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RESUMO

A tecnologia de sequenciamento de nova geracdo (next-generation sequencing — NGS) e
suas aplicacOes tem sido cada vez mais utilizada na pratica médica para elucidar a base
molecular de doencas Mendelianas. Embora seja uma poderosa ferramenta de pesquisa,
ainda existe uma importante transicdo quanto a andlise dos dados entre as tecnologias
tradicionais de sequenciamento e 0 NGS. A primeira parte deste trabalho aborda aspectos
analiticos envolvidos nesta mudanca, com foco na plataforma lon Torrent Personal
Genome Machine. Esta é uma plataforma amplamente utilizada para sequenciar painéis de
genes, ja que esta aplicacdo requer menor rendimento de dados. Este trabalho demonstra
indicadores adequados para avaliar a qualidade de corridas de sequenciamento e também
uma estratégia baseada em valores de profundidade de cobertura para avaliar a
performance de amplicons em diferentes cenarios. Por outro lado, o0 NGS permitiu a
realizacdo de estudos populacionais em larga escala que estdo mudando nossa
compreensdo sobre as varia¢fes genéticas humanas. Um desses exemplos sdo as mutacoes
até entdo chamadas de silenciosas, que estdo sendo implicadas como causadoras de
doengas humanas. A segunda parte deste trabalho investiga a patogenicidade de
polimorfismos de nicleotideo Unico sinénimos (synonymous single nucleotide
polymorphisms — sSNP) baseado em dados publicos obtidos do Exome Aggregation
Consortium (ExXAC) (exac.broadinstitute.org/) utilizando o software Silent Variant
Analysis (SilVA) (compbio.cs.toronto.edu/silva/) e outros recursos para reunir informacdes
adicionais sobre consequéncias funcionais visando fornecer um panorama dos efeitos
patogénicos de sSNP em mais de 60.000 exomas humanos. N6s demonstramos que de
1,691,045 variantes sindnimas, um total de 26,034 foram classificadas como patogénicas
pelo SilVA, com frequéncia alélica menor que 0,05. Anélises funcionais in silico
revelaram que as variantes sindnimas patogénicas estdo envolvidas em processos
bioldgicos importantes, como regulacdo celular, metabolismo e transporte. Ao expor um
cenario de variacOes sindbnimas patogénicas em exomas humanos, nés concluimos que
filtrar SSNP em workflows de priorizacdo é razodvel, no entanto em situacfes especificas
0s SSNP podem ser considerados. Pesquisas futuras neste campo poderdo fornecer uma

imagem clara do papel de tais variagbes em doencas geneticas.



ABSTRACT

Next-generation sequencing (NGS) technologies and its applications are increasingly used
in medicine to elucidate the molecular basis of Mendelian diseases. Although it is a
powerful research tool, there is still an important transition regarding data analysis between
traditional sequencing techniques and NGS. The first part of this work addresses analytical
aspects involved on this switch-over, focusing on the lon Torrent Personal Genome
Machine platform. This is a widely used platform for sequencing gene panels, as this
application demands lower throughput of data. We present indicators suitable to evaluate
quality of sequencing runs and also a strategy based on depth of coverage values to
evaluate amplicon performance on different scenarios. On the other hand, NGS enabled
large-scale population studies that are changing our understanding about human genetic
variations. One of these examples are the so-called silent mutations, that are being implied
as causative of human diseases. The second part of this work investigates the pathogenicity
of synonymous single nucleotide polymorphisms (sSNP) based on public data obtained
from the Exome Aggregation Consortium (EXAC) (exac.broadinstitute.org/) using the
software Silent Variant Analysis (SilVA) (compbio.cs.toronto.edu/silva/) and other sources
to gather additional information about affected protein domains, mRNA folding and
functional consequences aiming to provide a landscape of harmfulness of sSSNP on more
than 60,000 human exomes. We show that from 1,691,045 synonymous variants a total of
26,034 were classified as pathogenic and by SilVA, with allele frequency lower than 0.05.
In silico functional analysis revealed that pathogenic synonymous variants found are
involved in important biological process, such as cellular regulation, metabolism and
transport. By exposing a scenario of pathogenic synonymous variants on human exomes
we conclude that filtering out sSSNP on prioritization workflows is reasonable, although in
some specific cases SSNP should be considered. Future research on this field will provide a

clear picture of such variations on genetic diseases.
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I.1. A Busca pelo Diagnostico Molecular

A identificacdo de alteracBes genéticas responsaveis pelo surgimento de um
fenotipo patoldgico especifico € um dos principais objetivos da genética médica. A
determinacdo de uma mutacdo causal permite o tratamento e aconselhamento genético
adequados. A importancia desta questdo reflete-se na continua incorporacdo de novas
tecnologias que possibilitem explicar a base genética de fendtipos especificos de relevancia
médica (Manolio et al., 2009; Bamshad et al., 2011).

Diversas estratégias gendmicas tém sido utilizadas de forma eficaz para a avaliagéo
de pacientes com suspeita de desordens genéticas. Dentre elas, a tecnologia de
sequenciamento de nova geracdo (next-generation sequencing ou NGS) revolucionou a
genética médica. A primeira plataforma de NGS foi lancada no mercado em 2005 e
permitia o sequenciamento de 25 milhdes de bases em apenas quatro horas (Margulies et
al., 2005). Desde entdo, o0 NGS se tornou a ferramenta de escolha para estudos de genética
por permitir a analise simultanea de diferentes regides gendmicas (Goldstein et al., 2013;
Metzker, 2010). Apds uma década de uso, a tecnologia de NGS continua a evoluir
(Goodwin et al., 2016) e passou a fazer parte da rotina da pesquisa bioldgica (Shen et al.,
2015) e do diagndstico genético (Rehm, 2017), possibilitando que pesquisadores entendam

como as variagdes nas sequéncias do genoma humano delineiam o fen6tipo e as doencas.

1.2. A Tecnologia de Sequenciamento de Nova Geracéo

O NGS pode ser caracterizado como um sequenciamento automatizado, paralelo e
de alto rendimento. Os protocolos iniciam com o preparo de uma biblioteca que consiste,
basicamente, na fragmentacdo do DNA inicial (de forma randémica ou sistematica) em
fragmentos pequenos, seguido pela ligacdo de adaptadores (uma sequéncia curta de bases
conhecidas) em ambas as extremidades de cada fragmento. Adicionalmente, diferentes
amostras podem ser indexadas por sequéncias curtas chamadas barcodes, permitindo o
sequenciamento de multiplas amostras ao mesmo tempo. Os adaptadores sdo utilizados
como primers universais e para distribuir espacialmente os fragmentos de DNA em uma
superficie solida, fixando-os através da complementariedade de bases entre as sequéncias

do adaptador e da superficie solida (Goodwin et al., 2016). Os fragmentos sdo, entdo,
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amplificados por PCR gerando clusters de sequéncias idénticas. A presenca dos clusters
garante que a incorporacao de cada base durante a reacdo de sequenciamento, produza um
sinal suficientemente forte para ser detectado pelo sistema Optico ou eletroquimico do
sequenciador. Apds esta etapa de enriquecimento, 0 sequenciamento ocorre atraves de
sucessivos ciclos de incorporagdo e a sequéncia de cada cluster € obtida através de
softwares plataforma-especificos, que convertem em bases o sinal obtido em cada ciclo de
incorporacdo, um processo denominado base calling (Pfeifer, 2017).

E importante destacar que o protocolo de preparo das bibliotecas pode ser single-
end, onde cada fragmento é sequenciado na orientacdo forward, ou paired-end, onde cada
fragmento é sequenciado em ambas as orientagdes, forward e reverse, gerando pares de
leituras (reads). Bibliotecas single-end geram reads com boa qualidade, estdo disponiveis
para todas as plataformas e sdo amplamente utilizadas para deteccdo de Polimorfismos de
Nucleotideos Unicos (SNPs) e pequenas insercdes e delecdes (indels) (Morey et al., 2013).
Os pares de reads, por sua vez, facilitam a deteccdo de rearranjos gendmicos (Suzuki et al.,
2014). Entretanto, os kits possuem um custo maior e ndo estdo disponiveis para todas as
plataformas.

Apesar da similaridade entre os protocolos de NGS, as plataformas de
sequenciamento possuem caracteristicas Unicas quanto a quantidade de DNA inicial
necessaria, preparo da biblioteca, dependéncia e método de amplificacdo por PCR,
rendimento (do inglés, throughput), tamanho médio dos reads e, principalmente, viéses
associados ao preparo da biblioteca, amplificacdo e sequenciamento, assim como erros
sistematicos, que resultam em uma taxa de erro médio que difere de acordo com a
plataforma de escolha (Reuter, et al., 2015; Ambardar et al., 2016). Um exemplo que vale
a pena ser citado é a diferenca existente entre as plataformas Illumina e lon Torrent,
amplamente distribuidas no mercado mundial. A plataforma Illumina possui uma taxa de
erro de ~0,1% e sub-representacdo de regides ricas em AT ou CG. Ja a plataforma lon
Torrent possui uma taxa de erro de ~1% derivada, principalmente, da inconsistente
representacdo de regides de homopolimeros (Pfeifer, 2017; Reinert et al., 2015). Diversas
revises demonstram as caracteristicas das principais plataformas de NGS disponiveis
comercialmente, delineando informacGes como preparo da biblioteca, tamanho dos reads,
rendimento por corrida, taxa de erro, limitacGes e vantagens, tempo de corrida, custo da

plataforma e outros (Goodwin et al., 2016; Pfeifer, 2017).
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1.3. As Etapas Basicas de um Workflow para Anélise de Dados

Embora o NGS proporcione valiosa quantidade de informacdes biologicas e
aplicacbes, os desafios no processamento e interpretacdo dos dados sdo complexos e
tornaram a bioinforméatica uma area indispensavel e de intenso desenvolvimento (Pabinger
et al., 2013). O processo de base calling, realizado automaticamente pelas plataformas de
sequenciamento, gera um arquivo .FASTQ, formato de dados mais popular para recordar
leituras brutas de sequéncias curtas (Mielczarek & Szyda, 2016). Este arquivo é o ponto
inicial dos workflows de andlise e abriga todos os reads e o valor de qualidade de cada uma
das bases geradas no sequenciamento. O valor de qualidade é representado pelo Phred
score (Q), que expressa a probabilidade de que uma base determinada no base calling
esteja errada (Ewing & Green, 1998). As informacdes do .FASTQ possibilitam realizar
uma etapa importante de controle de qualidade, na qual reads de baixa qualidade sdo
descartados, com o objetivo de assegurar um conjunto de dados de alta qualidade.

Apds o processamento inicial dos dados € realizado o alinhamento dos reads ao
genoma de referéncia existente ou, alternativamente, uma montagem de novo sem
referéncia. Os genomas de referéncia estdo disponiveis para muitas espécies, tornando esta
estratégia de alinhamento muito popular. Em geral, o alinhamento com o genoma de
referéncia inicia com uma indexacdo e entdo o processo de alinhamento €, de fato,
realizado. A indexacdo aumenta a velocidade do alinhamento e a maioria dos softwares
constroi indices (estruturas de dados auxiliares) para a sequéncia de referéncia, mas
também é possivel indexar os reads de cada amostra individualmente. A vantagem de
indexar a sequéncia referéncia € o menor custo computacional requerido, uma vez que esta
precisa ser conduzida apenas uma vez (Mielczarek & Szyda, 2016; Reinert et al., 2015).
Os algoritmos principais de indexacédo incorporados na maioria dos softwares sdo baseados
em tentativas sufixo/prefixo ou em tabelas hash (Li & Homer, 2010). Independentemente
do método de indexacéo, o alinhamento per se é realizado utilizando o algoritmo de Smith-
Waterman (Smith & Waterman, 1981) ou o algoritmo de Needle-Wunsch (Needleman &
Wunsch, 1970) e, dependendo do software utilizado, o alinhamento resultante pode ou ndo
conter gaps. Alinhamentos com gaps resultam de rearranjos genémicos de pequena escala,

como insercdes e delecBes. Deste modo, a existéncia destas lacunas é uma caracteristica
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desejavel e a maioria das ferramentas disponibiliza essa op¢do, bem como suporte ao
alinhamento de reads de bibliotecas paired-end (Mielczarek & Szyda, 2016; Reinert et al.,
2015).

Independentemente do software utilizado, o output do alinhamento € representado
no formato Sequence Alignment/Map (SAM) ou na versdo binaria Binary Alignment/Map
(BAM). O formato SAM é um formato de alinhamento genérico flexivel, compacto no
tamanho e eficiente no acesso aleatdrio por indexacdo, usado para armazenar alinhamentos
de reads contra sequéncias de referéncia, suporta sequéncias curtas e longas produzidas
por diferentes plataformas de sequenciamento (Li et al., 2009). Os desenvolvedores do
formato SAM também implementaram um conjunto de utilitarios chamado SAMtools, que
fornece ferramentas universais para o pos-processamento do alinhamento (Li et al., 2009).
O pos-processamento é uma pratica frequentemente aplicada nos workflows de descoberta
de variantes (Pfeifer, 2017), dois passos muito utilizados incluem realinhamento local em
localizagdes conhecidas de indels e recalibracdo do escore de qualidade de bases (BQSR)
(Mielczarek & Szyda, 2016). Entretanto, o impacto desta pratica vem sendo discutido e um
estudo recente demonstrou que a eficiéncia do pds-procesamento nem sempre aumenta a
deteccdo de variantes, variando de acordo com os softwares utilizados no alinhamento e
chamada de variantes, profundidade de cobertura e nivel de divergéncia (Tian et al., 2016).

Com os reads alinhados é possivel identificar as bases que diferem do genoma de
referéncia, um processo chamado variant call ou chamada de variantes. Muitos algoritmos
e softwares foram desenvolvidos para identificar SNPs em dados de NGS (Pabinger et al.,
2014), entretanto para uma deteccdo confidvel é necessaria uma alta profundidade de
cobertura, pois 0 nimero de reads alinhados a cada base é fundamental para diferenciar
erros de sequenciamento de polimorfismos verdadeiros (Mielczarek & Szyda, 2016).
Quando uma Unica amostra € analisada, a chamada de variantes e a definicdo do genotipo
sdo similares, ja que um genotipo homozigoto ou heterozigoto que difere da referéncia
implica na presenca de um SNP. Na anlise simultdnea de véarias amostras, um SNP &
identificado se pelo menos um individuo é homozigoto ou heterozigoto para um alelo que
difere da referéncia. Os softwares utilizados para determinar a presenga de SNPs e 0s
gendtipos sao baseados em métodos heuristicos ou probabilisticos. Os métodos heuristicos
demandam maior poder computacional e definem as variantes baseados em informacoes de

maultiplas fontes associando a estrutura e qualidade dos dados. Os métodos probabilisticos
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sdo mais populares e frequentemente baseados na inferéncia Bayesiana, fornecendo
medidas de incerteza estatistica para 0os genotipos chamados que permitem monitorar a
acuracia do gendtipo determinado (Mielczarek & Szyda, 2016; Pabinger et al., 2014,
Pfeifer, 2017). A informacéo resultante da chamada de variantes € recordada no arquivo
variant call format (VCF), um formato genérico que armazena dados de variacdes
genéticas, tais como SNPs, insercGes, delecdes e variagdes estruturais. O arquivo VCF
apresenta uma versdo binaria e pode ser indexado para rapida recuperacdo de variantes em
um intervalo de posicdes de um genoma de referéncia, por exemplo. Possui, ainda, um
conjunto de utilitarios semelhante ao SAMtools chamado VCFtools, desenvolvido para
realizar o processamento de arquivos VCF, incluindo validacdo, concatenacao,
comparacgao, conversdo e outros (Danecek et al., 2011).

Uma meétrica determinante para todos os passos do workflow de analise descrito
anteriormente é a profundidade de cobertura, sendo oportuno tecer alguns comentéarios.
Previamente ao sequenciamento existe a cobertura tedrica ou esperada, que corresponde ao
numero médio de vezes esperado de que cada nucleotideo seja sequenciado dado um certo
nimero de reads de determinado comprimento e a concomitante suposicdo de que reads
sdo distribuidos aleatoriamente através de um genoma idealizado. Apds o sequenciamento,
a cobertura empirica real por base (per-base coverage) representa 0 nimero exato de vezes
que uma base na referéncia é coberta por um read de alta qualidade alinhado. A
redundancia de cobertura também é chamada de profundidade de cobertura ou depth,
sendo frequentemente citada como profundidade média de reads brutos ou alinhados, que
indica a cobertura esperada com base no nimero e no comprimento de reads de alta

qualidade antes ou depois do alinhamento com a referéncia (Sims et al., 2014).

1.4. As Aplicacdes do Sequenciamento de Nova Geracgao

O NGS ¢ uma tecnologia que oferece inumeras possibilidades de aplicacdes e novos
métodos tém sido desenvolvidos continuamente. De acordo com o objetivo experimental, o
NGS pode ser usado para (1) construir um novo genoma de um organismo desconhecido;
(2) avaliar a variagdo genética de um organismo contra um genoma de referéncia existente;
(3) analisar globalmente a transcricdo de um organismo ou célula a partir do DNA

complementar; (4) estudar o epigenoma e mecanismos regulatérios de um organismo e (5)
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investigar a diversidade microbiana de amostras ambientais a partir de amostras ambientais
ndo cultivaveis (Park & Kim; 2016). Diversos estudos abordam a variedade de aplicacfes
do NGS. Em artigo recente de revisdo sobre a tecnologia, Reuter et al (2016) subdividem
as aplicacdes em grandes areas: expressdo génica, biologia do RNA, regulacdo do genoma,
sequenciamento do genoma, organizacdo do genoma, transcrigéo, replicacdo, traducéo e
outras (Reuter et al., 2016).

Um dos motivos que possibilitou esta grande variedade de aplicacdes € a diminuicao
dos custos de sequenciamento (van Nimwegen et al., 2016). Atualmente, plataformas de
sequenciamento de NGS sdo comuns em universidades e laboratorios particulares. As
aplicacdes tornaram-se cada vez mais robustas, permitindo a realizacdo de projetos de
larga escala que tém fornecido recursos valiosos a comunidade e abordado questdes que
seriam laboriosas para laboratdrios individuais atingirem, como frequéncia populacional de
variacfes genéticas (Reuter et al., 2016). Um destes projetos € o Exome Aggregation
Consortium (EXAC) (Lek et al., 2016), uma coalizdo de pesquisadores que procuram
agregar e harmonizar dados de variacdo genética de regides codificantes de proteinas a
partir de 60.706 individuos sequenciados.

Uma das aplicacGes de NGS amplamente utilizada na pratica clinica é a avaliacdo das
variacdes genéticas individuais e a associacao destas com desordens genéticas (Shen et al.,
2015). E possivel interrogar o genoma de um individuo na busca de SNPs e indels com
consequéncias deletérias através do sequenciamento de genoma completo (WGS),
sequenciamento de exoma completo (WES) ou pelo sequenciamento de um painel de
genes (targeted gene panel, ou TGP). No WGS, todo o contetido gendmico € avaliado, o
DNA do invidivuo é extraido e submetido ao preparo da biblioteca e workflow de andlise.
Apesar de fornecer uma visdo global da variacdo genética, 0 WGS ainda possui uma
utilidade clinica limitada, ja que a contribuicdo de regides ndo codificantes para a etiologia
de doencas genéticas ainda ndo € completamente elucidada. Ainda, o custo real do
sequenciamento e custo computacional para andlise e armazenamento dos dados
contribuem para este cenario (Goodwin et al., 2016; Petersen et al., 2017).

Alternativamente ao WGS, o WES e o TGP utilizam estratégias de enriquecimento de
regibes de interesse para realizar o sequenciamento de regides codificantes. O
enriquecimento é baseado, principalmente, em amplificacdo ou hibridizacdo e oferecem

alta especificidade de captura do alvo (Samorodnitsky et al., 2015; Sun et al., 2015). O
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exoma refere-se as regides codificantes do genoma (1-2%) e o WES permite a analise
global das variacOes presentes em todas as regides codificantes de proteinas de um
individuo. A andlise de um Unico individuo tem potencial para identificar mais de 30.000
variacdes genéticas (Smedley et al., 2014) e o desenho experimental de um estudo de WES
abrange trés tipos principais: WES baseado em familia (Stitziel et al., 2013; Yu et al.,
2013), WES caso-controle (Fu et al., 2013, Li et al., 2013; Yang et al., 2013) e WES de
caso Unico (Worthey et al., 2011). O WES de caso Unico é muito utilizado na pratica
clinica, ja que o custo do exame restringe a realizacdo de testes adicionais em outros
individuos além dos afetados. Sua utilizacdo tem sido crescente para a analise de casos
isolados onde o diagnostico genético por metodologias tradicionais é inconclusivo (Wu et
al., 2015). No TGP um conjunto customizado de genes ligados a uma condicdo especifica
de interesse é sequenciado. O TGP tem sido amplamente utilizado na pratica do
diagndstico molecular (Dallol et al., 2016; Hegele et al., 2015; Johansen et al., 2014; Lim
et al., 2015) pelo baixo custo quando comparado a outras aplicacbes de NGS (van
Nimwegen et al., 2016), por necessitar de menor quantidade de DNA para o preparo da
biblioteca, permitir a analise de diversas amostras em uma mesma corrida devido a menor
quantidade de dados gerados, menor tempo para realizar a andlise dos dados e,
principalmente, por possibilitar que cada fragmento de DNA seja sequenciado diversas
vezes independentemente (profundidade de cobertura) devido ao reduzido nimero de alvos
(Morey et al., 2013).

I.5. Interpretacdo de variantes genéticas e a importancia das mutacgdes sinébnimas

A popularizacdo do WES e do TGP estimulou a criagdo de ferramentas e estratégias
especificas para lidar com a priorizacdo de variantes patogénicas (Li et al., 2012; Aleman
et al., 2014; Jiang, 2015; Cooper & Shendure, 2012; Moreau & Tranchevent, 2012). Uma
vez realizado o processamento dos dados, o arquivo VCF € o ponto de partida para a
priorizacdo. Porem a priorizacdo € uma tarefa laboriosa ja que cada individuo carrega
milhares de alteracBes na regido codificante (>30.000) (Smedley et al., 2014) e uma
parcela significativa destas (5-10%) ndo esta descrita em bancos de dados como dbSNP e
ndo possui dados de frequéncia alélica relatada, que ainda podem apresentar variacdes
populacionais (Koboldt et al., 2014).
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A escolha da estratégia ideal para priorizar as variantes patogénicas entre as
milhares anotadas apds o processamento dos dados depende do tipo de estudo de WES, da
disponibilidade de individuos e familias com feno6tipo bem caracterizado, do modo de
heranca, severidade da doenca (Gilissen et al., 2012) e frequéncia populacional das
alteracdes encontradas (Shearer et al., 2014). Ferramentas e workflows desenvolvidos para
priorizagdo, implementam uma combinacdo de filtros para excluir variantes comuns e
eleger a variante causal da doenca investigada (Robinson et al., 2014; Smedley et al., 2014;
Koboldt et al., 2014). E pertinente ressaltar que filtros heuristicos comumente empregados
baseiam-se em varias suposi¢Ges sobre a variante patogénica a ser encontrada: altera a
sequéncia codificante da proteina; é rara; possui penetrancia completa, por exemplo
(Stitziel et al., 2011).

A anotacdo funcional é um dos principais filtros utilizados e classifica as variantes
em sinbnimas e ndo-sindnimas (Ohanian et al., 2015). As muta¢Ges ndo-sindnimas tem
consequéncias Gbvias para funcéo protéica e seu papel na patogénese de diversas doencas é
bastante explorado. Considerando a quantidade de alteracGes reportadas apds o
processamento dos dados de WES, focar nas alteragdes ndo-sindnimas facilita muito o
processo de priorizagdo de variantes patogénicas. Assim, 50-75% das variantes
identificadas (Stitziel et al., 2011) sdo simplesmente excluidas e as alteracBes nao-
sinbnimas tornam-se foco das filtragens subsequentes para determinar a mutagao
responsavel pela condicdo. Essa estratégia de priorizacdo tem sido amplamente empregada
e varias publicacdes relatam o sucesso deste método (Fu et al., 2013; Katsonis et al., 2014;
Li et al., 2013). Porém, estas sdo menos efetivas do que se espera: em apenas 21% dos
exomas de caso Unico ¢ possivel definir o diagnostico (Farwell et al., 2015).

Mais recentemente, consequéncias funcionais de alteracdes sindnimas na
expressao, conformacdo e funcdo protéica passaram a ser exploradas e relatadas na
literatura (Plotkin & Kudla, 2011). Tem-se conhecimento de que mais de 50 doengas estdo
associadas a mutacfes sindnimas e que varia¢es sindnimas e ndo-sinbnimas possuem
similar probabilidade de associacdo & doencas (Chen et al., 2010; Hunt et al., 2014).
ImplicacGes de mutagdes sindbnimas em mecanismos essenciais para homeostase celular
como acuracia de splicing, fidelidade de traducdo, estrutura de RNA mensageiro e
dobramento protéico e a relacdo destas alteracfes com a patogénese de doencas tornaram-

se foco de inimeras pesquisas (Sauna & Kimchi-Sarfaty, 2011), assim como abordagens
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computacionais para analisar a patogenicidade de alteragfes sindnimas (Buske et al.,
2013), adicionando uma nova camada de complexidade na andlise do significado bioldgico

das variacdes genéticas do genoma humano.
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Sem davidas o sequenciamento de nova gera¢do inaugurou uma nova era na
gendmica e no diagndstico de doengas genéticas, com consequéncias claras para a pratica
do diagnostico molecular. Entretanto, a robustez propria da tecnologia de NGS tornou a
analise dos dados e a interpretacdo de variantes genéticas uma tarefa pouco trivial.

Existe uma importante transicdo que deve ser feita por médicos geneticistas e
pesquisadores no que concerne a interpretacdo de variantes patogénicas. Metodologias
tradicionais de sequenciamento forneciam uma viséo restrita da variacdo genética e com o
NGS essa visdao foi ampliada diversas vezes. Somado a isso, novas nomenclaturas,
parametros e formatos de arquivos que compdem workflows de anélise também devem ser
apreendidos para que o profissional que realiza o diagnostico molecular com aplicagdes de
NGS possa assegurar a identificacdo da variante causal da condicdo investigada com
acuracia. Considerando este cenario de transicdo, trabalhos que abordem aspectos
analiticos relevantes servindo de guia para interpretacdo acurada de resultados de
sequenciamento de painél de genes (targeted gene sequencing) sao de extrema valia.

O NGS também possibilita avaliar globalmente as variacGes genéticas das regides
codificantes de proteinas do genoma humano através do WES. Além do workflow bésico
para processar 0s dados brutos, o WES agrega uma camada de complexidade na
priorizacdo e interpretacdo de variantes genéticas, ja que um Unico exoma pode identificar
~30.000 SNP. A priorizacdo de variantes baseia-se numa série de passos de filtragem para
identificar um conjunto menor de variantes que possam estar ligadas a condicdo
investigada. Um dos primeiros passos de filtragem utilizados é a remocdo de variantes
sindbnimas. Entretanto, a relacdo deste tipo de variagdo com alteracdo da homeostase
celular alterada e doengas humanas tem sido recentemente reportada na literatura.
Mergulhando mais na complexidade da interpretacdo de variantes genéticas, explorar a
patogenicidade de variantes sinénimas pode contribuir para o entendimento da relacdo

destas variagdes e doencas genéticas.
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I11.1. Objetivo geral

Analisar aspectos relevantes para aplicacao clinica do sequenciamento de nova

geracao.

I11.2. Objetivos especificos

1. Explorar abordagens para avaliar com precisdio o0 desempenho de

sequenciamento de painéis de genes em dados de targeted gene sequencing.

2. Avaliar a patogenicidade de variantes sinbnimas raras obtidas dados publicos de

sequenciamento completo de exoma.
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Abstract

Next-generation sequencing (NGS) is a high-throughput technique that generates
enormous amount of data and has several advantages over Sanger sequencing, such as
being less time-consuming, having lower costs and scalability. Targeted sequencing of
genes has shown to be an interesting approach to research groups that want to embody this
technology with focus on a specific group of diseases. lon Torrent Personal Genome
Machine (PGM) is one of the most affordable and user-friendly NGS platforms available.
However, in order to evaluate customized gene panels, a deeper understanding of data
meaning is needed. Based on this, the aim of this study was to explore approaches to
accurately assess performance of gene panel data, with a focus on customized lon
AmpliSeg® Panels. Five customized gene panels and a total of 120 unrelated human
samples were included in this study. All raw data processing was performed at Torrent
Suite™ software v5.0. Quality processed and not processed data were compared to
demonstrate the reliability of data provided after accurate base calling, trimming and
filtering processes using default parameters of Torrent Suite™ software. Coverage charts
were generated to evaluate depth distribution of amplicons throughout a gene panel.
Although panels were different in number of target genes and size, we established a serie
of features that can be used to evaluate the overall performance of any lon Ampliseq®
Panel. The present study covered different aspects of data analysis, highlighting the
importance of the evaluation of sequencing quality, coverage distribution of amplicons and
adequate data processing using recommended parameters. As a result, reliable data will be
generated for subsequent identification of mutations and clinical interpretation.

Keywords: Next-generation sequencing, gene panel, targeted sequencing, genetic

disorders, lon Torrent PGM
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Introduction

Recently, advances in sequencing technologies have enabled the global analysis of genetic
alterations. The advantages of these technologies include more scalable and lower-cost
solutions with the possibility of obtaining real-time results (Rothberg et al., 2011). The lon
Torrent Personal Genome Machine (PGM) (Thermo Fisher Scientific) is a semiconductor-
based high throughput sequencing platform. Its detection method is based on modification
of surface potential of sensors triggered by pH alteration upon the incorporation of a
nucleotide into a growing strand of DNA (Rothberg et al., 2011). lon Torrent PGM is
suitable to explore sets of genes, small genomes and targeted metagenomics (Morey et al.,
2013). Currently, depending on the lon chip throughput, it has a maximum output of two
gigabytes of raw data in 3.0 to 7.0 hr, with a read length of 35 up to 400 bases and 200
bases average, generating up to 5.5 million reads per run, according to manufacturer’s
information. lon PGM is especially useful for targeted sequencing of genes and the
manufacturer offers an auxiliary platform for the design of customized primer pools to
construct targeted libraries of genomic regions of interest.

Consistent with its ambition to be an entry platform for NGS suited for low experienced
users, data analysis on PGM is especially useful for targeted sequencing of genes and
capable of efficiently identify point mutations and small insertions/deletions. Data analysis
on PGM is carried out by Torrent Suite™ software, a robust pipeline that provide its output
through Torrent Browser, an user-friendly graphic interface designed for researchers with
little proficiency in bioinformatics. Data processing, a common NGS bottleneck, was
reshaped with the pipeline implemented on Torrent Suite™ software. However, although a
simplified and automated system is available, users must be able to evaluate their

customized panels performance. This is mainly represented by quality and coverage, to
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access accurate identification of mutations and clinical interpretation. In this study, we aim
to discuss relevant practices that help on the evaluation of performance of custom designed

gene panels using the tools embedded in lon PGM.

Material and Methods

Datasets and samples

Datasets for this study were obtained from five customized gene panels generated with the
lon AmpliSeq™ Designer tool (www.ampliseq.com; Thermo Fisher Scientific). All panels
were designed for germline application with high specificity for standard DNA. Three
different sequencing runs of each panel were selected for further analysis.

A total of 120 unrelated human samples were included in this study. These samples belong
to patients with different genetic disorders that were previously diagnosed by Sanger
sequencing at the Medical Genetics Service of Hospital de Clinicas de Porto Alegre,
located in Brazil. Informed consent and ethical approval were obtained by Ethics Research
Committee of Hospital de Clinicas de Porto Alegre for the original research projects in
which these individuals were enrolled. Stored gDNA samples extracted from peripheral
blood were quantified using NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific) to evaluate the Ajso2s0 ratio and obtain the initial DNA concentration. Then,
samples were diluted to 8 ng/puL and a new quantification was performed on Qubit® 2.0
fluorometer (Thermo Fisher Scientific) using the Qubit® dsDNA HS kit (Thermo Fisher
Scientific).

Next-generation sequencing assay

For library construction, twenty nanograms of gDNA were used as input for library

construction using lon AmpliSeq " Library kit 2.0 (Thermo Fisher Scientific). Eight
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samples barcoded with lon Xpress™ Barcode Adapters kit (Thermo Fisher Scientific) were
included in each set of library preparation. Unamplified libraries were purified with
Agencourt AMPure XP kit (Beckman Coulter). Libraries were prepared in equimolar
concentrations using the lon Library Equalizer” kit (Thermo Fisher Scientific) or
quantified using the Qubit® dsDNA HS kit (Thermo Fisher Scientific), followed by
dilution to the same concentration. Both methods are described in the lon AmpliSeq"
DNA and RNA Library Preparation (Life Technologies, 2014) user guide.

For template preparation, the eight barcoded libraries were pooled in equimolar
concentrations of 100 pM each and were subsequently submitted to emulsion PCR using
the lon PGM"" Template OT2 200 kit (Thermo Fisher Scientific) on the Ton OneTouch2™
Instrument (Thermo Fisher Scientific). The percent of positive lon Sphere Particles (ISPs)
was defined with flow cytometry performed on Attune® Acoustic Focusing Flow
Cytometer (Thermo Fisher Scientific) according to the demonstrated protocol (Part. no.
4477181, Thermo Fisher Scientific). Positive ISPs were enriched using Ion OneTouch™
ES (Enrichment System; Thermo Fisher Scientific) and submitted to sequencing on the
PGM equipment. The enriched template-positive 1SPs were loaded onto lon 314" chip v2
(Thermo Fisher Scientific) and sequenced using the lon PGM™ 200 Sequencing kit

(Thermo Fisher Scientific), following the manufacturer’s instructions.
Evaluation of custom designed panels

All raw data processing was performed at Torrent Suite™ software v5.0 (Thermo Fisher
Scientific) using default parameters. For a sequencing run to be included in the dataset, the
following thresholds on parameters available on the run report had to be met: 1) test
fragments (TF) percent 50AQ17 > 60%; 2) key signal > 40; 3) read length distribution

close to the expected for the library; 4) chip loading > 30%; 5) Mean depth of 150x per
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sample. TF are known sequences spiked into the library before the loading into the chip to
provide a positive control of sequencing and play an important role on reporting the quality
of a run. The key signal is the strength of the signal associated with the key sequence,
which is a short sequence that designates the reads as a library or a test fragment. The
cutoff used for these parameters were defined based on the need and experience of our
group, and should not be interpreted as established or limiting values. Nevertheless, these
metrics provide a valuable overview of possible failures and should be observed each time
a sequencing run is performed. After assessment of the sequencing run performance, we

carried out further analysis.

Base quality evaluation

To demonstrate that the Torrent Suite™ software v5.0 performs quality processing of
sequenced bases, we compared two conditions named as processed data (default output of
software pipeline) and not processed data (disabled quality and filtering processing output).
Processed data information was gathered based on run report provided by Torrent Browser.
For the same run, to obtain the not processed condition, we reanalyzed the data changing
default base calling and filtering parameters of quality. By default, the parameter "disable-
all-filters" is off; when this parameter is turned on, it disables all filtering and trimming
and overrides other filtering and trimming settings. The "keypass-filter" parameter when
on, filters out reads that do not produce either the library key or the key test fragment
signal match. To graphically demonstrate the difference between processed and not
processed data and the importance of quality control, we selected metrics that explain the
heterogeneity of reads analyzed in the two conditions, namely: the total number of bases,

in megabase (Mb), and measures of central tendency, in base pair (bp).
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Panel coverage performance assessment

The Coverage Analysis v5.0 plugin was executed to our dataset. For each run, the output
file barcode/amplicon coverage matrix was downloaded. Depth of Coverage (DoC)
information of each amplicon across sequenced samples was used to create two charts that
provide an overview of uniformity of coverage depth and run reproducibility. The intra-run
graph is used to evaluate the intra-run Relative Depth of Coverage (RDoC) for each

amplicon of a single sequencing run. RDoC was computed using the formula below:

DoC for each amplicon
Median DoC of the run

RDoC-=log

DoC: Depth of Coverage

RDoC values equal or close to O indicate that a given amplicon had a depth of coverage
similar to the median coverage of the run. Values above or below O indicate that the
amplicon is over- or underrepresented, respectively. The inter-run graph was helpful to
analyze the amplicon inter-run reproducibility. The mean RDoC of the amplicon in every
run was calculated and plotted, this was done for all the three runs analyzed per panel.
Furthermore, to show possible different coverage distribution scenarios a specific chart
was created modifying depth values of barcode/amplicon coverage matrix file before
computing RDoC. The representation of a poorly covered amplicon across all samples was
obtained by decreasing the amplicon DoC in each sample. On the other hand, to represent
an entire sample under or overrepresented, we assigned a lower or higher DoC value to
each amplicon, respectively. Finally, to represent a non amplified target, we assumed 1 as

value of DoC for a particular amplicon in a sample.
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Results

Gene panel specifications

Table 1 summarizes the main attributes of gene panels included in the present study. The
number of target genes varied across the panels and influences the number of designed
amplicons and target size. Differences on breath of coverage were due to heterogeneous
nature of coding regions. Despite the different versions of Ion AmpliseqSeq™ Designer
tool used, no inequality on sequencing performance was observed.

Table 1. Specifications of customized gene panels designed using Ion Ampliseq™ Designer tool.

Panel | porgergenes | Teroetsize (ko) | SRR | coverage (06) | version
A 14 55.72 293 98.44 4.0
B 4 13.42 83 95.91 2.0
C 4 7.81 66 95.92 2.0
D 2 8.61 49 90.15 2.0
E 4 13.10 72 97.74 34

Run performance features

Based on the run report, the runs that reached the established thresholds described above
were included in our dataset. Three runs of each panel were selected for this study and
mean performance of each panel is shown in Table 2. The values available in the Library
ISPs correspond to reads that match the library sequencing key and should be close to the
output expected for a given lon chip. Final library values, also referred to as total reads at
Torrent Browser interface, stand for the total of bases suitable to be used in subsequent
analysis. This output is obtained from Library ISPs after subsequent steps of filtering out

polyclonal, low quality and adapter dimer reads.
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Table 2. Mean performance of five gene panels among different runs: final output.

Filtered
Panel | Library | Polyclonal Low quality Adapter | Final
ISPs* dimer library*
*
A 924,589 | 251,642 59,685 19,405 593,857
B 1,058,371 | 383,792 76,095 10,499 587,986
C 998,962 | 294,25 126,826 13,848 564,037
D 971,215 | 290,017 109,725 14,679 556,794
E 1,047,190 | 293,591 98,306 25,538 629,755

*Library ISPs: live wells that have library template (loaded wells with live signal - test fragment wells). This
parameter depends on loading performance.

** Final library: percentage of sequence available for analysis after filtering.

Base quality evaluation

The main goal of this analysis was to demonstrate that the quality checks performed by the
Torrent Suite™ software v5.0 are enough to ensure subsequent analysis and may reveal
important aspects of customized panels and individual runs. The flow processing of raw
information performed by the software includes the assignment of base quality
(represented by the Phred score) and the removal of poor quality bases by filtering and
trimming. Fig 1 shows the difference on run patterns when such quality checks are
disabled. The solid line represent reads processed with default quality parameters and the
dotted line represent reads obtained by disabling the base quality processing.

As expected, the total number of not processed bases is greater than that of processed data
and the same is observed for central tendency measures (mean, mode and median). The
only exception to this is observed in run 1 of Panel C, in which a prominent decrease in the
mode length of not processed data is observed. Therefore, each run, regardless of the
specific panel, generated a set of reads with a different read length distribution. For most
runs, these reads are of enough quality and the difference between the solid and dotted

lines is mainly due to trimming. In this process, the 3’ ends of reads are checked for
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matches to the adapter sequence and for regions of low quality, thereby ensuring the
accuracy of data written out to the unmapped BAM file.

The approach used for removal of adapter sequence is based on the search and testing of
candidate positions that matches the 3’ end to the known adapter sequence in flow-space.
As to the removal of regions with low quality score, the trimming is performed using a per-
base quality score combined with a fixed-length window (Fig 2) that slides through the
read extension starting from 3’end, assessing at each position the mean quality score.
When the mean quality score of the window falls below to the established threshold the
read is trimmed, thus leading to different read lengths distributions.

By default, the two trimming strategies are applied separately and a given read length is
taken as the shorter of the two. If the resultant read length is shorter than the minimum
read length threshold, the read is filtered out entirely from the output file. Low-quality
reads are also removed by filtering to withdraw library sequence reads with insufficient
quality from final output. The goal of this processing is the removal of short reads, adapter
dimers, reads without the key sequencing, with off-scale signal and polyclonals. Table 2
demonstrates filtered values with input values corresponding to Library ISPs and final
values corresponding to the Final library. The two conditions demonstrated, especially for
run 1 of Panel C, that quality processing is essential to generate a high quality dataset.
Even though the distribution of not processed data may vary between different runs of the
same panel, the processed data seems to have a panel-specific distribution. Despite of
variations on the final output represented by Total Bases (Mb), as observed between the
runs of Panel D, the quality checks ensure that resultant bases are reliable for subsequent

analysis.
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Panel coverage performance assessment

Amplicon coverage distribution was analyzed using the intra-run graph (Fig 3). In the
evaluation of RDoC across a single sequencing run (Fig 3A), we observed that all
amplicons present a RDoC value equal or close to 0, indicating coverage depth close to the
median. Coverage distribution across several runs of a panel can be analyzed with Inter-
run graph (Fig 3B). Mean distribution of coverage values equal, or close, in the different
runs, as well as small standard deviation, demonstrate a high reproducibility. This was
observed for all panels analyzed in this study. For the sake of comparison, we summarize
in Fig 3C a hypothetic situation with uneven coverage distribution: amplicons poorly
covered in all samples (amplicon 12); an entire sample under or overrepresented (sample 2

and 8, respectively) and targets not amplified (amplicons 9-11, sample 6).

Discussion

Sequencing coding regions of genes associated with genetic disorders using NGS
technology became an interesting approach to interrogate genetic alterations, with many
advantages over other methods, such as Sanger sequencing (Goldstein et al., 2013). There
are key factors in the definition and evaluation of any NGS assay: 1) read length, 2)
expected throughput, 3) read accuracy measured by Phred Score and 4) depth of coverage.
Another important point to be considered is the management, processing and interpretation
of the generated data (Morey et al., 2013; Bahassi and Stambrook, 2014). The Torrent
Suite™ software encompasses solutions to deal with these factors, providing results
through a friendly interface to a robust system. With this, the researcher can focus on
interpreting issues that may influence the outcome, such as those presented here. One of

the important factors to consider is the sequencing itself. Our previous experience of

35



carrying out several sequencing runs allowed us to conduct a detailed analysis on the run
report and establish a set of indicators suitable to demonstrate the quality of runs included
in the dataset presented on Table 1. Among these, TF is one of the most important. It
reveals the sequencing performance and is important when a run did not perform as
expected. In this case, if TF value is high, is possible to infer that the sequencing reaction
itself occurred without any failures and explore through troubleshooting checkpoints
possible problems that occurred in steps prior to sequencing. Taken together, these
indicators provide a reliable way to evaluate the sequencing performance of a gene panel.
Filtered values of Table 2 can be evaluated for a given run, but should not be used as
performance parameters since they vary according to panel and run conditions.

The pipeline used to analyze our dataset performs default quality processing of sequenced
bases, as shown in Fig 1. Interesting, the not processed data of Panel C on run 1 exhibited
an excess of short length reads that masked the actual run quality. This condition resulted
on reads with mode length of 50 bp in contrast to reads with 200 bp when quality checks
were enabled. A possible scenario that explains this result is that the sequencing run
yielded too many short reads and during the quality processing stage, reads examined with
the sliding window approach and identified as low quality score regions were trimmed
resulting in further shortening of read length. At the end of trimming, the resulting read
lengths were lower than the default filtering threshold and these too short reads were
filtered out from final output file, thus restoring the pattern observed for this panel with
processed condition. After trimming and filtering those reads, the mode represents a high
quality set: reads with expected length and established quality. The comparison between
modes of both conditions demonstrates, notably in this panel, the combination between

trimming and filtering processes used to obtain accurate reads. Despite the observed higher
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output of not processed data, there is sufficient evidence to consider that the extra bases of
this condition are not precise and accurate. The processed bases represented by solid line,
even though with a smaller throughput, have higher quality and ensure that subsequent
analyzes can be held with enough reliability. This demonstrates that the demand for higher
throughput in terms of number of bases must not be dissociated from quality to avoid
misleading analysis. On Panel D, even though the final output from run 1 is smaller than
for runs 2 and 3, the reads are reliable for further analysis because the base calling filter
settings are the same for all sequencing runs. The lower throughput could be due to poor
sample integrity, biases in library preparation or due to the method of library quantification.
Evaluating the mapped reads per sample, we noticed a marked lower throughput in
libraries quantified by lon Library Equalizer Kit when compared with Qubit dsDNA HS Kit,
which provided an uniform result across samples. We also performed several depth of
coverage analysis to explore different sequencing landscapes of heterogenous gene panels
(Fig 3). Ideally, all the amplicons should be equally represented across the entire region of
interest, but some target regions could have depth values higher than expected while other
regions could be poorly or not covered. Besides the natural bias introduced by the capture
method based on amplification of target genes (Samorodnitsky et al., 2015; Tattini et al.,
2015), other reasons can account for an unequal coverage distribution, as demonstrated by
Fig 3C: a) the amount and quality of input DNA sample (sample 2 and 8) can result in an
entire sample under- or over-represented; b) a region with an increased GC content is
prone to be underrepresented (amplicon 12 in all samples) due to the difficulty of
amplification; c) repeated elements or tandem repeats; d) biases in library preparation and
sequencing. For these poorly or not covered regions, increase overall coverage per

sequencing run or analyze these regions by Sanger sequencing provide a good solution to
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fill these gaps. Consequently, it is important to consider the uniformity of sequencing
depth as a representation of data quality, since this feature reduce the robustness of variant
calling and identification of the genetic variants responsible for the investigated condition.
It is important to stress out that the graphs shown in Fig 3 are meant to show amplicon
depth distribution throughout a gene panel. However, the situation represented by
amplicons 9 to 11 of sample 6 on Fig 3C could suggest a copy number variation (CNV),
that need to be confirmed by other methods, such as multiplex ligation-dependent probe
amplification (MLPA). It is worth noticing that PCR-amplification steps required for the
preparation of sequencing libraries and nonuniform read depth among amplified regions
imply on low coverage homogeneity of amplicon sequencing, essential to CNV estimation
through depth of coverage methods. In addition, amplicon sequencing data normalization
can be less effective due to limited number of target regions (Duan et al., 2013; Tattini et
al., 2015).

In summary we presented important aspects to be considered when evaluating performance
of customized gene panels both by using real data and a simulation of possible situations

that decrease the expected performance of particular samples or amplicons.
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Fig 1. Comparision of two quality conditions altering specific parameters in the Torrent Suite™
software.

To each run of our dataset, two conditions named processed and not processed data was obtained by
changing the parameters disable-all-filters and keypass-filter of base calling. Results for panels C and D
are shown, solid line stands for reads processed using default parameters, while the dotted line
represents reads obtained by disabling quality filters. The established metrics used to demonstrate the

difference between the two conditions are: total bases (Mb) and Mean, Mode and Median (bp).
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Fig 2. Demonstration of strategy used for removal of low quality reads.

(A) Adapter sequence (in yellow) is trimmed out by searching through the read for candidate matches
to the known adapter sequence. (B) The sliding window: the window (size is set to 30 bases) slides
trough the read (in blue) searching for low quality calls. In each movement (one base each time), a
quality score average is calculated. (C) When the average of the per-base quality score drops below a
fixed threshold (15, by default), the sequence is cut from this point (forward 5°). The trim point is just
before the earliest (5’ most) base. (D) The distribution of quality scores within Ion Torrent reads is

such that the highest quality calls tend to occur at the start of the read where signal is strongest and

phase errors are smallest in magnitude.
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Fig 3. Coverage distribution of amplicons of a gene panel.

(A) Intra-run relative depth of coverage (RDoC) at 16 amplicons (panel E, run 2), corresponding to one
gene in 8 samples sequenced in one run. (B) Inter-run reproducibility. This chart represents the mean
RDoC at 16 amplicons of panel E in different samples sequenced in three different sequencing runs.
Error bars represent standard deviation about the mean of the RDoC of each amplicon in 8 samples
analyzed in one run. (C) Simulated coverage scenarios. Intra-run relative depth of coverage (RDoC) at

16 amplicons corresponding to 8 samples sequenced in one run.
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S1 Figure. Comparision of two quality conditions altering specific parameters in the
Torrent Suite™ software.

To each run of our dataset, two conditions named processed and not processed data was
obtained by changing the parameters disable-all-filters and keypass-filter of base calling.
The solid line stands for reads processed using default parameters, while the dotted line
represents reads obtained by disabling quality filters. The established metrics used to
demonstrate the difference between the two conditions are: total bases (Mb) and Mean,

Mode and Median (bp).
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Abstract

The coming of next-generation sequencing (NGS) technologies has drastically changed the
research and diagnostic of genetic disorders. Exome sequencing is the main NGS
application used in clinics as it enables global interrogation of coding gene regions. The
great amount of information generated on a single exome lead to development of
prioritization strategies that are mainly based on filtering of neutral variants. One common
step to almost all prioritization workflows is the removal of synonymous variants. More
recently, however, several works are demonstrating the functional role of synonymous
codon changes on altered cellular homeostasis and its relation with several human diseases.
Based on public data of >60,000 exomes obtained from Exome Aggregation Consortium
(EXAC) and in silico pathogenicity prediction by Silent Variant Analyzer (SilVA), this
work demonstrate the landscape of harmfulness of synonymous variants. We show that
from 1,691,045 variants classified as synonymous by SilVA, 26,034 were predicted to be
pathogenic with allele frequency lower than 0.05. In silico functional analysis revealed that
pathogenic synonymous variants found are involved in important biological processes,
such as cellular regulation, metabolism and transport. By exposing a scenario of
pathogenic synonymous variants on human exomes we conclude that filtering out SSNP on
prioritization workflows is reasonable, although in some specific cases sSSNP should be
considered. Future research on this field will provide a clear picture of such variations on

genetic diseases.
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Introduction

It is well known that the majority of known disease-causing mutations affect highly
conserved protein residues. The role of non-synonymous single point mutations on the
pathogenesis of genetic diseases has been extensively characterized (Hecht et al., 2013,
Kumar et al, 2014; Nakken et al, 2007; Yates & Sternberg, 2013). The coming of next-
generation sequencing (NGS) technologies has drastically changed the research and
diagnostic of genetic disorders opening a new era in genomics (Goodwin et al., 2016;
Koboldt et al., 2014; Shen et al., 2015). Whole-genome and whole-exome sequencing
(WES) strategies allows for global interrogation of human genetic variations, with the
latter one being the main NGS clinical application (Seaby et al., 2016; Petersen et al.,
2017; Yang et al., 2013). The term exome refers to coding regions of human genome and it
is estimated that ~85% of disease-causing mutations lies in the exome, what justify its
recently widespread use on diagnostic practice (Bamshad et al., 2011; Botstein & Risch,
2003). For rare diseases of unknown etiology, WES proves to be successful with a
diagnostic rate up to 25% (Farwell et al., 2015; Taylor et al., 2015; Yang et al., 2013).
Moreover, an individual exome can identify ~30,000 variants when compared with the
genomic reference sequence (Smedley et al., 2014) leading to a big challenge: prioritizing
disease-causing mutations from neutral variants. Prioritization aims to exclude benign
variants and also check whether the function of a mutated gene is actually relevant for the
disease (Bamshad et al., 2011; Pabinger et al., 2014). For that, several filtering steps are
made based on assumptions which lead to a smaller set of relevant variants (Koboldt et al.,
2014; Pfeifer, 2017). An integral part of most filtering workflows is the removal of
synonymous single nucleotide polymorphisms (sSNP) (Seaby et al., 2016; Stitziel, 2011).

However, the functional role of synonymous codon changes on mechanisms essential for
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cellular homeostasis, such as splicing and translation accuracy, codon usage bias, mMRNA
secondary structure, microRNA binding and protein folding became focus of several works
(Bali & Bebok, 2014; Chaney & Clark, 2015; Hunt et al., 2014; Plotkin & Kudla, 2011;
Sauna & Kimchi-Sarfaty, 2011; Shabalina et al., 2013). It is now clear that synonymous
mutations can affect multiple levels of cellular biology, from DNA and RNA to protein-
based features, leading to a wealth of diseases (Hunt et al., 2014; Gotea et al., 2015; Takata
et al., 2016). In agreeing with it, efforts to predict harmfulness of synonymous variants
became available (Buske et al., 2013). Therefore, this article aims to access the landcape of
sSNP pathogenicity on public exome data providing new insights on this type of variation

to human diseases.

Material and Methods

Dataset

Public data from 60,706 exomes was obtained from Exome Aggregation Consortium
(EXAC) (Lek et al., 2016) release 0.3.1. FTP link available at
ftp://ftp.broadinstitute.org/pub/EXAC_release provides variation data on VCF format.

Integrity of 34GB downloaded data was checked with md5sum tag.
Pathogenicity prediction

Silent Variant Analyzer (SilVA) (Buske et al., 2013) software was used to perform in
silico  prediction of  harmfulness.  SilVA is freely available from
http://compbio.cs.toronto.edu/silva. It takes a list of variants on VCF format, annotates
each one with 26 features and then score variants based on a trained random forest

machine learning model. Synonymous variants are ranked and classified as likely benign,
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potentially pathogenic and likely pathogenic based on score thresholds of 0.27 and 0.485,

respectively.
Functional analysis

To gain insights about the function of genes damaged by synonymous variants revealed by
SilVA, we performed an overrepresentation test with PANTHER classification system (Mi
et al., 2016) version 11.1 using PANTHER GO - Slim Biological Process annotation
dataset. Binomial test was applied to compare our findings against a reference list of

human genes (p<0.05) followed by Bonferroni correction for multiple testing.
Statistical computing

Tabular text file outputted from SilVA was analyzed on R to perform data manipulation,
graphs generation and statistical testing using the following packages: dplyr, tidyr, ggplot2

and RcolorBrewer.

Results

Damaging variants

A total of 1,691,045 from 9,362,318 ExAC variants dataset were classified as synonymous
by SilVA. Of that, 26,034 variants with allele frequency <0.05 were classified as likely

pathogenic (5,862) and potentially pathogenic (20,172), as shown in Fig 1.

Overrepresented genes

Gene ontology (GO) analysis for biological process revealed a total of 46 enriched GO
classes with p<0.05, shown in Fig 2. More than 25% of our gene list was implicated on the
following GO classes: cellular process (GO:0009987), metabolic process (GO:0008152)

and primary metabolic process (GO:0044238). Noteworthy, biological regulation
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(G0:0065007), regulation of biological process (GO:0050789), transport (GO:0006810),
protein transport (GO:0015031), intracellular protein transport (GO:0006886) and
intracellular signal transduction (GO:0035556) classes were also represented with

statistical significance.

Discussion

Prioritization of disease-causing variants from benign ones is a laborious task, being
compared with finding needles in stacks of needles (Cooper et al., 2011). Filtering
frameworks apply different approaches to reduce the number of variants to a manageable
list of candidates (Pfeifer, 2017; Stitiziel et al., 2011). Considering this scenario,
prioritization turns into a trade off between what is and isn't worthy looking at. Removal of
synonymous Variants is one of the key assumptions made on prioritization process (Seaby
et al., 2016). Our work demonstrated a comprehensive evaluation of synonymous variants
pathogenicity on human exomes, showing that a relatively small number of variants could
be considered as disease-causing candidates. This might be due to limitations of SilVA
performance, which is currently restraint by the small number of training examples (Buske
et al., 2013). With novel pathogenic synonymous variants being experimentally confirmed
and development of additional features to better predict harmfulness, SilVA performance
could be improved as well as the number of disease-related variants. Despite of that,
functional analysis revealed that pathogenic synonymous variants found are involved in
important biological process, such as cellular regulation, metabolism and transport. Better
characterization of 26,034 variants found is needed to fully understand the relation and
potential contribution of each one to human diseases. Lastly, by exposing a scenario of
pathogenic synonymous variants on human exomes we conclude that filtering out SSNP on

prioritization workflows is reasonable, although in some specific cases sSSNP should be
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considered. Future research on this field will provide a clear picture of such variations on

genetic diseases.
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Fig 1. Classification of synonymous variants according to SilVA.
Silent Variant Analyzer was used for processing EXAC dataset (release 0.3.1) revealing a total of 1,691,045

synonymous variants. From that, a total of 26,034 variants were classified as likely pathogenic (5,862) or

potentially pathogenic (20,172) with allele frequency <0.05.
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Fig 2. Overrepresentation test results according to PANTHER GO version 11.1.

Genes pointed by SilVA as carring a pathogenic synonymous variant were submited to in silico functional analysis using the tool PANTHER GO. Gene ontology (GO)

analysis for biological process revealed a total of 46 enriched GO classes with p<0.05.
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CAPITULO VI

DISCUSSAO
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As discussdes especificas aos resultados obtidos no presente estudo encontram-se
nos manuscritos apresentados no Capitulo 1V e V. Neste capitulo serdo mencionados
aspectos mais gerais referentes ao tema, retomando questdes ndo discutidas anteriormente.

Mais do que ser uma novidade, a tecnologia de sequenciamento de nova geragédo
agora faz parte da rotina da pesquisa bioldgica e tornou possivel a realizacdo de pesquisas
consideradas impossiveis até poucos anos atrds. Com o NGS integrado a prética clinica,
iniciativas recentes como programas de medicina de precisao estdo sendo desenvolvidos e
aplicados em todo o mundo. Assim, sequenciar a um custo relativamente baixo e de forma
veloz proporciona aos médicos e pesquisadores as ferramentas necessarias para traduzir
informacgdes gendmicas em acgdes clinicas. Entretanto, essa revolugdo abriga um novo
conjunto de desafios. Um deles é a transi¢do de tecnologias tradicionais para 0 NGS, uma
questdo relevante abordada no primeiro manuscrito deste trabalho.

Outro ponto, porém, merece ser destacado: a interpretacdo de variantes genéticas. A
complexidade advinda do NGS para classificacdo de novas variantes com significado
incerto € surpreendente. Menos de duas décadas atras, era comum que pesquisadores ao
encontrarem uma variante nova, interrogando poucas regides gendmicas, classificassem-na
como mutacdo causal a partir apenas da comprovacao da sua auséncia em um ndmero
restrito de individuos normais. Uma acdo justificAvel, pois, no caso de uma doenca
Mendeliana, ao estudar o gene responsavel pela condicdo, em um paciente com o fen6tipo
caracteristico, os indicios apontavam para esta direcdo. E preciso considerar a escassez de
recursos ou, quem sabe, a falta de necessidade, por parte da comunidade cientifica, de
realizar testes adicionais, como ensaios de expressdo, por exemplo, para confirmar a
relacdo causa-efeito. As ferramentas disponiveis eram estas e inumeros artigos foram
publicados seguindo essa linha de raciocinio.

Com o NGS o paradigma mudou. Passamos a ter acesso a variacdo genética global
e com isso a compreensdo sobre a inferéncia de patogenicidade e significancia clinica de
uma variante genética sofreram mudangas drasticas. Hoje, uma nova variante é
considerada como sendo de significado incerto, até que se prove o contrario. E para tal,
inimeros esforcos tém sido realizados. O American College of Human Genetics langou,
em 2015, um guideline para a interpretacdo destas variantes, recomendando terminologias
especificas e uma tabela descrevendo o processo para classificacdo de variantes de

significado incerto (Richards et al., 2015). Esforcos também tem sido empreendidos no
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desenvolvimento de ferramentas e softwares que auxiliem no processo de priorizacéo e
predicdo de patogenicidade. Ainda assim, muitas das informagGes genéticas consideradas
como menos importantes também tém demonstrado possuir um papel relevante em
doencas humanas, como é o caso das variantes sinénimas, exploradas no segundo
manuscrito deste trabalho.

Enquanto a pratica do diagndstico genético utilizando NGS continua a ser
desafiada, outro cenario torna-se relevante: a quantidade de dados que as plataformas de
sequenciamento tém gerado. Em 2013, foi reportado que o mundo pode gerar ~15
petabytes (10™° bytes) de dados de sequenciamento por ano (Schatz & Langmead, 2013) e
o numero de plataformas sé cresceu desde entdo. Essa quantidade de dados tém desafiado a
analise e infraestrutura computacional necessaria e inovacfes para 0 armazenamento de
dados e solucdes de bioinformatica serdo de extrema valia em um futuro proximo. Assim,
torna-se claro que a bioinformatica € um ramo de pesquisa desafiador e promissor. Talvez
0 maior de todos os desafios seja traduzir a vasta quantidade de dados genéticos em um
contexto biolégico relevante. Certamente ainda ha muito para avancarmos até a
compreensdo holistica da complexidade bioldgica dos seres vivos. E, sem davidas, 0 NGS

tem o potencial necessario para nos fazer chegar a este ponto.
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CAPITULO VII

CONCLUSOES
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Os resultados obtidos neste trabalho cumpriram os objetivos que haviam sido propostos:

1. Avaliar com precisdo o desempenho de sequenciamento e performance de

painéis de genes em dados de targeted gene sequencing.

Evidenciamos indicadores adequados para avaliar a qualidade das corridas de
sequenciamento da plataforma lon Torrent, bem como pardmetros que asseguram a
qualidade dos dados gerados. Também demonstramos, através de um método baseado em
profundidade de cobertura, como avaliar o desempenho de cada regido (amplicon) que
compde o painel de genes de interesse.

2. Avaliar a patogenicidade de variantes sindnimas raras obtidas dados

publicos de sequenciamento de exoma completo.

Utilizamos dados publicos de mais de 60.000 exomas e demonstramos um
panorama da patogénicidade de variantes sindbnimas. Um total de 26.034 variantes raras
(com frequéncia alélia menor que 0,05) foram classificadas como patogénicas. Analises
funcionais revelaram que as variantes sinGnimas patogénicas estdo envolvidas em

processos bioldgicos importantes, como regulagdo celular, metabolismo e transporte.
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CAPITULO VIII

PERSPECTIVAS
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Como perpectivas e sugestdes adicionais de analise destacamos as seguintes, especificas
do manuscrito apresentado no capitulo V:

e Caracterizar as variantes sinbnimas patogénicas encontradas quanto a localizacéo
em dominios protéicos, folding de mMRNA e outras evidéncias de consequéncias

funcionais que nos permitam corroborar com a classificacéo fornecida pelo SilVA,

e Explorar a frequéncia alélica das variantes sindnimas patogénicas de forma

especifica a cada populagdo que compde 0 EXAC;

e Investigar se os genes que abrigam as variantes sindnimas patogénicas estio

associados a doencas Mendelianas;

e Explorar a ocorréncia de selecdo purificadora nas regides que abrigam as variantes

sindnimas patogénicas.
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