
are essential for NER pathway, and their homologous are found in virtually all
eukaryotes. Moreover, these proteins were found participating in different DNA repair
pathways, like DNA recombination (Costa et al., 2003; Naegeli and Sugasawa, 2011)
and mismatch repair (MMR). Interestingly, these four proteins where identified as
bottleneck in our centrality analysis, reinforcing the major position that these proteins
display on XP network (Fig. 7).

In addition to ERCC1, 2 and 4, and XPA, two proteins, MNAT1 and CCNH,
which are found belonging to cluster 3 (Fig. 7), composes the catalytic subunit of the
CDK-activating kinase (CAK) enzymatic complex (Drapkin et al., 1996) that regulates
the cyclin-dependent kinase (CDK) 7. How MNAT1 and CCNH are connected to NER
are unknown, opening a new perspective for the study of these two proteins in the
context of XP disease.

Considering the CAK complex, the importance of this protein complex for NER
have been described using an elegant DNA repair in vitro protocol with purified NER
and CAK proteins (Araujo et al., 2000). The CAK proteins act during the initial phase
of recruitment of NER proteins at the DNA lesion, where it is firstly recognized by the
binding of XPC-RAD23B complex and/or the lesion sensor UV light-damaged DNA-
binding protein (UV-DDB) complex, composed by DDB1 and XPE proteins.
Interestingly, both complexes (XPC-RAD23B and UV-DDB) are found represented in
our network (Fig. 7). It is important to note that XPC-RAD23B complex mediates the
recruitment of the transcription initiation factor TFIIH to the DNA lesion, leading DNA
to unwinding by the helicase activity of XPD and the ATPase activity of XPB (Compe
and Egly, 2012). Once DNA opening was completed, XPA is recruited to the site of
lesion, leading to the release of the CAK complex. The release of CAK enlarge DNA
opening and promotes the recruitment of the XPF-excision repair cross complementing
1 (ERCC1) complex and XPG, releasing XPC-RAD23B and promoting DNA repair
(Compe and Egly, 2012).

While RAD23A is found with XPC to repair DNA damages induced by UV light
(Li et al., 1997), PMS2L1 belongs to the postmeiotic segregation increased 2-like
proteins group that participate into MMR. Considering PMS2 group, it has been

described its association with human DNA polymerase eta (Poln), which have an
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essential role in translesion DNA synthesis, a process necessary for DNA damage
tolerance (Kanao et al., 2009). Despite the fact that MMR is an important excision DNA
damage pathway (Li, 2008), their roles on XP are less known. Experimental data using
knockout transgenic murine models for XPA gene indicated that MMR cooperatively
works with NER (Yoshino et al., 2002). Thus, our data prospection validated the
importance of MMR for XP disease, serving as a model for new biochemical and
genetic studies with human cells from XP patients.

Interestingly, CS is also an autosomal recessive progeroid disorder that affects
the development and maintenance of different tissues (Weidenheim et al., 2009; Natale,
2011). All CS patients display neurological dysfunctions and a phenotype that resemble
aging, gait defects and ocular and skeletal abnormalities, leading to patient death during
childhood (Weidenheim et al., 2009; Natale, 2011). In this sense, mutations on ERCC6
and ERCCS8, two proteins that participate in a specific NER pathway termed
transcription-coupled repair (TC-NER; Lainé and Egly, 2006) leads to the development
of CS. The TC-NER pathway is also associated with XP and with a less understood
disease termed combined XP-CS disease, whose patients display clinical features of
both XP and Cockayne syndromes (Lainé and Egly, 2006).

When considering TC-NER pathway, it is important to note that genes that are
transcribed within a cell are repaired in a fast pace when compared to silenced regions
of chromatin (Lainé and Egly, 2006). This fast response to specific DNA damages
induced by UV light or chemical compounds ensures that RNA polymerase complex
can resume the transcription of genes that are needed to maintain cell homeostasis.
Thus, disturbances on TC-NER as observed in XP and CS diseases lead to a delay in the
transcription of major genes, culminating in cell cycle arrest and/or cell death (Lainé
and Egly, 2006).

Our systems biology analysis of XP-CS network (Figure 8) revealed the
presence of biological processes associated to TC-NER as expected (e.g., NER and
RNA elongation from RNA polymerase Il promoter; Table 2), but also indicated the
participation of protein folding as an important mechanism for XP and CS diseases
(Table 2).

The protein folding process is represented by serine/threonine protein
phosphatase 2 catalytic and regulatory isoforms (PPP2C and PPP2R, respectively;
Figure 8) as well as by the calmodulin binding proteins named striatin (STRNSs; Figure

8). Interestingly, both PPP2C/PPP2R and STRNs compose a protein complex named
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striatin-interacting phosphatase and kinase (STRIPAK; Hyodo et al., 2012), which is
necessary for the completion of cytokinesis. Defects on STRIPAK complex leads to
formation of multinucleate cells (Hyodo et al., 2012), a condition that was already
observed for cells defective in ERCC1 (Rageul et al., 2011). Noteworthy, murine
models defective for STRNs and PPP2 complexes display problems in spine
morphogenesis and synaptic signaling (Bartoli et al., 1999; Chen et al., 2012), similar to
those neuropathological features observed in XP and CS diseases (Itoh et al., 1999).
Finally, the data gathered for XP and CS diseases by using Dis2PPI software point to
new biological processes and proteins previously not related for both monogenic
syndromes, which can be used to design new experimental procedures in order to

understand the pleiotropic effect of mutations associated to excision repair pathway.

5. CONCLUSION

Dis2PPI software was developed as a scientific workflow including both manual
and automatic activities that can be used by the researcher. Automatic activities are used
to query data from a public database (OMIM) to obtain a list of proteins and to analyze
the relationships between these proteins and a disease. Automatic activities also perform
data extraction using regular expressions and the creation of HTML files to obtain a
protein interaction network from the STRING database. Manual activities are used to
show the data to the user and allow the user to choose, add, or remove data and press a
button to continue the workflow process.

Dis2PPI allows the user to mine protein-disease associations in different species
and generate a protein-protein interaction network. The results gathered by the
researcher can be analyzed by applying systems biology methods using dedicated
software such as Cytoscape or Medusa. Finally, the results gathered by Dis2PPI can be
used by the researcher to design validation experiments.
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Abstract

Homology can be defined as the most important principle in comparative
biology. In this sense, there are several methods to evaluate homology among different
species, e.g. the comparison of DNA and amino acid sequences by using softwares like
Basic Local Alignment Search Tool (BLAST), among others. An interesting approach is
to discovery conserved proteins between two different species by using interactomic
network comparison, allowing also to discover conserved pathways and biological
processes for a specific network of proteins or DNA-proteins. In order to explore the
potential of network comparison, a scientific workflow called Net2Homology was
designed to generate a bioinformatic protocol to evaluate the similarity found between
two PPI networks from different species, allowing the search of conserved motifs and
subgraphs, which are related to conserved biological processes. Net2Homology
program were used to obtain protein-protein interaction networks to xeroderma
pigmentosum diseases and cicle-oxigenase-1 enzime by Homo sapiens and Mus
musculus cross-species. All networks were compared using NetworkBlast program and

the output shows conserved biological process.

Keywords: Cross-species network comparison, conserved proteins, homology,
system biology.
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1. INTRODUCTION

Homology can be defined as the most important principle in comparative
biology (Bock, 1974), indicating an entire hierarchy of biological patterns and
processes, from molecular level (e.g., protein structure and functions) to morphological
elements (Hall, 1994). In addition, the analysis of sequence homology of a known
protein generally offers important data that lead to the discovery of how new sequenced
genes and genomes are organized and their potential functions within a cell (Altschul et
al., 1990). Moreover, the sequence homology analysis allows the discover of evolutive
processes related to a family of proteins, like the presence of orthologous and
paralogous members of this family (Bandyopadhyay et al., 2012).

Searching homology within and between genomes is a common technique used
to study several aspects of its evolution, such as genomic rearrangements or genome
duplication (Simillion et al., 2008). For this purpose, several softwares were developed,
like I-ADHoRe, which detects highly degenerated homology relations within and
between genomes (Simillion et al., 2008). Another way to discovery homology is to
compare sequences using similarity methods among proteins and evaluate measures like
distance (Bhadra et al., 2006). BLAST is an algorithm that finds regions of local
similarity among sequences by comparison of nucleotide or protein sequences to
sequence databases and calculates the statistical significance of matches (Altschul,
1990). Also, BLAST can infer functional and evolutionary relationships between

sequences as well as help identify members of gene families (Altschul, 1990).

Many tools use similarity searches to evaluate homology between proteins like
CDART (Conserved Domain Architecture Retrieval Tool) performs similarity searches
of the NCBI Entrez Protein Database based on domain architecture (Geer et al., 2002),
QPath searches the network for homologous pathways (Shlomi et al., 2006), LMNAST
(Local Modular Network Alignment Similarity Tool) applies a BLAST-like heuristic to
gene order and arrangement (Quan and Bentley, 2011) and AlignNemo uses the concept

of semantic similarity applied to Gene Ontology vocabularies (Ciriello et al., 2012).

The search for protein function across species can be used as a strategy for
identifying functionally related proteins that supplements sequence-based comparisons
with information on conserved protein interactions (Bandyopadhyay et al., 2012). The

database and online resource STRING (Szklarczyk et al., 2011) generalizes access to
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protein interaction data by integrating known and predicted interactions from a variety
of sources and information of structural information including homology models
(Szklarczyk et al., 2011).

A third method possible to be used to find out homology is to construct networks
(or interactome) from protein-protein interactions (PPI; Jonsson et al., 2006). PPI
network can be built by integrating experimental protein interactions data from many
species, where the protein interactions were given confidence scores based on their
homology (Jonsson et al., 2006).Network comparison is possible using a set of different
tools like: (i) APID2NET that provide interactive analysis of PPI networks (Hernandez-
Toro et al., 2007), (ii) PathBlast that executes a network alignment and search tool for
comparing protein interaction networks (Kelley et al., 2004), (iii) NetworkBlast, which
is used to identifying protein complexes in several PPl networks from different species
(Kalaev et al., 2008; Sharan et al., 2005), and (iv) AlignNemo, which uncovers
subnetworks of proteins that relate in biological function and topology of interactions
(Ciriello et al., 2012).

Our approach presents a different way to analyze cross-species homology by
using a PPI network from a source specie to search similarity against another target
specie by applying NCBI BLAST tool. We use e-value score to identify proteins that
are evolutionary conserved, where these proteins were used to get to PPI networks from
STRING database for each species. The network comparison is made using
NetworkBlast algorithm to look for complexes of evolutionarily conserved across the
two networks and apply systems biology tools to evaluate conserved motifs and
biological processes (Kalaev et al., 2008; Sharan et al., 2005).

2. MATERIALS AND METHODS
2.1 WORKFLOW DESIGN

Net2Homology was implemented as a scientific workflow (Fig. 1). This
workflow can be divided in five major steps: i) protein selection, ii) protein similarity
search, iii) query PPI networks, iv) cross-species network comparison, and v) system

biology analysis.
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Figure 1: Fluxogram of Net2Homology scientific workflow.

2.2 PROTEIN SELECTION

Net2Homology user must obtain a flat file from a PPI network. This file must be
formatted as STRING network file format (Szklarczyk et al., 2011), and its content
should have, at least, two columns, separated by space or tab character, with proteins
identifiers that represents one interaction to particular specie. After load proteins file, it

is necessary to select proteins and define the source specie.

2.3 PROTEIN SIMILARITY SEARCH

Following the workflow, the protein alignment between two species will be
executed using Psi-Blast tool. The goal on this step is to obtain proteins distantly related
or to find out a new member of a protein family (Gish and States, 1993). Also, it is
possible to identify proteins domains (Gish and States, 1993). There are settings
necessary to execute this step and the first parameter to define target specie. Others
parameters are database, algorithm, threshold and file result format.

For each protein a new computational thread is created to get sequence FASTA

(Pearson and Lipman, 1988), configuration URL to execute the alignment using NCBI
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ENTREZ tool (Wheeler et al., 2006) and obtain an RID (Request IDentifier) number
(McGinnis and Madden, 2004). This number is used to get the alignment result and
many attempts are made to get it. After the file result arrives, the last activity is to
extract e-value. E-value it the score of expect value and percentage identity matched
(McGinnis and Madden, 2004).

2.4 QUERY PPI NETWORKS

All proteins and its e-value are present to the user, and he must select proteins of
his interesting. In the third step, proteins STRING identification (Szklarczyk et al.,
2011) are, initially, queried from each protein and then, a PPI network was queried from

STRING to source and target species using this identifiers.

2.5 CROSS-SPECIES NETWORK COMPARISON

The cross-species comparison is made using two PPl networks and
NetworkBlast tool. To use this tool is necessary to configurate some parameters and
generate three files (Kalaev et al., 2008). The main parameters are (Sharan et al., 2005):
i) density of protein complexes, ii) the rate of false negatives in each network, iii) the
sequence similarity threshold, v) the way experiments are categorized for interaction
reliability computation, and v) number of interactions. After that, the tool will generate
three files (Kalaev, 2008): i) first file contains all sourced proteins edges and the score
combined value obtained from STRING PPI network description, ii) the second file
contains the same information as first file but using target network, and iii) the last file
contains the proteins inputted by the user plus e-value and protein description obtained

with Psi-Blast execution.

The NetworkBlast result is two files for each interaction defined where the first
file contains the execution report and the second file shows the resultant network with
conserved proteins (Kalaev, 2008). This file is automatic opened at Cytoscape tool

(Shannon et. al, 2003) for system biology analysis.
2.6 SYSTEM BIOLOGY ANALYSIS

Systems biology enables the study of interactions among the different
components of biological entities on a large scale (Weston and Hood, 2004; Barabasi

and Oltvai, 2004), and the use of analytical high-throughput methods generates a large

amount of information about the behavior of an organism under particular physiological
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conditions (Barabasi, 2002). The PPl network resultant can be analyzed to look for
evolution motifs (Bailey and Gribskov, 1998; Kuang, 2005) and subgraphs (Kuang,
2005).

3. RESULTS

The PPl networks outputs from Net2Homology program execution for
xeroderma pigmentosum type XPD disease and cicle-oxigenase-1 enzyme are shown in
Fig. 2. The first experiment uses all proteins from xeroderma pigmentosum Homo
sapiens PPI network (Fig. 2A) to execute Psi-Blast with a set of parameters (organism
Mus musculus, database swissprot protein sequences, blastp algorithm and threshold
0.005). After Psi-Blast execution, e-value, protein descriptions and fasta sequence was
extract from each protein report. Second and third data were queried on STRING
database to obtain proteins names. These proteins queried at STRING database to get a
xeroderma pigmentosum Mus musculus PPl network (Fig. 2B). After that,
NetworkBlast was executed with these two set of proteins and e-values. The PPI
network (Fig. 2C) execution result shows conserved protein complex across these two

networks.

The second experiment uses whole proteins from cicle-oxigenase-1 enzyme
Homo sapiens PPl network (Fig. 2D) to execute Psi-Blast with a set of parameters
(organism Mus musculus, database non-redundant protein sequences, blastp algorithm
and threshold 0.005). After Psi-Blast execution, e-value, protein descriptions and fasta
sequence was extract from each protein report. Second and third data were queried on
STRING database to obtain proteins names. These proteins queried at STRING
database to get a cicle-oxigenase-1 enzyme Mus musculus PPI network (Fig. 2E). After
that, NetworkBlast was executed with these two set of proteins and e-values. The PPI
network (Fig. 2F) execution result shows conserved protein complex across these two

networks.
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Figure 2: In the first experiment, xeroderma pigmentosum Homo sapiens PPI
network (A) used as input to execute Psi-Blast, and xeroderma pigmentosum Mus
musculus PPl network (B) was obtained after extract information from Psi-Blast
and query STRING database. NetworkBlast had runned with (A) and (B)
networks, and generates the PPl network resultant (C) that shows conserved
protein complex across these two networks. The second experiment uses cicle-
oxigenase-1 enzyme Homo sapiens PPI network (D) as input to execute Psi-Blast,
and cicle-oxigenase-1 enzyme Mus musculus PPl network (E) was obtained after
extract information from Psi-Blast and query STRING database. NetworkBlast
had runned with (D) and (E) networks, and generates the PPl network resultant

(F) that shows conserved protein complex across these two networks.
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4. DISCUSSION

Net2Homology was implemented as a desktop tool using java programming
language and a scientific workflow was used to integrate different tools. This workflow
allows executing the steps using just one program. SWISS-MODEL (Arnold et al.,
2006) uses a workflow to integrate some tools, programs and databases to aid in the
process to homology protein modeling.

Net2Homology generates a random PPI networks from species defined because
the user’s selection made on step three and data inputted. Using the same idea, Jonsson,
et al. (2006) constructed PPI networks using the rat proteome used for cancer studies,
and also APID2NET allows to create a PPI network from data by querying APID server
(Hernandez-Toro et al., 2007).

Net2Homology uses e-value score supplied by PSI-BLAST execution to select
proteins because the percentage identity matched (McGinnis and Madden, 2004) and to
obtain proteins distantly related or to find out new member to a protein family (Gish and
States, 1993). On the other hand, BLAT (The BLAST-Like Alignment Tool) uses
measures like mismatch schemes, number of required index matches (hits), and extends
these into high-scoring pairs (HSPs) for analyzing vertebrate genomes and cross-species
protein alignment (Kent, 2002). Another measure useful is p-values used in the context
of sequence homology searches to present a simple and efficient algorithm for

computing the distribution of this statistic (Bailey and Gribskov, 1997).

Net2Homology tool uses NCBI protein databases to align sequences to look for
evoluted proteins complex crossing two species. i-ADHoRe tool first identifies pairs of
homologous segments from a dataset containing one or more genomes, after that
aligning these segment pairs such that homologous genes are placed in the same column
(Simillion et al., 2008).

Net2Homology executes a PSI-BLAST once for each inputed proteins and use e-
value scores to select proteins to get a PPI network. Sometimes, it is not always possible
to identify distantly related protein domains by sequence search techniques, because
intermediate sequences possess features of more than one protein and facilitate
detection of remotely related proteins (Bhadra et al., 2006). A approach to test this
scenarios was developed to execute PSI-BLAST for many generations, that establishes

relationships by cascading an entirely sequence analysis based method where
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intermediate sequences serve as links and bridge the sequence gap between proteins
(Bhadra et al., 2006).

Most homology searches involve comparing a single sequence to a database of
known sequences (Bailey and Gribskov, 1997). This would often bring some
inconsistence score because to identify very distant homologs using sequence similarly
is limited and confined to the most important portions of the molecule (Bailey and
Gribskov, 1997). When two unrelated sequences are compared, numerous chances for
apparent matches arise, causing a severe noise problem in homology searches of large
databases (Bailey and Gribskov, 1997). Besides that, cross-species analysis allows
coping with the high levels of noise that are typical to these data (Kalaev et al., 2008).
This noise can be reduced by searching patterns named motifs. Motifs describe the key,
defining portions of a family of molecules (Bailey and Gribskov, 1997). By comparing
networks drawn from different species it is possible to reduce measurement noise and to

reinforce the common signal present in the networks (Sharan et al., 2005).

Net2Homology result is a PPl network that can be shown at Cytoscape tool and
this network can be analyzed using system biology Cytoscape plugins. For example,
APID2NET is a Cytoscape tool to provide interactive analysis of PPl networks like
genetic ontology terms, experimental methods that validate each interaction, find out
concurrent functional and structural attributes along all protein pairs in a network and

analyze hubs, annotations and homology (Hernandez-Toro et al., 2007).
CONCLUSIONS

Net2Homology program were used to obtain protein-protein interaction
networks to xeroderma pigmentosum diseases and cicle-oxigenase-1 enzime by Homo

sapiens and Mus musculus cross-species. These PPl networks were compared using

NetworkBlast program and the output shows conserved biological process.
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6. DISCUSSAO GERAL

O desenvolvimento dos workflows cientificos Dis2PPl e Net2Homology
envolveu a criacdo de ferramentas para cada etapa do workflow (apresentadas no Anexo
3). Inicialmente, foram criadas ferramentas para recuperar os dados sobre redes PPI dos
bancos de dados STRING (ver secdo A3.2.1) e PDB (ver se¢do A3.2.2) com o intuito de
compreender o funcionamento das APl (Application Program Interface) de cada banco
de dados. A API®" do banco de dados STRING fornece as informag@es para montagem
de uma chamada URL. O acesso ao banco de dados PDB® é feito através do uso de web
services para a busca de arquivos de imagens (formato PNG de coordenadas
cartesianas) proteinas. Associado a isto, foi acessado, via web service, o banco de dados
de doencas génicas do OMIM usando as ferramentas do NCBI Entrez (ver sec¢do 3.3.2).
Estes trés programas foram usados para o desenvolvimento das etapas do workflow
cientifico Dis2PPI.

Neste sentido, o desenvolvimento do Dis2PPI centrou-se em utilizar apenas uma
linguagem de programacdo (Java) visando a integracdo entre as ferramentas
desenvolvidas e os workflows, optou-se por unificar tudo em uma aplicagdo desktop.
Alguns dos fatores que contribuiram para a escolha da linguagem Java é que esta tem a
possibilidade de fazer chamadas remotas usando uma URL (Goodrich e Tamassia,
2007), bem como, possui uma biblioteca para acessar web services (Goodrich e
Tamassia, 2007) desenvolvidos com a tecnologia Apache Axis™, como é o caso do web
service disponibilizados pela ferramenta E-Utilities do NCBI (Sayers and Wheeler,
2004). Qutro fator que ajudou na escolha é o fato do programa Cytoscape tambem ter

sido desenvolvido na linguagem Java (Shannon et al., 2003), uma vez que a primeira

5 http://string.embl.de/help/topic/org.string-db.docs/api.html

%8 http://www.rcsh.org/pdb/software/rest.do

% http://ws.apache.org/axis/
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versdo das ferramentas desenvolvidas foi implementada na forma de um plugin para o
Cystocape. Aliado a isto, as ferramentas para geracdo de workflows cientificos
(Taverna, Kepler e Vistrails) fornecem suporte a diversas linguagens de programacéo,
tais como, Java, Phyton e Perl (Oinn et al., 2004; Altintas et. al, 2006, Davidson et al.,
2007). As linguagens de programacdo Phyton e Perl sdo usadas para construir
aplicacdes robustas, como as apresentadas neste trabalho. No entanto, estas linguagens
s30 mais usadas para a construcdo de aplicacBes web e scripts®®’. A linguagem de
programacdo Java pode ser usada para criar programas para web, desktop ou scripts
(Goodrich e Tamassia, 2007). Para o desenvolvimento das ferramentas criadas optou-se
por um programa desktop, bem como decidiu-se por armazenar 0s arquivos gerados
durante a execuc¢do de cada etapa de um dos workflows. Aliado a necessidade de realizar
chamadas URL e chamadas via web services, optou-se pela linguagem Java.

Os workflows desenvolvidos armazenam o0s arquivos gerados para cada
execucdo do Psi-Blast, para cada sequéncia de aminoacidos consultada, para cada rede
consultada no STRING (tanto os arquivos textos como as imagens) e para armazenar as
informacdes a respeito da execucdo do programa NetworkBlast. Desta forma, o usuario
possui todas as informacOes, geradas por cada etapa do workflow, salvas em seu
computador, onde o mesmo procedimento é feito quando se usa ferramentas especificas
para a geracdo de workflows cientificos, tais como Kepler, Vistrails e Taverna (Oinn et
al., 2004; Altintas et al., 2006; Davidson et al., 2007; Wang et al., 2012a). Estas
ferramentas fornecem a funcionalidade de salvar os resultados intermediarios visando
que eles sejam usados em futuras execucdes do workflow (Oinn et al., 2004; Altintas et.

al, 2006, Davidson et al., 2007; Wang et al., 2012a). O programa Vistrails, além de

% Um script é um programa de computador executado em ambientes de linha de comando, tais como, o
shell do sistema operacional Linux ou o command.com do sistema operacional Windows.

81 As descricdes das linguagens foram retiradas dos sites oficiais: http://www.python.org/about/ e
http://www.perl.org/about.html. Acessados em 03/12/2012.
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salvar as informacdes das execucgdes, efetua 0 armazenamento de todas as alteracOes
feitas no workflow (Davidson et al., 2007).

Para melhorar o desempenho dos workflows, foi desenvolvido um banco de
dados local para as informacdes de proteinas. Assim, cada vez que uma consulta nova é
realizada, os dados obtidos sdo mantidos e atualizados neste banco de dados local.
Quando uma consulta é refeita, a ferramenta procura por estes dados no banco de dados
local, os quais sdo mostrados ao usuario sem a necessidade de uma nova consulta. As
informacdes sdo salvas em um arquivo chamado proteins.dat localizado no diretdrio
temporario do sistema operacional, o qual contém o nome da proteina, o identificador
da proteina utilizado pelo banco de dados STRING, o identificador da proteina utilizado
pelos bancos de dados e ferramentas do NCBI, a sequéncia de aminoacidos no formato
FASTA de cada proteina e 0 nome do organismo relacionado a esta proteina.

Para o desenvolvimento do workflow Net2Homology foi inicialmente criada
uma ferramenta na linguagem Java para a execucao de alinhamento de sequéncias de
proteinas usando o programa NCBI Psi-Blast (ver secdo A3.2.3). Esta ferramenta utiliza
0 NCBI Entrez para a montagem da URL de conexdo, bem como faz acesso ao banco de
dados STRING para buscar as redes PPI, posteriormente utilizadas para a analise de
homologia com os softwares PathBlast ou NetworkBlast.

O programa PathBlast permite alinhar e comparar duas redes de interacdo de
proteinas entre espécies diferentes visando identificar vias e complexos metabolicos
conservados ao longo de sua evolucdo (Kelley et al., 2004). O uso deste software é
limitado & comparacéo de cinco proteinas através da sua versdo web®2. Outra opcdo de
uso foi a integracdo do cddigo fonte ao workflow Net2Homology, porém nao foi obtido

sucesso por causa da necessidade de criacdo de uma serie de arquivos de configuracéo e

82 http://www.pathblast.org/
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de dados para a execucdo local deste programa. Assim, optou-se por criar mais uma
etapa no workflow Net2Homology com o intuito do usuario testar a versao web limitada
a cinco proteinas e definir os organismos a serem utilizados, aléem de pesquisar a
sequéncia FASTA para cada proteina.

Por outro lado, o programa NetworkBlast, cujo o cdodigo-fonte foi incorporado
ao workflow Net2Homology, permite identificar complexos de proteinas em varias
redes de interacdo de proteinas para diferentes espécies (Kalaev, 2008; Sharan, 2005). O
seu resultado final € uma rede PPl que apresenta nds evolutivamente conservados para
duas redes de proteinas (Sharan, 2005; Kalaev, 2008).

Por fim, gerou-se uma ferramenta para carregar os dados de um arquivo de uma
rede PPl a ser utilizada para iniciar o programa Net2Homology (ver secdo A3.1).
Durante a execucdo deste, sdo realizadas varias consultas de alinhamento de sequéncias,
0 que pode tornar o desempenho do workflow muito lento. Assim, para que o programa
Net2Homology possa utilizar o algoritmo Psi-Blast, é necessario fazer duas chamadas
URL ao site do NCBI, onde na primeira chamada devem ser fornecidos todos os dados
e parametros da consulta, obtendo como resultado um numero de protocolo. Este
namero é utilizado, posteriormente, para se buscar o resultado da consulta, sendo esta a
segunda chamada feita ao NCBI. Infelizmente, torna-se necessario realizar varias
chamadas ao site para obter o resultado, gerando penalidades em termos de tempo de
computacgdo. Para resolver este problema foi utilizada a técnica computacional de
threads, onde uma thread é uma forma de dividir o processamento computacional
(Tanembaum, 2010), ou seja, normalmente quando qualquer programa esta sendo
executado, somente uma thread esta sendo executada. Desta forma, ao invés de executar
apenas uma consulta ao site do NCBI Psi-BLAST por vez, o uso de threads permite que

varias consultas sejam executadas simultaneamente (Tanembaum, 2010). Uma thread
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foi criada para cada proteina sendo responsavel por montar a chamada URL para
executar o Psi-Blast e aguardar a resposta do site. Desta forma, o tempo de resposta
diminui consideravelmente. A ideia de paralelizar a execucdo do acesso ao site do
BLAST também foi desenvolvida na ferramenta de geracdo de workflows cientificos
Kepler (Wang et al., 2012a).

Para reaproveitar a rede PPl gerada pelo workflow Dis2PPI foi feita uma
integracdo com o workflow Net2Homology (ver secdo A3.3) que, entdo, utiliza esta rede
como dados de entrada. Assim, o usudrio tem a possibilidade de fazer uma prospecc¢édo
de dados, visando pesquisar 0s processos bioldgicos conservados através da comparacédo
de duas redes PPI obtidas com o workflow Net2Homology.

Um ponto importante do workflow Net2Homology é a extracdo das informacdes
do relatério do Psi-Blast visando obter as redes PPl no banco de dados STRING. Um
algoritmo foi desenvolvido (ver secdo A3.4) para encontrar a proteina correspondente a
uma sequéncia FASTA ou com a descri¢do apresentada no alinhamento. Este algoritmo
utiliza trés formas para encontrar a proteina-alvo usando estas informacdes iniciais. A
primeira forma utiliza a sequéncia de aminoacidos para comparar com um banco de
dados local de proteinas. Este banco de dados foi criado a partir da extracdo das
sequéncias de proteinas para os organismos Homo sapiens, Mus musculus e
Saccharomyces cerevisiae fornecidas pelo banco de dados STRING®. Sempre que uma
busca é realizada com sucesso, 0 programa retorna o codigo de identificacdo da proteina
utilizada pelo banco de dados STRING, sendo necessaria uma nova pesquisa ao banco
de dados STRING, para buscar o nome da proteina. Se a proteina ndo for encontrada,
passa-se a utilizar a descricdo das proteinas. Para tanto, dois procedimentos sdo

realizados. O primeiro tenta identificar se ha uma palavra que pode ser uma proteina

63 Arquivo com a sequéncia FASTA retirado do site

http://string.embl.de/newstring_download/protein.sequences.v9.0.fa.gz em 05/11/2012.
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através do uso da expressao regular "([A-Z]{1}[A-Z0-9]{1,6})", onde 0 nome de uma
proteina tem que comecar por uma letra maidscula e pode ter mais seis caracteres entre
letras e nimeros. Quando uma palavra candidata é encontrada, esta é testada junto ao
banco de dados STRING para verificar se € uma proteina valida para o organismo
pesquisado. Caso a resposta seja positiva, 0 programa retorna esta proteina Por outro
lado, se a resposta & negativa, 0 programa continua testando a existéncia de mais
palavras candidatas. Se ndo for encontrada nenhuma proteina com este procedimento, o
programa passa a testar a descricdo completa da proteina (as trés primeiras descrices
do relatério sdo usadas) com uma consulta ao banco de dados STRING. Se obtiver
sucesso, 0 nome da proteina é retornada. Se nenhuma pesquisa obtiver sucesso, a
proteina do organismo original é retornada como resposta. Neste caso, 0 programa nao
conseguiu encontrar uma proteina equivalente no cruzamento de espécies realizado com
o0 Psi-Blast. Esta proteina ndo sera levada em consideracdo no teste a ser realizado pelo
NetworkBlast.

Em uma pesquisa feita na literatura, ndo foi encontrado nenhuma referéncia ao
uso da descricdo das proteinas extraidas do relatério do Psi-Blast para classificar a
proteina resultante. Por outro lado, a utilizacdo das sequéncias de aminoacidos das
proteinas € frequentemente utilizada. Kuang et al. (2005) usou a sequéncia de
aminoacidos para a deteccdo de homologia e extracdo de motivos. Outros trabalhos
usam métodos de inteligéncia artificial tais como SVM (Support Vector Machine) e
HMM (Hidden Markov Model) para obter a classificacdo das proteinas. Nanni et al.
(2012) usaram as sequéncias de aminoacidos como dados de entrada para a matriz de
substituicdo PSSM (Position Specific Scoring Matrix) e, este resultado foi usado para
treinar 0 SVM para classificar as proteinas. Zhang et al. (2009) também usaram as

sequéncias de aminoacidos como dados de treinamento para 0 SVM com o intuito de
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identificar regides homologas remotas. Yalamanchili et al. (2012) propuseram um
algoritmo neural que combina as sequéncias de aminoacidos como dados de entrada
para um processamento usando HMM e SVM, o resultado obtido é usado para pesquisar
o0s termos de ontologia génica para obter a classificacdo das proteinas.

Durante os testes com os workflows cientificos percebeu-se a necessidade de se
gerar um mecanismo para interromper a execucdo do workflow e, posteriormente,
retomar a execucdo a partir do ponto de parada. Tanto a parada quanto a retomada da
execucdo sdo de grande utilidade para o processo de desenvolvimento e testes do
workflow, bem como para averiguar o conjunto de dados de entrada (Freire et al., 2006;
Davidson et al., 2007; Silva et al., 2010; Chirigati and Freire, 2012).

Por outro lado, a proveniéncia dos dados tem por objetivo salvar todas as
informacdes utilizadas durante uma execucdo de um workflow cientifico (Freire et al.,
2006; Davidson et al., 2007; Silva et al., 2010; Chirigati and Freire, 2012), sendo que
esta documentacdo visa preservar e determinar a qualidade dos dados tanto quanto a
interpretacdo e reproducdo (parcial ou total) de um experimento in silico (Silva et al.,
2010). A proveniéncia dos dados € representada como um conjunto de dependéncias
entre objetos de dados (Freire et al., 2006; Davidson et al., 2007; Silva et al., 2010;
Chirigati and Freire, 2012). Usando o workflow Net2Homology, os resultados da
execucdo do Psi-Blast para cada proteina é uma dependéncia para obtencdo das redes
PPl do banco de dados STRING. As dependéncias entre os dados de objetos
representam uma ordenacao total de eventos (Freire et al., 2006; Davidson et al., 2007;
Silva et al., 2010; Chirigati and Freire, 2012), o que pode ser facilmente percebido nas
figuras que descrevem os workflows cientificos apresentados nos Capitulos | e 1. Uma
das técnicas mais comuns de armazenar a proveniéncia dos dados em workflows

cientificos é capturar esta informacédo implicita através de um log (Davidson et al.,
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2007). Um log € uma forma de registrar todas as operacdes feitas em um software
(Sommerville, 2007). Os workflows Dis2PPl e Net2Homology possuem um log
desenvolvido (ver secdo A3.5), porém o uso deste ndo é suficiente para resolver o
problema de parar e retomar a execucdo de um workflow. Para que isto aconteca, é
necessario o desenvolvimento de métodos para salvar e recuperar os dados nos pontos
de parada do workflow. Analisando o workflow Dis2PPI identificou-se um ponto de
parada quando as proteinas candidatas sdo extraidas do relatério da doenca consultada
no OMIM e mostradas ao usuario na tela. A proveniéncia envolve salvar o relatério de
uma doenca do OMIM para que o0 usuario possa interromper o workflow neste ponto.
Quando o usuario quiser reiniciar o workflow, o mesmo devera selecionar um dos
relatorios de doencas salvas. O workflow ira recomecar no ponto de extracdo das
palavras candidatas a proteinas. Desta maneira, é possivel fazer apenas uma busca ao
site do OMIM permitindo que o usudrio possa fazer varias combinacdes com as
proteinas para obter diferentes redes PPI.

No workflow Net2Homology trés pontos de proveniéncia dos dados foram
identificados. O primeiro refere-se a salvar os resultados das execucdes do Psi-Blast e
desenvolver um mecanismo de proveniéncia para que O usuario possa recuperar
alinhamentos de proteinas ja feitos. O workflow é retomado no momento de extrair as
proteinas. Desta forma, o usuario podera combinar diversas proteinas para obter
diferentes redes PPI para analise de homologia. O segundo ponto é desenvolver um
mecanismo de proveniéncia dos dados para salvar as informacOes das proteinas
consultas no banco de dados STRING em um SGBDR (Sistema Gerenciador de Banco
de Dados Relacional) (Chirigati e Freire, 2012). O banco de dados local utilizado pelos
workflows tera as suas informacdes salvas em um SGBDR. Assim, a consulta é feita

somente uma vez no banco de dados STRING, com isto, 0 nimero de acessos a este site
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ird diminuir consideravelmente, aumentando o desempenho da ferramenta e diminuindo
0 tempo de espera do usuario para que uma etapa do workflow seja concluida O terceiro
passo envolve armazenar 0s arquivos textos (ou de imagens) no computador do usuério.
Neste caso, é necessario 0 desenvolvimento de um mecanismo para que O USUArio
selecione a rede PPI salva e carregue a mesma para a ferramenta. O workflow recomeca
com o usuario acessando diretamente a etapa de analise de homologia.

Uma evolucdo para os workflows e ferramentas desenvolvidos é a criacdo de
uma versao web, que tem como base as seguintes consideracdes: i) permitir 0 acesso aos
workflows através de um navegador web, evitando que o usuario tenha que procurar e
instalar bibliotecas necessarias para executar acesso as ferramentas mencionadas acima.
Além disto, isto evita problemas com licenciamento de software; ii) desenvolvimento
de uma interface visual mais interativa e mais amigavel; iii) desenvolvimento de uma
nova funcionalidade para proveniéncia dos dados; iv) utilizacdo de um SBGDR para
salvar e recuperar as informac6es visando diminuir o nimero de acessos a web e, para
substituir o banco de dados local de proteinas; v) desenvolvimento de um acesso
simultaneo ao banco de dados STRING como foi desenvolvido para acessar 0 BLAST;
vi) evitar problemas com as versdes das bibliotecas utilizadas e versdes da linguagem
Java; e vii) analisar a possibilidade de inclusdo de um procedimento ndo automatizado
no workflow Net2Homology. O usuario poderia utilizar a sua experiéncia para analisar o
resultado do algoritmo de extracdo dos resultados do Psi-Blast, tendo possibilidade de

alterar o vinculo encontrado entre as proteinas.
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7. CONCLUSOES

7.1 WORKFLOW DIS2PPI

1. O algoritmo Dis2PPIl mostrou-se eficaz para a geracdo de redes interatomicas
associadas a doengas monogénicas;

2. O programa desenvolvido com o algoritmo Dis2PPI permite 0 seu uso em
diferentes sistemas operacionais e incorpora uma série de rotinas para averiguar
a qualidade dos dados;

3. O programa Dis2PPI foi eficiente ao permitir aos seus usuarios minerar
associacGes entre uma doenca e as suas proteinas correlatas para diferentes
espécies e gerar as respectivas redes de interatomas;

4. As redes de interatomas geradas com o programa Dis2PPI apresentaram
resultados positivos com a analise feita usando a biologia de sistemas para a
analise de agrupamentos e de centralidade;

5. O programa Dis2PPI permitiu avaliar as vias bioldgicas e complexas de
proteinas que podem afetar uma doenca genética especifica ou condigdo
fisiologica, tal como vista para as doencas xeroderma pigmentosa e sindrome de
Cockayne.

6. Os resultados demonstrados pelo programa Dis2PPI permitem aos seus usuarios

(pesquisadores) desenharem experimentos de validacdo em bancada.

7.2 WORKFLOW NET2HOMOLOGY

1. O algoritmo Net2Homology mostrou-se eficaz para a geracdo de redes
interatomicas associadas com a comparacgéo de proteinas de diferentes espécies;

2. O programa desenvolvido com o algoritmo Net2Homology permite 0 seu uso
em diferentes sistemas operacionais e incorpora uma serie de rotinas para

averiguar a qualidade dos dados;
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3. O programa Net2Homology foi eficiente, ao permitir aos seus usuarios, realizar
o alinhamento de sequéncias usando o método de similaridade para extrair as
proteinas associadas a diferentes espécies;

4. O programa Net2Homology permitiu encontrar processos bioldgicos
conservados para a doenca Xxeroderma pigmentosa e para a enzima ciclo-

oxigenase-1 em dois modelos biologicos diferentes.

7.3 FERRAMENTAS DESENVOLVIDAS

1. O desenvolvimento da ferramenta para executar o programa NCBI Psi-BLAST
permite, ao pesquisador, realizar o alinhamento de sequéncias para uma proteina
com a configuracdo de diferentes parametros. Esta ferramenta é (til para
selecionar proteinas a serem utilizadas no programa Net2Homology;

2. O desenvolvimento da ferramenta para pesquisar informacGes sobre proteinas
usando o programa de metabusca STRING permite, ao pesquisador, obter redes
de interacdo de proteinas para diferentes organismos, bem como obter a
sequéncia de aminoacidos de uma proteina no formato FASTA. As redes de
interacdo de proteinas obtidas podem ser usadas como dados de entrada para o
workflow Net2Homology, bem como, a sequéncia de aminoacidos pode ser
utilizada como dados de entrada para executar o programa NCBI Psi-BLAST.

3. As informacges de todos os alinhamentos de sequéncias feitos com o programa
Psi-BLAST e todas as redes de interagdo de proteinas obtidas com o STRING
podem ser recuperadas no computador do pesquisador.

4. As informacges assim salvas podem ser utilizadas para validar as informagoes
mostradas pelos workflows e redes de interagcdo entre proteinas podem ser usadas
como dados de entrada no programa Cytoscape para a realiza¢do de anélises de

biologia de sistemas.
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8. PERSPECTIVAS
8.1 PROVENIENCIA DOS DADOS

Especialmente para o workflow Net2Homology é pertinente a ideia de poder
retomar o workflow de um ponto j& executado ou poder interromper e retomar a
execucdo. Isto porque este workflow oferece um conjunto variado de parametros que
podem ser combinados. Além disto, o usuério pode fazer véarias combinacdes com as

proteinas para obter diferentes redes PPI para posterior analise.

8.2 NOVA VERSAO WEB

A ideia de uma nova versdo web para as ferramentas desenvolvidas visa permitir
0 acesso em qualquer ponto da Internet, bem como evitar que o usuario tenha problemas
com a instalacdo e configuracao de bilbiotecas. Mas, principalmente, a grande vantagem
seria criar uma interface nova e mais amigavel, bem como desenvolver 0s mecanismos

de proveniéncia dos dados para workflows cientificos.
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ANEXO 1

TOXICOLOGICAL EFFECTS OF THE MAIN CARCINOGENIC
SUBSTANCES IN TOBACCO SMOKE ON HUMAN EMBRYONIC
DEVELOPMENT
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Abstract:

The physiological and molecular effects of tobacco smoke in adult humans and
the development of cancer have been well described. In contrast, how tobacco smoke
affects embryonic development remains poorly described. Morphological studies of the
fetuses of smoking pregnant women have shown various physical deformities induced
by constant fetal exposure to tobacco components, especially nicotine. In addition,
nicotine exposure decreases fetal body weight and bone/cartilage growth in addition to
decreasing cranial diameter and tibia length. Unfortunately, the molecular pathways
leading to these morphological anomalies are not completely understood. In this study,
we applied interactome data mining tools and small compound interaction networks to
elucidate possible molecular pathways associated with the effects of tobacco smoke
components during embryonic development in pregnant female smokers. Our analysis
showed a relationship between nicotine and 48 additional harmful substances involved
in a variety of biological process that can cause abnormal proliferation, impaired cell
differentiation, increased oxidative stress, and disturbed steroid synthesis. We also
describe how nicotine can negatively affect retinoic acid signaling and cell
differentiation through inhibition of retinoic acid receptors. In addition, nicotine causes
a stress reaction and/or a pro-inflammatory response that inhibits the agonistic action of
retinoic acid. Moreover, we show that the effect of cigarette smoke on the developing
fetus could represent systemic and aggressive impact in the short term, causing
malformations during certain stages of development. Our work provides the first
approach to describing how different cigarette constituents affect a broad range of
biological process in human embryonic development.

Key words: Nicotine, Retinoic Acid, Cell Differentiation, Cigarette Smoke, Embryonic
Development, Systems Chemo-Biology
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Introduction

There are more than 4,800 compounds present in the particulate between particle
and vapor phases of cigarette smoke [1], and many of these compounds are considered
to represent a human health risk [2]. Known constituents of cigarette smoke include
isoprene, butadiene, polycyclic aromatic hydrocarbons (PAHSs), aldehydes, metals, N-
nitrosamines, and aromatic amines, in addition to many others [1]. Although extensive
anti-tobacco public advertisements promote smoke cessation in pregnant women, a
considerable number of women still smoke during their pregnancies and/or are exposed
to tobacco smoke via second-hand smoke [3 to 5].

We addressed two major issues in this work. Although prenatal smoke has been
previously associate with innumerable malformations during fetus growth and
development and disruptions in reproductive physiology there gaps in the knowledge of
how tobacco components (TCs) affect the developing embryo in pregnant women in a
systemic way [3, 6, 7]. This knowledge gap is the first issue that we address.
Interestingly, these abnormalities are not tissue specific or related to any unique
pathway, but, rather, are systemic and connected to a broad range of birth defects [3, 5].
The secondly issue that we address relates to the fact that nicotine is the principal
psychoactive constituent of tobacco, understanding its biological effects on fetal and
maternal health is critical, as it may affect distinct biochemical pathways when
compared to other tobacco smoke constituents. Studies concerning the morphological
effects of nicotine in fetus have shown a significant decrease in bone and cartilage
growth [8], reduced body mass in newborn infants, and a decrease in the biparietal-to-
occipital frontal head measurement, and tibia/femur ratio [7]. One possible explanation
that could link nicotine and the negative regulation of development is retinoic acid (RA)
signaling. RA is an indispensable molecule involved in the regulation of gene
expression and cell-cell signaling during early development [9]. RA can cross the cell
membrane and bind to specific nuclear receptors, such as retinoic acid receptors (RARS)
and retinoid X receptors (RXRs) [9]. Studies regarding the role of RA receptors during
embryogenesis have shown that RARs are essential for the expression of HOX genes
and skeletal development [10, 9]. Nicotine has been previously associated with
inhibition of the RARP gene in lung cancer, which suggests that nicotine affects RA
signaling in human tissues [11]. Therefore, RA signaling is a plausible pathway through
which nicotine could affect cell differentiation and cause human fetal morphological
abnormalities. However, the molecular mechanisms underlying the progression or the
cause of fetal abnormalities related to cigarette smoking remain unknown.

To understand these mechanisms, we performed systems chemo-biology analyses to
elucidate the nature and number of proteins and modules that are associated with
prenatal tobacco smoke exposure. Different protein-protein interaction (PPI) and
chemical-protein interaction (CPI) networks derived from interatome projects were
described. In a first analysis, we prospected and analyzed a network using a list of 95
harmful tobacco constituents [2], to elucidate how these substances could act together to
influence embryonic and fetal development. In a second systems chemo-biology
analysis, we prospected data on the interactome and small compounds for nicotine alone
and examined how they could negatively affect cell differentiation and bone
development and lead to morphological abnormalities. Furthermore, we conducted a
gene ontology (GO) analyses of the major biological processes derived from the PPI
and CPI networks.

A model of how selected TCs could influence embryonic development was
generated. We also developed a separate model of how nicotine could affect cell
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differentiation and bone development. Taken together, our systems chemo-biology data
are the first to show how tobacco smoke can affect fetal and embryonic development in
a systemic matter at the molecular level.

Materials and Methods

Interactome data mining and design of the chemo-biology network

To design chemo-biology interactome networks and to elucidate the interplay
between development and TCs, the metasearch engines STITCH 3.1
[http://stitch.embl.de/] and STRING 9.0 [http://string-db.org/] [12, 13] were used.
STITCH software allows visualization of the physical connections among different
proteins and chemical compounds, whereas STRING shows protein-protein
interactions. Each protein-protein or protein-chemical connection (edge) shows a degree
of confidence between 0 and 1.0 (with 1.0 indicating the highest confidence). The
parameters used in STITCH software were as follows: all prediction methods enabled,
excluding text mining; 20 to 50 interactions; degree of confidence, medium (0.400); and
a network depth equal to 1. The results gathered using these search engines were
analyzed with Cytoscape 2.8.2 [14].

In addition, the GeneCards [http://www.genecards.org/] [15, 16], KEGG
[http://www.genome.jp/kegg/] [17], iHop [http://www.ihop-net.org/UniPub/iHOP/]
[17], PubChem [http://pubchem.ncbi.nim.nih.gov/], ALOGPS 2.1
[http://www.vcclab.org/lab/alogps/] [19], AmiGO 1.8
[http://amigo.geneontology.org/cgi-bin/amigo/go.cgi] [20], and Gene Expression Atlas
[http://www.ebi.ac.uk/gxa/] [21] search engines were also employed using their default
parameters.

To prospect protein-protein and chemical-protein interactions (PPl and CPI,
respectively), we entered each TCs into STITCH program. TCs that were not present in
the STITCH database (or those that did not shown any protein connections) and
particularly well described components such as nitric oxide, phenol and carbon
monoxide, were excluded from the analysis.

Different small CPI and PPI networks were obtained (data not shown), and these
networks were further analyzed using Cytoscape 2.8.2. Each network generated by
STITCH and STRING was combined into a large network using the Advanced Merge
Network function, which was fully implemented in Cytoscape software.

Gene expression data for the main associated nodes of tobacco components

To determine whether mRNA sequences associated with specific proteins
connected to each TC were present during development, we searched the transcriptome
data from the Gene Expression Atlas [22]. We used the protein name and expression
data for Homo sapiens embryo and fetuses for the initial inputs. The expression data
indicated overexpressed and underexpressed genes (S-Table 1, see Supplementary
Material 1). Gene Expression Atlas infers the expression data for specified gene by
providing a list of experimental studies [22]. We considered a gene overexpressed or
underexpressed based on the number of studies which states the expression state of our
input.

Proteins that are only present in embryonic tissue were colored green, whereas
proteins that are only present in fetal tissue were colored pink (S-Table 1, see
supplementary material). The blue nodes indicate the presence of a protein in both
embryonic and fetal tissue (S-Table 1, see supplementary material). Uncolored nodes
(default color white), connected to a TCs were either not present in any of the selected
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tissues in the initial input or were not found in the Gene Expression Atlas database (Fig.
1).

Solubility predictions for major tobacco component-associated CPI-PPI networks

To predict the solubility of each TC in an aqueous environment, such as in blood
and plasma, we used the program ALOGPS 2.1 [http://www.vcclab.org/lab/alogps/].
ALOGPS allows simulation of the probable solubility of a given compound determined
based on its structural formula or CAS number. Compounds with a solubility of less
than 35 g/L [values of ALOGpS and logS (exp)] were considered lipophilic. ALOGPS
2.1 was used with its default parameters.

Module analysis of major tobacco component-associated CPI1-PPI networks

The large CPI-PPI network obtained from the initial search (Fig. 1) was
analyzed in terms of the major cluster or module composition using the program
Molecular Complex Detection (MCODE) [23], which is available at
http://baderlab.org/Software/MCODE. MCODE is based on vertex weighting by the
local neighborhood density and outward traversal from a locally dense seed protein to
isolate the dense regions according to given parameters stipulated by the researcher
[23]. The parameters for cluster finding were as follows: loops included; degree cutoff
2; expansion of a cluster by one neighbor shell allowed (fluff option enabled); deletion
of a single connected node from clusters (haircut option enabled); node density cutoff,
0.1; node score cutoff, 0.2; kcore, 2; and maximum network depth, 100. Each cluster
generates a value of “cliquishness” (Ci), which is the degree of connection in a given
group of proteins. Thus, the higher the Ci value, the more connected the cluster [23].

Centrality analysis of the major tobacco component-associated CPI-PPI networks
Centrality analysis was performed using the program CentiScaPe 1.2 [24]. In
this analysis, the CentiScaPe algorithm evaluates each network node according to the
node degree, betweenness, and closeness to establish the most “central” nodes
(proteins/chemicals) within the network. Thus, the most relevant node for a determined
biochemical pathway or module can be obtained and further analyzed. In general terms,
the closeness analysis (1), indicate the probability that any protein/chemical compound
(node in our network) is relevant to another protein/chemical compound (node) in a
signaling network or its associated network [25], as determined using equation (1):

1
ClO(U) = ZW € pdist(v,w)

(1)

where the closeness value of node v (Clo(v)) is determined by computing and

totalizing the shortest paths among node v and all other nodes (w; (dist(v,w)) found

within a network (1). The average closeness (Clo) score was obtained by calculating the

sum of different closeness scores (Clo;) divided by the total number of nodes analyzed
(N(v)) (equation 2):

)

The higher the closeness value compared to the average closeness score, the

higher the relevance of the protein/chemical compound to other protein nodes within the

network/module. In turn, betweenness indicates the number of shortest paths that go
through each node (equation 3) [26]:
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where oy, total number of the shortest paths from node s to node w, and ogy(V) is
the number of those paths that pass through the nodes. The average betweenness score
(Bet) of the network was calculated using equation (4), where the sum of different
betweenness scores (Bet;) is divided by the total number of nodes analyzed (N(V)):
YiBet;

(Bet) =
Ny

(4)
Thus, nodes with high betweenness scores compared to the average betweenness
score of the network are responsible for controlling the flow of information through the
network topology. The higher a node’s betweenness score, the higher the probability
that the node connects different modules or biological processes, such nodes are called
bottlenecks nodes.
Finally, the node degree (Deg(v)), is a measure that indicates the number of
connections (Ei) that involve a specific node (v) (equation 5):

Deg(v) = ) E;
(5)

The average node degree of a network (Deg) is given by equation 6, where the
sum of different node degree scores (Bet;) is divided by the total number of nodes (N(v))
present in the network:

(Deg) =

(6)
Nodes with a high node degree are called hubs [26] and have key regulatory
functions in the cell.

Gene ontology analyses of major tobacco component-associated CPI-PPI networks

The CPI-PPI modules generated by MCODE were further studied by focusing
on major biology-associated processes using the, Biological Network Gene Ontology
(BINGO) 2.44 Cytoscape plugin [27] available at
http://www.cytoscape.org/plugins2.php#10_PLUGINS. The degree of functional
enrichment for a given cluster and category was quantitatively assessed (p-value) using
a hypergeometric distribution. Multiple test correction was also assessed by applying
the false discovery rate (FDR) algorithm [28], which was fully implemented in BINGO
software at a significance level of p < 0.05. The most statistically relevant processes
were taken into account when developing the interaction model.

Results and Discussion

Data prospecting and topological design of a major CPI-PPI network of different
tobacco constituents

Systems chemo-biology tools allow interatome networks of high-throughput
data to be design for chemical-protein or protein-protein interaction (CPI and PPI,
respectively) networks. Thus, we have examined the relationship between tobacco
components (TCs) and the fetus during embryonic development in human female
smokers using systems chemo-biology tools. Many of the thousands of substances in
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tobacco smoke are considered to represent public hazards, and some have carcinogenic
potential.

We searched data of previously reported harmful tobacco smoke constituents
[2]. From the listed substances, we generated 51 small CPI-PPI networks (data not
shown). Compounds that were not present in the STITCH database were excluded from
the analysis. We also excluded well-described compounds such as carbon monoxide,
nitric oxide and phenol, because they affect a broad spectrum of proteins involved in
different processes, which clouds our ability to understand the least well-described
compounds.

Both STRING and STITCH add the nodes with the highest probability to be
connected to a given node. Therefore, to create different CPI-PPI networks, we identify
20 to 50 additional proteins linked to each compound using only STITCH and STRING
data and merged all networks, by using the Advanced Network Merge tool. This
software is fully implemented in Cytoscape, and it scans each network for proteins with
the same name to be merged, which generates a single large network (referred to as the
“main network”, Fig. 1A). After creating the small networks, we found that RA and
receptors were present in the nicotine network. We decided to expand the nicotine
network by adding a small network including RA, proteins related to RA signaling and
embryonic development (Fig. 1B). The nicotine module was extracted from the first
network to be studied independently because it showed a distinct module within the
main network.

The resultant network after the nicotine module was extracted was referred as
the “major CPI-PPI network” and was composed of 898 nodes and 3452 edges (Fig.
1C). It should be noted that, after merging each of the small CPI-PPI networks, two
substances, 3-aminobiphenyl and dicyclohexyl, did not display any proteins in common
with other compounds and were excluded from the analysis. Remarkably, the major
CPI-PPI network did not show a wide overlap among the nodes, which indicates that the
substances included in the network may have a broad influence and most likely affect
different bioprocesses. This result could be correlated with the number of different
morphological abnormalities observed in the fetuses of smoking pregnant women [3].

We next aimed to strengthen our understanding of our networks. We examined
two types of data: (i) transcriptome data for each node directly associated with TCs to
clarify whether the mRNA and, by inference, the proteins were present in the fetus (pink
color), embryo (green color) or both (blue color) (Fig. 1, S-Table 1, see
Supplementary Material 1); and (ii) solubility prediction for the TCs and how this
factor may influence the developing organism, by characterizing each TC as hydrophilic
or lipophilic (hydrophobic) (Fig. 1, S-Table 2, see Supplementary Material 1).

Interestingly, the majority of the nodes (145 of 234 total nodes) were found in
different phases of human embryonic development, showing that the action of the TCs
might not be restricted to one specific phase of development (from embryo to fetus)
and, thus, may affect the organism over a long period. Nodes that did not show
expression in either stage of development were left with uncolored (white) (Fig. 1, S-
Table 1, see Supplementary Material).

To predict TCs solubility, we used the program ALOGPS 2.1. ALOGPS allows
the probable solubility to be simulated for a given compound, as determined by its
structural formula or CAS number. Among 48 TCs in our major CPI-PPI network (Fig.
1C), we identified 21 lipophilic compounds and 27 hydrophilic components. Of the 27
hydrophilic components, 10 are inorganic, and 17 are organic (S-Table 2, see
Supplementary Material).
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In addition, we used the program CentiScaPe 1.2 to examine the major CPI-PPI
network for the most relevant proteins/compounds (Figs. 1 and 2). In a scale-free
biological network, the most important nodes are the so called hub-bottlenecks (HBS)
[29] because they combine the bottleneck function (nodes that control the information
flow in a given network and display a betweenness score above the network average)
and the hubs characteristic (nodes with a high number of connections above the average
node degree value of the network). Thus, HBs are critical nodes in a biological network
[29]. In our analysis, we observed 143 HB nodes, of which 30 are TCs, and 53 were
marked as present in both the fetus and embryo, 17 only in the embryo, 7 only in the
fetus and 36 in neither fetus nor embryo (white nodes) (Fig. 2). White nodes present in
all of the networks are either not connected directly with the selected compound, or do
not show expression in any of the selected stages of development. Thus, it is possible to
observe that the majority of the most critical nodes in the large CPI-PPI network are
present in both the fetus and embryo (Fig. 2). Because we only colored the direct nodes
associated with a TC, it is clear that the TCs have a broad impact during development,
acting in critical nodes that are present in both embryo and fetus. Pregnant smoking
women that have a constant habit of consuming tobacco in its different formulations
(e.g., through cigarette and pipes), could subject the developing embryo/fetus to a
continuous level of toxic substances and thereby impair many aspects of development.

Furthermore, we sought to evaluate which TCs have the broadest effects on the
major CPI-PPI network. Therefore, a closeness analysis was performed. Considering
that the nodes showing the highest closeness are most relevant to the greatest number of
nodes in a network [24], it can be assumed that the TCs exhibiting the highest closeness
are those with the greatest systemic effect and impact the greatest number of proteins. A
graph of closeness and betweenness was generated, showing that 33 TCs (from a total
of 48 present TCs) have closeness value above the average closeness of the network (S-
Figure 1, see Supplementary Material 2). This finding is consistent with our
interpretation that TCs have a systemic effect, impacting different proteins and
physiological processes.

To understand how TCs interact with their targets, we analyzed the major CPI-
PPl network for modules with the program MCODE. Modules are defined as
topological elements with very connected nodes. The module analyses allowed the
identification of compounds that are more likely to interact with the same connected
group of proteins. From these analyzes, we obtained the major TCs that affect different
modules. After extraction of the nicotine subnetwork, MCODE found 22 significant
modules (Figs. 3-7).

Once the modules were obtained (Figs. 3-7), a gene ontology (GO) analysis was
performed using BINGO. Biological processes that are important for the development
of organisms were listed by BINGO (S-Table 3, see Supplementary Material 1).
Likewise, we performed additional GO analyses for the selected HBs (Table 1) and in
each cluster (S-Tables 4-25, see Supplementary Material 1).

Clusters that present were not associated with significant GOs due to a lack of
data or were highly speculative in our analysis were excluded (S-Figure 2, S-Tables 13,
15, 16, 17, 18, 22 and 25, see Supplementary Material 1 and 2).

Although the effects of tobacco smoking are well known, it is not clear whether
TCs display a promiscuous or a restricted mechanism of action that affects different
biological processes, such as morphogenesis. Thus, an understanding of the combined
mechanisms underlying the action of TCs is necessary to evaluate their systemic effects.
The major CPI-PPI network (Fig. 1C) indicates 48 different TCs, present in both the
particle and vapor phases of tobacco formulations. Additionally, topological analysis of
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the modules and centralities of the major CPI-PPI network allowed a specific data-set to
be generated that indicates the influence of cigarette smoking-associated TCs on
embryonic development in terms of individual and clusters of CPI-PPI modules.
Furthermore, the individual modules were explored considering their associated GOs
and how the different connected TCs can affect the annotated bioprocesses.

Systemic effects of tobacco smoking in human embryogenesis: redox and
prostaglandin metabolic processes

The modularity data gathered from the major PPI-CPI network (Fig. 1C) were
subjected to GO analysis. The GO analysis of clusters 1, 4, 11, 16, and 20 (Fig. 3A-E)
revealed five main processes annotations, as indicated: (i) oxidation reduction (redox),
(i) prostaglandin metabolism, (iii) steroid biosynthesis, (iv) lipid modification, and (V)
unsaturated fatty acid metabolism (S-Tables 4, 7, 14, 19 and 23, see Supplementary
Material 1). Given the overlap among the different processes, these subnetworks were
merged into a single network (Fig. 3F). It was observed that lipophilic molecules (e.qg.,
chrysene, toluene, benz[a]anthracene, benzo[b]fluoranthene, 7H-dibenzo(c,g)carbazole,
2-naphthylamine, 4-aminobiphenyl and 5-methylchrysene; S-Table 2; see
Supplementary Material 1) were observed to be most connected to the proteins
annotated as being involved in redox process (Fig. 3A). Moreover, lipophilic molecules
are related to increases in reactive oxygen species (ROS) and have been observed to
cross cellular membranes and act in protein folding in the endoplasmatic reticulum,
which alters the expression of genes involved in antioxidant defense, inflammation,
energy metabolism, apoptosis and the cell cycle [30].

Homeostasis ROS and antioxidants has been reported to be necessary for a
healthy pregnancy [30]. Tobacco consumption has been associated with redox
mechanisms and the generation of oxidative stress, leading to an inflammatory response
[30 to 33]. In adult lung tissues, cigarette abuse can increase the levels of superoxide
radicals (O,") through the activation of NADH oxidase [33], and lead to high ROS
levels and the activation of pro-inflammatory factors [33]. It is important to highlight
the fact that mitochondrial damage caused by ROS can result in a feed-forward process
that creates further oxidative damage [30].

Within the merged network (Fig. 3F), two prostaglandin synthases (PTGS1 and
PTGS2), which are enzymes responsible for the synthesis of prostaglandins, and two 5-
lipooxygenases (ALOX5 and ALOX15B), which play a role in the synthesis of
leukotriene [34], were identified. PTGSs are not only related to inflammatory responses
when they are present at high levels in tissues but are also associated with normal
pregnancies due to promoting adequate circulatory adaptation and regular maternal-fetal
blood flow [31, 35]. In addition to the results of our GO analyses, it is known that
maternal smoke diminishes prostaglandin levels, which causes low birth weight [35],
most likely due to impairment on the establishment of circulatory systems between the
mother and fetus.

Another important molecule is arachidonic acid (AA), which is associated with
inflammatory processes and embryonic developmental problems. It has been
demonstrated that AA is released from the amniochorion and oxidized by PTGSs in the
classical prostaglandin cascade [31]. Moreover, AA is a precursor for leukotriene,
which is formed via the action of ALOX5 and ALOX 15B, and it plays a critical role in
pro-inflammatory responses [34]. Linking the generation of leukotrienes and
inflammation, neutrophil granulocytes are the first responders during the acute phase of
inflammation in response to environmental exposure, and they migrate to the site of
exposure following leukotriene B4 signals through chemotaxis [36, 37]. NADH
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oxidases are also important to achieve a successful immune response involving
neutrophils because the action of neutrophils generates O," by NADH oxidase [38],
demonstrating the interplay between redox mechanisms and inflammation processes.

Consistent with our interpretation, one study showed that smokers exhibit higher
levels of plasmatic leukotriene B4 and, 20-carboxy-leukotriene B4 and elevated
expression of 5-lypoxygenase in comparison with non-smokers [39]. In addition,
arsenic (Fig. 3B), which is present in this module, is related to increased oxidative stress
via the redox mechanisms [40].

Considering the data amassed in this module, it is possible to speculate that pro-
oxidative stimulation by TCs, like those included in Fig. 3 can generate a pro-
inflammatory cascade, followed by downregulation PTGSs and increased availability of
AA and leukotriene, which promotes a continuous pro-inflammatory process.

Systemic effects of tobacco smoking in human embryogenesis: steroid
biosyntheis, lipid modification, and unsaturated fatty acid metabolism

One interesting aspect of the major GOs associated with the analyzed modules is
their strong link with the metabolism and modification of lipids (e.g., cholesterol) and
steroids (Figs. 3A to 3F, S-Tables 4, 14, 19 and 23, see Supplementary Material 1).

Exposure of rats to cigarette smoke condensate has been reported to cause
inhibition of follicular development, resulting in a decrease in oocyte maturation due a
deficiency in the levels of estradiol [6]. As with other steroids, estradiol is synthesized
from cholesterol and a second hormone, pregnenolone, which is the precursor for all
other steroids and, is produced in the mitochondria from cholesterol [41]. The same
study indicated that cigarette smoke causes disruption in the transport of cholesterol into
the mitochondria by the interfering with StAR, a protein required for the import of
cholesterol [41]. The StAR protein was not present in the major CPI-PPI network (Fig.
1C). However, we search the data using STITCH to verify whether the protein
connected to one of our clusters. Indeed, StAR was connected to POMC, a melanocortin
receptor related to a broad range of processes, including inflammation and
steroidogenesis. POMC was present in our module (Fig. 3B and 3F) (data not shown)
and observed to be expressed in both the fetus and embryo.

Another TC associated with steroidogenesis in our module (Fig. 3C) was
isoprene, which is in turn, associated with FDPS and FDFT1 (Fig. 3C). The enzyme
FDFT1 acts in the first step of cholesterol synthesis by dimerizing farnesyldiphosphate
to form squalene, while FDPS catalyzes the production of geranyl-pyrophosphate into
farnesyl-pyrophosphate, an intermediate in cholesterol and sterol biosynthesis. Both
proteins are present in embryo and fetuses, and taking our data into consideration,
isoprene could be related to the disruption of steroid synthesis.

It is also important to note that the some hydrophilic TCs, such as pyridine, N-
nitrosoanabasine and urethane, are mainly connected to the CYP cluster (Fig. 3A and
3F). The CYP membrane proteins, which belong to the cytochrome P-450 family of
proteins in the inner-membrane of the mitochondria, have substrates that include many
steroids and lipids. Interestingly, N-nitrosoanabasine is connected to the UGT cluster
(Fig. 3A and 3F). UGT proteins are responsible for catalyzing the glucuronidation of
estrogens and androgens, which makes these molecules more soluble and easily
transportable. This process may be critical during development for the proper exposure
of the fetus to maternal hormones, and this exposure essential during differentiation,
body pattern formation and sex determination. Maternal smoking is also associated with
defects in human testis development [42].
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In summary, the systems chemo-biology data show that TCs negatively affect
the synthesis of cholesterol via impacting proteins necessary for its synthesis, such as
FDPS and FDFT1. The action of lipophilic molecules in the mitochondria has been
observed, and hydrophilic compounds could also impair mitochondrial function [30].
Indeed, in our modules, it can be observed that some hydrophilic TCs could affect the
import of cholesterol to the mitochondria by acting on transport proteins, such as StAR.
We also noted that TCs could have an effect on the UGT protein cluster, down-
regulating hormone solubility and transport.

Systemic effects of tobacco smoking on human embryogenesis: regulation of cell
communication and cell-cell signaling

Cellular communication is of great importance for embryonic development,
being essential to coordinate the different biochemical signals required to control
cellular differentiation and migration. Interestingly, GO analysis of clusters 2 and 18
(Fig. 4) revealed two related processes: (i) regulation of cell communication and (ii)
cell-cell signaling (S-Tables 5 and 21, see Supplementary Material 1).

Considering the different proteins found in cluster 2 (Fig. 4A), two nodes appear
to be important TC targets: (i) signal transducer and activator of transcription 3
(STAT3), which is related to cell-cell signaling in stem cell cultures [43]; and (ii)
colony stimulating factor receptor-beta (CSF2RB), a CSF2 receptor molecule that is
important for post-blastocyst development, embryo differentiation, and implantation
[44]. Epidermal Growth Factor (EGF) and its receptor EGFR were also present in this
subnetwork (Fig. 4A). EGFR is a plasma membrane glycoprotein that is necessary for
implantation and epithelial differentiation as well as for cell signal transmission during
embryogenesis [43, 45, 46]. Cluster 2 also contains APP, a protein responsible for the
inhibition of NOTCH, which is related to cell-cell communication [47]. Interestingly,
Notch2 mutant mice exhibit defects in kidney, eye and heart development [48], similar
to defects observed in the fetuses of human female smokers [3].

It should be noted that both EGF and EGFR were linked to cadmium and
methylamine (Fig. 4A) in our systems chemo-biology data, and one study showed that
cadmium (Fig. 4A) could alter the progesterone concentration in the placenta [49].
Other growth factors, such as nerve growth factor (NGF) and transforming growth
factor, alpha (TGFA), are also present in cluster 2. It is possible that the selected
constituents, cadmium and methylamine (Fig. 4), can play a negative role in hormone
and cell-cell signaling via inhibition of NOTCH and other growth factors such as EGF,
EGFR, NGF and TGFA.

Progesterone plays a pivotal role in controlling implantation, zygote division and
the activation of gene expression cascades that initiate cell-cell signaling during
development [10, 50, 51]. Knockout of the progesterone receptor in mice leads to an
increase in proliferation and inflammation mechanisms rather than embryonic stem cell
differentiation [10].

Considering the importance of the placenta for the regulation of hormone levels
throughout pregnancy, one study showed that smoking is associated with spontaneous
abortion due to diminishing the levels of serum estradiol and chorionic gonadotropin
[52]. As discussed previously in this work, TCs play a negative role in steroid synthesis.
Because many abnormalities are observed in the newborn fetuses of smoking pregnant
women [3], and taking into account our data, it becomes clear that TCs are likely to act
through a general mechanism altering the patterning of gene expression, such as
hormone signaling. Moreover, all hormones play critical roles in the expression of
homeotic genes during development, especially the HOX genes [10]. HOX genes are
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expressed in a spatial-temporal manner, and any disruption or negative regulation of the
expression of these genes could affect body pattern specification and cell differentiation
[10]. It should be noted that in the major CPI-PPI network, 1,3-butadiene is linked with
HOXD13 (Fig. 1C). The HOXD cluster is associated with final stages of limb
morphology, whereas mutations in HOXD13 are associated with abnormal limb length
[53]. Considering that tobacco abuse can lead to limb aberrations in newborns [3], the
HOXD cluster should be an interesting target with respect to understanding the effects
of cigarette compounds during and development. Consistent with our interpretation,
when 1,3-butadiene was injected into pregnant mice at a high dose (8,000 ppm)
[http://wvww.who.int/ipcs/publications/cicad/en/cicad30.pdf], the newborn offspring
showed aberrations in the skull, spine, sternum, ribs and long bones
[http://wvww.who.int/ipcs/publications/cicad/en/cicad30.pdf].

It should also be noted that cluster 2 (Fig. 4A) contains ERBB2, ERBB3 and
ERBB4, which are all members of the tyrosine kinase family, and show a with similar
structure to EGFR, which appears to be crucial for skeletal development [54].

Thus, a potential candidate for the mechanism underlying the impact of TCs is
hormone synthesis and signaling, which subsequently affects homeobox expression and
spatial-temporal coordination. Two substances (trimethylamine and ethylbenzene) in
cluster 18 are connected to CHRNA4 (Fig. 4B), a cholinergic nervous system receptor
that causes opening of plasma membrane channels, leading to ion entry. Interestingly,
CHRNAA4 is present in the embryo and fetus, and this protein alone is connected to
YWHAH (also known as 14-3-3n) (Fig. 4B) [55], a protein related to cytoskeletal
proteins, apoptosis and cell cycle [http://www.genecards.org]. YWHAH negatively
regulates PDPK1, a master kinase that acts by phosphorylating a broad range of
important kinases, including as AKTs (AKT1 to 3) and SMADs (SMADs 2 to 4 and
SMADY7), which are proteins associated with chromatin remodeling, cell differentiation
and cell proliferation [http://www.genecards.org]. PDPK1 also prevents the nuclear
translocation of SMADs 2-4 and SMAD?.

Therefore, in addition to the role of TCs in hormone, homeobox and growth
factor signaling, they might also disturb chromatin remodeling.

Systemic effects of tobacco smoking in human embryogenesis: metabolism of
DNA, DNA damage stimulus, the cell cycle and chromatin organization

In the GO analysis of clusters 3, 6, 17 and 21 (Fig. 5), we identified two related
processes: (i) RNA-splicing, and (ii) metabolism of DNA (S-Tables 6, 9, 20 and 24,
see Supplementary Material 1).

CYP proteins are related to the metabolism of xenobiotics and are also
responsible for the carcinogenic activation of compounds such as PAHs and aromatic
amines [52]. While CYPs convert these compounds into reactive carcinogens,
glutathione S-transferases (GSTs) (Fig. 5B) detoxify PAH carcinogens after they are
converted to glutathione by GSTM1 [52]. Regarding the importance of GSTML1 in the
detoxification of PAHSs, one study showed that a single adenine-to-guanine substitution
in the GSTP1 gene that generates an isoleucine instead of a valine in the protein can
lead to the loss of its detoxification capability [52]. This loss of the detoxification
capability of GSTM1 can result from the action of a combination of TCs. In our GO
analysis, not only were TCs associated with the metabolism of nucleotides in four
different clusters, but each cluster contained different interacting compounds, including
both hydrophilic (catechol) (Fig. 5C to 5E) and lipophilic (chrysene and 1,3-butadiene,
crotonaldehyde) (Fig. 5B), as well as organic (chrysene and 1,3-butadiene) (Fig. 5B)
and inorganic (beryllium, polonium-210 and arsenic) (Fig. 5A, 5C, 5D, and 5E).
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Remarkably, in cluster 6, both substances (chrysene and 1,3-butadiene) are linked to
HPRT1 (Fig. 5B), a hypoxanthine that is responsible for the metabolism of purines.

The applied systems biology tools also identified inosine triphosphatase protein
(ITPA) in cluster 6 (Fig. 5B). ITPA is important for the removal of deaminated purine
nucleotides in mammals [56]. ITPA™ mice show perinatal lethality, and ITPA™ mouse
embryonic fibroblast exhibit increased chromosomal abnormalities and accumulation of
single strand-breaks in nuclear DNA [57]. Thus, given the role of ITPA in embryonic
lethality and chromosomal aberrations, ITPA is expected to be a good target in
attempting to understand the role of TCs in DNA repair and metabolism.

Moreover, 1,3-butadiene, has been found to be linked to increased genotoxic
stress due to DNA damage, through the formation of DNA-DNA cross-links at adenine
and guanine nucleobases by its metabolites, 1,2,3,4-diepoxybutane and 3,4-epoxy-1,2-
butanediol [58, 59]. This compound has also been associated with epigenotoxic effects
caused by the loss of global DNA methylation and trimethylation of histone H3 lysines
9, and 272 and H4 lysine 20, all of which are known for their roles in regulating gene
expression patterns [59].

These associations revealed that substances in cigarette smoke can act through
distinct pathways to affect DNA metabolism. Regarding the last set of TCs, DNA
mutations not only have a teratogenic effect but also alter gene expression.

Next, in the GO analysis of clusters 5, 8 and 9 (Fig. 6), we identified two related
processes: (i) DNA damage stimulation, and (ii) the cell cycle (S-Tables 8, 11 and 12,
see Supplementary Material 1).

In this cluster, arsenic binds directly to PLM (Fig. 6B and 6D), which is a
protein with functions involved in chromatin organization, cell differentiation, DNA
repair, protein sequestration and post-translational modifications
[http://www.genecards.org]. PML is linked to significant proteins such as p53, p300 and
BING2 (Fig. 6B and 6D). BING2 is a protein that travels between the nucleus and
cytoplasm and is linked to the activation MDM2 ubiquitination activity
[http://www.genecards.org]. Thus, TCs could play a role in p53-mediated degradation
by MDMZ2, leading to inefficient cell cycle arrest and DNA repair. MDM2 is found in
clusters 5 and 8 (Fig. 6A and 6B).

Furthermore, ethylamine is connected to USP2 (Fig. 6A and 6D), a protein
related to myogenic differentiation during embryogenesis, and is indirectly associated
with the degradation of p53 by MDM2 [http://www.genecards.org]. Increased
degradation of p53 can affect cell cycle arrest in G1/S and increase the likelihood of
DNA damage in the fetus. In this sense, in lung tissues, rats carrying p53 mutations
exposed to environmental tobacco smoke showed inefficiency in inducing pro-apoptotic
genes, and an increase in the expression of proliferation, immune response and
inflammation genes [60]. Evidence also suggests that chronic inflammation causes by
environmental toxicants is linked to many aspects of DNA damage and tumorigenesis
[61], which is consistent with the previously described connection between TCs and
increased inflammation.

Considering the increased proliferation and inflammatory response caused by the
lack of p53, urethane is directly connected to FOS (Fig. 6B and 6D), a central protein
involved in proliferation, and TNF, a pro-inflammatory cytokine. Urethane is reported
to affect the cell cycle during neural tube development in mouse embryogenesis [62]. In
addition, another study found that urethane alters placental morphology and down-
regulates cell cycle genes as well as cytokines and other growth factors [63].

Both urethane and ethylamine appear to affect the cell cycle. Thus, our data
show that TCs (Fig. 6) could have an indirect effect on p53 by causing its degradation
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through MDM2, which is stimulated by USP2 and BING2. This down-regulation of p53
is related not only to DNA damage but also to pro-inflammatory responses and
increased proliferation.

In the GO analysis of cluster 7 (Fig. 6B), we only identified chromatin
organization (S-Table 10, see Supplementary Material 1) as a major biological
process.

Cluster 7 included dimethylamine, which is connected to MBD2 (Fig. 6B), a
protein associated with regions of methylated DNA in CpG islands that can recruit
histone deacetylases and DNA methyltransferases. This indicates a possible interaction
of TCs with chromatin organization. Epigenetic alterations have been linked to
developmental changes that have a pathological outcome in adult life [5, 64, 65]. DNA
methylation is also correlated with gene silencing through polycomb repression
complexes (PRC), and in lung cancer, tobacco smoking is correlated with aberrant
histone methylation [66].

Although the mechanisms underlying these pathologies have yet to be
elucidated, it is possible that the impact of TCs on the methylation of polycomb genes
such as EZH2, SUZ12 and EED, which are part of PRC2, can alter gene expression and
silencing. PRC2 is involved in to the silencing of many HOX genes, which is critical for
normal fetus development. Additionally, MBD2, the protein linked to dimethylamine, is
correlated with the inactivation of sexual chromosomes and is a candidate for recruiting
DNA-methyltransferases (DNMTSs) to the silenced promoters of long-term repressed
genes [67]. Hence, MBD?2 is a good candidate for improving the understanding the
molecular mechanisms underlying the impact of TCs on chromatin structure.

DNA methylation also appears to be important for the expression of insulin
factors [65]. Interestingly, in our analysis, cluster 14 (S-Figure 2, see Supplementary
Material 2) showed insulin signaling as the related GO (S-Table 17, see
Supplementary Material 1).

Effect of nicotine on retinoic acid signaling, cell proliferation and differentiation

Thus, a second analysis using tools from chemo-systems biology was developed
to elucidate the relationships between nicotine, RA signaling and cell differentiation in
the fetus during embryonic development in female smokers. The extracted subnetwork
was examined separately due the distinct module involving nicotine and its interacting
proteins. RA was added to the network because we observed that many proteins
connected to nicotine were related to embryonic development and RA signaling.

Thus, the data amassed allowed the design of a major CPI network associated
with nicotine and RA signaling (Fig. 7), which revealed several proteins that related to
embryonic development, stress responses, and cell proliferation.

Therefore, Cytoscape 2.8.2 was used to build a CPI network with 330 nodes and
4078 connections (Fig. 7). Several of the proteins in the CPIl network, directly
connected to nicotine, including: (i) VEGFA, a factor that induces blood vessel
formation (angiogenesis) [68]; (ii) DNMTL1, a DNA methyl transferase responsible for
the methylation of 5' CpG islands in DNA and epigenetic regulation (Fig. 7) [69]; (iii),
FOS and JNK1 (MAPKS ), which are both inducers of cell proliferation [70, 71]; and
(iv) SOD2, which is responsible for mitochondrial superoxide dismutation. In addition,
many proteins involved in cellular responses to stress, DNA damage and inflammation
are interconnected with nicotine in the CPI network. Similar to cytokines, such as IL1,
IL2 and TNF, the proteins BAX, SOD2 and nicotinic receptors (CHRNA 2, 4-6, 9, 10,
and CHRNB 2-4) (Fig. 7) were involved with nicotine. Nicotine binds specifically to
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proteins that are related to stress and cellular proliferation (Fig. 7). However, many of
these proteins can inhibit growth, such as the nuclear phosphoprotein FOS (c-Fos) [72].

FOS is an evolutionarily conserved transcription factor that is present in all
vertebrates and is essential for mitogenic signal propagation and the induction of cell
division [71]. The highest levels of c-Fos are detected near the peak of cell proliferation,
and its action antagonizes the RA signaling mechanism involved in differentiation [71].
Thus, as one process is linked to differentiation and the other to proliferation, the
processes are antagonistic and cannot occur simultaneously in the same cell.

The protein JNK1 also induced by nicotine and is present in our CPI network
(Fig. 7) [70]. Once induced by nicotine, we hypothesize that the actions of FOS and
JNK1 lead to increased cell proliferation due to altering RA signaling and cell
differentiation. The systems biology analysis also showed that FOS is related to the
PDGF (platelet-derived growth factor) protein family. The proteins SIS (PDGFB),
PDGFA, PDGFC, IEGF (PDGFD), and PDGFR are known members of this family that
have been observed to induce cell proliferation and rearrange the cytoskeleton and are
affected by nicotine [73]. Therefore, nicotine potentially acts as a cellular proliferation
inducer that antagonizes the cellular differentiation processes controlled by RA
signaling (Fig. 8).

We also observed a connection between nicotine and JNK1 through their
association with RARa in the CPI network (Fig. 7). JINK1 is expressed when the cell
undergoes cellular stresses, such as inflammation, oxidative stress, and heat [74]. In a
murine model, nicotine was found to be related to the expression of JNK1 in respiratory
system tissues through nicotinic receptors and receptor kinins B1 and B2, whose
stimulation, by a peptide called bradykinin, leads to increased levels of intracellular
Ca?* [70]. Cellular stress can activate JNK1, which phosphorylates RARa and causes its
proteosomal degradation [74]. These relationships demonstrate that a stable level of
circulating nicotine in a pregnant smoking woman inhibits RARs, which are
transcription factors that are regulated by intracellular calcium influx and the
recruitment of protein kinases.

In our CPI network, RA interacted with an extensive range of proteins,
especially the Hox, PAX, FGF, p300, p53, and NANOG proteins (Fig. 7). This result
was expected because RA is a compound with very diverse functions during embryonic
development and adult life.

During embryonic development, Hox proteins are induced by RA, which is one
of their most important inducers [10]. Furthermore, RA binds to different proteins
responsible for chromatin remodeling, such as SMAD2, SMAD3 and p300 (Fig. 7).
Some of the proteins have been characterized as being involved in epigenetic
modification and cell differentiation, including AKT1, JNK1, OPN, VFR, BMP2,
BMP4 and RARs (RARa, RARB, RARy, RXRA, RXRB and RXRG), which are found
founded in the CPI networks connected to RA.

Nicotine has been reported to inhibit RARB in lung cancer [11]. Thus, in
response to the presence of retinoids, chicken ovalbumin upstream promoter (COUP-
TF), a nuclear receptor, modulates the expression of RARP [11]. Nicotine has been
observed to be a suppressor of the COUP-TF receptor due to inducing nuclear receptor
TR3 (NR4AL, nuclear receptor subfamily 4, group A, member 1), which inhibits the
transactivation of COUP-TF by the RARP promoter, preventing COUP- TF from
binding in response to retinoid elements [11]. Interestingly, TR3 is stimulated by
various biochemical signals, such as the release of Ca®* [11]. Nicotine can stimulate the
opening of Ca®* ion channels in neurons by recruiting the cAMP responsive element
binding (CREB1) protein [75]. Although this recruitment has mainly been observed in
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neural cells, it is possible that this association could also occur in other cell types.
Hence, nicotine crosses the cell membrane and causes a depolarization that could
release intracellular Ca**, stimulating the up-regulation of a number of kinases, such as
ERK1, p38 and JNK1 [76, 77]. Thus, one of the ways in which nicotine could promote
the recruitment of TR3 would be through the action of kinases that are stimulated by the
influx of Ca®* and indirectly inhibit RA receptors (Fig. 8). Likewise, a lack of RARp
has also been described as an essential factor in the expression of p300 [78], which is
involved in important cell processes, such as chromatin remodeling. Thus, it is expected
that the inhibitory effect of nicotine on RARP could cause errors in gene expression
induced by p300 as well as possible chromosomal abnormalities.

The systems biology analysis performed in this study also showed that nicotine
is directly connected to the protein CYS26A1 (Fig. 7). This protein is responsible for
regulating RA levels [79] and is expressed in a spatial-temporal manner during the
development of mice, mainly in the anterior segment of the embryo and in the neural
crest-derived mesenchyme [79]. However, inhibition of this protein generates an
accumulation of RA and leads to deformities in the embryo, such as abnormalities in the
cerebellum, urogenital tract, and spinal cord [79]. The influence of nicotine on the
inhibition of CYP26A1 has been identified in mammary carcinoma cells [80]. In the
same study, it was shown that the inhibition of proliferation is unaffected by RA in cell
cultures deficient in CYP26AL1, indicating that CYP26AL1 is required for this process
[80]. Therefore, in addition to the inhibition of the RA receptor, the inhibition of
CYP26AL1 is responsible for the down-regulation of RA signaling and for inducing
cellular proliferation. Thus, it is interesting to hypothesize that CYP26A1 could display
the closest relationship with the Hox genes. The abnormalities observed in the fetuses of
smoking women appear to act primarily during bone and skeletal development, where
many Hox genes are necessary for the formation of the body pattern and tissue
differentiation. This scenario was examined to some extent in a study that noted that the
abnormal levels of RA caused by a lack of CYP26A1 increase the expression of
HOXAL, resulting in embryonic lethality [79].

Moreover, nicotine exhibited 22 proteins in common with RA (Table 2). These
proteins are mostly related to the immune system, stress, and cell proliferation (Table
2), indicating that nicotine affects RA signaling through cellular stress caused by
constant tobacco use. Exposure to nicotine could cause an increase in proinflammatory
signaling, leading to abnormal expression of VEGFA (vascular endothelium growth
factor A) and other placental growth factors, which leads to impairment of the
endovascular trophoblast and causes causing reduced uroplacental blood flow,
culminating in fetal growth restriction [81] (Fig. 8). We observed that nicotine is
directly linked with VEGFA in our analysis (Fig. 7).

Role of nicotine in the differentiation of bone tissue

An indirect association of nicotine with RA receptors was observed in the
network via the influence of nicotine on the transcription factor JUN (Fig. 7). The JUN
protein can be activated by the action of JNK1 during osteoblast differentiation [82].
IJNK1” rats show negative regulation of transcription factors that inhibit the
differentiation of osteoblasts. In addition, JINK1 was associated with interleukin 1 (IL1)
and tumor necrosis factor o (TNFa), which are cytokines that increase osteoblast
differentiation in cases of rheumatoid arthritis [82].

In a smoking woman, the levels of nicotine in the blood are maintained at a
stable level depending on the degree of tobacco use [83]. During embryogenesis,
constant levels of nicotine can affect bone development during osteoblast
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differentiation, and morphological data have demonstrated a decrease in bone and
cartilage growth [8] as well as a reduction of body mass in newborn fetuses and a
decrease in the biparietal-to-occipital frontal head measurement [7]. Therefore it is
possible to conclude that a stimulus during bone tissue differentiation might cause
abnormal limb anomalies. The role of nicotine in JNK1 signaling could be one of the
factors involved in this pathology. An additional impact of nicotine on bone tissue
differentiation involves the relationship with the BMP2 and BSP proteins.

The BMP protein family includes the most potent osteogenic growth factors
described to date [68] and is connected to nicotine (Fig. 7). A study in rabbits showed
that treatment with nicotine affects BMP2 RNA levels and the activity of osteoblasts
[68]. Similarly, the BSP protein is a glycoprotein that acts on bone mineralization,
which has also been described as being inhibited by nicotine in rat osteoblast cells [84].
The effects of nicotine could go beyond these data because a number of other proteins
connect to BMPs and BSP are linked to osteoblast differentiation and to bone tissue
formation, such as BMP4, the vitamin D receptor (VDR) transcription factor and the
zinc finger protein osterix OSX (SP7) (Fig.7).

Modularity analyses linking nicotine with abnormal embryonic development

Once the CPI network was generated (Fig. 7), we aimed to understand which
major protein clusters might be present. For this purpose, MCODE was applied to
analyze the highly connected regions in the network and to generate a cohesion
coefficient defining a cluster [85]. The CPI main network (Fig. 7) showed the presence
of six modules with a coefficient of cohesion greater than or equal to 3.00 (Clusters 1-6,
S-Fig. 3, see Supplementary Material 2).

It was observed that nicotine appeared in clusters 1-4 (S-Fig. 3A-D, see
Supplementary Material 2), but not associated with RA (only in S-Fig. 3C, see
Supplementary Material 2), which exhibits many connections other than nicotine in
the network. Nicotine is connected to 49 proteins with 281 connections, and RA is
connected to 130 proteins with 1471 connections (Fig. 7). The expected result would be
a prevalent modularization of RA over nicotine because it was related to many more
proteins and connectors. It is possible that nicotine has a strong systemic effect, even
though it nicotine has five times fewer connections than RA. From the systems biology
analysis, it was observed that nicotine more readily clustered in a network focused on
proteins involved in development and cellular stress.

Two main hypotheses can be drawn from these data: (i) nicotine affects the
activity of proteins involved in development through cellular stress (Fig. 7), culminating
in various morphological deformations in the embryo, and (ii) the effect of RA,
although it is essential to the developing embryo and connected to more proteins than
nicotine, is expressed in a spatiotemporal manner, and its role in embryonic
development therefore occurs though small impacts, whereas the effects of nicotine is
more massive and produces systemic damage in a short period of time. Thus, nicotine
will always be present at certain levels and will be prone to increase with constant use,
whereas RA levels will be regulated and restrained to specific stages of development
and will not be able to overcome the constant cellular stress promoted by nicotine (Fig.
8). We also observed that certain clusters did not contain either nicotine or RA (S-Figs.
3E and F, see Supplementary Material 2). In cluster 5 (S-Fig. 3E, see
Supplementary Material 2) we observed a prevalence of proteins linked to (i)
chromatin remodeling, such as EZH2, EED, SUZ12, DNMT1, DNMT3A, DNMT3B,
HDAC2, HDAC4, HDACS, and (ii) development and differentiation, including several
HOX proteins [Al, 1C (A5), 4B (D4), 21 (B1), B13, B4 and 4F (Al11)], PAX1, PAX®,
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NANOG, RARB, RARy, RXRpB, NOTCHI1, CYP2B6, and CYP26A1. This last cluster
was composed of 89 proteins with 300 connections and mainly consisted of
developmental proteins, indicating that the network appears to be restricted to
development processes, without a wide influence on other biological processes. Thus,
this systems biology view also supports our hypothesis of the impact of nicotine
regarding overriding the mechanisms of differentiation induced by RA.

Centrality analysis

To identify the major nodes within the CPI network (Fig. 8) the program
CentiScaPe was used to calculate betweenness, closeness and node degree centralities.
From these analyses, two graphs were generated containing the proteins that showed the
highest centrality values (S-Figs. 4 and 5, see Supplementary Material 2).
Interestingly, these nodes present a similar relevance order in both graphs. Thus, RA,
nicotine, JINK1, p300, AKT1, p53 and ERK showed the highest betweenness, closeness
and node degree values. As these proteins play major roles in cellular physiology, it was
expected that they would exhibit higher values for the three variables. The proteins with
the highest values were taken into consideration for the design of a molecular model of
the effect of nicotine on embryonic development (Fig. 8).

As noted above, a lack of RARP can affect the expression of p300. In the
centrality analysis, it was observed that p300 appeared as the fourth protein, showing
the highest values of betweenness, closeness, and the node degree (S-Figs. 4 and 5, see
Supplementary Material 2). This scenario demonstrates that there is a major influence
of p300 on the network regarding the number of connections with other proteins (92
proteins), the implications of its importance for neighboring proteins (closeness) and its
relationships to clusters and bioprocesses (betweenness). Therefore, the negative
regulation of this protein induced by nicotine can also lead to fetal malformations and
could be a potential study target for understanding the influence of nicotine in
development.

Conclusions

It is clear that fetal exposure to TCs during pregnancy increases the probability
of later pathologies such as obesity and diabetes and causes morphological
abnormalities. However, it is not clear how those abnormalities and pathologies arise or
what the underlying mechanisms are behind them. In the present study, we showed,
using systems biology tools, how the primary harmful constituents of tobacco interact
with specific biological processes and affect them. Due the variety of abnormalities
caused by TCs, it is clear that they utilize general mechanisms during development. Our
cluster analysis results show that TCs act in many bioprocesses, including cell
communication and signaling, hormone synthesis and signaling, DNA metabolism,
DNA repair, and inflammation. Although these processes have wide effects on cellular
and embryonic physiology, they can be disturbed by the levels of the constituents of
tobacco smoke. Because these effects are complex, we developed an interaction model
and divided it in five parts (Figs. 9A to 9E): (A) increased inflammatory processes; (B)
diminished nucleotide metabolism and increased DNA damage; (C) increased oxidative
damage; (D) low hormone synthesis and signaling; and (E) negative regulation of gene
expression, cell differentiation and cell signaling (Fig. 9). The systems model is related
to low birth weight, an increased probability of abortion, morphological abnormalities
(mainly in the skeletal system), low neutrophil activity and increased proliferation rates.
Furthermore, our model can help improve knowledge and provide new insights
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regarding how chemicals in cigarettes cause the many morphological abnormalities
observed in the newborn offspring of smoking pregnant women. The role of nicotine in
embryonic development has also not been well studied. The analysis performed in this
study demonstrates that nicotine has an aggressive effect on cell differentiation,
affecting RA signaling in the embryo, inhibiting RA receptors due to intracellular
calcium influx and stimulating cell proliferation proteins that antagonize RA activity.
Moreover, the accumulation of RA due to the inhibition of CYP26A1 can cause
potentially teratogenic effects. Osteoblast differentiation is also affected by nicotine, via
inhibiting proteins that stimulate bone tissue formation, which complements the TC
model. Together, these data show that the birth defects observed in morphological
studies could be caused by the negative action of nicotine on RA signaling. The
networks also show that the pro-inflammatory pathway triggered by nicotine could be a
factor leading to decreased body weight in the fetuses of smoking women. Finally,
cluster analysis shows a systemic effect of nicotine, which could affect the network in a
more aggressive and short-term way via cellular stress cascades.
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Figure Legends

Figure 1: A binary network of chemical-protein and protein-protein interactions (CPI-
PPI network) generated by the program Cytoscape 2.8.2. (A) The main network,
showing 49 known substances present in tobacco, 1177 nodes (49 substances, 1128
proteins) and 7522 edges (connections). Proteins were colored to identify the tissue in
which they were present: (i) pink indicates fetal tissue; (ii) green, embryonic tissue; and
(iii) dark blue, both fetal and embryonic tissues. In addition, each substance was colored
according to its solubility: (i) yellow indicates lipophilic and (ii) light blue, hydrophilic.
We observed that nicotine resided in a module apart from the major network (A).
Therefore, we separated it from the major CPI-PPI network and colored its module
purple. (B) The nicotine subnetwork is shown separately, from the major CPI-PPI
network. It contained proteins related to retinoic acid signaling and retinoic acid
(lipophilic molecule). (C) The final major CPI-PPI network after the nicotine module
was extracted.

Figure 2: HBs found in the major CPI-PPI network. Betweenness and node degrees
were assessed using the program CentiScaPe. Among the 143 HBs, 53 proteins are
present in both tissues, reinforcing the idea of a prolonged effect of CS on embryonic
development.

Figure 3: Cluster analysis of the major CPI-PPI network indicating clusters 1, 4, 11, 16
and 20. Cluster 1 (A) is composed of 83 nodes and 565 edges, with Ci = 6,843. The
associated  hydrophilic  constituents are urethane, N-nitrosoanabasine, N-
methylpyrrolidine and pyridine. The lipophilic constituents are toluene, 4-
aminobiphenyl, 5-methylcrysene, benz[a]anthracene, chrysene, benzo[b]fluoranthene,
7H-dibenzo[c,g]carbazole and 2-naphthylamine. Related GO terms: oxidation reduction
and unsaturated fatty acid metabolic processes. Cluster 4 (B) is composed of 90 nodes
and 411 edges, with Ci = 4,567. The associated hydrophilic compounds are urethane, N-
nitrosoanabasine, N-methylpyrrolidine, arsenic, selenium and cadmium, and the
lipophilic compounds are acrolein, crotonaldehyde, toluene, xylene, ethylbenzene,
benz[a]anthracene, styrene and 2-naphthylamine. Related GO term: oxidation reduction.
Cluster 11 (C) is composed of 23 nodes and 74 edges, with Ci = 3,217. Only the
lipophilic compound isoprene is present in this cluster. Related GO term: steroid
biosynthetic processes. Cluster 16 (D) is composed of 15 nodes and 36 edges, with Ci =
2,400. The associated hydrophilic compound is butyraldehyde. Related GO term: lipid
modification. Cluster 20 (E) is composed of 29 nodes and 65 edges, with Ci = 2,241.
The associated lipophilic compounds are acrolein, 2-naphthylamine, 1,3-butadiene,
cyclopentane and 4-aminobiphenyl. Related GO term: prostaglandin metabolic
processes and unsaturated fatty acid metabolic processes. A merge of clusters 1, 4 and
20 (F). Clusters 11 and 16 did not show any proteins overlapping protein with any other
cluster.
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Figure 4: Cluster analysis of the major CPI-PPI network and the modules related to
cell-cell signaling. Cluster 2 (A) is composed of 73 nodes and 354 edges, with Ci =
4,849. Cluster 2 contains the two hydrophilic substances cadmium and methylamine.
Related GO term: regulation of cell communication. Cluster 18 (B) is composed of 13
nodes and 30 edges, with Ci = 2, 304. Cluster 18 contains one hydrophilic compound,
trimethylamine, and one lipophilic compound, ethylbenzene. Related GO term: Cell-cell
signaling.

Figure 5: A merge of clusters 3, 6, 17 and 21. In (A), cluster 3 is composed of 14 nodes
and 65 edges, with Ci = 4,643. The associated hydrophilic components are urethane,
beryllium and polonium-210. Related GO terms: RNA-splicing and nucleobase,
nucleoside, nucleotide and nucleic acid metabolic processes. Cluster 6 (B) is composed
of 24 nodes and 102 edges, with Ci = 4,250. The associated lipophilic constituents are
1,3-butadiene and chrysene. Related GO term: nucleobase, nucleoside and nucleotide
metabolic processes. Cluster 17 (C) is composed of 35 nodes and 83 edges, with Ci =
2,371. The hydrophilic constituents present include catechol and arsenic. Related GO
term: Regulation of nucleobase, nucleoside nucleotide and nucleic acid metabolic
process. Cluster 21 (D) is composed of 22 nodes and 49 edges, with Ci = 2,227. The
associated hydrophilic constituent is beryllium, and the lipophilic constituent is
crotonaldehyde. Related GO term: regulation of DNA metabolic processes. The union
of clusters 3, 17 and 21 (E). Cluster 6 did not show proteins overlapping with the others.
Figure 6: Subnetworks derived from the merge of clusters 5, 8 and 9. In (A), Cluster 5
Is composed of 69 nodes and 315 edges, with Ci = 4,565. The associated hydrophilic
components are vinyl acetate and ethylamine. Related GO terms: response to DNA-
damage stimulus and cell cycle. Cluster 7 (B) is composed of 13 nodes and 54 edges
with Ci = 4,154. The associated hydrophilic compound is dimethylamine. Related GO
term: chromatin organization. Cluster 8 (C) is composed of 85 nodes and 338 edges
with Ci = 3,976. The associated lipophilic constituents are acrolein and
benzo[b]fluoranthene, whereas the hydrophilic constituents are urethane and arsenic.
Related GO terms: DNA-damage stimulus and regulation of cell cycle. Cluster 9 (D) is
composed of 16 nodes and 58 edges, with Ci = 3,625. The hydrophilic constituent
present is trimethylamine. Related GO term: cell cycle processes. The union of clusters
5,8 and 9 (F). Clusters 7 did not show any proteins overlapping with any others cluster.
Figure 7: A model of the interaction from a systemic view showing how TCs affect
development. In (A), we show that increasing TC levels generate a pro-inflammatory
cascade by increasing the levels of PTGS1 and PTGS2. PTGSs are associated with
inflammatory responses and are essential for normal pregnancy. Disturbances in PTGS
expression could cause impairments in fetal development. Prostaglandins also generate
arachidonic acid, a precursor of leukotriene. TCs are connected to ALOX5 and
ALOX15B, which are proteins involved in the synthesis of leukotriene, a molecule that
plays pivotal roles in pro-inflammatory responses. The consequence of (A) is low birth
weight in newborn infants, abortions and increased proliferation. Moreover, in (B), TCs
are linked to BING2 and USP2, which are proteins related to increased activity of
MDM2. This MDM2 mediated up-regulation can rapidly down-regulate p53 protein,
leaving the cell more susceptible to DNA damage. TCs also down-regulate HPRTL,
diminishing purine metabolism. This system exhibit a relationship with increased
proliferation. The system in (C) shows that TCs are associated with the generation of
superoxides due to up-regulating NADH oxidase, which increases ROS levels and
consequently oxidative stress. Increased oxidative stress is known to be related to birth
defects. In addition, system (C) is associated with low birth weight and low neutrophil
activity. Moreover, (D) shows the relationship between TCs and low hormone synthesis
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and signaling. Exposure to TCs could have a negative effect on androgen and estrogen
solubility due to acting on the UGT cluster. TCs could also be associated with low
levels of cholesterol synthesis due to increasing the levels of CYPs and diminishing the
levels of FDFT1 and FDPS, which are two enzymes related to cholesterol synthesis.
Low cholesterol availability would decrease general hormone synthesis. In addition,
TCs affect the transport of cholesterol to the mitochondria by acting on the membrane
protein StAR. Finally, in (E), the system shows the relationship between TCs and
decreased global gene expression and cellular differentiation and signaling. The
activities of the TCs would increase the levels of MBD2, a methylation enzyme. DNA
methylation is related to gene silencing. We postulate that TCs could affect the PRC2
complex via its methylation and disturb gene expression, including that of HOX genes.
TCs could also have a negative effect on gene expression by increasing YWHAH levels,
which would decrease the levels of the master kinase PDPK1 and is linked to AKT
activation and SMAD nuclear translocation. In addition, NOTCH signaling could be
affected through the action of TCs on APP activation.

Figure 8: A binary network of the interactions between chemical compounds and
proteins generated by the program Cytoscape 2.8.2, which contained 330 proteins and
4078 connections. Nicotine appears in the network as the green node, and RA appears
as the blue node. White nodes are connected to both compounds are proteins. A) A sub-
network containing 49 nodes and 281 edges and showing the proteins with direct
connections with nicotine. B) A sub-network containing 130 nodes and 1471 edges and
showing the proteins that make direct connections with RA.

Figure 9: A molecular model illustrating how nicotine affects differentiation in the
embryo. In the first part of the model (1), it can be observed that by the generating
cellular stress, nicotine promotes the recruitment of JNK1 and TR3 through the influx
of intracellular Ca**. JNK1 promotes the inhibition of RARa. Moreover, the Ca?* influx
leads to the recruitment of TR3, which inhibits COUP-TF and prevents the expression
of RARp. Through the recruitment of FOS and PFGFs by nicotine, an increase in cell
proliferation occurs, which causes a decrease in differentiation and RA signaling.
Finally, nicotine promotes the inhibition of CYP26A1, which generates an
accumulation of RA in the cell and an increase in cell proliferation. In the second part of
the model (I1), the inhibition of BMP2 and BSP is promoted by nicotine, which results
in the negative regulation of bone mineralization and skeletal development. In addition,
nicotine also promotes a proinflammatory reaction that recruits VEGF and placental
growth factors, which leads to an impairment of the endovascular trophoblast and
results in a fetal growth restriction.
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Table 1: Major bioprocesses associated with the Hubs-bottlenecks subnetwork.
GO-ID GO p-value Corr p-value  k* n’ Proteins
55114  Oxidation Reduction 4.4x10 9x10 % 26 645  CYP3A5,CYPIBL,PTGS2,CYP2C19,CYP2B6;PGD;PTGSL;ALDH3A2;AKRL
C3:GSR;GPX1;FMO1;GPX4;HMOX1;GPX3: CAT:NQOL:HADH:CYP1AL:C
YP2C8;MAOB;IDO1;CYP2E1;CYP1A2;DECR1;SOD2;LDLCQ3;ALDH7AL;
G6PD;AKR1B1; TXN:ALDH2;MPO
48545  Regulation of Steroid 1.3x10™ 1.8x10! 18 225  TNF,PTGS2;MAP2K1;RELA;PTGS1;MAOB;BRCAL;MAPK1;FOS;CCNDI;
Hormone Stimuli CDKN1A;EP300;HMOX1;GPX4;GPX3;ALDH2;INSR;NGF
42127 Regulation of Cell 1.3x10™ 1.5%x107%0 30 848  CSF2;TNF;GNAI2;PTGS2;PTGSL;TACL;GPX1;INS;HMOXL;IFNG;SHC1;E
Proliferation GF:INSR:MYC:EGFR;KAT2B: IL8;MAP2K1:RELA; TP53:IDOL:STATL;MB
D2;BRCAL1;SOD2;MAPK1;CDKN1A;CCNDI1;IL2;NGF
42981  Regulation of 9.3x10™ 9.4x10™° 29 282  CSF2TNF;PTGS2;MMPI;GPXL;APP;INS;ALB;HMOX1;SOSL;IFNG;CAT;N
. QO1;EGFR;RELA;GRIN2A;TP53;IDO1;STATL1;BRCAL;SOD2;MAPK1;CDK
Apoptosis N1A;F2:MPO;PDCD6:GSTPL;IL2:NGF
10646 Regulation of Cell 6x10™° 2 6x1078 31 1154  CSF2;TNF;GNAI2;PTGS2;CD8A;GRB2; TACL;,GPX1;APP;INS;SOS1;HMOX

Communication

1;IFNG;CHRNA4;SHC1;CAT;EGF;INSR;AGAP2;EGFR;MAP2K1;RELA;M
AOB;GRIN2A;TP53;MBD2;PTPN11;LAP3;CCND1;IL2;NGF

* = Number of nodes for a given GO in the network;

* = Total number of proteins for a given GO annotation.
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Table 2: The relationships between of common proteins, nicotine and RA and their
specific biochemical functions. These data were obtained from the GeneCards

(http://www.genecards.org) and iHop

(http://www.ihop-net.org/UniPub/iHOP/)

databases.

Protein Biological Function Role

VEGFA Growth factor Crucial role in angiogenesis, vasculogenesis
and endothelial growth

TGFB1 Cytokine Acts in differentiation, proliferation, adhesion,
and migration; also a potent stimulator of bone
growth

ALPP Alkaline phosphatase ~ Expressed in the placenta, which is involved in
circulation during pregnancy

HSF Transcription factor Activated under conditions of heat or other
cellular stresses

FGF2 Growth factor Involved in tumor growth, development of the
nervous system, cell differentiation and
angiogenesis

TH Hydroxylase Hydroxylase that function in the physiology of
adrenergic neurons

FOS Nuclear phosphoprotein  Nuclear phosphoprotein that participates in cell
differentiation, proliferation and apoptosis

IL10 Cytokine Involved in the immune response against
pathogens and in the inflammatory response;
also related to the intestinal immune system

DNMT1 Methyltransferase DNA methylation and the establishment of
methylation patterns

IL1 Cytokine Involved in the immune response to against
pathogens and the inflammatory response

AKT1 Kinase Involved in tumor formation, angiogenesis and
insulin regulation

BAX Transcription factor Pro-apoptotic protein

ALPL Alkaline phosphatase ~ Mineralization of bone matrix

BCL1 (IL5) Cytokine Involved in the immune response against
pathogens and the inflammatory response

NOS2A Nitric oxide synthase  Produces nitric oxide (NO)

PPARG Proliferator peroxisome Regulator of adipocyte differentiation and

receptor glucose homeostasis
K60 (IL8) Chemokine Involved in the inflammatory response;

angiogenesis inducer
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Table 2 Continued.

Proteins

Biological Function

Role

CREB1

PLAU

IL2

KDR (VEGFR)

RARB

Transcription factor

Protease

Cytokine

Growth factor

Retinoic Acid Receptor

Controls circadian rhythm, acts as tumor
suppressor and the expression of various genes
involved in cell survival

Involved in extracellular matrix degradation
and possibly tumorigenesis

Essential in the proliferation of T-cells of the
immune system. Stimulates the production of
B-cells, monocytes and natural killer cells
Plays a crucial role in vasculogenesis and
angiogenesis

Involved in cell differentiation, cell growth
arrest, and signaling and transcription of target
genes

Figure 1: CPI network of 49 compounds of TC developed by the program Cytoscape.
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Figure 2: Hubs-bottlenecks present in the main network.
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Figure 3: Union of clusters 1, 4, 11, 16 and 20.
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Figure 4: Cluster 2 and 18.
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Figure 5: Clusters 3, 6, 17 and 21.
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Figure 6: Union of clusters 5, 7,8 and 9
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Figure 7: Model of interaction of how cigarette compounds affect the developmental process.
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Figure 8: Main network of nicotine, with two sub-networks.
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Figure 9: Model of how nicotine affects retinoic acid signalization.
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ANEXO 2 - PORTAL INTERGENICDB
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A2. PORTAL INTERGENICDB

O objetivo do IntergenicDB €é ser um portal de consultas para regifes
promotoras (Davanzo, 2010; Picolloto, 2012) e, para armazenar as informacdes deste
portal, foi desenvolvido um banco de dados, chamado PromotoresDB que contém as
informacdes de sequéncias promotoras de DNA de organismos procariontes (Molin,
2009; Avila e Silva, 2011).

A motivacao para o desenvolvimento deste portal é que, atualmente, ndo ha um
banco de dados disponivel na comunidade cientifica que atenda aos requisitos
solicitados pelos pesquisadores do nucleo de pesquisa de Bioinformatica da
Universidade de Caxias do Sul (Avila e Silva, 2011). Os requisitos conceituais do banco
de dados PromotoresDB sdo (Molin, 2009; Davanzo, 2010; Avila e Silva, 2011):
i) vincular uma regido promotora a um organismo; ii) obter informac@es sobre 0s genes;
iii) armazenar informacdes de uma regido intergénica; iv) descobrir e armazenar as
informacBes sobre os métodos de predi¢do utilizados na predicdo de sequéncias
promotoras; e, v) catalogar as publicacdes (artigos, trabalhos, etc.) relacionadas ao
estudo de promotores. As proximas secdes apresentam o banco de dados PromotoresDB

e as funcionalidades do portal IntergenicDB.

A2.1 BANCO DE DADOS PROMOTORESDB

Os requisitos iniciais do banco de dados foram coletados por Molin (2009) a
partir de pesquisas em artigos cientificos e, em bancos de dados existem a respeito deste
assunto junto a0 CMR® (Comprehensive Microbial Resourse), EcoCyc®, bancos de
dados do NCBI e 0 RegulonDB. O CMR ¢ um banco de dados que contém anotagdes

robustas de todos os genomas microbianos e fornece informacdes sobre regides

8 http://cmr.jcvi.org/cgi-bin/CMR/CmrHomePage.cgi
% http://ecocyc.org/
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especificas (genes, promotores e regides intergénicas; Peterson et al., 2001). O EcoCyc
é um banco de dados cientifico com diferentes categorias de informacfes sobre a
bactéria Escherichia coli (Keseler et al. 2011). Os bancos de dados do NCBI e o
RegulonDB foram explicados na se¢do 3.2 da Revisdo Bibliografica Geral. As
informacdes armazenadas no banco de dados PromotoresDB sdo as seguintes (Molin,
2009):

» Cada regido promotora esta ligada a um organismo, que possui um nome, um
reino, uma familia e um tipo de molécula;

* Cada gene possui um nome, um simbolo, um niimero de identificagdo de inicio
e fim, uma funcéo e uma quantidade percentual de CG.

* Cada regido intergénica possui um numero para a posicao inicial e final na
sequéncia, um tamanho, sua sequéncia de nucleotideos e o tipo de fita que pertence.

* A regido intergénica de teste € uma regido que contém 60 nucleotideos e ¢ uma
fonte de dados usada para predicdo que define se a sequéncia é ou ndo candidata a ser
promotora.

* Um método preditor ¢ um algoritmo usado na predi¢cdo das chances de uma
regido ser ou hdo promotor, e possui um nome, um percentual de uma cadeia analisada e
uma descrigdo de suas caracteristicas de funcionamento.

* Uma publicacdo ¢ um documento relacionado a area de estudo de promotores,
que possui um autor, um titulo, uma data de publicacdo, um instituto ao qual esta
vinculado, uma cidade e um pais, um endereco web e um espago para informacoes
adicionais.

Um banco de dados precisa ter um modelo conceitual para a criacdo da sua
estrutura fisica de armazenamento (Heuser, 2008; Elmari e Navathe, 2004). Na ciéncia

da computacéo utiliza-se a técnica de modelagem conceitual para representar o conjunto
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de dados a serem armazenados para um software (Heuser, 2008; Elmari e Navathe,
2004). O Diagrama Entidade-Relacionamento (DER) é utilizado como modelo
conceitual para representar a estrutura do banco de dados de forma visual (Heuser,
2008; Elmari e Navathe, 2004). O DER possui um conjunto de entidades que
representam objetos do mundo real e, cada entidade possui um conjunto de atributos
que representam as caracteristicas de uma entidade (Heuser, 2008; Elmari e Navathe,
2004). O modelo conceitual do banco de dados PromotoresDB revisado € mostrado na

Figura 1 (Molin, 2009; Davanzo, 2010; Avila e Silva, 2011; Picolloto, 2012).
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Figura 1: Modelo conceitual do banco de dados PromotoresDB que representa as

informacdes a serem consultadas e atualizadas no Portal IntergenicDB.
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As entidades definidas para o armazenamento das informacdes do banco de
dados PromotoresDB sao (Molin, 2009; Davanzo, 2010; Avila e Silva, 2011; Picolloto,
2012):

e Organism: informacdes dos organismos bioldgicos.

e Gene: informagBes dos genes para cada organismo bioldgico.

e Role: informagdes sobre que papel o gene desempenha.

e IntergenicRegion regides intergénicas de cada genes.

e IntergenicSlice: pedacos de regides intergénicas dos genes.

e PredictorMethod: métodos de predicédo utilizados para obter os dados das
regides intergénicas.

e Publication: informac6es sobre as publicacdes referentes aos métodos de
predicdo utilizados para obter as regides intergénicas.

e City, State e Country: informacdes da cidade, estado e pais onde foram
publicados os métodos de predicéo utilizados.

e User e Admin: informacBes sobre os usuarios e administradores do
portal.

e AdminGroup, AdmimGroupPermission e UserActivationPending
informacdes sobre as permissdes de cada usuario no portal.

e ImportQueue e ImportQueueEntry: informacgdes temporarias sobre novas
informacOes de predicdo de genes que serdo incorporadas ao

IntergenicDB ap06s validagdo de um usuério administrador.

A2.3 FUNCIONALIDADES DO PORTAL

Os usuarios do portal séo classificados em administradores e usuarios comuns
sendo que € necessaria uma autenticacdo de um usuario para ter acesso aos servicos do

portal, conforme pode ser visto na Figura 2.
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Os administradores terdo acesso a todas as funcionalidades do portal e, com
acesso exclusivo para cadastrar novos usuarios e permitir a insercdo de novos dados no
banco de dados PromotoresDB; enquanto que 0 usuario comum podera realizar todas as

consultas disponiveis e solicitar a insercao de novos dados (Picolloto, 2012).

Intergenic DB

Prokaryotes' Intergenic Regions

Home Search Publications Help

‘Welcome to IntergenicDB!

IntergenicDB is a database wich contains sequences of DNA known as intergenic regions
(or promoters) of prokaryotes beings.

This database is a result of a study made by Prof. Sheila de Avila e Silva, from the

Universidade de Caxias do Sul (UCS), entitled "Redes MNeurais Artificiais no

Reconhecimento de Regides Promotoras em Bactérias Gram-Negativas". This study

LogOn investigates the intergenic regions using neural networks, wich are trained by a program

User: to identificate if a given DNA sequence is or is not a promoter region. To see more about

I:I this study, click here.

Password: The IntergenicDB website is a tool that provides an easy way to perform searches and
uploads to the IntergenicDB database. The website is a result of the study made by the
UCS's students Vanessa Davanze and Douglas Picolotto.

LogOn

Aren't you registered
yet?

Figura 2: Tela inicial do Portal IntergenicDB para fazer autenticacédo de usuarios.
A Figura 3 mostra a tela com as funcionalidades que podem ser manipuladas
pelo usuario administrador. Na primeira parte mostra 0 acesso para manipular os
usuarios e grupos de usuarios. A segunda parte mostra 0 acesso para manipular as
informacdes de biologia molecular do banco de dados. E, a terceira parte permite ao
administrador manipular as informagdes de localizagdo do usuério, publicacdes a
respeito das informacGes inseridas no banco de dados e controlar as solicitagdes de

insercdo de novos dados.
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Administration

~— Access Control —

N ~

L2 <s ~
D

User Groups Users

— Molecular Biology Information —

bh=@%h

Gene Intergenic Organism Predictor Role
Region Method
—Other ——————————— =
s
G &
City Country Import Publication State
Queue

Figura 3: Tela com as funcionalidades do administrador do Portal IntergenicDB.
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repressor
61.03 ;ra"?‘cr'ptm"a' save |- cancel 448007[447174|.7 | %] v
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[ S Wz

A
Figura 4: As telas para cadastro de informac6es no portal IntergenicDB

A funcionalidade de manutencdo dos dados é de responsabilidade dos usuarios
administradores. Esta funcionalidade permite atualizar todos os dados armazenados no
banco de dados mostrado na Figura 1. As telas de cadastro para todas as informag6es do
portal sdo semelhantes, por isto, a Figura 4 mostra a tela de cadastro de informag0es de
genes. O administrador insere um gene usando a tela de edicéo (tela em destaque) com

as informacdes de GC, nome, organismo, papel, simbolo e informagdes da posicdo nas
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fitas. Na parte de cima a direita, ha um botdo (+) para inser¢do de um novo gene e uma
caixa de texto para pesquisa. Além disto, ao final de cada linha ha um botéo para edicao
e um botdo para exclusao de um gene.

Um usuario podera solicitar a insercdo de novos dados no portal. Isto sera feito
usando um modo supervisionado onde os dados importados serdo armazenados em uma
base de dados temporaria para ndo comprometer a integridade e veracidade dos dados
existentes. O processo de importacdo € dividido em quatro etapas: a) etapa de upload
onde o usudrio envia o0 arquivo a ser importado para analise; b): etapa de analise onde
um usuario responsavel analisa os dados importados; c) etapa de importacdo onde o
usuario responsavel submete os dados importados ao banco de dados através da tela de
administracdo do IntergenicDB; e, d) etapa de notificacdo onde o sistema notifica o
usudrio que submeteu o arquivo se a importacdo foi concluida com sucesso ou nao.

A principal funcionalidade do portal é permitir a realizacdo de consultas (Figura
5). O usuéario pode consultar utilizando como elementos de pesquisa: organismos,
genes, regides intergénicas e métodos de predicdo. O usuario pode consultar cada uma
das opc¢oes individualmente ou combinadas. O portal terd, também, uma éarea de
postagem portal onde possam ser visualizados documentos relacionados a promotores
através da aba ‘“News”. A Figura 6 mostra um exemplo de uma consulta realizada no

portal para a bactéria Escherichia coli.

137



Intergenic DB

Prokaryotes' Intergenic Regions

Home Search Publications Help

You can perform searches on the IntergenicDB by entering some information about the
intergenic region you want to find. The fields bellow provide the filters of the search.

Organism

Mame: ‘

LogOn
User: Gene
Password: Mame: ‘ |
Symbol: | % GC: |
LogOn Main Role: ‘ ‘
Aren't you registered
yet?

Intergenic Region

Size: ‘ From: ‘Tu: | |

Tape: O Forward O Reverse  Tape Position: l:l

[[] sliced Sequence

Eredictor Method

‘ Search Clear ‘
Figura 5: Tela de consulta do portal com as op¢Oes de consulta sobre organismos,

genes, regides intergénicas e métodos de predicéo.

Intergenic DB

Prokaryotes' Intergenic Regions

Home | Search | Publications | Help

Expand All | Export to TXT | Export to CSV | Export to XML | New Search

Escherichia coli K12-MG1655

Family: Proteobacteria
Kingdom: Bacteria

BT Regulatory functions
user:
dnaA - chromosomal replication initiator protein Dnaa
Password: a0 %
Size: 201
LogOn Direction: F
Aren't vou registered ;ZZ‘E::;;SH

verz
CGGTTAAGGTCAGGATCCCCGGGGCCGTCCGGGTGGGATCAGGCTGTGGGTAACTTTGGG
GATGAAATCAGATTCATCGGTGCTGGATCCTTGAAAGTCAAGGATCTTATTTGCCGGATC
CACGAGGTGGCGGCTAGAGATCCAGCCGCTAAAAACGTAGAATAGCCGGTCTTTAGTTAA
TCAATTGACGGGAGTTTAGAG

Predictor Methods

Predictor Method: Tandem
Hit Percentage: 56 %

A ¥ |

Figura 6: Resultado de uma consulta realizada no portal para a bactéria
Escherichia coli.
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ANEXO 3

DESENVOLVIMENTO DE FERRAMENTAS DE ACESSO A
BANCOS DE DADOS BIOLOGICOS
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A3. DESENVOLVIMENTO DE FERRAMENTAS DE ACESSO A BANCOS DE
DADOS BIOLOGICOS

A construgdo de ferramentas auxiliares foi necesséria para a execucdo dos

workflows cientificos Dis2PPI e Net2Homology, visando acessar os bancos de dados e

ferramentas de bioinformaética. As ferramentas construidas foram as seguintes:

i)

i)

Vi)

vii)

viii)

Carregar uma rede de interacdo de proteinas no formato do banco de
dados STRING;

Criar mecanismos de consulta ao banco de dados STRING para obter
redes de interacdo de proteinas na forma de arquivos textos e imagens,
bem como, obter identificadores, descricdes e a sequéncia de
aminoacidos (formato FASTA) de proteinas;

Criar mecanismos de consulta para acesso ao banco de dados PDB
para a busca de imagens tridimensionais de proteinas;

Desenvolver uma interface de execucdo para o algoritmo de
alinhamento de sequéncias BLAST do NCBI;

Prospec¢cdo de dados de doencas monogénicas para a andlise de
homologia;

Algoritmo para extracdo de informacbes do Psi-Blast e geracdo de
redes ppi usando o banco de dados string;

Configuracdo do sistema para uso dos workflows; e,

Registro dos comandos executados pela ferramenta (log) e avisos aos

USUArios.

As proximas secOes apresentam informacdes sobre o uso e implementagdo

destas ferramentas.
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A3.1 CARREGAR UMA REDE PPI

Para a execucdo do workflow Net2Homology € necessario fornecer como
entrada uma rede de interacdo de proteinas. Uma forma de obter esta rede é com o
resultado da execucdo do workflow Di2PPl. Outra forma é carregar uma rede de
interacdo de proteinas (Figura 1) a partir de um arquivo texto (1A). No momento que
esta opcao é selecionada, o usuario € informado sobre o formato da estrutura do arquivo
a ser lido (1B). Além disto, o usuario podera as proteinas carregadas (1C) para fazer
consultas aos bancos de dados STRING e PDB, bem como, para realizar um

alinhamento de sequéncias.

| %) System Biology Protein-Protein Interactions Analysis (] Proten selection...

| File | Proteins | Tools Workflows Options Help
|

Load Protein Network At
Protein List
| Protein Edges

Load Proteins ﬁ C
—?l Proteins Network File must have a format:
s [protein1] [protein2] [....]
or
[id1] [id2] [protein1] [protein2] [....]
B and
each value must be separated by space or tab! Select Close

Figura 1: Carregar uma rede de interacdo de proteinas para o workflow
Net2Homology.

A3.2 ACESSO AOS BANCOS DE DADOS E ALINHAMENTO DE
SEQUENCIAS

Para o entendimento dos acessos aos bancos de dados STRING e PDB, bem
como, a execucdo do alinhamento de proteinas usando o BLAST foram implementados

uma interface de consulta para cada uma destas funcionalidades.
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A3.2.1 CONSULTA AO BANCO DE DADOS STRING

A consulta ao banco de dados STRING (Figura 2) ¢ feita através da informac&o
de uma ou mais proteinas (uma por linha; 2A) ou através do uso da tela de sele¢do (2D)
apresentada na Figura 1C. E necessario informar ainda a espécie (ou organismo, 2B) e 0
formato do arquivo de retorno (2C). Apés a informacdo dos dados necessarios, o

usuario executa a consulta (2E) e, o resultado é mostrado no navegador web configurado

na ferramenta.
D Obtain a protein interaction network at String database
Proteins A
T B 10090 Mus musculus (taxid:10090) I
Choose aresult : @ Text Fie Fasta File
XML File Image File
D Select Proteins E Query
Close Clean

Figura 2: Tela de consulta ao banco de dados.

Para 0 acesso ao banco de dados STRING é montado uma URL para executar a
consulta como, por exemplo:

http://string-db.org/api/psi-mi-tab/interactionsList?identifiers=10090.ENSMUSP00000020268..

Na URL é informado o site do banco de dados (string-db.org), o tipo de acesso
(api), o tipo de consulta (neste caso, buscar uma rede no formato de arquivo texto: psi-
mi-tab) e a lista de proteinas (0 cdédigo do STRING para a proteina P53 é
ENSMUSP00000020268) e a sua espécie (10090 é o codigo para a espécie Mus

musculus).
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A3.2.2 CONSULTA AO BANCO DE DADOS PDB

A consulta ao banco de dados PDB (Figura 3) ¢ feita através da informacédo de
uma proteina (ndo aceita mais de uma proteina; 3A) ou através do uso da tela de selegdo
(3B) apresentada na Figura 1C. Apds a informacdo dos dados necessarios, 0 USuario
executa a consulta (3C) e o resultado (uma ou mais imagens da estrutura tridimensional
de uma proteina) é mostrado no navegador web configurado na ferramenta. O acesso ao
banco de dados PDB é feito através de um servico (web service) fornecido pelo préprio

site.

D Query proteins 3D images at PDB

Protein A

B Select | C )| Query Close

Figura 3: Tela de consulta ao banco de dados.

A3.2.3 ALINHAMENTO DE SEQUENCIAS DE PROTEINAS USANDO BLAST

A execucdo de uma consulta usando o algoritmo BLAST do NCBI é mostrada

na Figura 4.

[ Biast Protein
Protein | J ) select

Organism 10090 Mus musculus (taxid: 10090) -

Algorithm

A
B

Database ( C Non-redundant protein sequences (nr) -
D PSI-BLAST (Position-Spedific Iterated BLAST) | =
E

Threshold 0.005

File Resul Type Text F -

Evalie (G Calculate

Fasta File (_H Save

Execute Close

Figura 4: Tela de execugdo de um alinhamento de sequéncias usando o NCBI PSI-
BLAST do NCBI.
Inicialmente é necessario informar uma proteina (4A) ou escolher através da

tela de selecdo (4J) apresentada na Figura 1C. Além da proteina, é necessario informar o
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organismo (4B), o banco de dados do NCBI a ser usado (4C), o algoritmo de
alinhamento de sequéncias (4D), o valor do limite aceitavel (4E) e, o tipo do arquivo do
resultado (4F). Apos a informacdo dos dados necessarios, 0 usuario executa a consulta
(41), o resultado do valor do e-value é mostrado na tela (4G) e, se a op¢édo de salvar as
informacdes do arquivo FASTA (4H) estiver marcada, as informacgdes sdo salvas na
pasta configurada. O resultado do alinhamento de sequéncias € mostrado no navegador
web configurado na ferramenta. O acesso ao algoritmo BLAST é feito usando as

ferramentas do Entrez do NCBI explicadas nas sec¢fes 2.3.1 a 2.3.3.

A3.3 PROSPECCAO DE DADOS DE DOENCAS MONOGENICAS PARA A
ANALISE DE HOMOLOGIA

A integracdo entre os workflows desenvolvidos foi feita para permitir que uma
rede PPI resultante do workflow Dis2PPI fosse utilizada como dados de entrada para o
workflow Net2Homology. A Figura 5 mostra a tela, acrescentada ao workflow Dis2PPl,
com as proteinas (5A) extraidas da rede PPI resultante da pesquisa de uma doenca
génica. Na sequéncia, o usuario pode selecionar todas as proteinas (5B) ou marcar as
proteinas de seu interesse (5C). Para finalizar esta etapa, 0 usuario deve pressionar o
botdo (5D) para prosseguir, sendo que a execucdo do workflow seguird a partir da tela

inicial do workflow Net2Homology.

[5] is2pp1 workfiow
File Settings

1.Query OMIM | 2. Select Disease | 3. Select Proteins | 4.Query String | 5. View Network | 6. Homology Workflow

v| Select AI Organism 9606 - ...
Proteins: + - @ Next

=] Proteins to Homology Workflow
[) MsHE
} ERCC1
MSH2
MLH1
PMS2L1 @

1 PMS2

2]

D0

=
)
>

1001

] MSH3
1 ERCC4

]

Figura 5: Tela de integracéo entre os workflows Dis2PPI e Net2Homology.
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A3.4 ALGORITMO PARA EXTRACAO DE INFORMACOES DO PSI-BLAST E
GERACAO DE REDES PPI USANDO O BANCO DE DADOS STRING

O terceiro passo do workflow Net2Homology envolve preparar os dados para a
analise de homologia. Para esta preparacdo dos dados, é necessario extrair informacoes
do relatério de execucdo do alinhamento de proteinas feito com o Psi-Blast (Figura 6).
As informacOes relevantes, para este trabalho, sdo o e-value (6A), a descricdo de
proteinas (6B) e a sequéncia de aminoacidos (formato FASTA) dos alinhamentos
realizados (6C). Estas informacgfes sdo utilizadas para obter duas redes PPl para 0s

organismos definidos durante uma execucao deste workflow.

RID: A71AHCKSO1R
Database: PDB protein database (::)
60,831 sequences; 14,516,836 total letters

Score E
Sequences producing significant alignments: (Bics) Value
pdb|2K3H|A [Chain A, Structural Determinants For Ca2+ And Pip2... 42.4 9e-06
pdb|3M7F|B |[Chain B, Crystal Structure Of The Nedd4 C2GRB10 SH... 32.7 0.023
pdb|3NSA|A |[Chain A, Synaptotagmin-7, C2b-Domain, Calcium Bound 29.6 0.22
pdb|2WDS|A |Chain A, Smc Hinge Heterodimer (Mouse) 26.9 2.4
pdb|4FJO|A |[Chain A, Structure Of The Revl Ctd-Rev37-Pol Kappa... 25.4 2.9
pdb|2LSG|A |Chain A, Solution Structure Of The Mouse Revl C-Te... 25.8 3.1
pdb|2LSJ|A |[Chain A, Solution Structure Of The Mouse Revl Ctd ... 25.8 s.
pdb|2IAD|B |[Chain B, Class Ii Mhc I-Ad In Complex With An Infl... 25.4 7.4
ALIGNMENTS

>pdb|2K3H|A Chain A, Structural Determinants For Ca2+ And Pip2 Binding By
The C2a Domain Of Rabphilin-3a
Length=140
Score = 42.4 bits (98), Expect = 9e¢-06, Method: Composition-based stats.
Identities = 25/91 (27%), Positives = 45/91 (49%), Gaps = 6/91 (7%)
Query DPYVELFI--STTPDSRKRTRHFNNDINPVWNETFEF-~--ILDPNQENVLEITLMDAN-Y | 96
©

DPYV+L + + ++ RT+ N NPVWNET ++ + Q LI+ D+ +

Sbjct DPYVKLHLLPGASKSNKLRTXKTLRNTRNPVWNETLQYHGITEEDMQRKTLRISVCDEDXF | 108

Figura 6: Relatério da execu¢do do Psi-Blast para a proteina PLA2G4A e para o

organismo Mus musculus.

Um algoritmo foi desenvolvido para extrair as informacdes do relatorio do Psi-
Blast e pesquisar as redes PPl no banco de dados STRING (Figura 7). A parte mais
importante desta extracdo (7A) é encontrar a proteina correspondente a uma sequéncia
fasta ou com a descricéo apresentada no alinhamento. Este algoritmo utiliza trés formas

de encontrar a proteina alvo usando estas informacfes. A primeira forma utiliza a
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sequéncia de aminoacidos (7C) para comparar com um banco de dados local de

aminoéacidos (7B).

input: a set of proteins, source and target organism
(A) for each protein selected {
execute Psi-Blast for target organism
extract e-value using first result
extract fasta sequence using first result
extract protein description using three results
}
(B) for each fasta sequence found {
query fasta sequence to a local database (
compare protein fasta sequence extracted to fasta sequence storage on local database
if matches return protein name and jump to step (D)
}
(C) for each protein blast result {
for each protein description {
extract words candidate to be a protein using regular expression
query string database to know if exists this protein candidate
if matches return protein name found
else continue until has more words or finish when all descriptions were used

}
if failed {
for each protein description {
query string database using entire description
if matches return protein name found
}
}

if failed or protein description contains protein source name {
return protein name source
}
}
}

(D) for each source and target protein names {
query string to obtain protein string identification (id)
}

(E) Query string database to obtain a PPl network from source and target organism using proteins ids

Figura 7: Algoritmo de extracdo das informagdes relevantes do relatério de

execucao do Psi-Blast.

Se a proteina ndo for encontrada, passa-se a utilizar a descricdo das proteinas
(Figura 6B). Neste caso, dois procedimentos séo realizados conforme mostrado na
Figura 7C. O primeiro tenta identificar se ha uma palavra que pode ser uma proteina
através do uso da expressdo regular "([A-Z]{1}[A-Z0-9]{1,6})", onde 0 nome de uma
proteina tem que comecar por uma letra maiuscula e pode ter mais seis caracteres entre

letras e nimeros. Quando uma palavra candidata é encontrada, esta é testada junto ao
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banco de dados STRING para verificar se € uma proteina valida para o organismo
pesquisado. Se for, o programa retorna esta proteina, caso contrario, 0 programa
continua a testar se hd mais palavras candidatas. Se ndo for encontrada nenhuma
proteina com este procedimento, 0 programa passa a testar a descricdo completa da
proteina (as trés primeiras descri¢cBes do relatério sdo usadas) com uma consulta ao
banco de dados STRING. Se obtiver sucesso, 0 nome da proteina € retornada. Se
nenhuma pesquisa obtiver sucesso, a proteina do organismo original € retornada como
resposta. Neste caso, 0 programa ndo conseguiu encontrar uma proteina equivalente no
cruzamento de espécies realizado com o Psi-Blast. Esta proteina ndo sera levada em
consideracdo no teste a ser realizado pelo NetworkBlast.

Apds cada uma das proteinas serem identificadas (7D), uma pesquisa € realizada
no banco de dados STRING para obter o seu codigo de identificacdo (por exemplo,
ENSP00000356425 para a proteina UCHL5 do organismo Homo sapiens). Estes
codigos identificadores sdo utilizados para buscar as redes PPl para 0s organismos

pesquisados (7E) no banco de dados STRING.

A3.5 CONFIGURACOES DA FERRAMENTA

Para executar os workflows e as consultas aos bancos de dados bioldgicos é
necessario fazer algumas configurac@es iniciais (Figura 8). O usuario precisa instalar
dois softwares em sua maquina: um navegador web e o software Cytoscape. O
navegador web sera utilizado para mostrar os arquivos de texto e imagens consultados
no banco de dados STRING, as imagens obtidas de consulta ao banco de dados PDB, os
arquivos FASTA consultados do NCBI, o resultado de um alinhamento de sequéncias,
bem como, ird mostrar os arquivos de configuracdo e o relatério de execucdo da

ferramenta NetworkBlast do workflow Net2Homology. O software Cytoscape serd
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utilizado para mostrar a rede de interacdo de proteinas obtida ao final da execu¢do do
workflows Dis2PPi e Net2Homology.

O arquivo executavel do navegador escolhido deve ser escolhido (8A), bem
como, o arquivo executavel do Cytoscape (8B). Para a selecdo destes arquivos é aberta

uma tela de navegacéo padrao para as pastas do sistema operacional.

|:| Applications Settings
ITools Settings
A Browser Choose Application C:\Program Files (x86)\Google\Chrome\Application\chrome.exe
B Cytoscape Choose Application C:\Cytoscape_v2.7.0\Cytoscape.exe
Temp Folder C
Folder Choose Temp Folder
String's Network C:/Temp/string/
Blast Results C:/Temp/blast/
Fasta C:/Temp/fasta/
PDB C:/Temp/pdb/
NetworkBlast C:/Temp/nct/
Proxy
D Host
Port
E Save Close

Figura 8: Tela de configuracdo para uso dos workflows cientificos.

Além da selecdo dos softwares acima, esta ferramenta necessita criar um
conjunto de pastas para armazenar os arquivos resultantes da execucdo de ferramentas,
bem como, armazenar arquivos temporarios. Para tanto, o usuario deve selecionar uma
pasta (8C) e a ferramenta ird criar automaticamente as pastas necessarias. Para a selecdo
da pasta é aberta uma tela de navegacdo padréo para as pastas do sistema operacional.
Além disto, é possivel configurar o acesso a Internet através do uso de um proxy
informando o nome do servidor (ou endereco IP (Internet Protocol)) e a porta de acesso
(8D). Apos as configuracOes feitas, a ferramenta ira salvar estas informacdes, criar as

pastas e configurar o proxy (8E).
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A ferramenta possui, também, um registro dos principais comandos executados
(Figura 9). Estas informacdes abrangem a configuracdo, acesso e respostas das

ferramentas de bioinformaticas usadas durante a execucao desta ferramenta.

[ Log i

[[TNFO: Class: diseaseZppl.gul.model.GuiModelliseas e ZPPTWorkilow Method: <init= Message: DisZPPTWOrklow: start [oading configa
| 20/09/2012 13:33:15 disease2ppi.util MyLogger writeLog

, INFO: Class: disease2ppi.gui.model.GuiModelDisease2PPIWorkflow Method: configurationPanel1 Message: Dis2PPI Workflow: load
, 20/09/2012 13:33:15 diseaseZppi.util.MyLogger writeLog

. INFO: Class: disease2ppi.gui.model.GuiModelDisease2PPIWorkflow Method: configurationPanel1 Message: Dis2PPI Worklow: com
, 20/09/2012 13:33:15 diseaseZppi.util.MyLogger writeLog

| INFO: Class: disease2ppi.gui.model.GuiModelDisease2PPIWorkflow Method: configurationPanel1 Message: Dis2PPI Workflow: loag
, 20/09/2012 13:33:15 diseaseZppi.util MyLogger writeLog

, INFO: Class: disease2ppi.gui.model.GuiModelDisease2PPIWorkflow Method: configurationPanel1 Message: Dis2PPl Worklow: com
, 20/09/2012 13:33:15 disease2ppi.util MyLogger writeLog

, INFO: Class: disease2ppi.gui.model.GuiModelDisease2PPIWorkflow Method: <init= Message: Dis2PPl Worklow: complete loading ¢
, 20/09/2012 13:33:15 diseaseZppi.util.MyLogger writeLog

. INFO: Class: disease2ppi.gui.model.GuiModelProteinsDisconsider Method: <init= Message: Dis2PPl Workflow: load proteins to disc
, 20/09/2012 13:33:15 diseaseZppi.util.MyLogger writeLog

| INFO: Class: disease2ppi.gui.model.GuiModelProteinsDisconsider Method: <init= Message: Dis2PPI Worklow: complete loading pro
, 20/09/2012 13:34:02 diseaseZppi.util MyLogger writeLog

, INFO: Class: tools.gui.model.GuiModelQueryBlast Method: forminternalFrameActivated Message: window activated
, 20/09/2012 13:34:02 disease2ppi.util.MyLogger writeLog

, INFO: Class: tools.gui.model.GuiModelQueryBlast Method: forminternalFrameActivated Message: Loading species file to Blast Windg
, 20/09/2012 13:35:50 diseaseZppi.util.MyLogger writeLog

. INFO: Class: tools.gui.model. GuiModelQueryBlast Method: forminternalFrameActivated Message: window activated
, 20/09/2012 13:35:50 diseaseZppi.util.MyLogger writeLog

, INFO: Class: tools.gui.model. GuiModelQueryBlast Method: forminternalFrameActivated Message: Loading species file to Blast Windg
, 20/09/2012 13:38:37 diseaseZppi.util.MyLogger writeLog

, INFO: Class: tools.dao.Daolog Method: loadLog Message: loading log file

[«Ti]

«Ji] [ ¥

Figura 9: Tela de log da ferramenta com informag6es dos comandos usados para

configurar e acessar as ferramentas de bioinformatica.

A ferramenta possui uma tela que mostra erros e avisos ocorridos com a
execucdo das funcionalidades desta ferramenta. As informacgdes mostradas (Figura 10)
compreendem informacdes detalhadas de implementacdo, tais como, nome da classe
(10A) e métodos (10B) da linguagem Java, bem como, a mensagem gerada pela
aplicacdo (10C) e a mensagem devolvida pela execucdo de um método (10D) . Além
disto, mostra todas as chamadas de métodos executadas da linguagem Java (10E) no
momento que ocorreu o0 erro. Pode ser que mais de um erro ou aviso se gerado ao
mesmo tempo, neste caso, 0 usuario pode navegar pelos erros avangando ou

retrocedendo neles (10F).
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| &f Warnings and Errors Information E=E

Il

Class disease2ppi.util.URLReader A

| Method  processListOccurrencesProteins B ‘

Message  Problems to manipulate file from String Database! C
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Figura 10: Tela que informa erros de execucdo da ferramenta ou avisos de
problemas ocorridos como acesso a Internet para acessar as ferramentas de
bioinformatica.

Os erros de execucdo mais comuns de ocorre sdo: i) problemas na comunicagédo
com a Internet (erro 400); ii) falta de configuracdo de um proxy; iii) problema de
execucdo interno da ferramenta; iv) obtencdo de um identificador invalido de uma
proteina ao acessar o banco de dados STRING; e, v) conexdo fechada na execucédo de

um alinhamento de sequéncias acessando o NCBI através das ferramentas do ENTREZ.
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