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RESUMO

Alteracdes genéticas e epigenéticas reguladas por RNAs ndo codificantes (ncRNAS) tém sido
associadas ao desenvolvimento de doencas. Evidéncias sugerem que variantes podem
influenciar a fungdo de ncRNAs, como piRNAs e circRNAs. Essas moléculas tém sido
estudadas em doencas infecciosas, incluindo COVID-19, causada pelo SARS-CoV-2. No
entanto, o0s aspectos envolvidos na relacdo entre variantes genéticas e a expressao de piRNAs
ou circRNAs ndo estdo totalmente descritos. O objetivo deste estudo foi caracterizar
polimorfismos em regides de piRNAs para testar a hipdtese de que variantes podem afetar a
expressao de ncRNAs. Além disso, investigamos o perfil de expressdo global e os padrbes
regulatérios de eQTL de circRNAs, bem como sua associa¢do com a COVID-19. Usamos dados
gendmicos do piRBase e do 1000 Genomes Project para caracterizar polimorfismos em regides
de piRNA. Posteriormente, amostras de swab naso-orofaringeo e saliva coletadas de 66
individuos diagnosticados com COVID-19, classificados como assintomaticos (11), leves (15)
e graves (22) foram sequenciadas por RNA-Seq para identificar circRNAs diferencialmente
expressos (DE). A analise dos dados foi realizada usando os pacotes edgeR v.4.0.14. e CircTest
R v.0.1.1, considerando valores de p ajustados < 0,05 como estatisticamente significativos.
Anélises de eQTL foram realizadas para avaliar a associa¢do entre variantes e a expressao de
circRNAs. Todas as analises estatisticas foram conduzidas usando o Software R Studio v.4.1.1.
Nossos achados sugeriram que polimorfismos podem afetar a estrutura da sequéncia do piRNA,
enfatizando que toda a sequéncia de piRNA é crucial para a ligacéo ao alvo, permitindo alguns
mismatches. Investigacdes experimentais revelaram que polimorfismos em piRNAs podem
influenciar a supressao da atividade dos transposons, 0 que justifica uma investigacdo mais
aprofundada em estudos futuros. Apds testar a hipdtese de que variantes podem afetar a
expressdao de ncRNAs, a analise comparativa da expressdo de circRNA entre 0S grupos
identificou oito circRNAs DE. As analises in silico revelaram cinco circRNAs (hsa-
NIPBL_0053, hsa-PCMTD1_0002, hsa-NCOA2_0001, hsa-SETD3_0001, hsa-XPO1_0001),
interagindo com miRNAs. A andlise dos genes alvo regulados destacou 0s processos biolégicos
envolvidos na infeccdo por SARS-CoV-2, incluindo respostas celulares a hipoxia, sinalizacao
WNT, citocina, regulacdo da resposta imune e resposta celular ao virus. A andlise de eQTL
demonstrou variantes genéticas no gene TMPRSS13 e gene parental XPO1, afetando a
expressdo génica. Assim, 0s achados deste estudo podem ajudar a elucidar o papel dos
mecanismos genéticos e epigenéticos na fisiopatologia da infec¢do pelo SARS-CoV-2.

PALAVRAS-CHAVE: ncRNA, piRNA, circRNA, COVID-19, Polimorfismo.



ABSTRACT

Genetic and epigenetic alterations regulated by non-coding RNAs (ncRNAs) have been
associated with the development of diseases. Evidence suggests that genomic changes may
influence the function of ncRNAs, such as piRNAs and circRNAs. These molecules have been
studied in infectious diseases, including COVID-19 caused by SARS-CoV-2. However, the
aspects involved in the relationship between genetic variants and piRNAs or circRNAs
expression are not fully described. The aim of this study was to characterize polymorphisms in
regions encoding piRNAs to test the hypothesis that variants may affect ncRNAs expression.
Additionally, we investigate the global expression profile and eQTL regulatory patterns of
circRNAs, as well as their association with COVID-19 severity. We used genomic data from
piRBase and 1000 Genomes Project to characterize polymorphisms in piRNA regions.
Subsequently, naso-oropharyngeal swab and saliva samples were collected from 66 individuals
diagnosed with COVID-19, classified as asymptomatic (11), mild (15) and severe (22), and
sequencing using RNA-Seq to identify differentially expressed (DE) circRNAs. The data
analysis was performed using the edgeR v.4.0.14. and CircTest R v.0.1.1 packages, considering
adjusted p-values < 0.05 as statistically significant. eQTL analyses were performed to evaluate
the association between variants and the circRNAs expression. All statistical analyses were
conducted using the Software R Studio v.4.1.1. Our findings suggest that polymorphisms can
affect the piRNA sequence strucuture, emphasizing that the entire piRNA sequence is crucial
for target binding, allowing minimal mismatches. Experimental investigations revealed that
polymorphisms in piRNAs may influence the suppression of transposons, which warrants
further investigation in future studies. After testing the hypothesis that genetic variants may
affect ncRNAs expression, comparative analysis of circRNA expression among the groups
identified eight circRNAs DE. In silico analyses, revealed five circRNAs (hsa-NIPBL_0053,
hsa-PCMTD1_0002, hsa-NCOA2_0001, hsa-SETD3_0001, hsa-XPO1_0001), interacting with
miRNAs. Functional enrichment analysis of the target genes regulated highlighted biological
process involved in SARS-CoV-2 infection, including cellular responses to hypoxia, WNT
signaling, cytokine, regulation of the immune response and cellular response to the virus. eQTL
analysis further demonstrated genetic variants in the TMPRSS13 and parental XPO1 genes
affecting genic expression. Thus, the findings of this study may help to elucidate the role of
genetic and epigenetic mechanisms in the pathophysiology of SARS-CoV-2 infection.

KEYWORDS: ncRNA, piRNA, circRNA, COVID-19, Polymorphism.



1 INTRODUCAO

Os virus utilizam a maquinaria do hospedeiro para sua replicacdo e sobrevivéncia,
resultando em perturbacdes na homeostase do hospedeiro, que causam alteragdes nos niveis de
transcritos, proteinas e metabdlitos, e afeta o organismo do hospedeiro, que responde atraves
do sistema imune; e esses processos compreendem um quadro que envolve mecanismos de
interacdo virus-hospedeiro (AGGARWAL et al., 2021).

Recentemente, um virus denominado Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2), causador da doenga Coronavirus disease 2019 (COVID-19), se disseminou
rapidamente e causou um surto mundial, declarado pela Organizacdo Mundial da Saude (OMS)
como pandemia global em 11 de mar¢o de 2020 (WORLD HEALTH ORGANIZATION,
2020a, 2020b, 2020d).

Em 25 de fevereiro de 2020, o Brasil relatou seu primeiro caso de COVID-19,
confirmado por meio de diagnéstico molecular, seguido de sequenciamento genético, e desde
entdo apresentou uma rapida disseminagdo do SARS-CoV-2, se tornando o segundo pais com
maior total de mortes registradas desde o inicio da pandemia, com uma emergéncia de salde
publica nacional (JESUS et al., 2020; SOUZA et al., 2020; WORLD HEALTH
ORGANIZATION, 2022b).

Em relacdo ao surgimento do virus, inicialmente, sugeriu-se que 0S morcegos eram
provaveis reservatérios para SARS-CoV-2 (BONI et al., 2020). Posteriormente, identificaram
0s pangolins como hospedeiro intermediario, que pode ter facilitado a transferéncia do virus
para humano, no entanto, o entendimento desse hospedeiro ainda é complexo; mas é proposto
que provavelmente os morcegos podem ser o possivel reservatério primario e ocorreu um
evento de recombinacdo entre coronavirus de morcego e pangolim, que se materializou no
Pangolim-malaio através do qual uma nova cepa de virus pode ter surgido (LAM et al., 2020;
SHEREEN et al., 2020; KADAM et al., 2021).

1.1 Coronavirus disease 2019 (COVID-19)

A Coronavirus disease 2019 (COVID-19) é uma doenca causada pelo virus Severe
Acute  Respiratory  Syndrome  Coronavirus 2  (SARS-CoV-2), pertencente
ao género Betacoronavirus e familia Coronaviridae (WORLD HEALTH ORGANIZATION,
2020b, 2020c; GORBALENYA et al., 2020), que surgiu em Wuhan, na China, em dezembro
de 2019, com apresentacgdo clinica muito semelhante & pneumonia viral (WORLD HEALTH
ORGANIZATION, 2020a).

11



Os pacientes com infeccdo por SARS-CoV-2 apresentam um amplo espectro de
manifestacdes clinicas e desfechos clinicos, com evolugédo de quadros assintomaticos a graves;
eles também podem desenvolver insuficiéncia respiratdria aguda e Sindrome do Desconforto
Respiratorio Agudo (SDRA), com faléncia de multiplos 6rgdos que pode levar & morte
(CASCELLA etal., 2022; HUANG et al., 2020; ARORA et al., 2020).

De acordo com o National Institutes of Health (NIH) (2022) a gravidade da doenca pode
ser classificada em cinco categorias: i) Infeccdo Assintomatica ou pré-sintomatica, que inclui
individuos com teste positivo para SARS-CoV-2, mas ndo apresenta sintomas consistentes com
COVID-19; ii) Doenca leve, que abrange individuos com sintomas da COVID-19, como, por
exemplo, febre, tosse, dor de garganta, mal-estar, dor de cabeca, dor muscular, ndusea, vomito,
diarreia, perda de paladar e olfato, mas que ndo apresentam falta de ar, dispneia ou imagem
tordcica anormal; iii) Doenca moderada, que compreende individuos com quadro de doenca
respiratoria inferior e Saturacdo de Oxigénio medida por Oximetria de Pulso (SpO2) > 94%);
iv) Doenca grave, que inclui individuos que tém SpO2 < 94%, relacdo entre Pressdo parcial
Arterial de Oxigénio e Fracdo Inspirada de Oxigénio (PaO2/Fi02) <300 mm Hg, frequéncia
respiratéria > 30 respiracGes/min, ou infiltrados pulmonares > 50%; iv) Doenga critica, que
considera individuos com insuficiéncia respiratoria, choque séptico e/ou disfuncdo de multiplos
orgdos, e podem desenvolver a Sindrome do Desconforto Respiratério Agudo (SDRA), que
tende a ocorrer aproximadamente uma semana apdés o inicio dos sintomas.

A COVID-19 pode ser considerada uma doenca viral sistémica, que causa varios
sintomas devido o seu envolvimento em véarios érgdos (CASCELLA et al., 2020). De forma
geral, os principais sintomas clinicos dos pacientes com COVID-19 sdo: febre, tosse, mialgia
ou fadiga, expectoragéo e dispneia; os sintomas menos comuns sdo: dor de cabeca ou tontura,
diarreia, nduseas e vomito (LI et al., 2020; ALIMOHAMADI et al., 2020; HUANG et al., 2020;
CHEN et al., 2020; WANG et al., 2020) com provavel associacao entre tempestade de citocinas
e a gravidade doenca, levando a um processo inflamatorio que causa lesdo pulmonar (HUANG
et al., 2020).

No inicio da pandemia verificou-se que pacientes com idade avancada e comorbidades
como asma, obesidade, diabetes mellitus, doenca pulmonar crdnica, doenca cardiovascular,
doenca renal crénica, doenca hepética cronica, infeccdo por Sindrome da Imunodeficiéncia
Humana (HIV), gravidez, tabagismo, condi¢gdes neoplasicas e pessoas em tratamento com
terapia imunossupressora apresentaram um maior risco de desenvolver COVID-19 grave e suas

complicacdes associadas (CASCELLA et al., 2022; HARRISON et al., 2020; NATIONAL
12



INSTITUTES OF HEALTH, 2022; CENTERS FOR DISEASE CONTROL AND
PREVENTION, 2022).

O virus pode ser transmitido de humano para humano por meio de contato proximo com
pessoas infectadas, através de goticulas, aerossois e fomites (WANG; DU, 2020). MutacGes
virais e recombinacdo deram origem a novas cepas do virus, que podem apresentar diferentes
taxas de reproducdo ou infectividade e assim afetar o curso e a gravidade da doenca
(GASPERSIC; DOLZAN, 2022). Atualmente ja foram descritas mais de 1890 variantes em
todo o mundo, das quais destacam-se as Variant of concern (VOC) (PARUMS, 2021). As
VOCs ja identificadas até o momento sdo: B.1.1.7 (Alpha), B.1.351 (Beta), P.1(Gamma),
B.1.617.2 (Delta) e B.1.1.529 (Omicron) (CENTERS FOR DISEASE CONTROL AND
PREVENTION, 2022a), e sdo caracterizadas por possuirem mutacdes que permitem a rapida
disseminacdo do virus e aumentam sua resisténcia aos tratamentos (WALENSKY; WALKE;
FAUCI, 2021; KANNAN; ALI; SHEEZA, 2021; RAMBAUT et al., 2020; CENTERS FOR
DISEASE CONTROL AND PREVENTION, 2022a).

Essas mutacdes no genoma do SARS-CoV-2, presentes em sequéncias da proteina Spike
(S) e outras proteinas do virus (GURUPRASAD, 2021), podem afetar o diagnostico molecular,
Wang e colaboradores (2020b) encontraram inimeras mutacdes nos alvos de diagndstico
COVID-19 comumente usados em todo o mundo, incluindo aqueles designados pelo Centers
for Disease Control (CDC) dos EUA (CENTERS FOR DISEASE CONTROL AND
PREVENTION, 2022a), e essas muta¢Ges podem afetar a sensibilidade do diagnostico e devem
ser consideradas na vigilancia epidemiol6gica da COVID-19.

1.1.1 Epidemiologia da COVID-19

A partir dos dados epidemiol6gicos mundiais de salde do relatério anual da OMS
(2022), que mostram uma anélise da evolugdo epidemioldgica da pandemia nos ultimos dois
anos, incluindo o impacto do excesso de mortalidade, juntamente com um resumo dos
problemas nos servicos de satde em todo o mundo, observa-se que mesmo dois anos apés ter
sido declarada emergéncia de saude publica de interesse internacional pela OMS, a COVID-19
continua a ser uma ameaca global a saude, isso porque apesar do rapido desenvolvimento de
vacina, a sua distribuicdo ocorre de forma desigual em concomitante com o surgimento de
VOCs do SARS-CoV-2 (WORLD HEALTH STATISTICS, 2022). Além disso, atualmente ela
ainda representa a quarta principal causa de morte no mundo (WORLD HEALTH
ORGANIZATION, 2024a)
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As variantes Alfa e Beta surgiram em dezembro de 2020 e foram seguidas pela variante
Gamma em janeiro de 2021 e a variante Delta em Abril de 2021. Em novembro de 2021, a
Omicron, uma variante mais transmissivel, capaz de escapar parcialmente da imunidade no
trato respiratdrio superior, foi identificada e rapidamente se tornou a variante dominante em
todo o mundo, mas com caracteristicas menos severas que a Delta, apesar da sua maior
transmissibilidade (WORLD HEALTH ORGANIZATION, 2022; NEXTRAIN/GISAID,
2022; WORLD HEALTH STATISTICS, 2022).

De acordo com os dados epidemioldgicos da OMS, até Novembro de 2024, a infeccao
por SARS-CoV-2 foi responsavel por mais de 615 milhdes de casos confirmados e causou a
morte de mais de 7 milhdes de pessoas no mundo todo (WORLD HEALTH ORGANIZATION,
2024b) (Figura 1).
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Due to limited testing, the number of confirmed cases is lower than the true number of infections
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Figura 1. Representacdo gréafica da evolucdo da COVID-19 no mundo do nimero cumulativo de casos (a) e
nimero cumulativo de mortes (b) por COVID-19 (Adaptado de OurWorldIinData/JHU CSSE COVID-19 Data,
2024).
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As regides da OMS mais afetadas foram a Regido das Américas e a Regido do Sudeste
Asiatico, com declinios de cerca de 3 anos na expectativa de vida (WORLD HEALTH
ORGANIZATION, 2024a) (Figura 2).

Cumulative confirmed COVID-19 cases by world region

7-day rolling average. Due to limited testing, the number of confirmed cases is lower than the true number of
infections.
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Figura 2. Evolugdo da COVID-19 no mundo, por regides: nimero cumulativo de casos confirmados com COVID-
19 (Adaptado de OurWorldInData/JHU CSSE COVID-19 Data, 2024).

Até novembro de 2024, o Brasil reportou 37, 51 milhdes de casos acumulados e 702.616
mortes registradas desde o inicio da pandemia (WORLD HEALTH ORGANIZATION, 2024b)
(Figura 3).
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Figura 3. Representacdo grafica da evolugdo da COVID-19 no Brasil do nimero cumulativo de casos (a) e
mortes (b) por COVID-19 (Adaptado de OurWorldInData/JHU CSSE COVID-19 Data, 2024).

Na primeira semana de 2022, entre as regides, a regido Norte apresentou a maior taxa
de mortalidade (0,6 6bito/100 mil hab.), seguido pelo Centro-Oeste (0,5 6bito/100 mil hab.),
Nordeste (0,4 6bito/100 mil hab.), Sudeste (0,3 6bito/100 mil hab.) e Sul (0,3 6bito/100 mil
hab.) (MINISTERIO DA SAUDE, 2022).
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Entre os estados da regido norte, Tocantins se destacou com a maior incidéncia (200,5
casos/100 mil hab.), e o Para apresentou a segunda maior taxa de mortalidade da regido Norte
(0,8 6bito/100 mil hab.), no inicio do ano de 2022 (MINISTERIO DA SAUDE, 2022)

Atualmente, de acordo com os dados do Ministério da Saude (2024), no decorrer das
semanas epidemioldgicas do ano de 2020 até abril de 2024, os casos e 6bitos novos relacionados
a COVID-19 se mostraram heterogéneos entre as diferentes regides do Brasil.

Globalmente, em 2024, a ultima Atualizacdo Epidemiolégica Semanal da COVID-19
da OMS (16 de setembro — 13 de Outubro), mostrou que nessa semana, 0 maior nimeros de
admissfes em Unidade de Tratamento Intensivo (UTI) foram relatados no Brasil (WORLD
HEALTH ORGANIZATION, 2024b). Reforcando, que o Brasil, apesar de apresentar uma
queda na taxa de mortalidade, mundialmente ainda se destaca com o impacto deixado pela
pandemia.

No dia 5 de maio de 2023, a Organiza¢cdo Mundial da Saide (OMS) decretou o fim da
Emergéncia de Saude Publica de Importancia Internacional (ESPII) da COVID-19, justificado
pela reducdo das hospitalizacdes e das internacGes em unidades de terapia intensiva resultantes
da doenga, bem como os altos niveis de imunidade da populacdo. Porém, o fim da Emergéncia
de Saude Publica de Importancia Internacional ndo significa, contudo, que a COVID-19 tenha
deixado de ser uma ameaca a salde, principalmente para aqueles com maior risco de
desenvolvimento de doenca grave, tendo em vista que o virus continua em circulacdo no Brasil
e no mundo e ha risco de surgimento de novas Variant of concern (VOC) ou Variant of interest
(VOI) do SARS-CoV-2 (MINISTERIO DA SAUDE, 2024).

Em vista disso, o Ministério da Salde enfatiza que as acBGes de vigilancia
epidemioldgica, laboratorial, gendmica e de imunizacdo estabelecidas no Brasil devem ser
continuadas (MINISTERIO DA SAUDE, 2024).

Diante desses dados, observa-se que apesar da ampla vacinacdo e o fim da Emergéncia
de Saude Publica de Importancia Internacional da COVID-19 ainda se faz necessario investigar
diferentes aspectos do virus, incluindo as caracteristicas genémicas. Historicamente, as
pesquisas tém se concentrado na deteccdo, contencdo, tratamento e andlise de virus que sdo
patogénicos para humanos, com pouca énfase para as caracteristicas bioldgicas do
virus (GORBALENYA et al., 2020). Nesse contexto, apesar de haver muitos dados
epidemioldgicos sobre a infec¢do por SARS-CoV-2, o conhecimento sobre sua fisiopatologia
ndo esta bem estabelecido (ARORA et al., 2020; ZHANG et al., 2022c).
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Dessa forma, é essencial analisar as carateristicas fisiopatologicas do virus, para
monitorar sua futura adaptacdo ao hospedeiro, evolucgéo viral, infectividade, transmissibilidade
e patogenicidade (HUANG et al., 2020).

1.1.2 Aspectos Biologicos do SARS-CoV-2

O SARS-CoV-2 é um virus de RNA, de sentido positivo, envelopado (ASKARI;
HADIZADEH; RASHIDIFAR, 2022; WU et al., 2020), o seu genoma possui um comprimento
entre 26 e 32 Kb, e apresenta 11 ORFs: ORF1a, ORF1b, ORF2 (proteina Spike), ORF3a, ORF4
(proteina de envelope), ORF5 (proteina de membrana), ORF6, ORF7ab, ORF8, ORF9 (proteina
do nucleocapsideo) e ORF10. O gene orflab localizado na extremidade 5’ do genoma, codifica
uma poliproteina, que compreende 16 proteinas ndo estruturais (NSP1-NSP16). A extremidade
3’ do genoma codifica quatro proteinas estruturais: glicoproteina de superficie Spike (S),
proteina do Envelope (E), proteina da Membrana (M), proteina do Nucleocapsideo (N), e o
restante das ORFs produzem proteinas acessérias (WU et al., 2020; YOSHIMOTO, 2020)
(Figura 4). O complexo NSP1-NSP16 esta envolvido na replicacdo e transcricdo do RNA viral
e modulacdo da resposta imune; as proteinas E e M sdo essenciais na montagem viral, e a
proteina N é necessaria para a sintese do RNA viral; ja a proteina S é encontrada na superficie
da particula viral e auxilia na entrada do virus na célula hospedeira (AGGARWAL et al., 2021).

A —————  Spike

glycoprotein (S)

Membrane
glycoprotein (M)

Small envelope

glycoprotein (E )

RNA genome

Nucleocapsid
phosphoprotein (N)

B

5°UTR . ~ 3J'UTR
o C i

Figura 4. Estruturas virais (a) e estrutura gendmica (b) do SARS-CoV-2. (Adaptado de Aggarwal et al., 2021 e
Askari et al., 2020).

O SARS-CoV-2 entra no corpo humano por via nasal-oral e induz a resposta inata, que

produz interferons (IFNs), em contrapartida, o IFN ativa a expressdo da proteina Enzima
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Conversora da Angiotensina 2 (ACE2), um receptor que é reconhecido pelo Dominio de
Ligacdo ao Receptor (RBD) da regido S1 da proteina S (KADAM et al., 2021). Essa interacdo,
em associacdo com proteases do hospedeiro leva a clivagem proteolitica pela pré-ativacao da
pro-proteina convertase Furina no sitio S1/S2, que reforca a entrada do virus na célula, e
principalmente pela Serina Protease 2 Transmembrana (TMPRSS2) no sitio S2, que induz a
fusdo da membrana plasmatica e ativa a entrada do SARS-CoV-2 S na célula, levando a
infeccdo bem-sucedida das células hospedeiras (AGGARWAL et al., 2021; BESTLE et al.,
2020; DJOMKAM et al., 2020; HOFFMANN et al., 2020; SHANG et al., 2020; ZIEGLER et
al., 2020).

Apbs a entrada na célula, por endocitose, dentro do endossomo o envelope viral €
degradado e o RNA liberado para o citoplasma, com a sequente traducdo da RNA polimerase
dependente de RNA (RdRp), que auxilia na transcricdo de uma fita negativa de RNA, que serve
como molde para a replicacdo do RNA viral (GASPERSIC; DOLZAN, 2022). De forma geral,
0 RNA gendmico viral de fita simples é traduzido para produzir polipeptideos virais, que
codificam o Complexo de Replicacdo-Transcricdo (RTC) que continuamente replica e produz
varios RNAs mensageiros subgenémicos, que codificam as proteinas acessorias e estruturais
(KADAM et al., 2021). As proteinas sofrem modificacBes e sdo envolvidas em torno da
proteina N, ligada ao RNA viral, sendo montados para formar as particulas virais;
posteriormente a vesicula contendo o virus se funde com a membrana plasmatica do hospedeiro
e as particulas virais sdo exocitadas da célula (Figura 5) (KADAM et al., 2021; GASPERSIC;
DOLZAN, 2022).
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Figura 5. Ciclo de replicacdo do SARS-CoV-2 (Adaptado de KADAM et al., 2021).
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O SARS-CoV-2 foi detectado em diferentes 6rgdos, e ao entrar nas células epiteliais
alveolares, se replica rapidamente e desencadeia uma resposta inflamatoria e imunoldgica,
resultando na sindrome de tempestade de citocinas (HADJADJ et al., 2020; LIU et al., 2021a;
MEHTA et al., 2020).

Uma metanalise sugeriu que quatro vias principais podem ser afetadas durante a
infeccdo por SARS-CoV-2, sendo elas: o sistema imunologico, sinalizacdo de Receptor de
Células T (TCR), sinalizacdo de Receptor de Células B e sinalizagdo por interleucinas
(AGGARWAL et al., 2021).

1.1.3 Aspectos Imunolégicos do Hospedeiro

O sistema imunoldgico é responsavel pela defesa contra a invasdo de diferentes
patdgenos e pela manutencdo da homeostase (CHEN et al., 2019). Durante uma infeccdo o
sistema imune reage de duas formas: pela resposta imune inata e a resposta imune adaptativa
(AGGARWAL et al., 2021).

A resposta imune inata € a primeira linha de defesa do hospedeiro, que atua de forma
inespecifica, e aléem de agir contra patdgenos invasores, também auxilia no desencadeamento
da resposta imune adaptativa, obtida somente ap6s um contato inicial com o patdgeno ou seus
componentes, por meio de infeccdo ou exposicdo a vacinas; a imunidade adaptativa confere
protecdo especifica do patdgeno ao hospedeiro e pode ser uma resposta imune celular, mediada
por células T, ou uma resposta imune humoral, que é regulada por células B ativadas e
anticorpos (AGGARWAL et al., 2021).

Dados da literatura sugerem que respostas imunes inatas e adaptativas sé@o
desencadeadas em reacdo a infeccdo por SARS-CoV-2, e que esse virus possui capacidade para
inibir a resposta imune (afetando a arquitetura e funcdo das células imunes) e evadir do sistema
imune (STUKALOV et al., 2021; CAl et al., 2021).

De maneira geral, as respostas imunolégicas do hospedeiro a infeccdo por
SARS-CoV-2 incluem ativagdo do sistema complemento (SHEN et al., 2020; MESSNER et al.,
2020) e ativacdo da via de inflamacdo da imunidade inata induzida por interleucinas
(MESSNER et al., 2020; AGGARWAL et al., 2021). Analises in vitro também sugeriram a
ativacdo das vias de TGFB e EGFR (envolvidas na imunidade inata) pelo SARS-CoV-2
(STUKALOV et al., 2021; AGGARWAL et al., 2021).

Em pacientes graves, 0 SARS-CoV-2 causa uma exacerbada desregulacdo da respostas
imune com secrecdo excessiva de citocinas inflamatdrias, aumentos dos niveis de IL-6 e IL-8,
e desequilibrios na proporcao de células T (NOROOZI et al., 2020; L1 et al., 2021). A expressao

de moleculas de superficie das células T, de subunidades do receptor de células T (TCR) e
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moléculas de classe 11 do Complexo Principal de Histocompatibilidade (MHC) estava regulada
negativamente em pacientes com sintomas graves em comparagdo aos casos leves, com
consequente reducédo da populacéo e atividade de células T (LI et al., 2021; SCHULTHEIR et
al., 2020). A baixa populagéo de células B também foi um padréo associado a um quadro clinico
mais grave da doenga (SCHULTHEIR et al., 2020).

A infeccdo pelos SARS-CoV-2 desencadeia varios mecanismos dependentes da
interacdo virus-hospedeiro, em que a replicacdo viral influencia os fatores de transcri¢do que
podem afetar a expressdo de diferentes genes do hospedeiro, e induzir a replicacdo viral e em
contrapartida, o hospedeiro, através de mecanismos de defesa, ativa fatores para impedir a
replicacdo do virus (GASPERSIC; DOLZAN, 2022).

Fatores genéticos e epigenéticos associados a defesa do hospedeiro e sistema
imunoldgico podem ter efeitos significativos na interacdo virus-hospedeiro durante a infeccéo
por SARS-CoV-2 (GASPERSIC; DOLZAN, 2022; SERPELONI et al., 2021).

A variabilidade genética do hospedeiro desempenha um papel importante na progressao
do COVID-19, variantes nos genes ACE2 e TMPRSS2 foram associadas com a suscetibilidade
ou resisténcia genética a COVID-19 (SERPELONI et al., 2021; YAMAMOTO et al., 2020).

A regulacdo da expressdo génica por RNAs ndo codificantes (nCRNAs) também é
essencial para o controle do sistema imune em resposta & infeccdo por SARS-CoV-2
(SERPELONI et al., 2021). Analises de transcriptoma indicaram que os RNA longo ndo
codificante (INcRNAs) podem estar envolvidos com a regulacdo de genes da resposta imune
(CARPENTER et al., 2013), desenvolvimento de células imunes e participar de vias de resposta
a patogenos, regulando as fungdes imunoldgicas (CHEN; SATPATHY; CHANG, 2017; LIU et
al., 2020). Na COVID-19 eles foram identificados associados com a infeccdo viral, regulacao
da resposta imune inata, vias inflamatdrias, do ciclo celular e apoptose (SERPELONI et al.,
2021; WU et al., 2021b)(SERPELONI et al., 2021; WU et al., 2021).

Dentro da classe de IncRNAs, mas com a compreensao de aspectos da resposta imune
ainda limitados, os circRNAs ja foram associados com processos relacionados a regulagdo do
sistema imune; por estimulo de infeccdo viral, eles podem interagir com a proteina quinase
(PKR) e serem degradados para ativacao dessa proteina na resposta imune (LIU et al., 2019a).
Alem disso, analises de expressao diferencial de circRNAs em células infectadas por SARS-
CoV-2 sugeriram que 0s genes parentais dos circRNAs estavam envolvidos nas respostas imune
e inflamatoria (YANG et al., 2021).
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1.2 ALTERAGOES GENETICAS E EPIGENETICAS NA COVID-19

O desenvolvimento da COVID-19 pode ser determinado pela interacdo entre fatores
ambientais, genéticos e epigenéticos (SERPELONI et al., 2021). Entre os aspectos ambientais
destaca-se os fatores de risco que influenciam na gravidade da doenca, como tabagismo,
obesidade e presenca de comorbidades (SERPELONI et al., 2021; YAMAMOTO et al., 2021).

A Anaélise de fatores genéticos permite avaliar a predisposicao genética para infec¢cdo
viral ou progressdo da doenca, polimorfismos do tipo Polimorfismo de Nucleotideo Unico
(SNP) ou Inser¢do-Delecéo (INDEL) podem ser usados como biomarcadores para detectar e
prever a gravidade ou a condicdo de risco de vida durante a infeccdo da COVID-19
(GASPERSIC; DOLZAN, 2022; SERPELONI et al., 2021; ELLINGHAUS et al., 2020).

Mecanismos epigenéticos como regulacdo por RNAs ndo codificantes (nCRNAS) e
metilacdo do DNA também pode estar envolvidos na infeccdo pelo SARS-CoV (SAKSENA;
BONAM; MIRANDA-SAKSENA, 2021; AYDEMIR et al., 2021; YANG et al., 2021b). A
demetilacdo dos genes sincitina 1 e 2 pelo SARS-CoV-2, para aumento da transcricdo génica
foi descrita (SAKSENA; BONAM; MIRANDA-SAKSENA, 2021), também observou-se
alteracGes nos niveis de metilacdo de ACE2 e TNF em associacdo com a gravidade da doenca
(MOURA et al., 2021). Ainda, foram preditos diversos miRNAs codificados pelo genoma do
SARS-CoV-2, que estdo associados processos celulares importantes e auxiliam na regulacéo
génica durante a infeccdo por SARS-CoV-2 (AYDEMIR et al., 2021).

Além disso, a importancia dos piRNAs para atividade antiviral de SARS-CoV-2 ja foi
relatada (YU et al., 2020a); e a expressao diferencial de circRNAs também foi associada a
gravidade da COVID-19 (YANG et al., 2021).

Nessa perspectiva, considerando que o conhecimento de fatores genéticos e epigenéticos
podem ajudar na compreensao da infeccdo pelo SARS-CoV-2, observa-se que € necessario,
primeiro compreender os aspectos genéticos e epigenéticos da interacao virus-hospedeiro para
posteriormente direcionar as melhores alternativas de rastreamento da doenca e tratamento dos

pacientes.

1.2.1 AlteracGes genéticas

Entre as alteracGes genéticas relacionadas com a infeccdo por SARS-CoV-2, uma
combinacdo de polimorfismos genéticos como SNPs e INDELs podem estar envolvidos no
estabelecimento da gravidade da COVID-19 (SERPELONI et al., 2021; YAMAMOTO et al.,
2021).
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1.2.1.1 Polimorfismos Genéticos Associados com a COVID-19

Diversos estudos investigaram a associacao de polimorfismos com a COVID-19, Hou e
colegas (2020), sugeriram que genes que interagem diretamente com a proteina Spike (ACE2 e
TMPRSS2) estavam associados com a suscetibilidade genética a COVID-19, e podem
influenciar a entrada do virus na célula (BREST et al., 2020; GASPERSIC; DOLZAN, 2022).
Também foram identificadas variantes envolvidas no metabolismo da vitamina D associadas a
gravidade da doenca (AL-ANOUTI et al., 2021). Em outra analise, verificou-se que
polimorfismos em genes de receptores Toll-like atenuam a resposta da imunidade inata, e foram
a associados a gravidade, mortalidade e tempestade de citocinas na COVID-19 (TAHA et al.,
2021), outros polimorfismos em genes envolvidos com a resposta do sistema imune também
foram descritos (DELANGHE; BUYZERE; SPEECKAERT, 2021; NIA et al., 2022).

O conjunto de estudos de polimorfismos apontam que estes podem regular a expressao
do receptor ACE2 e de proteases que controlam o processo de liberacdo do SARS-CoV-2
(BREST et al., 2020; CAO et al., 2020; WANG et al., 2020b). Além disso foi constatada a
associacdo entre polimorfismos genéticos e suscetibilidade ou prote¢do a gravidade SARS-
CoV-2, mostrando que a infeccdo viral pode ser influenciada pela variabilidade genética do
hospedeiro durante todas as fases, desde a entrada e transcrigdo até o estagio final da replicacdo
viral (GASPERSIC et al., 2022).

As alteracdes induzidas pelo SNP podem afetar as sequéncias de ligacdo do fator de
transcricdo, a eficiéncia da tradugdo e sequéncias de moléculas regulatorias como InCRNAs,
afetar a sua funcgéo, e assim causar doenga. Entretanto, os mecanismos moleculares pelos quais
essas variacdes genéticas dentro de regibes de RNAs ndo codificantes afetam sua funcéo ainda
precisam ser revelados (MIRZA et al., 2014).

Foram descritos varios SNPs em UTRs que alteram o conjunto estrutural de mRNA dos
genes associados (HALVORSEN et al., 2010). Resultados de analises de variantes de risco
genético localizadas em regides ndo codificantes sugerem que esses polimorfismos podem
desempenhar papéis reguladores e possivelmente alterar a fungdo de IncRNAs, modulando sua
expressao e estrutura espacial que, por sua vez, podem afetar a expressdo de outros genes
(MIRZA et al., 2014).

Estudos de associagdo com Expression Quantitative Trait Loci (eQTL) fornecem
informaces sobre fatores genéticos associados com a variacdo da expressdo génica, analise
com células linfoblastoides mostraram relacdo entre a variacdo da sequéncia no genoma e a

expressdao de circRNA (AHMED et al., 2019). A investigacdo desses mecanismos pode
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favorecer o entendimento dos papéis funcionais dos circRNAs e polimorfismos no contexto de

doencas infecciosas.

1.2.2 ModificacGes Epigenéticas

Modifica¢Bes epigenéticas sdo alteragdes mitoticamente ou meioticamente herdadas,
gue promovem a variacdo da expressdo genética, sem mudancas na sequéncia de DNA
(SHARMA,; KELLY:; JONES, 2009). Mecanismos epigenéticos como metilagdo do DNA e
regulagéo por ncRNAs, particularmente circRNAs foram associados com a infecg¢éo por SARS-
CoV-2 (GASPERSIC; DOLZAN, 2022; SERPELONI et al., 2021; YANG et al., 2021).

1.3 RNAS NAO CODIFICANTES

O Encyclopedia of DNA Elements (ENCODE), um grande projeto de consorcio com o
objetivo de identificar e caracterizar todos os elementos funcionais no genoma humano,
catalogou um grande conjunto de RNAs (EDDY, 2013). Djebali e colegas, em 2012, relataram
a identificacdo e caracterizacdo de RNAs anotados no projeto ENCODE e redefiniram o
conceito de gene, ampliando o conceito para um termo que abrange todos 0s transcritos
funcionais (MRNAs codificantes e RNAs ndo codificantes), independente da sua localizacao

gendmica, que contribuem para uma determinada caracteristica fenotipica.

1.3.1 Classificacdo de RNAs néo codificantes

Os RNAs ndo codificantes (ncRNAS), portanto, funcionais, podem ser classificados em
duas classes, baseado no seu tamanho: RNA pequeno ndo codificante (SncRNA), com menos
de 200 nucleotideos, e RNA longo nédo codificante (IncRNA), com mais de 200 nucleotideos
(WANG et al., 2017; BHATTI et al., 2021).

sncRNAs tem sido amplamente investigados, principalmente miRNAS; o0s piRNAs,
apesar de pouco investigado, j& demonstrou ter um importante papel na defesa viral (LI et al.,
2020; DONYAVI et al., 2021; WANG et al., 2017; YU et al., 2020a)

Muitos IncRNAs exibem diversas fun¢des na transcricdo de genes e regulacdo de
proteinas (CHEN; SATPATHY; CHANG, 2017). O RNA longo ndo codificante (INCRNA)
pode ser categorizado como: antisense, intrdnico, intergénico, divergente e enhancer (KNOLL,;
LODISH; SUN, 2015). Mas outras classificacdes sdo permitidas, dentre essas, pode-se destacar
0s RNAs circulares (circRNAS), que possuem suas extremidades 5° e 3’ ligadas
covalentemente, gerados a partir de seus genes parentais por um processo denominado de

backsplicing (SALZMAN et al., 2012; LASDA; PARKER, 2014; LIANG; WILUSZ, 2014).
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1.3.2 Regulagéo por RNAs nao codificantes

Estudos apontaram o papel de RNAs nédo codificantes (nCRNAs) na regulacdo dos
processos presentes na interacdo virus-hospedeiro, eles estdo envolvidos em mecanismos
genéticos e epigenéticos, associados a varios tipos de cancer, doencas cardiovasculares,
neurodegenerativas e infecciosas como Dengue, Hepatite C, Enterovirus, HIV, SARS-CoV e
SARS-CoV-2 (LIU et al., 2016; LUNA et al., 2015; ZHENG et al., 2013; LAI et al., 2014;
FULZELE et al., 2020; BHATTI et al., 2021).

Ao longo dos ultimos anos as pesquisas sugeriram o papel dos RNAs ndo codificantes
na regulagdo da interacéo entre as interacOes virus-hospedeiro, do sistema imune, e na resposta
antiviral (BHATTI et al., 2021).

Entre os sncRNAs, os miRNAs foram identificados diferencialmente expressos (DE) e
apontados como biomarcadores e possiveis alvos terapéuticos na COVID-19, com atuacao na
regulagdo da resposta imunes e replicagdo viral durante a infecgéo viral LI et al., 2020a;
BAUTISTA-BECERRIL et al., 2021; DONYAVI et al.,, 2021). Também foram preditos
miRNAs em genomas SARS-CoV-2 relacionados com respostas do hospedeiro e
patogenicidade do virus (ARISAN et al., 2020). Assim como na maioria da doencas infecciosas,
na investigacdo da COVID-19, os estudos sdo principalmente voltados para a regulagdo por
miRNAs (BHATTI et al., 2021; FULZELE et al., 2020; DEMIRCI; ADAN, 2020). Em relagao
aos piRNAs, Yu e colaboradores (2020) identificaram sequéncias de piRNAs que poderiam ter
como alvo o genoma de RNA do SARS-CoV-2, com potencial antiviral.

Os IncRNAs podem atuar através de interagdes com DNA ou RNA por meio de
pareamento de base de &cido nucleico, ou com proteinas, nesse contexto, circRNAs interagem
com miRNA, RBPs e enzimas como RNA polimerase para modular a expressao génica (CHEN;
SATPATHY; CHANG, 2017; ASHWAL-FLUSS et al., 2014; L1 et al., 2015).

A aplicagdo de estudos com ncRNAs no manejo e controle de doengas tem recebido
maior atencao nas estratégias de terapias, sendo apresentados promissores como biomarcadores
e agentes terapéuticos na COVID-19 (ASKARI; HADIZADEH; RASHIDIFAR, 2022), pois
como observado em estudos com piRNAs e circRNAs, eles podem desempenhar um papel
importante atraves da influéncia em processos celulares e atuacéo no controle da regulacéo da
expressdo génica na infecgdo por SARS-CoV-2 (YANG et al., 2021b; YU et al., 2020). (YU et
al., 2020% YANG et al., 2021).
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1.4 piRNA
1.4.1 piRNA: Conceito e Historico

A classe de piRNAs é definida como pequeno RNA ndo codificante (ShcRNA),
codificado a partir de vérias regides genémicas, intergénicas, introns, pseudogenes e éxons,
além de derivarem de IncRNAs (CHIRN et al., 2015; SINGH et al., 2018; WATANABE; LIN,
2014; WENG et al., 2018).

Os piRNAs foram descobertos em 2006, através de estudos em camundongos (ARAVIN
et al., 2006), incluindo estudos que avaliavam o seu papel na gametogénese em mamiferos
(GIRARD et al., 2006; GRIVNA et al., 2006). Entretanto, piRNAs incluem uma classe
descoberta anteriormente em estudos em Drosophila melanogaster, denominada de Repeat-
Associated RNA (rasiRNAs) (ROSS; WEINER; LIN, 2014; ARAVIN et al., 2003).

Em relagdo a sua estrutura, os piRNAs sdo sncRNAs de cadeia simples, com um
tamanho maior que as sequéncias de miRNA, de 21-35 nucleotideos, que interagem com
proteinas da familia PIWI, tém preferéncia por uma uracila na extremidade 5’ (U 5”) e possuem
um agucar que ¢ 2°-O- metilado na sua extremidade 3> (ARAVIN et al., 2006; SAITO et al.,
2007; OZATA et al., 2019).

Esses sncRNAs interagem com proteinas argonauta da subfamilia PIWI e formam a via
piRNA — PIWI. Nessa via os precursores de piRNAs sdo transcritos de seus clusters, clivados
por proteinas PIWI para produzir piRNA maduro e formar o Complexo Silenciador Induzido
por piRNA (piRISC) (ROSS; WEINER; LIN, 2014 SIOMl et al., 2011; HAN; ZAMORE, 2014,
ROMANO et al., 2017).

Apds a formacdo do complexo piRISC, os piRNAs migram de volta para o nucleo, onde
podem reconhecer e silenciar a transcricdo de Elementos Transponiveis/transposons (ETSs),
mantendo a integridade do genoma (SIOMI et al, 2011; HAN; ZAMORE, 2014; ROMANO et
al., 2017). Eles também podem induzir a repressdao de RNA mensageiros, via emparelhamento
de bases imperfeito entre os piRNAs e mRNASs alvo, por um mecanismo que se assemelha aos
miRNAs, porem com mais extensa complementariedade de sequéncia (GOU et al., 2014;
SINGH et al., 2018; SIOMI et al, 2011).

1.4.2 piRNA: Biogénese

O mecanismo da biogénese ¢é descrito em linhagens germinativas de organismos como
a Drosophila melanogaster, Caenorhabditis elegans e Mus musculus (WEICK; MISKA, 2014).
Destes, 0s mecanismos mais similares ao dos humanos sdo os da Drosophila e o do

camundongo (SANDOVAL, 2017). A via de biogénese do piRNA é um sistema que silencia
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0s transposons ativos com sequéncias complementares aos transcritos do cluster de piRNA
(HAN; ZAMORE, 2014).

1.4.2.2 Biogénese Primaria e Secundaria

Embora ndo esteja totalmente claro como os precursores sao processados em piRNAS
maduros, dois mecanismos foram caracterizados: (1) via/biogénese primariae (2)
amplificacdo/ciclo de “ping pong” ou via/biogénse secundaria(ROMANO et al.,
2017) (ROMANO et al., 2017; CABRAL et al., 2020). Primeiro, a biogénese primaria do
piRNA fornece um conjunto inicial de piRNAs primérios, que visam multiplos ETs. Segundo,
piRNAs primarios entram na via secundaria, molda ainda a populacdo de piRNA, para gerar
piRNAs secundarios, amplificando sequéncias que visam transposons ativos (SIOMI et al.,
2011; FU; WANG, 2014).

a) Via Priméria

Na via priméaria da biogénese do piRNA, precursores de piRNA longos sdo transcritos
pela RNA Polimerase 11 (Pol I1) de locus genémicos especificos denominados de clusters de
piRNA, clivados e modificados no citoplasma, e entdo transportados para o nucleo em
complexo com PIWI, e processados em sequéncias menores (piRNAs maduros) por complexos
proteicos desconhecidos de maneira ainda néo clara e independente de Dicer (MALONE et al.,
2009; WEICK; MISKA, 2014).

Para 0 mecanismo da via priméaria de piRNA algumas proteinas mitocondriais sdo
essenciais, ZUC, MINO, GASZ e ARMI, respectivamente mitoPLD, GPAT1/2, GASZ e
MOV10L1 em camundongos (ROMANO et al., 2017). Os precursores do piRNA de cadeia
simples sdo exportados do nucleo. No citoplasma, os precursores sao processados em piRNAS
maduros, sendo clivados por uma provavel endonuclease denominada ZUC para gerar sua
extremidade 5°. A endonuclease ZUC ¢ necessaria para a maturacdo do piRNA e para a
localizagdo nuclear de PIWI. Depois sdo transportados pela PIWI para o corpo Yb perinuclear,
uma estrutura citoplasmatica especifica de ovario com o nome da proteina Yb, em um processo
que depende das helicases ARMI e VRETENO, contendo o dominio TUDOR, além desse
complexo de proteinas, essenciais para a estabilidade de PIWI; estudos demonstraram que o
carreamento realizado por essa proteina, depende da atividade de HSP90. Posteriormente, 0s
piRNAs sdo clivados no comprimento apropriado por uma exonuclease desconhecida. Os
piRNAs maduros sdo entdo 2’- O-metilados por uma metiltransferase conservada, HEN1 ou
PIMET (HENMT1 em camundongos). Finalmente, em uma etapa ndo caracterizada, o

complexo piRNA-PIWI é importado para o nucleo para exercer sua fungdo reguladora
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(Figura 6) (OLIVIERI et al., 2010; ROSS; WEINER; LIN, 2014; KIRINO; MOURELATOS,
2007; SAITO et al., 2010; 1ZUMI et al., 2013; OZATA et al., 2019).

a)
*', ------------ .~
4
soation D naY
pre-piRNA — @ [ — pre-piRNA
Mature piRNA tman —— Mature piRNA
| - AUB-piRNA

Piwi-piRNA *\ I > Pinding
binding

Piwi-piRNA AUB-piRNA
complex complex

b) Nuage
Cytoplasm

AUB -piRNA complex

AUB-piRNA complex
piRNA silencing

complex recognizes
a target mRNA

Formation of novel R
piRNAs based on
the secondary Post- transcriptlonal
PiRNA sequence silencing and formation
M of secondary piRNAs

Secondary piRNAs
binding to AGO 3 proteins

Figura 6. Via priméria (a) e via secundaria (b) de piRNA. (Cabral et al., 2020).

b) Via Secundéria

As proteinas da familia PIWI se envolvem em um loop de amplificagdo dependente de
clivagem, entre clusters de piRNA e elementos transponiveis (BRENNECKE et al., 2007),
denominado ciclo “ping pong”, que liga a amplificacdo do piRNA ao silenciamento do alvo
pos-transcricional (WEICK; MISKA, 2014). A proteina PIWI ndo participa da amplificagéo

por “ping pong”, pois uma vez ligada a piRNAs, é importada para o nucleo para reprimir
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elementos transponiveis, atraves de modifica¢Ges na cromatina (SIOMI; SIOMI, 2015; SAITO
etal., 2010).

Os piRNAs antisense a transposons expressos, identificam e clivam seus alvos, gerando
um novo piRNA sense ligado a AGO3. Esse complexo busca alvos (transcritos com sequéncias
de transposon antisense). E a clivagem por AGO3 gera piRNAs antisense capazes de silenciar
elementos transponiveis ativos e de reiniciar o ciclo com a geracdo de mais piRNAs sense. Esse
ciclo de amplificacdo permite que piRNAS sense e antisense atuem em conjunto para aumentar
a producdo de RNAs competentes em silenciamento em resposta a atividade de transposons
(Figura 6) (BRENNECKE et al., 2007).

1.4.3 piRNA: Funcéo

A funcdo do piRNA bem caracterizada é o silenciamento de elementos transponiveis,
definidos como fragmentos autdonomos de DNA, que codificam uma enzima denominada
Transposase, que catalisa 0 movimento dos transposons; essa enzima entra no ndcleo e cliva as
extremidades do transposon, para excisa-lo do genoma; essa molécula é entdo inserida em um
novo sitio no genoma, podendo causar mutacdes prejudiciais ao DNA (SIOMI et al., 2011;
WEICK; MISKA, 2014).

A regulacdo desses elementos por piRNA envolve o reconhecimento da sequéncia alvo
pela complementariedade de pares de bases (pb), através do piRISC, e posterior clivagem
endonucleotidica (slicing) (WEICK; MISKA, 2014). O silenciamento de ETs, tanto nos niveis
transcricionais quanto pos-transcricionais (Figura 7) em linhagens germinativas € um papel
altamente conservado na maioria das espécies animais (SIOMI et al., 2011; CABRAL et al.,
2020). A maquinaria existente na via secundaria, em que um transposon é reconhecido por um
piRNA e clivado pelas proteinas da familia PIWI, ¢ um mecanismo pos-transcricional bem
compreendido para a repress@o do transposon. Na linhagem germinativa, esse processo evita o
acumulo de alteracBes no genoma da proxima geracdo e representa 0 aspecto mais bem
elucidado da biologia do piRNA (WEICK; MISKA, 2014).

29



_~ "Transcnphon:;i
silencing

‘,/ a) Hstone
nodification |
/

/

Nucleus \

X\ Cytoplasm

| methylation |
\
\

» b)

Post-transcriptional

\

\

‘\\ DNMT HMT piRNA complex //‘

S

% D silencing
N\ [HP1
TR / . N\ ,/"l \ \
/ \ 'm\ f
\l., WK ) [\\{‘ AL } L \
\ N mRNA : fonngén of SR
'\\\ deadenilation a secondary mRNA
N\ PIRNA cleavage

/'/
,/~"
=

Figura 7. Silenciamento mediado por piRNA em nivel transcricional (a) e pds-transcricional (b). (Cabral et al.,
2020).

Além de atuarem no silenciamento transcricional e poés-transcricional de ETs, 0s
piRNAs operam na manutencdo da funcdo das células germinativas e na regulagédo da traducéo
e estabilidade do mRNA, através da regulacdo transcricional e pés-transcricional (WEICK;
MISKA, 2014; CABRAL et al., 2020). A regulacdo pds-transcricional de mRNA, se da atraveés
ligacdo do complexo piRNA-PIWI a sequéncias alvo complementares e promovem a
degradacdo ou deadenilagdo do mRNA, em que proteinas formam um complexo de
deadenilacao, se associam ao complexo piRNA-PIWI e induzem o encurtamento da cauda poli-
A do mRNA por acdo de exonucleases, limitando a quantidade de mRNAs disponiveis,
regulando assim o nivel de expressdo génica (PONNUSAMY et al., 2017).

Considerando esses aspectos, 0s estudos apontam que uma desregulacdo na via piRNA-
PIWI pode provocar alteracdes que levam ao desenvolvimento de doengas infecciosas como
Human Immunodeficiency Virus (HIV), Herpes Simplex Virus Type (HSV-1), hanseniase e
tuberculose (MARTINEZ-GONZALEZ et al., 2020; PINTO et al., 2020; WANG et al., 2023;
ZHANG et al., 2019b).

Estudos analisaram variagdes genéticas em regides que codificam piRNAS, e sugeriram

que esses polimorfismos podem afetar o risco de suscetibilidade a doencas, mas
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especificamente ao cancer de mama, melanoma e glioma (CHENG et al., 2011; FU et al., 2015;
JACOBS et al., 2016; ZHANG et al., 2016).
piRNAs tambem tem sido investigado em infecgdes virais, mas em relacdo a associacao

de variantes com expressdo de piRNAs, seu papel ainda é incerto.

1.4.4 pirRNAs diferencialmente expressos na COVID-19

Em relacdo a investigacdo de piRNAs diferencialmente expressos na COVID-19, Yu e
colaboradores (2020) identificaram sequéncias de piRNAs em exossomos/microvesiculas
(Ex/Mv) de Células tronco neurais de camundongos (NCS) in vitro, e que poderiam ter como
alvo o0 genoma de RNA do SARS-CoV-2, com potencial antiviral. Posteriormente dados desse
mesmo grupo apontaram que esses exossomos/microvesiculas (Ex/Mv) NSC podem suprimir
a replicacdo do SARS-CoV-2; além disso, eles demonstraram que esse efeito inibitdrio era
anulado com o Knockout da proteina PIWIL2; uma vez que essa proteina participa da via
piRNA-PIWI, ao avaliar a expressao de piRNAs que tem como alvo o genoma do SARS-CoV-
2, eles observaram que a maioria desses piRNAs diminuiu seus niveis de expressao em Ex/Mv
de htNSC-PIWIL2 KO em comparagdo com Ex/Mv de htNSCs controle. Esse estudo também
demonstrou que a estimulacdo de htNSCs com fragmentos de RNA SARS-CoV-2 pode levar
ao aumento da producdo de alguns piRNAs de sequéncia correspondente e monta-los em Ex/Mv
para liberacdo (IKHLAS et al., 2022). Essas analises reforcam que as fungbes do piRNAs séo
importantes para o processo de replicacdo do virus, e podem contribuir para os efeitos antivirais
do NSC Ex/Mv

Akimniyazova e colegas (2022) ao realizarem predigdes in silico, identificaram
sequéncias de piRNAs de humanos que tem como alvo o0 RNA gendmico (JQRNA) do SARS-
CoV-2 e ao estimarem os efeitos do piRNA no RNA gendmico (JRNA) do SARS-CoV-2
mostraram que mais de 100 piRNAs podem potencialmente inibir a replicagdo viral. Esse
mesmo grupo, através de uma metodologia semelhante, identificou piRNAs que podem
interagir com o gRNA da variante Omicron do genoma do SARS-CoV-2, e mostraram a
possibilidade de piRNAs afetarem a sintese de proteinas do virus através dessa interacéo,
sugerindo uma possivel capacidade dos piRNAs em suprimir a replicacdo viral
(RAKHMETULLINA et al., 2023).

Um estudo, através de dados de RNA-seq e analises de expressao diferencial, identificou
piRNAs diferencialmente expressos em diferentes tipos celulares, quando comparado pacientes
com COVID-19 com quadro clinico grave e individuos saudaveis, além de identificar piRNAs

DE em linfocitos (KONDRATOV ET AL., 2024). A expresséo de piRNAs em linfécitos T
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humanos ja foi relatada previamente, promovendo o decaimento de pré-mRNA (ZHONG et al.,
2015). Apontando para um sinal de atividade antiviral, com papel significativo na resposta

imune.

1.4.5 Polimorfismos relacionados com piRNAs associados com COVID-19

Polimorfismos de nucleotideo unico (SNPs) e insercdo-delecdo (INDELS) podem afetar
a expressao génica, variantes em sequéncias de piRNA foram associadas a um risco aumentado
para o desenvolvimento de cancer (FU et al., 2015).

Pesquisadores ao realizarem ensaios funcionais in vitro em linhagens celulares de
glioma para investigar o impacto de piRNAs e suas variantes alélicas, encontraram que a
variante SNP rs147061479 no piR-598 aumentou o risco para glioma. Demonstraram também
que a insercao de um piR-598 mimic selvagem diminuiu significativamente a viabilidade celular
em relagdo ao tratamento controle, enquanto que o tratamento com a variante de piRNA foi
suficiente para eliminar o efeito anti-proliferativo do piR-598 e promover a formacédo de
colbnias (JACOBS et al., 2016). Portanto, apesar de inicial, funcdes de polimorfismos em
regides de piRNAs ja comecaram a ser desvendadas.

Anédlises de eQTL também evidenciaram o papel de variantes na expressao de piRNAS
associado a Cancer Gastrico (LIN et al., 2019).

Em relacdo a polimorfismos em regiGes de piRNAs associados a virus, somente um
estudo foi encontrado. Seus achados sugeriram que polimorfismos em fatores da via do piRNA
sdo responsaveis pelo aumento da producdo de piRNA e podem suprimir a atividade de
transposons (RYAZANSKY et al., 2017). Sendo necessario mais estudos para verificar o
potencial de polimorfismos em regides de piRNAs associados com doengas infecciosas.

Por outro lado, trabalhos recentes ja demonstraram o envolvimento de circRNAs e

polimorfismos de circRNA na infecgdo pelo SARS-CoV-2.
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1.5 circRNA
1.5.1 circRNA: Conceito e Histdrico

Os RNAs Circulares (circRNAs) foram descobertos em plantas (SANGER et al., 1976;
JIAO et al., 2021), caracterizados como éxons “scrambled” na década de 90 (NIGRO et al.,
1991), s@o moléculas circulares definidos primeiramente como Transcrito Circular Antisense,
identificados e redescobertos em 2011 em amostras de tecidos de camundongos e humanos
(HANSEN et al., 2011), estando presente em eucariotos, procariotos e virus (WANG et al.,
2014; DANAN etal., 2012; CAl et al., 2021b). Sdo evolutivamente conservados, relativamente
estaveis no citoplasma e apresentam padrdes de expressdo especificos para tecidos e estagios
de desenvolvimento (HANSEN et al., 2011; MEMCZAK et al., 2013; AHMED et al., 2019).

Os circRNAs apresentam uma estrutura circular, ndo poliadenilada, unida
covalentemente em suas extremidades 5’ ¢ 3°, que 0 torna resistente a degradacdo normal por
exonuclease; porém, esse mesmo estudo demonstrou que o circRNA pode ser clivado
endonucleotidicamente por miRNAs , de uma maneira dependente de AGO2 (HANSEN et al.,
2011). Por outro lado, um outro estudo identificou um circRNA resistente a desestabilizacéo
mediada pelo miR-7, se ligando a elementos de resposta de miRNAs (MREs) — sequéncias
complementares de miRNAs nas 3'-UTRs de mRNAs alvo, e suprimindo fortemente a atividade
de miR-7 (HANSEN et al., 2013).

1.5.2 circRNA: Biogénese

Os RNAs circulares podem ser produzidos principalmente a partir de um splincing de
RNA ndo canénico (backsplicing), em que um sitio de jungdo 5’ a jusante — downstream
(doador de splicing) de um éxon é ligado a um sitio de jung¢do 3’ a montante — upstream
(aceitador de splicing) de outro éxon (SALZMAN et al., 2012; LASDA; PARKER, 2014).

Essas moléculas podem ser formadas de varias formas: i) ciclizacdo direta de éxons por
backsplicing (eciRNA) (JECK et al., 2013), ii) ciclizacdo de intros lariat, que pode gerar cirnas
de intros (CiRNA) ou de éxons (ZHANG et al.,, 2013), iii) ciclizacdo mediada por
emparelhamento de introns a partir de introns (LIANG; WILUSZ, 2014) ou de éxon-intron (0s
éxons sdo circularizados com os introns retidos entre 0s éxons, por eventos de “exon-skipping”)
(EICiRNA) (LI et al., 2015), iv) ciclizacdo mediada por proteinas de ligacdo ao RNA (RBPs)
(CONN et al., 2015), v) ciclizagdo conduzida por splicing de tRNA (DANAN et al., 2012;
NOTO; SCHMIDT; MATERA, 2017; LU et al., 2015), vi) ciclizagdo conduzida por splicing
de rRNA (DANAN et al., 2012); vii) ciclizacdo a partir de introns flanquedos por splicing, em
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regides intergénicas (GAO; WANG; ZHAO, 2015) (Figuras 8 e 9). Os mecanismos de

ciclizacdo a partir de tRNA e rRNA néo esta esclarecido em humanos.
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Figura 8. Biogénese de circRNAs. a) ciclizacdo de intros lariat (CIRNA), b) ciclizagdo direcionadas por introns
lariat que geram circRNAs de éxons, c) ciclizacdo mediada por emparelhamento de introns a partir de introns, d)
ciclizacdo mediada por proteinas de ligacdo ao RNA (RBPs), €) ciclizacdo conduzida por splicing de tRNA, f)
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intergénicas (Adaptado de ZHANG et al., 2017 e WANG et al., 2019).
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De acordo com os seus componentes, 0s CircRNAs podem ser classificados em trés
categorias: i) circRNAs exodnicos (ecircRNAs), compostos exclusivamente por éxons, ii)
circRNAs intrénicos (CiRNA), compostos exclusivamente por introns, e iii) CircRNAs éxon-
intron (EICIRNA) que contém sequéncias relacionadas a éxon e intron, e circRNAs intergénicos,
de regides intergénicas flanqueadas por introns (Figura 9) (WANG et al., 2019; GAO et al.,
2015).
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Figura 9. Biogénese de circRNAs e principal classificacdo. a) Exonic circRNA (eciRNA) e Exon-intron circRNAs
(EICiRNA). O splicing candnico produz mRNA lineares enquanto o splicing ndo canénico (backsplicing) produz
eciRNAs, se introns forem retidos gera EICIRNAs. b) Intronic circRNA (ciRNA) produzido por splicing de introns
(Adaptado de Meng et al., 2016).

A biogénese de circRNAs ndo esta completamente elucidada, mas investigacfes tém
esclarecido alguns mecanismos envolvidos nesse processo. Ashwal-Fluss e colaboradores
(2014) demonstraram que em drosofilas e humanos, os circRNAs sdo gerados
cotranscricionalmente, uma vez que eles observaram que sua producdo compete com o splicing

candnico do pré-mRNA,; seus dados também sugeriram que o splicing linear e a producédo de
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circRNA se regulam mutuamente, competindo por sitios de splicing, essa descoberta permite
pensar que circRNAs tenham um impacto regulatorio no splicing linear do mRNA hospedeiro.

Em suas investigacdes de interacdes da RBP MBLN1, Ashwal-Fluss e colegas (2014)
também identificaram que essa RBP interage com introns flanqueadores para promover a
circularizagdo do éxon, e produgdo de circMbl. Em suas analises também encontraram que
qguando essa proteina esta em excesso, ela diminui a producdo de seu préprio mRNA,
promovendo a producéo de circMbl, e apontaram essa RBP como um fator regulador do mRNA,
que pode promover a biogénese do circRNA, sugerindo que fatores gerais de splicing podem
determinar o equilibrio entre a biogénese do circRNA e o splicing canénico.

Analises funcionais com circRNAs mostraram que introns contendo apenas as
sequéncias do sitio de splicing juntamente com repeti¢bes invertidas curtas foram suficientes
para permitir que os éxons circularizassem eficientemente, pois essas repeticGes pareiam,
aproximando assim os sitios de splicing uns dos outros e facilitando a ligacdo; porém, nem
todas as sequéncias de repeticdo intrdnicas suportam a circularizacdo, um grampo formado
entre as repeticdes as vezes pode inibir fortemente a circularizacdo. Constataram ainda que a
circularizagdo requer um sinal de processamento de extremidade 3’ funcional, bem como a
colaboracéo entre as repeti¢des intronicas e as sequéncias exodnicas, apresentando um modelo
generalizavel de como a maquinaria de splicing pode determinar se deve produzir um RNA
circular ou um mRNA linear (JECK et al., 2013; ZHANG et al., 2014b; LIANG; WILUSZ,
2014).

Os mRNAs precursores (pré-mRNAS) sdo processados de modo que os introns sejam
removidos e 0s éxons sejam unidos. Se um pré-mRNA sofre um splicing padrao, dito canénico,
¢ gerado um mRNA linear que pode ser posteriormente traduzido para produzir uma
proteina. Alternativamente, a maquinaria de splicing pode fazer um backsplicing (retornar) e
produzir um RNA circular que possui extremidades ligadas covalentemente. Dessa forma, a
escolha entre a producdo de um mRNA linear e um RNA circular parece ser bem regulada
(LIANG; WILUSZ, 2014). A ligacdo do fator de splicing Quaking (QKI) a introns
flanqueadores, por exemplo, é suficiente para fazer com que circRNAs sejam produzidos a
partir de transcritos que normalmente sofrem apenas splicing linear candnico (CONN et al.,
2015).

Mesmo com vastos estudos sobre 0os mecanismos bioldgicos de biogénese do RNA
circular, continuam os esforgos das pesquisas para tentar entender como é determinado se a
regido de um pré-mRNA produz um mRNA ou um circRNA, além disso sdo necessarios mais

modelos mecanicistas detalhados de como a circularizagéo geralmente ocorre.
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1.5.3 circRNA: Funcao

Estudos fornecem evidéncias de que os circRNAs sdo uma classe de reguladores
transcricionais e pds-transcricionais e apresentam uma fungdo conservada na regulacdo génica
ao competir com o splicing candnico, funcionando como esponja de miRNAs, reduzindo sua
capacidade de regular mMRNAs (ZHANG et al., 2013; MEMCZAK et al., 2013; HANSEN et
al., 2013; ASHWAL-FLUSS et al., 2014;).

Para evidenciar que circRNAs ndo s@o apenas subprodutos sem fungbes bem
estabelecidas, analises de dados do ENCODE revelaram que os padrbes de expressao de
circRNA podem ser especificos do tipo de célula, o que destaca a necessidade de uma regulacéo
na sua producdo, e isso sugere que esses NCRNAs sdo produzidos de maneira regulada para
realizar funcdes celulares especificas, e justificando fortemente a existéncia de mecanismos e
funcgdes exercidas por essas moléculas (SALZMAN et al., 2013).

As funcdes de circRNAs mais bem caracterizadas até o0 momento sdo esponja de
miRNAs e de RBPs para regulacdo da expressdo génica (HANSEN et al., 2013;
BARBAGALLO et al., 2022). Andlise de dados de sequenciamento mostraram que 0S
circRNAs competem com RNA por ligacdo a Proteinas de Ligacdo ao RNA (RBP) ou miRNAs,
com provavel funcdo na modulacdo da quantidade de RBP ou seus sitios de ligacao
(MEMCZAK et al., 2013).

Como esponja de miRNAS, os circRNAs podem estar tipicamente envolvidos em redes
enddgenas competitivas de RNA (ceRNA) (ARORA et al., 2020). As RBPs podem funcionar
como fatores que influenciam no processo de splicing e biogénese de circRNAs, elas podem se
ligar a sequéncias especificas dentro de seus genes alvo e aumentar a proximidade dos sitios de
splicing, conduzindo assim a circularizacdo (ASHWAL-FLUSS et al., 2014), nessa linha
diversos trabalhos sugeriram que fatores de splicing podem participar na regulagcdo da
biogénese do circRNA (LIANG; WILUSZ, 2014); CONN et al., 2015).

Embora, os relatos destaquem que circRNAs atuam como esponjas de miRNAs, e
interacdo com RBPs (HANSEN et al., 2013; MEMCZAK et al., 2013); estudos sugerem que 0S
circRNAs podem ter outras fungdes (Figura 10): i) reservatorio de miRNAs, para estabilizar a
expressdo de miRNAs alvo e permitir a supressdo do gene alvo (WANG et al., 2017b); ii)
inibicdo de splicing linear candnico por competicdo endogena (LASDA; PARKER, 2014,
ASHWAL-FLUSS et al., 2014); iii) como transporte intracelular de miRNAs (PIWECKA et
al., 2017); iv) regulacdo da maturacdo do rRNA, por meio da ligagdo a PES1 (HOLDT et al.,

2016); v) regulacéo de splicing de RNA (CONN et al., 2017); vi) interacdo com proteinas para
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processos regulatérios (MEMCZAK et al., 2013; DU et al., 2017); vii) atuagdo na sintese de
proteinas, de maneira dependente de splicing e independente de cap, descrito em moscas,
camundongos e humanos (PAMUDURTI et al., 2017; LEGNINI et al., 2017;; YANG et al.,
2017; HENTZE; PREISS, 2013; HANSEN et al., 2011; CHEN; SARNOW, 1995).

CircRNAs podem atuar no nucleo (CiRNA e EICiIRNA) na regulacédo transcricional ou
no citoplasma (eciRNAS), na regulacdo pos-transcricional (ZHANG et al., 2013; HANSEN et
al., 2013; JECK et al., 2013). Um estudo sugeriu que circRNAs oriundos de introns lariat e de
éxon-intron sdo associados com RNA Pol Il e pode atuar no nucleo na regulacao da expressao
do gene parental e possivelmente ndo atuam como esponja de miRNASs no nucleo, além disso
eciRNAs, em especifico, podem participar da interacdo RNA-RNA com snRNP podem ainda
interagir com o complexo de transcricdo da RNA Pol 11 nos promotores de genes e promover a
sua transcri¢ao para aumentar a o nivel de expressao génica dos genes parentais (LI et al., 2015;
ZHANG et al., 2013) (Figura 10).
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Figura 10. FuncBes de circRNAs. CircRNAs podem atuar no nucleo (CiRNA e EICiRNA) na regulacdo
transcricional ou no citoplasma (eciRNAs), na regulagdo pos-transcricional (Adaptado de MENG et al., 2017 e
NAHAND et al., 2020).
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Foi proposto que modificagBes quimicas em circRNAs podem ser um nivel adicional de
regulacao pelo qual as células de mamiferos distinguem circRNAs enddgenos versus patdgenos
invasores contendo circRNAs (YANG et al., 2017). No entanto, se esse reconhecimento é feito
durante a infec¢do por SARS-CoV-2, ainda néo se sabe.

AnotacgOes funcionais de circRNAs sugeriram que eles podem desempenhar papéis
reguladores importantes no desenvolvimento de doencas (WU; JI; ZHAO, 2020). Essas
moléculas circulares foram associadas a diversas condicdes fisioldgicas e patologicas, incluindo
doengas infecciosas como tuberculose, hepatite B, influenza e COVID-19 (LIU et al., 2019b;
YU et al., 2019; ZHANG et al., 2022; YANG et al., 2021).

Extensas revisdes reuniram dados sobre a atuacdo de circRNAs em infec¢bes virais, que
mostram que 0s RNAs circulares do hospedeiro (circRNAs) e dos virus (VcircRNA)
desempenham importantes papéis na patogénese das infecgdes virais; investigacdes recentes
também tém observado a influéncia dessas moléculas na patogénese da COVID-19
(KRISTENSEN et al., 2019; GHOSAL et al., 2014; TAGAWA et al., 2018; ARORA et al.,
2020; DEMIRCI; DEMIRCI, 2021; BARBAGALLO et al., 2022).

1.6 circRNAs ENVOLVIDOS COM A PATOGENESE DA COVID-19

Muitos estudos investigaram alteracdes na expressdo em células hospedeiras humanas
infectadas com SARS-CoV-2. Diferentes abordagens mostraram que varios tipos de RNAs ndo
codificantes, como microRNAs (miRNAs), IncRNAs e RNAs circulares (circRNAs), podem
participar de varios processos celulares, incluindo a regulacdo génica durante a infeccdo
(GHOSAL etal., 2014; Ll etal., 2017; ARORA et al., 2020; BARBAGALLO et al., 2022).

IncRNAs podem desempenhar papéis significativos nas vias inflamatorias, regulando
assim a expressdo génica por meio de varios mecanismos, incluindo a atuacdo por meio de
RNAs endogenos concorrentes (ceRNA) (ARORA et al., 2020; GHOSAL et al., 2014).

Pfafenrot e colaboradores (2021) realizaram ensaios funcionais utilizando circRNAs
artificiais projetados para atuar como antisense-RNAs direcionados ao RNA do genoma SARS-
CoV-2, em particular sua regido 5’ ndo traduzida, estruturalmente conservada, e identificaram
que segmentos especificos da regido 5' ndo traduzida de SARS-CoV-2 podem ser acessados
por circRNAs, resultando na reducéo de proliferacdo do virus em cultura de células.

Os circRNAs podem ser ligar a miRNAs competitivamente e atuar como RNAs
Enddgenos Concorrentes (ceRNAS), regulando a expressdo de miRNAs de mRNAs-alvos

especificos, agindo assim como uma esponja para miRNAs (ARORA et al., 2020). A partir de
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andlises in silico também foi proposta redes de interacbes circRNAs-miRNAs-mRNAs em
células hospedeiras apds a infec¢do por SARS-CoV-2 (DEMIRCI; DEMIRCI, 2021).

circRNAs virais podem afetar redes de ceRNA presentes nas células hospedeiras
(GHOSAL et al., 2014). O circ_3205, por exemplo, sintetizado a partir do SARS-CoV-2,
especificamente de uma sequéncia incorporada na codificacdo ORF para a proteina N do virus,
foi identificado na infeccdo da célula hospedeira; observou-se que ele pode se comportar como
ceRNA, e atuar como esponja do hsa-mir-298, contribuindo para a regulacdo positiva de
MRNAs como KCNMB4 e PRKCE; a partir disso foi sugerido que essa interacdo pode ser
associada com coagulagdo sanguinea e resposta imune e assim contribuir para a progressao da
infeccdo, estabilizando o genoma do SARS-CoV-2 e desencadeando processos bioldgicos como
inflamacdo e apoptose (BARBAGALLO et al., 2022).

Li e colaboradores (2017) demonstraram que NF90/NF110 promovem backsplicing no
nucleo, atuando na biogénese do circRNA, e a infeccdo viral induz sua exportacédo para o ntcleo
e leva a reducdo dos niveis de circRNAS; essas RBPs, quando liberadas de circRNPs se ligam
a mRNAs virais para resposta imune antiviral; isso sugere que circRNAs e sua funcao de
esponja de RBPs podem estar envolvidos em mecanismos antivirais do hospedeiro.

Em um recente estudo, foi demonstrado que células infectadas com virus MERS-CoV
ou SAR-CoV-2 aumentaram o0s niveis de Ribonucleoproteina C nuclear heterogénea (hnRNP
C), com papeis descritos na regulacdo de circRNAs, para ativar a via CRK-mTOR. Ao realizar
a inibicdo especifica do fator de splicing hnRNP C, observou-se uma diminuicéo significativa
na expressdo do circRNA hsa_circ_0004445 e seu cognato mRNA CRK (um regulador de
quinase). Também observaram que a deplecdo de CRK regulou negativamente a fosforilagcdo
de mTOR, com reducéo significativa da replicacdo viral durante infecges por MERS -CoV e
SARS-CoV-2. Os dados deste estudo revelaram o papel da RBP hnRNP C na modulacéo de
circRNAs do hospedeiro em infeccBes por coronavirus (ZHANG et al., 2022c¢), e sugerem que
circRNAs podem regular a expressao de seus mMRNAS cognatos.

circRNAs do hospedeiro estédo envolvidos nas respostas imunes contra infecgdes virais,
e além de produzidos por humanos, essas moléculas denominadas circRNA viral (VcircRNA)
podem ser codificadas pelos virus, incluindo SARS-CoV-2, em que podem desempenhar um
papel na patogénese dessa doenca (NAHAND et al., 2020; AVILALA et al., 2021; HUANG et
al., 2019; CAl et al., 2020; TAN; L1M, 2021).

Resultados experimentais ja sugerem que os circRNAs podem ter fun¢des potenciais na
regulacao da resposta imune contra virus, incluindo SARS-CoV-2, participando de importantes

vias biologicas da defesa viral (FIROOZI et al., 2022; LU et al., 2020; LUO et al., 2020).
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A andlise de RNA-seq encontrou circRNA e IncRNA diferencialmente expressos no
COVID-19, e a analise complementar do GO e KEGG, indicou que essas moléculas podem
desempenhar um papel em multiplas vias imunoldgicas e inflamatorias, no crescimento e
apoptose de células hospedeiras, principalmente envolvidas na regulacdo da imunidade e
inflamacgdo das células hospedeiras, metabolismo de substéncias e energia, ciclo celular e
apoptose celular (WU et al., 2021).

A analise baseada em vias sugeriu que o circRNA pode participar das vias como
interacdo do receptor de citocina-citocina, via de sinalizagdo de quimiocina, via de sinalizacdo
de neurotrofina e invasdo bacteriana de células epiteliais (QIAN et al., 2018), genes parentais
de circRNAs diferencialmente expressos podem estar associados ao processo de infeccdo viral,
principalmente o processo do sistema imunoldgico e a inflamacdo mediada pela via de
sinalizacdo de quimiocina e citocina (HU et al., 2021), com potencial papel biolégico na lesdo
(WANG etal., 2021).

Os RNAs circulares do SARS-CoV-2 podem regular negativamente os genes associados
a processos metabdlicos e positivamente 0s genes associados as respostas celulares ao estresse
oxidativo, e afetar o splicing do mRNA do hospedeiro, com consequentes alteracdes na célula
e favorecimento do desenvolvimento da infecgdo (CAl et al., 2020).

Evidéncias recentes de sequenciamento de amostras de sangue de pacientes com
COVID-19 mostraram que INcRNA e circRNA estavam DE e envolvidos principalmente na
regulacdo do ciclo celular do hospedeiro, apoptose, inflamacao imune e via de sinalizacdo, e
podem fornecer informac0es relevantes sobre a infeccdo pelo SARS-CoV-2 (WU et al., 2021).

1.6.1 circRNAs diferencialmente expressos na COVID-19

Os circRNAs foram identificados diferencialmente expressos em varias infecgdes virais,
como a doenca méo-pé-boca (HFMD) causada pelo Coxsackievirus A16 (CV-A16) (HU et al.,
2021), virus da influenza A (WANG et al., 2021). circRNAs foram encontrados desregulados
e apontados como potenciais biomarcadores para o diagnostico de Tuberculose (TB) (ZHANG
etal., 2017; HUANG et al., 2018; QIAN et al., 2018; FU et al., 2019)

Os padrdes de expressdo de circRNAs do hospedeiro também foram encontrados
alterados na Hepatite B, Papilomavirus Humano (HPV), Influenza, tuberculose, hanseniase e
COVID-19 (SHI et al., 2017; HUANG et al., 2017; CUl et al., 2017; YU et al., 2020; ZHENG
etal., 2018; QU et al., 2021; Yl et al., 2018; GAO et al., 2022; WU et al., 2021; YANG et al.,
2021b).
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Recentemente, trabalhos foram desenvolvidos para avaliar a expressdo diferencial de
circRNAs na COVID-19 (AYAZ et al., 2023; REINHOLD et al., 2023; MIRZAEI et al., 2024)

De acordo com a progressao da infec¢do por SARS-CoV-2, os circRNAs podem exibir
uma regulacdo dindmica do padréo de expressao e funcdo na COVID-19 (YANG et al., 2021).
O primeiro estudo a avaliar os perfis de expressdo de circRNAs na COVID-19, identificou
circRNAs expressos diferencialmente em células epiteliais pulmonares humanas infectadas por
SARS-CoV-2 (YANG et al., 2021), sugerindo sua potencial funcao biologica durante a infeccéo
pelo virus. Esse mesmo estudo demonstrou que genes parentais dos CircRNAS expressos
diferencialmente podem estar envolvidos na regulacdo da infeccéo viral e na resposta antiviral
do hospedeiro. Além disso, eles podem formar uma rede regulatéria complexa com mRNAs e
miRNAs, denominada ceRNA, para regular a expressao génica em resposta a infec¢édo viral
(YANG et al., 2021). Além disso, os circRNAs podem se ligar aos RBPs para regular a
expressdo génica durante a infecgdo por SARS-CoV-2, a andlise de enriquecimento funcional
dos RBPs que se ligam aos circRNAs mostrou que a maioria dos RBPs, como EIF4A3, AGO?2,
TIALL, IGF2BP3, LIN28B e FUS, estavam envolvidos em processos bioldgicos, incluindo
estabilidade do RNA, traducéo, regulacédo do processo apoptaético celular e imunidade (YANG
et al., 2021).

Os circRNAs também podem interagir com fatores de splicing para regular sua
producdo (ASHWAL-FLUSS et al., 2014). Descobertas recentes demonstraram que hnRNP C
pode modular a expressdo de circRNAs e mRNAs cognatos perturbados por MERS-CoV e
SARS-CoV-2, através de ligacao fisica direta, isso porque a ligacao fisica € uma caracteristica
presente em quase todas as interagdes entre fatores de splicing e circRNAs (ZHANG et al.,
2022b). Esses resultados abrem uma nova perspectiva sobre a expressdo dos CircRNAs
hospedeiros e seus MRNAs cognatos mediadas por fatores de splicing na infeccéo viral.

E importante saber que os circRNAs do SARS-CoV-2 também s&o altamente expressos
durante a infeccdo pelo SARS-CoV-2 (YANG et al., 2022). Suas caracteristicas sdo distintas
dos circRNAs do hospedeiro, especialmente porque o SARS-CoV-2 tende a produzir circRNAs
de exon Unico, enquanto os circRNAs do hospedeiro tendem a ser produzidos por excisao de
intron, também os circRNAs do SARS-CoV-2 sdo mais longos do que os circRNAs do
hospedeiro e podem ser produzidos independentemente da transcricdo mediada pela RNA
polimerase Il e do splicing do pré-mRNA (independente dos mecanismos moleculares do
hospedeiro). Por outro lado, ambos podem expressar circRNAs com mais de um exons
circulares, podem ser potencialmente traduziveis, podem atuar como esponja de miRNA,

interagir com RBPs e regular genes hospedeiros envolvidos em funcdes celulares (YANG et
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al., 2022). Posteriormente, usando Hibridizagdo In Situ por Fluorescéncia Amplificada
(ampFISH), pesquisadores desse mesmo grupo detectaram um desses CircRNA SARS-CoV-2
(NC_045512.2:29 122|128 295), codificado na regido do gene N do genoma SARS-CoV-2,
confirmando assim sua producédo pelo genoma viral (JAIJYAN et al., 2024).

Esses achados revelam que a infeccdo por SARS-CoV-2 pode impactar os perfis de
expressao de circRNA viral e do hospedeiro (YANG et al., 2021).

Para terapias, ensaios funcionais demonstraram pela primeira vez que o0 uso de
circRNAs curtos sintéticos contendo sequéncias de RNA antisense que tém como alvo
segmentos especificos da regido 5'-ndo traduzida (UTR) do SARS-CoV-2, uma regido
estruturalmente conservada e fundamental para o ciclo de vida viral, resultou em até 90% de
reducdo da proliferacdo do virus em cultura de células (PFAFENROT et al., 2021). O
experimento também revelou que a capacidade deste antisense-circRNA de inibir a proliferacao
viral foi eficiente antes e depois da infeccdo viral, com utilidade clara para estratégias
profilaticas, protecdo contra infeccdo viral e para abordagens de terapia antiviral. Também
provou que a atividade antisense foi mais eficiente quando a sequéncia antisense foi apresentada
dentro de um circRNA em vez de um RNA linear correspondente, provavelmente devido a
estabilidade metabdlica relativamente alta dos RNAs circulares.

A anélise de enriquecimento de Reinhold e colaboradores (2023) mostrou genes
associados a vesiculas extracelulares, sugerindo que a COVID-19 pode afetar o perfil de RNA
de vesiculas extracelulares derivadas do cérebro. Wu e colegas (2021) também identificaram
circRNAs expressos diferencialmente relacionados a exossomos, moléculas que podem ser
usadas como biomarcadores de diagnostico de doencas. Dado que circRNAs também foram
identificados enriquecidos dentro de vesiculas extracelulares e secretados de forma mediada
por EV, isso pode indicar que as vesiculas podem ser fatores importantes na patogénese da
COVID-19. Mas estudos experimentais sdo necessarios para entender 0s mecanismos
envolvidos neste processo.

A andlise de expressdo de Barbagallo e colaboradores (2022) demonstrou que
circ_3205, um circRNA sintetizado pelo SARS-CoV-2 ap06s infeccdo de células hospedeiras,
foi expresso apenas em células Calu3 infectadas com SARS-CoV-2 e sua quantidade
correlacionou-se positivamente com a do mRNA Spike (S) e carga viral do SARS-CoV-2. O
miR-298 humano (hsa) foi previsto para interagir com circ_3205 e KCNMB4 e PRKCE foram
previstos como alvos do hsa-miR-298. A PCR quantitativa em tempo real detectou 0s genes
KCNMB4 e PRKCE mais expressos em amostras positivas em compara¢do com amostras

negativas e sua expresséo correlacionou-se positivamente com a do circ_3205. As conclusoes
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do estudo sugerem que este circRNA pode funcionar como um RNA enddgeno competitivo
(ceRNA), absorvendo hsa-miR-298, contribuindo para a regulacdo positiva dos mRNAs
KCNMB4 e PRKCE, com fungédo envolvida no processo de coagulagdo sanguinea e resposta
imune, respectivamente, apontando que o CceRNA SARS-Cov-circ_3205/hsa-miR-
298/KCNMB4 e SARS-Cov-circ_3205/hsa-miR-298/PRKCE podem contribuir para a
progressao da infec¢do por SARS-CoV-2.

Apesar dos estudos revelarem os aspectos dos MRNASs do hospedeiro em resposta &
infeccdo por SARS-CoV-2, a compreensdo de RNAs ndo codificantes, especialmente a
dindmica de transcrigéo do circRNA e as fungdes do hospedeiro durante a infeccdo por SARS-
CoV-2 é limitada (YANG et al., 2021).

Foram relatados polimorfismos em genes envolvidos em varios mecanismos da infeccdo
por SARS-CoV-2: entrada e replicacdo do SARS-CoV-2 (ACE2 e TMPRSS2), aspectos
imunoldégicos como resposta imune (Complexo Principal de Histocompatibilidade — MHC),
mas ainda ndo esta claro o impacto dos polimorfismos em genes do complemento no risco e
gravidade da infec¢do por SARS-CoV-2, sendo necessario mais estudos para desvendar o efeito
de polimorfismos na expresséo de genes (HOU et al., 2020; GUNAL et al., 2021; SANTOS et
al., 2021).

1.6.2 Polimorfismos relacionados com circRNAs associados & COVID-19

Embora exista diversos estudos que avaliam a expressdo de circRNAs, em varias
doencas, o conhecimento sobre o controle genético da expressdo de RNA circular ainda é
limitado (GUO et al., 2017; AHMED et al., 2019; YANG et al., 2021b; ZHAO; QU, 2020).

Investigacfes usando abordagens de analise de associacdo de Loci de Tragos
Quantitativos de Expressdo (eQTL) identificaram genes relacionados a COVID-19 (L1 et al.,
2024; ZHANG et al., 2024; ZHU et al., 2023).

A literatura revelou que a maioria dos estudos com COVID-19 tém analisado eQTL com
MRNA. Também foram investigados eQTL de miRNAs e IncRNAs (GJORGIJIEVA et al.,
2023; LIU et al., 2022). O perfil de genotipagem, expressdo de miRNA e mRNA com anélise
de eQTL relataram que miRNA eQTL implicam em miRNAs associados a admisséo na UTI,
sugerindo regulacdo poés-transcricional como um mecanismo potencial que impacta as
caracteristicas sanguineas subjacentes a gravidade da COVID-19 (Gjorgjieva et al., 2023).
Enquanto estudos de eQTL com circRNA estdo em seu estagio inicial. No entanto, analises cis-
eQTL ja revelaram que os SNPs circQTL podem afetar ou influenciar a biogénese do circRNA

(LIU et al., 2019c)
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Anélises de eQTL forneceram informacdes sobre fatores genéticos, como SNPs,
associados a variacdo na expressdo génica de circRNAs, Ahmed e colaboradores (2019),
analisaram de forma integrada a expressao de circRNA e a variagdo da sequéncia do genoma
em linhagens celulares e identificaram um conjunto de polimorfismos que influenciam a
expressao de circRNA, referidos como circQTLs, enriquecidos em regides regulatorias, que
controlam processos celulares importantes, como regulacdo do ciclo celular e formacéo de
spliceossomos. E também mostraram que um polimorfismo pareceu direcionar a expressao
circular e linear do gene, mas em dire¢fes opostas, possivelmente modulando os niveis de
circRNA em detrimento do mRNA, e ao avaliarem a influéncia circQTLs e eQTLSs na expressao
do mRNA do gene hospedeiro, mostraram que a maioria dos marcadores se associam
exclusivamente a expressdo de circRNA ou mRNA. E isso levanta hipdteses sobre o papel
regulatdrio de variantes genéticas na expressao de mRNAS e circRNAs.

Zhao e Qu (2021) a partir de anotacdes de variantes em regides de circRNAs, sugeriu
que variantes em regides de circRNAs podem ter efeitos significativos em processos celulares
e mudancas no perfil de expressdo de circRNAs, podendo afetar a expressdo do gene parental,
e ser associado com doencas. A relacdo entre Polimorfismos em regides de circRNAS e a sua
expressdo foram associados com algumas doencas, como carcinoma hepatocelular;
Aterosclerose, Esclerose Multipla, Doenca Arterial Coronariana (GUO et al., 2017; ZHANG et
al., 2019; SUNAGAWA et al., 2021; BURD et al., 2010; HOLDT et al., 2016; PARABOSCHI
etal., 2018; LIU et al., 2021b; ZHOU et al., 2020). Esses resultados ja demonstram que o nivel
de expressdo de circRNAs pode ser influenciado pelo gen6tipo de SNPs associados a doencas
ou polimorfismos em regides que codificam essas moléculas.

Também foram identificados polimorfismos em regiGes de circRNAs que podem
influenciar a expressdo de circRNA, alterando sitios de backsplicing (LIU et al., 2019b).
Sugestivamente essa alteracdo pode afetar a biogénese do circRNA e desregular a sua fungéo.

Recentemente, um estudo de eQTL com circRNAs identificou circRNAs relacionados
a resposta imune (NGUYEN, 2023), mas analises de eQTL investigando especificamente o
papel da expressdo de circRNA na COVID-19 ainda ndo foram desenvolvidos.

De forma geral, todas essas analises permitem inferir que polimorfismos associados a
expressdo de circRNAs ou doencas podem ter um efeito funcional na modulagéo dos niveis de
circRNAs; além disso, podem influenciar de forma indireta nos niveis de expressao de RNAS
lineares como IncRNAs, mMRNAs e piRNAs, e entdo contribuir para o desenvolvimento de

doenca; questdes ainda nao esclarecidas na patogénese da COVID-19.
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Esse conjunto de dados indicam que fatores genéticos podem influenciar na variagdo da
expressao de piRNAs e circRNAs, entretanto, o estudo de variantes genéticas e expressao de
circRNAs na COVID-19 ainda n&o foi explorado.

Entender os aspectos genéticos do hospedeiro sdo essenciais para investigar os fatores
de risco e protegdo envolvidos no desenvolvimento da COVID-19, e os estudos de expressao
de eQTL sdo uteis para avaliar o impacto da variacdo da sequéncia de DNA em mudangas na
expressao génica, e isso pode contribuir para o entendimento de fatores envolvidos no

desenvolvimento de doengas.
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2 JUSTIFICATIVA

A pandemia da COVID-19 levou a investigacdes urgentes sobre essa doenga, seu agente
causador e sua interacdo com o hospedeiro humano. Contudo, as diversas vias fisiopatologicas
envolvidas na progressdo da doenca e as sequelas da doenga permanecem obscuras
(AGGARWAL et al., 2021). As tecnologias baseadas em 6micas (genomica, transcriptdmica,
protedbmica, interatdmica e metabolémica) fornecem novos insights sobre essa complexa
doenga (AGGARWAL et al., 2021; YANG; YAN; ZHONG, 2021).

No entanto, como alteragdes genéticas do hospedeiro podem influenciar na infeccéo
viral ou resposta imune e como os virus modulam biogénese dos circRNAs do hospedeiro para
facilitar sua replicacdo ainda ndo estd completamente elucidado.

Polimorfismos em regiBes responsaveis por processos biolégicos como entrada viral e
replicacdo podem ter impacto na infeccéo e influenciar o curso da COVID-19 (HOU et al.,
2020).

Foi demonstrado que as fungfes do piRNAs sdo importantes para 0 processo de
replicacdo do virus, podendo potencialmente inibir a replicacdo viral (AKIMNIYAZOVA et
al., 2022; RAKHMETULLINA et al., 2023)

Varios estudos também destacaram o papel de circRNAs como importantes reguladores
da expressdo génica, através da atuacdo como esponjas de miRNA ou interagindo com RBPs
em infeccBes virais, fornecendo novas perspectivas sobre interagdes virus-hospedeiro
envolvendo circRNAs, mRNAs cognatos e RBPs, no contexto de infecgdes pelo SARS-CoV-2
(Lletal., 2017; ARORA et al., 2020; BARBAGALLO et al., 2022; ZHANG et al., 2022b).

Esses achados esclarecem os papéis dos polimorfismos, de expressdo de piRNAS e
circRNAs nas interacOes virus-hospedeiro, no curso da infeccdo e patogénese por SARS-CoV-
2. Entretanto, poucas pesquisas analisaram o impacto de variantes relacionado com piRNASs ou
circRNAs (JACOBS et al., 2016; RYAZANSKY et al., 2017; LIN et al., 2019; GUO et al.,
2017; ZHANG et al., 2019; ZHAO; QU, 2020).

Estudos de eQTL de piRNAs e circRNAs sugeriram que polimorfismos associados com
sua expressdo podem modular 0s seus niveis e esta relacionado com doengas (AHMED et al.,
2019; LIN et al., 2019).

Estudos de eQTL com miRNAs e IncRNAs associado a COVID-19 ja foram
desenvolvidos (GJORGJIEVA et al., 2023; LIU et al., 2022), mas até onde sabemos, em
pIRNASs ou circRNAs, essa abordagem ainda ndo foi investigada. Nesse sentido, apesar dos

esforcos em investigagOes de polimorfismos e expressdo de piRNAs ou circRNAs, ainda ndo
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foi analisado como circRNAs ou piRNAs em conjunto com alteragdes genéticas podem atuar
sobre 0 genoma do SARS-CoV-2 e modular a resposta do hospedeiro ao virus, e afetar a
interacdo entre 0 SARS-CoV2 e 0 hospedeiro. Esse € o primeiro estudo a verificar e esse tipo
de mecanismo na COVID-109.

Estudos de analise do perfil de expressao génica de piRNAs e circRNAs em associacdo
com polimorfismos por meio de analises de eQTL podem esclarecer sobre as vias bioldgicas
alteradas em doencas infecciosas, e contribuir para o entendimento de fatores biologicos
relacionados com o desenvolvimento da COVID-19, permitindo uma maior compreensdo dos

mecanismos moleculares do hospedeiro em resposta a infeccdo por SARS-CoV-2.
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3 OBJETIVOS
3.1 Objetivo geral

Caracterizar polimorfismos em regides que codificam piRNAs e investigar o perfil de
expressao global e padrédo regulatério de eQTL de circRNAs, assim como sua associacdo com
a COVID-19.

3.2 Objetivos especificos

Caracterizar e identificar polimorfismos descritos no 1000 Genomes Project, em regides
de piRNAs anotados no pirBase.

Identificar e descrever o perfil de expresséo global dos circRNAs em amostras de swab
e naso-orofaringe de pacientes com diagnostico de COVID-19, classificados como
assintomaticos, leves e graves, de uma populacao do estado do Para.

Comparar o perfil de expressao dos circRNAs entre os trés grupos de individuos com
diagnostico de COVID-19.

Realizar predigbes in silico dos miRNAs alvos dos circRNAs encontrados
diferencialmente expressos na COVID-19, e através dos genes alvos dos miRNAs investigar as
potenciais vias celulares em que estdo envolvidos.

Investigar a associacdo entre polimorfismos e a progressdo clinica da COVID-19.

Investigar a correlacdo entre variantes e o nivel de expressdo de cada circRNA associado
com a COVID-19.

Investigar a correlagdo entre variantes e 0s genes parentais de cada circRNA associado
com a COVID-19.

Identificar circRNASs e polimorfismos relacionados com a patogénese da COVID-19.
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4 CAPITULO |

Este capitulo é referente ao Artigo “Identification and Characterization of
Polymorphisms in piRNA Regions” publicado na revista Currente Issues Molecular Biology

(Fator de impacto: 2.8).
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Abstract: piRNAs are a class of noncoding RNAs that perform functions in epigenetic regulation and silencing
of transposable elements, a mechanism conserved among most mammals. At present, there are more than
30,000 known piRNAs in humans, of which more than 80% are derived from intergenic regions, and
approximately 20% are derived from the introns and exons of pre-mRNAs. It was observed that the
expression of the piRNA profile is specific in several organs, suggesting that they play functional roles in
different tissues. In addition, some studies suggest that changes in regions that encode piRNAs may have an
impact on their function. To evaluate the conservation of these regions and explore the existence of a seed
region, SNP and INDEL variant rates were investigated in several genomic regions and compared to
piRNA region variant rates. Thus, data analysis, data collection, cleaning, treatment, and exploration
were implemented using the R programming language with the help of the RStudio platform. We found that
PiRNA regions are highly conserved after considering INDELs and do not seem to present an identifiable
seed region after considering SNPs and INDEL variants. These findings may contribute to future studies
attempting to determine how polymorphisms in piRNA regions can impact diseases.

Keywords: piRNA; polymorphisms; conservation

1. Introduction

The Encyclopedia of DNA Elements (ENCODE), a large consortium project to map all
functional elements in the human genome, has suggested that up to 80% of the genome is
biologically active and functional with an essential role in controlling DNA expression and spatial
organization of the genome [1-3]. This regulation is carried out by DNA sequences that are
transcribed into noncoding RNA molecules [2]. Three major families of small noncoding RNAs
(sncRNAs) in eukaryotic cells have been widely studied: microRNAs (miRNAs), interference RNAs
(siRNAs), and PIWI-interacting RNAs (piRNAs) [4].

piRNAs are a class of recently discovered sncRNAs that were described for the first time in
germ cells [5-8] and identified later in somatic cells [9]. These sncRNAs have 24-31 nucleotides,
interact with argonaut proteins of the PIWI subfamily, and form the PIWI—-piRNA pathway, which
plays roles in transcriptional and posttranscriptional silenc- ing of transposable elements (TEs),
epigenetic regulation, the maintenance of germ cell function, and the regulation of mRNA [9-11].
However, the most well-characterized piRNA function is TE silencing [11]. The silencing of TEs and
other genetic elements in germlines,
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at both the transcriptional and the posttranscriptional levels, is highly conserved across animal
species [12,13].

There are over 30,000 piRNAs in humans, among which more than 80% are derived from
intergenic regions, and approximately 20% are derived from introns and exons of pre-mRNAs
[14,15].

These sncRNAs, like miRNAs, can act by inducing mRNA repression through im- perfect base
pairing [12,16,17]. The piRNA expression profile is tissue-specific suggesting that it has functional
roles [18]. Additionally, genomic studies have revealed that piRNA expression is deregulated in
several diseases, including cancer [19-21].

Recently, some studies have investigated genetic variations in piRNAs and have suggested
that these polymorphisms may affect the risk of susceptibility to various types of cancer [19,22—
24]. In this sense, it is noted that changes in genes encoding piRNAs can significantly impact their
synthesis and functions.

The importance of piRNA as a regulatory molecule has been previously described. Thus, in
this study, we used genomic data from the 1000 Genomes Project [25] and piR- Base [26] to
analyze its conservation by analyzing single-nucleotide polymorphism (SNP) and
insertion/deletion (INDEL) variation patterns, as approached by Bhattacharya and Cui [27] when
analyzing miRNAs.

2. Materials and Methods
2.1. Data Acquisition

The genomic positions of the piRNAs were obtained from the annotation available in
piRBase [26], the largest existing database on piRNA containing more than 77 million sequences
[26].

The data were obtained from piRBase and the 1000 Genomes Project based on the same
reference genome (GRCh37). The piRNA annotation file was extracted in BED format. BEDtools [28]
was used to merge piRNAs colocalized in the annotation [29]. piRNAs were divided into two
distinct groups: (i) low-repetition piRNAs (~3%)—those with three or fewer repetitions in the
human genome; (ii) high repetition piRNAs (~97%)—those with more than three repetitions in
the genome. In total, 600,960 piRNA genome positions were investigated.

2.2. Statistical Analysis

Data analysis of polymorphisms in piRNAs and conservation graphs of the piRNA regions
were obtained with the statistical analysis software R [30]. The flanking and adjacent regions
have the same piRNA length: flanking regions are located immediately alongside the 5 and 3’
piIRNA extremities, and adjacent regions are located 1000 bases away in both the 5 and the 3’
directions. Variant SNPs and INDEL types were obtained from 2504 individuals sequenced by the
1000 Genomes Project [25]. To better understand piRNA region conservation within the human
genome, we compared the variation rate of piRNA regions against different genomic regions, such
as miRNA, exonic, and intronic/intergenic (non-exonic) regions. Lastly, our analysis included the
study of variations among the piRNAs' nucleotide sequences.

The Kruskal-Wallis test followed by Dunn’s test for multiple comparisons was used to
compare variation rates among piRNAs and other genomic regions, such as miRNAs, as well as
exonic and non-exonic regions, in addition to piRNAs’adjacent and flanking regions (the value n for
each region is 24 due to the number of chromosomes); this method was also used to compare
variation rates among chromosomes on each piRNA/s nucleotide position (the value n for each
position is the number of piRNAs, which varies from 821,929 to 368,387 due to their differences
in size). This specific statistical approach is suitable because more than three variables are
compared in our analysis and because nonparametric tests provide reliable results even when
the data and samples do not follow the assumptions of normality.
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The libraries vcfR [31] and VariantAnnotation [32] were used in the R platform to quantify
variations in piRNA nucleotides. Similar methods and R libraries were applied to quantify the
miRNAs and the exonic and non-exonic variations.

3. Results

We identified 583,680 variants among 2504 samples from the 1000 Genomes Project in
360,202 piRNA locations (59.94% of piRNAs), of which 98.59% (575,447) were SNPs and 1.41%
(8,233) were INDELs. Approximately 40% of the investigated piRNAs did not have any variants in
all samples.

Upon analyzing piRNA region variation frequency by chromosome, there was no significant
difference among them (95% confidence), except for the sex chromosomes. On the X
chromosome, 51.77% of the piRNA regions had at least one SNP, while only 5.54% on the Y
chromosome harbored genetic variations. Similar results were obtained for INDELs; the X
chromosome presented a rate of 1.92%, and no such variant was found on the Y chromosome.

In order to analyze the conservation of piRNA regions, we compared it with other regions
with better known conservation degrees (miRNAs, exonic, and non-exonic). When comparing SNP
rates in piRNA with different genomic regions, there were significant differences in comparison
to miRNAs (adjusted p-value = 2.054999 X 10%) and exonic (adjusted p-value = 1.790354 X 107)
but not in those from non-exonic regions (adjusted p-value = 5.005757 X 101) (Figure la and
Supplementary Tables S1 and S2).
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Figure 1. Number of variants per 1,000,000 nucleotides along the chromosomes per genomic region.
(a) piRNA regions have low conservation compared to exonic and miRNA regions, despite greater
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miRNA variance, without a significant difference from non-exonic regions. (b) piRNA regions are as
conserved as exonic regions, with conservation level close to that of miRNA regions (ns: nonsignificant; **
p-value < 0.01; *** p-value < 0.001; **** p—value < 0.0001).

According to the INDEL rate, the piRNA regions significantly differed from the miRNA
regions (adjusted p-value = 1.986334 X 102) but did not differ from the exonic regions (adjusted
p-value = 2.174223 X 10%). The exon INDEL rates also did not dif- fer from the miRNA
regions (adjusted p-value = 2.174223 X 10%). Additionally, the piRNA, miRNA, and exonic rates
differed from those in the non-exonic regions (adjusted p-values = 1.786511 X 10% 9.627623 X
100, and 7.760338 X 107, respectively) (Figure 1b and Supplementary Tables $3 and 54).

We also compared piRNA region variations with their flanking (5 and 3" extremities) and
adjacent regions (£1000 nt), and it was possible to notice for INDELs that piRNA regions
presented significant differences compared to the 5 flanking regions (adjusted p-value =
3.897142 x 102), 3/flanking regions (adjusted p-value = 1.120359 X 108), and adjacent regions
(—1000 nt with adjusted p-value = 3.569849 x 10! and +1000 nt with adjusted p-value =
2.272380 x 101) (Figure 2 and Supplementary Tables S5 and S6).

Fhkk Fkkk

* F*kkk

M piRNAs *

Figure 2. Number of INDELs per 1,000,000 nucleotides in the piRNA regions among their flank- ing and
adjacent regions. In all chromosomes, the piRNAs had the highest conservation level (* p-value < 0.05;
**** p-value < 0.0001).

To verify the presence of a seed region in the piRNA sequences, we analyzed variation rates in
piRNAs per chromosome and nucleotide position, and it was not possible to identify outstanding
regions, only isolated nucleotide positions. For SNP variants, position 4 was the most conserved,
whereas positions 1, 2, and 7 were less conserved. For INDEL polymor- phisms, otherwise, no
position was highlighted as more conserved; however, positions 1, 31, and 32 presented higher
variation rates (Figure 3 and Supplementary Tables S7 and S8). These INDEL variations may be
biases due to cloning artefacts and/or non-templated nucleotides at these positions. Additionally,
the variation in piRNA size may affect the mu- tation rates of the last few nucleotides. These results
suggest that there is no specific region of piRNA that stands out as a seed region. However, there
were nucleotide preferences: U in the first position (79%), G in the second (46%), and A in the
10th (33%) (Figure 4 and Supplementary Tables S7 and S8).
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Figure 3. SNP (a) and INDEL (b) variation rates in piRNA regions per chromosome and nucleotide. Less
conserved nucleotides are shown in red, and more conserved nucleotides are shown in blue. Although
there were significant differences among some nucleotides (p-value < 0.05), this result suggests that there

is no specific region of piRNA that stands out as a seed region.
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Figure 4. Frequency of each nucleotide base along with piRNA transcripts. The analyzed distribution of the
nucleotides by position showed a preference for base U in the first position (79%), G in the second position

(46%), and base A in the 10th position (33%).
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4. Discussion

It was observed that the Y chromosome presents different behaviors than the other
chromosomes in several aspects due to its unique properties, which involve male specificity,
haploidy, and structure predominantly averse to the crossing over phenomenon [33]. There are two
types of regions on the Y chromosome with different conservation behaviors: the male-specific
region of the Y (MSY) and the pseudoautosomal regions (PAR1 and PAR2) [33,34]. MSY has high
variant rates compared to other autosomal chromosomes; however, the PAR1 and PAR2 regions
have a very low density of SNPs and almost no INDEL variation since they cause male sterility
[35,36]. Therefore, the low rates of SNPs and especially INDEL variants in Y chromosome piRNAs
indicate that these changes may result in critical functional changes in cell physiology.

Investigating all of the other chromosome SNP variation rates and comparing them among
different genomic structures, the piRNA regions were found to be less conserved in both the
exonic and the miRNA regions, and the non-exonic regions did not present different
conservation levels when compared to the piRNA regions. Upon observing the INDEL variations,
however, no significant differences were observed when compared to the exonic region, and the
piRNA regions suggested less conserved structures than the miRNAs and more conserved
structures than the non-exonic regions.

The divergent behavior of SNP and INDEL variation rates in the piRNA regions suggested
that it has a structure that is more permissible for SNP-type polymorphisms, indicating that
these variants have little influence on the function of these structures. For INDEL
polymorphisms, however, piRNA regions have a low variation rate, similar to the miRNA regions
rate values. The effect of INDELs on miRNAs has been proven to have a significant impact [27],
and, similar to piRNAs, these data also indicate a potentially harmful behavior on their functional
role.

Concerning INDEL variants, in general, piRNAs, miRNAs, and exonic regions are more
conserved, tending to preserve the original structure to avoid loss or deregulation of their
function. These observations may suggest that there is selective pressure against genetic
variations in piRNAs, mainly because INDEL polymorphisms possibly have more impact than SNPs
[37,38] since substitution of a base probably does not interfere with the regulatory function of
piRNA, as pairing with the target region does not need to be perfect [12].

The piRNA nucleotide structure is characterized by one U at the 5" end, and this nucleotide
is needed for PIWI recognition protein and endonucleolytic cleavage by Zucchini protein (which acts
in piRNA processing) [39,40]. In addition, studies have demonstrated that three proteins can bind
to the piRNA: PIWI, AUB, and AGO3; PIWI is more frequently involved, and AUB and AGO3 bind less
often. PIWI- and AUB-bound RNAs have a strong preference for a 5" end uridine, a trend that is
not present in AGO3-bound piRNAs. AUB pairs to its target mRNA and induces cleavage, generating
piRNA with A at position 10 that is recognized by AGO3, since this piRNA that binds to AGO3 has
enrichment for A, the complement of the 5'U, at position 1 present in piRNAs that bind to AUB
[39-42].

Additionally, the G base in the second position was also identified by Gebert and Ketting
[43], which suggests a conserved role of the Piwi/piRNA pathway in posttranscrip- tional regulation
in mammals. These findings agree with our results; the distribution of nucleotides showed a
preference of base U in the first position, base A in the 10th position, and base G in the second
position.

One of the regulatory mechanisms described for piRNA is posttranscriptional silencing by
pairing in the 3'UTR of mRNAs, similar to the miRNA acting model [16]. Saunders and colleagues
[44] were the first to observe a low-level gene variation in miRNAs, especially mature miRNAs
and their seed regions, compared to surrounding regions. In miRNAs, the seed region is
predominantly defined as falling between the second and eighth bases, counted from the 5" end
of the structure [45].

Thus, to investigate the rules adjacent to target piRNA binding, specific and nonspe- cific
sequence-based functions have been proposed. Zhang and colleagues [46], researching
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the role of piRNAs in Caenorhabditis elegans, found results that reinforce specific sequence
binding, giving a region between the second and seventh nucleotides a critical role in pairing
with the target region. This is precisely the role of the seed in miRNAs, showing a possible
similarity in both structures/target-specific mechanisms. However, it should be noted that the
non-seed region would also be necessary for the recognition function, al- though it is more
permissive to alterations. The non-seed region allows for some variations (at most three) to occur
with no interference with its function, whereas the seed region is not permissive, completely
misrepresenting the recognition function if a single variation occurs in this region.

Analyzing Figure 3, we observed that there is no region in the piRNA sequences that can be
considered a seed sequence, including the one defined by Zhang and colleagues [46]. This may
indicate that all the piRNA sequence is equally essential for interacting with their target sites.
Our findings could not identify any more conserved position; however, it showed some particular
nucleotides with significantly higher INDEL variation rates at positions 1, 31, and 32, which can
be explained by the tolerance of a few modifications of piRNA sequences already described in
the literature [46,47].

st s S TR R AUBRRRAR BRI Ghuk QRpthauRUEEMAte*

colleagues [47], studying C. elegans, proposed that the seed sequence (i.e., positions 2—8) and
supplemental nucleotides near the 3" end (positions 14-19) of the piRNA are important
determinants of piRNA target binding and silencing. In addition, our results corroborate the
findings of Vourekas and colleagues [49]; base-paired piRNAs in Drosophila melanogaster revealed
a preference to utilize nucleotides at positions 2—6 with additional base pairs at positions 16—
24, and this suggests that piRNAs do not utilize a conserved seed se- quence, although the
mechanics of piRNA complementary binding are analogous to those of microRNAs.
The performed analysis has some possible biases since the 1000 Genomes Project data
have low coverage in intronic and intergenic regions, which may alter some muta- tion rates
identified in the piRNA regions; nevertheless, we believe that the sample size (2504 samples) is
large enough to minimize this bias. Another limitation is that we inferred conservation on the
basis of mutation rates rather than comparing species. However, we believe that our approach
allows robust results since INDEL- and SNP-type polymorphisms in all regions of piRNAs were
investigated and compared with all other genomic regions.
Analyzing the conservation of piRNA regions considering the polymorphism rate and the
presence of a seed region in mature piRNA sequence allowed us to infer the impact of variants
on the piRNA sequence. This allows directing analyses that investigate how the pairing of piRNAs
to the transcript occurs since it may not have a specific pairing region, thus recognizing different
transcripts and amplifying their functional effect on epigenetic regulation. Furthermore, studies
like this help elucidate issues related to the structure of piRNAs and their genomic region,
contributing to understanding their biology and function.

5. Conclusions

In general, it was observed that piRNA regions have higher conservation for INDEL variants
and lower conservation for SNP variants relative to exonic regions. This suggests that piRNA
regions are more permissive to SNP variations and less permissive to INDEL variations, indicating
that SNPs may have little effect on piRNA regular activity, and that INDELs may have a significant
impact on its structure and functions. Analysis of the surrounding regions indicated that piRNA
regions were more conserved than the flanking and adjacent regions (£1000 nt). In addition, in
this study, the Y chromosome presented unique conservation patterns as compared to the other
chromosomes.

Lastly, our analyses suggest that there is no specific region of piRNA that can be considered
a seed, as occurs in miRNAs, since the conservation degree of piRNAs as a
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whole did not allow for highlighting a more conserved region or a specific genomic position. This
may imply that the entire structure of piRNAs, allowing for a few modifications, is important for
them to carry out their roles in regulating gene expression. However, further studies are needed
to examine the effects of variants on piRNA function.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cimb44020062/s1.
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Supplementary Materials:

Supplementary Table S1. SNP rates per chromosome and genomic structure.

Chrom Type piRNAs miRNAs Exons Non-Exons
1 SNP 5.643e-04 3.016e-04 3.715e-04 5.487e-04
2 SNP 5.859%e-04 6.888e-04 3.553e-04 5.624e-04
3 SNP 6.426e-04 4.112e-04 3.551e-04 5.775e-04
4 SNP 7.453e-04 3.679e-04 4.156e-04 5.804e-04
5 SNP 5.933e-04 6.097e-04 3.433e-04 5.084e-04
6 SNP 6.883e-04 6.458e-04 4.397e-04 5.673e-04
7 SNP 6.467e-04 3.408e-04 3.971e-04 5.782e-04
8 SNP 6.440e-04 5.335e-04 3.921e-04 8.016e-04
9 SNP 5.576e-04 3.182e-04 3.571e-04 5.764e-04

10 SNP 6.310e-04 6.429e-04 4.010e-04 6.141e-04
11 SNP 6.166e-04 3.726e-04 3.710e-04 5.986e-04
12 SNP 6.513e-04 7.381e-04 3.628e-04 5.554e-04
13 SNP 6.702e-04 2.320e-04 3.577e-04 5.839%e-04
14 SNP 5.988e-04 4.005e-04 4.068e-04 5.608e-04
15 SNP 5.847e-04 4.022e-04 3.587e-04 5.734e-04
16 SNP 5.802e-04 5.899e-04 4.065e-04 6.580e-04
17 SNP 6.017e-04 7.270e-04 4.082e-04 5.466e-04
18 SNP 7.138e-04 1.897e-04 4.068e-04 5.506e-04
19 SNP 6.887e-04 4.832e-04 5.610e-04 7.169e-04
20 SNP 6.044e-04 6.978e-04 3.840e-04 5.313e-04
21 SNP 7.440e-04 2.017e-04 4.639%e-04 5.951e-04
22 SNP 6.459e-04 3.420e-04 4.514e-04 6.170e-04
X SNP 4.787e-04 1.182e-04 2.287e-04 3.264e-04
Y SNP 1.350e-05 0.000e+00 1.432e-05 1.527e-05

Supplementary Table S2. Pairwise comparisons of INDEL rates in piRNA, miRNA, exonic and

non-exonic regions.

Group 1 Group 2 p-value adjusted p-value adjusted significant
PiRNAs miRNAs 3.518e-04 AE
piRNAs Exons 2.116e-07 o
piRNAs Non-Exons 8.922e-02 ns
miRNAs Exons 8.922e-02 ns
miRNAs Non-Exons 6.028e-02 ns
Exons Non-Exons 3.518e-04 e

Dunn’s-test for multiple comparisons of independent samples and p-values adjusted by Benjamini-

Hochberg’s method.
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Supplementary Table S3. INDEL rates per chromosome and genomic structure.

Chrom Type piRNAs miRNAs Exons Non-Exons
1 INDEL 1.885e-05 1.619e-05 2.909e-05 8.857e-05
2 INDEL 1.424e-05 6.495e-05 2.687e-05 8.699e-05
3 INDEL 1.698e-05 6.817e-05 3.171e-05 8.955e-05
4 INDEL 2.301e-05 1.670e-04 4.857e-05 9.467e-05
5] INDEL 1.822e-05 5.400e-05 3.599e-05 8.559%e-05
6 INDEL 2.417e-05 1.075e-04 3.751e-05 9.108e-05
7 INDEL 1.738e-05 2.067e-05 3.054e-05 9.094e-05
8 INDEL 1.806e-05 5.851e-05 4.110e-05 9.376e-05
9 INDEL 1.704e-05 2.400e-05 3.036e-05 8.794e-05
10 INDEL 2.215e-05 4.178e-05 4.069e-05 9.512e-05
11 INDEL 2.306e-05 4.439%e-06 3.716e-05 8.955e-05
12 INDEL 2.176e-05 1.447e-04 4.986e-05 9.393e-05
13 INDEL 2.380e-05 4.502e-05 3.154e-05 9.839%-05
14 INDEL 2.030e-05 1.822e-05 3.499e-05 9.615e-05
15 INDEL 2.335e-05 1.099e-04 4.012e-05 8.564e-05
16 INDEL 1.909e-05 2.120e-06 3.722e-05 9.262e-05
17 INDEL 2.023e-05 2.484e-05 4.390e-05 9.167e-05
18 INDEL 2.246e-05 7.073e-07 4.094e-05 8.173e-05
19 INDEL 2.277e-05 1.589e-05 4.040e-05 1.106e-04
20 INDEL 1.452e-05 3.408e-06 3.227e-05 8.429e-05
21 INDEL 1.542e-05 1.099e-06 3.672e-05 9.691e-05
22 INDEL 9.950e-06 5.640e-05 3.878e-05 1.029e-04
X INDEL 1.290e-05 6.570e-05 2.521e-05 6.413e-05
Y INDEL 0.000e+00 0.000e+00 1.929e-07 8.731e-07

Supplementary Table S4. Pairwise comparisons of INDEL rates in piRNA, miRNA, exonic and

non-exonic regions.

Group 1 Group 2 p-value adjusted  p-value adjusted significant
-1000 b 5.839%e-06 ok
-1000 piRNAs 2.912e-11 AR
-1000 S 3.077e-01 ns
-1000 +1000 8.259%e-01 ns

5} PiRNAs 3.897e-02 *
5' 3 5.527e-04 o
5] +1000 2.441e-06 ot
piRNAs 3 2.254e-08 ok
piRNAs +1000 1.214e-11 Ak
3' +1000 2.390e-01 ns

Dunn’s-test for multiple comparisons of independent samples and p-values adjusted by Benjamini-

Hochberg’s method.
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Supplementary Table S5. INDEL rates in piRNA, flanking and adjacent regions.

Chrom Type -1000 5' piRNAs 3 +1000
chrl INDEL 9.205e-05 5.461e-05 1.885e-05 9.092e-05 9.893e-05
chr2 INDEL 9.222e-05 4.393e-05 1.424e-05 8.117e-05 9.506e-05
chr3 INDEL 9.359%e-05 5.279e-05 1.698e-05 9.861e-05 9.647e-05
chr4 INDEL 9.706e-05 5.104e-05 2.301e-05 9.353e-05 1.032e-04
chr5 INDEL 9.399e-05 5.302e-05 1.822e-05 8.813e-05 1.047e-04
chr6 INDEL 1.145e-04 5.829e-05 2.417e-05 8.883e-05 1.029e-04
chr?7 INDEL 1.045e-04 4.928e-05 1.738e-05 8.438e-05 1.041e-04
chr8 INDEL 8.657e-05 5.466e-05 1.806e-05 7.885e-05 9.947e-05
chr9 INDEL 9.092e-05 4.113e-05 1.704e-05 9.181e-05 8.509e-05

chr10 INDEL 9.184e-05 4.882e-05 2.215e-05 1.025e-04 9.719e-05
chrll INDEL 9.804e-05 5.494e-05 2.306e-05 9.637e-05 9.316e-05
chr12 INDEL 1.159%e-04 5.666e-05 2.176e-05 9.877e-05 1.104e-04
chrl3 INDEL 1.143e-04 5.670e-05 2.380e-05 1.006e-04 1.147e-04
chrl4 INDEL 1.104e-04 4.953e-05 2.030e-05 1.079e-04 1.186e-04
chrl5 INDEL 9.175e-05 5.859e-05 2.335e-05 7.138e-05 8.737e-05
chrl6 INDEL 8.921e-05 4.041e-05 1.909e-05 7.978e-05 9.375e-05
chrl7 INDEL 1.180e-04 5.343e-05 2.023e-05 8.881e-05 1.127e-04
chrl8 INDEL 9.056e-05 4.875e-05 2.246e-05 9.615e-05 9.224e-05
chr19 INDEL 1.299e-04 5.562e-05 2.277e-05 1.059e-04 1.307e-04
chr20 INDEL 1.112e-04 5.155e-05 1.452e-05 1.078e-04 1.087e-04
chr21 INDEL 1.188e-04 5.567e-05 1.542e-05 1.204e-04 9.656e-05
chr22 INDEL 1.094e-04 5.957e-05 9.950e-06 1.018e-04 1.157e-04
chrX INDEL 8.168e-05 3.353e-05 1.290e-05 7.219e-05 8.648e-05
chrY INDEL 6.633e-07 3.078e-07 0.000e+00 2.487e-07 2.956e-08

Supplementary Table S6. Pairwise comparisons of INDEL rates in piRNA, flanking and adjacent

regions.
Group 1 Group 2 p-value adjusted  p-value adjusted significant
-1000 5] 5.839%e-06 o
-1000 piRNAs 2.912e-11 e
-1000 g 3.077e-01 ns
-1000 +1000 8.25%-01 ns
5' piRNAs 3.897e-02 *
5' 3 5.527e-04 ok
5 +1000 2.441e-06 S
PiRNAs 3 2.254e-08 ok
piRNAs +1000 1.214e-11 ok
3' +1000 2.390e-01 ns
Dunn’s-test for multiple comparisons of independent samples and p-values adjusted by Benjamini-
Hochberg’s method.
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Supplementary Table S7. SNP rates in piRNA regions by nucleotide (NT).

Chrom

chrl
chr2
chr3
chr4
chrb
chr6
chr7
chr8
chr9
chr10
chrll
chri2
chrl3
chrl4
chrl5
chrleé
chrl7
chrl8
chr19
chr20
chr21
chr22
chrX
chrY

Type
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP
SNP

NT1 NT 2
3.819e-02 4.141e-02
4.329e-02 4.040e-02
4.075e-02 4.718e-02
3.923e-02 5.026e-02
4.170e-02 4.007e-02
4.257e-02 3.681e-02
4.551e-02 4.324e-02
4.240e-02 2.850e-02
4.132e-02 4.248e-02
4.177e-02 4.151e-02
3.991e-02 4.916e-02
4.259e-02 3.859%e-02
4.503e-02 4.744e-02
4.982e-02 3.770e-02
3.414e-02 4.556e-02
4.357e-02 5.000e-02
3.360e-02 4.060e-02
4.743e-02 4.678e-02
4.324e-02 4.874e-02
3.883e-02 3.652e-02
3.883e-02 4.982e-02
3.340e-02 4.444e-02
3.636e-02 3.608e-02
5.970e-03 8.600e-03

Only NTs with highest or lowest conservations.

NT 3 NT 17
3.165e-02 3.223e-02
3.447e-02 2.855e-02
3.572e-02 2.796e-02
4.246e-02 3.535e-02
3.421e-02 2.933e-02
4.334e-02 3.136e-02
4.012e-02 3.558e-02
3.336e-02 3.176e-02
3.089e-02 2.972e-02
4.513e-02 3.659%e-02
3.765e-02 3.121e-02
3.549e-02 4.037e-02
3.606e-02 4.267e-02
2.864e-02 2.384e-02
3.840e-02 2.458e-02
3.051e-02 2.724e-02
3.784e-02 2.516e-02
3.937e-02 2.380e-02
4.127e-02 2.676e-02
4.787e-02 3.032e-02
5.119e-02 3.640e-02
3.904e-02 3.597e-02
2.929e-02 2.682e-02
3.770e-02 8.600e-03

NT 26 NT 31
2.514e-02 2.874e-02
2.504e-02 2.357e-02
2.112e-02 3.022e-02
2.739e-02 3.201e-02
2.800e-02 2.682e-02
2.346e-02 2.705e-02
2.570e-02 3.242e-02
3.077e-02 2.667e-02
2.008e-02 3.256e-02
2.303e-02 2.473e-02
3.203e-02 2.749e-02
2.733e-02 3.020e-02
2.826e-02 3.016e-02
2.301e-02 2.833e-02
2.683e-02 2.048e-02
3.064e-02 2.592e-02
3.692e-02 2.520e-02
2.498e-02 3.175e-02
3.011e-02 3.507e-02
3.030e-02 2.175e-02
4.802e-02 2.828e-02
2.337e-02 1.897e-02
2.958e-02 2.456e-02
1.160e-03 1.720e-03

Supplementary Table S8. INDEL rates in piRNA regions by nucleotide (NT).

Chrom
chrl
chr2
chr3
chr4
chr5
chr6
chr7
chr8
chr9

chrl10
chrll
chrl2
chrl3
chrl4
chrl5
chrl6
chrl?7
chrl8
chr19
chr20
chr21
chr22
chrX
chrY

Type
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL
INDEL

Only NTs with highest or lowest conservations.

NT?7
1.000e-05
1.500e-04
4.000e-05
2.400e-04
6.000e-05
3.100e-04
1.700e-04
2.300e-04
1.400e-04
5.100e-04
1.300e-04
3.800e-04
2.300e-04
5.900e-04
1.000e-05
6.700e-04
3.300e-04
2.200e-04
1.400e-04
1.100e-04
1.200e-04
3.300e-04
6.000e-05

NA

NT 32
1.850e-03
5.530e-03
2.110e-03
2.200e-04
6.000e-05
1.680e-03
3.030e-03
8.400e-04
7.780e-03
1.720e-03
4.960e-03
4.740e-03
3.000e-05
3.000e-05
3.450e-03
4.910e-03
3.210e-03
2.740e-03
3.270e-03
4.000e-05
6.280e-03
6.600e-04
4.610e-03

NA
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5 CAPITULO 11

Este capitulo é referente ao manuscrito em preparacao, intitulado “Global expression

profile and regulatory eQTL pattern of circRNAs associated with COVID-19.”
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GENETIC AND EPIGENETIC ASPECTS OF circRNAS IN COVID-19

Jhully Azevedo-Pinheiro, Giordano Bruno Soares-Souza, Cintia Braga-da-Silva, Rafaella
Souza Ferraz, Caio S. Silva, Maria Clara Barros, Jorge Estefano Santana de Souza, Catarina
Torres Pinho, Giovanna C. Cavalcante, Leandro Magalhdes, Claudio Guedes Salgado, José
Ricardo dos Santos Vieira, Andrea Ribeiro-dos-Santos, Sidney Santos

ABSTRACT

Coronavirus Disease 2019 (COVID-19), caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), has a high incidence rate and has become a global public health
problem. Genetic and epigenetic alterations regulated by non-coding RNAs (ncRNAs) have
been associated with the development of this disease. Evidence suggests that genomic changes
may influence the function of circRNAs, and their dysregulation has been studied in infectious
diseases, including COVID-19. However, the aspects involved in the relationship between
genetic variants and circRNAs expression remains poorly understood. The aim of this study
was to investigate the global expression profile and eQTL regulatory patterns of circRNAs, as
well as their association with COVID-19 severity. For this, naso-oropharyngeal swab and saliva
samples were collected from 66 individuals diagnosed with COVID-19, classified as
asymptomatic (11), mild (15) and severe (22), and sequencing using RNA-Seq. The data
analysis was performed using the edgeR packages v.4.0.14. and CircTest R v.0.1.1 package,
considering adjusted p-values < 0.05 as statistically significant. eQTL analyses were performed
to evaluate the association between variants and the circRNAs expression. All statistical
analyses were conducted using Software R Studio v.4.1.1. Comparative analysis of circRNA
expression among the groups identified eight circRNAs differentially expressed. In silico
analyses revealed five circRNAs (hsa-NIPBL_0053, hsa-PCMTD1_0002, hsa-NCOA2_0001,
hsa-SETD3_0001, hsa-XPO1 0001), interacting with miRNAs. Functional enrichment
analysis of the target genes regulated highlighted biological process and pathways involved in
SARS-CoV-2 infection, including cellular responses to hypoxia, WNT signaling, cytokine,
regulation of the immune response and cellular response to the virus. eQTL analysis further
demonstrated genetic variants in the TMPRSS13 and parental XPO1 genes affecting genic
expression. Thus, the findings of this study may help to elucidate the role of genetic and
epigenetic mechanisms in the pathophysiology of SARS-CoV-2 infection.

KEYWORDS: ncRNA, piRNA, circRNA, COVID-19, Polymorphism.

66


https://www.nature.com/articles/s41598-024-78170-3#auth-Giordano_Bruno-Soares_Souza-Aff3
https://www.nature.com/articles/s41598-024-78170-3#auth-C_ntia-Braga_da_Silva-Aff1
https://www.nature.com/articles/s41598-024-78170-3#auth-Caio_S_-Silva-Aff1
https://www.nature.com/articles/s41598-024-78170-3#auth-Maria_Clara-Barros-Aff1
https://www.nature.com/articles/s41598-024-78170-3#auth-Jorge_Estefano_Santana-Souza-Aff2-Aff9
https://www.nature.com/articles/s41598-024-78170-3#auth-Catarina_Torres-Pinho-Aff1
https://www.nature.com/articles/s41598-024-78170-3#auth-Catarina_Torres-Pinho-Aff1
https://www.nature.com/articles/s41598-024-78170-3#auth-Giovanna_C_-Cavalcante-Aff1
https://www.nature.com/articles/s41598-024-78170-3#auth-Leandro-Magalh_es-Aff3
https://www.nature.com/articles/s41598-024-78170-3#auth-Cl_udio_Guedes-Salgado-Aff6
https://www.nature.com/articles/s41598-024-78170-3#auth-Jos__Ricardo-Santos_Vieira-Aff8
https://www.nature.com/articles/s41598-024-78170-3#auth-Jos__Ricardo-Santos_Vieira-Aff8
https://www.nature.com/articles/s41598-024-78170-3#auth-_ndrea-Ribeiro_dos_Santos-Aff10
https://www.nature.com/articles/s41598-024-78170-3#auth-Sidney-Santos-Aff10

INTRODUCTION

Coronavirus Disease 2019 (COVID-19), caused by The Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2), persists as a significant global health challenge.
Although over 67% of the global population has been vaccinated against COVID-19, the virus
continues to cause weekly fatalities and remains a significant public health concern in many
countries (1). Brazil, for example, achieved 75% vaccination coverage within the first year of
the COVID-19 vaccination roll-out (2). However, it remains the sixth country with the highest
number of cases, reporting approximately 37.5 million infections and 702,000 deaths attributed
to SARS-CoV-2 (3).

Even with the end of the Public Health Emergency of International Concern (PHEIC),
declared by the World Health Organization on May 5, 2023, COVID-19 is still a threat to health,
especially for those at higher risk of developing severe disease, given that the virus continues
to circulate in Brazil and around the world and there is a risk of the emergence of new Variants
of Concern (VOC) or Variants of Interest (VOI) of SARS-CoV-2 (4). In view of this, the
epidemiological, laboratory, genomic and immunization surveillance actions established in
Brazil must be continued (4).

In recent years, a wide range of studies has explored the biological characteristics of
SARS-CoV-2 variants and molecular features of the host, aiming to unravel virus-host
interactions and develop antiviral strategies (5-9). Emerging evidence highlights the critical
function of regulatory elements in COVID-19 pathogenesis, particularly the regulation
mediated by noncoding RNAs (ncRNAS) like the circular RNAs (circRNAs) (10).

circRNAs comprise a class of noncoding RNAs (ncRNAs) formed by covalent binding
of 3’ and 5’ ends, and can regulate gene expression, primarily by acting as sponges for miRNAs
and RBPs biding (11,12). In the context of COVID-19, the circRNAs have been identified as
pivotal regulators of the response to viral infection, being implicated in the host cell immunity
and inflammation, energy metabolism, cell cycle, and cell apoptosis (13). Circ-3205, for
instance, is a circRNA exclusively expressed in individuals infected with SARS-CoV-2 and is
associated with viral entry into host cells through the regulation of the Spike protein gene (12).
Pfafenrot et al. (2021) (14) demonstrated that artificial circRNAs designed to act as antisense
RNAs targeting the SARS-CoV-2 genome RNA, in particular its structurally conserved 5’
untranslated region, can be accessed by circRNAs, resulting in reduced virus proliferation in
cell culture. Furthermore, circ_00022_SMC1A and circ_00007_MANZ1A2 were identified with
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low expression in COVID-19 cerebrospinal fluid (CSF) from patients with severe COVID-19
when compared to healthy controls and neurological diseases (15).

The role of circRNAs in the pathology of COVID-19 is a rapidly emerging area of
research. However, their potential influence on the severity of COVID-19 symptoms remains
underexplored (12,16-18). Moreover, existing studies have largely overlooked populations
with high levels of genetic admixture, such as those in Brazil (19,20). Exploring data on
genomic characteristics and regulatory mechanisms in our population is particularly important,
since this mixture can shape susceptibility to complex diseases in a specific way in Brazilian
populations (21). Therefore, this study aims to characterize the regulatory mechanisms and
genetic bases associated with the circRNAs expression and their contribution to the severity of

COVID-19 in individuals from the Northern region of Brazil.

MATERIAL AND METHODS
Ethics statement

The sample collection and procedures described in this work were approved by the Ethics
Committee of the Center of the University Hospital Jodo de Barros Barreto of the Federal
University of Para (Protocol number: 50865721.1.0000.0017). All study participants provided

informed written consent in accordance with the Helsinki Declaration of 1964.

Patients and Samples Collection

The research consists of a retrospective observational study design with data collected
from individuals from the state of Pard, in North Brazil, who were classified according to the
clinical criteria of the National Institutes of Health (NIH) (2022): i) Asymptomatic: individuals
who tested positive for SARS-CoV-2, but did not present symptoms consistent with COVID-
19, ii) Mild: individuals with symptoms of COVID-19, such as fever, cough, sore throat,
malaise, headache, muscle pain, nausea, vomiting, diarrhea, loss of taste and smell, but who did
not present shortness of breath, dyspnea or abnormal chest imaging, and iii) Severe: individuals
with a severe and critical illness, who have SpO2 < 94%, or pulmonary infiltrates > 50%; or
with respiratory failure, septic shock and/or multiple organ dysfunction, or developed Acute
Respiratory Distress Syndrome (ARDS), admitted to the Intensive Care Unit (ICU) or who
died.

We investigated a total of 66 individuals infected with SARS-CoV-2, including 50

samples investigated in a previous whole exome sequencing by our group (22). Further details
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about the whole exome sequencing analysis are described in BARROS et al., 2024. Saliva and
naso-oropharyngeal swabs collected between 2021 and 2023 were used for SARS-CoV-2
detection by RT-gPCR and bulk-RNA-seq of the host. Saliva samples were self-collected in
sterile plastic collection tubes and swab specimens were collected and transferred into sterile
tubes containing Viral Transport Medium (VTM). After collection, all samples were stored at

-80°C until further analysis.

RNA extraction and quantification

RNA extraction from saliva and naso-oropharyngeal swab samples was performedusing
the Maxwell® 16 Viral Total Nucleic Acid Purification Kit and KingFisher MagMAX™
Viral/Pathogen kits, on Maxwell and KingFisher equipment, respectively. RNA concentrations
and quality were verified using the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific) and
NanoDrop ND1000 (Thermo Fisher Scientific) equipment. RNA integrity (RIN) was assessed
using the 2200 TapeStation Instrument (Agilent Technologies).

Real-Time Quantitative Reverse Transcription PCR (RT-gPCR)

The presence of SARS-CoV-2 was determined by RT-qPCR using the ABI 7,500 and
AriaMX equipment in accordance with the CDC 2019-nCoV Real-Time RT-PCR diagnostic
panel instructions for use (23). Samples with amplification cycles threshold of Ct value < 35

were evaluated as positive and selected for bulk RNA sequencing.

Library synthesis, sequencing and analysis

Total RNA libraries (Transcriptome) were constructed from 1 pg of total RNA per sample
(saliva or nasopharyngeal swab) using the TruSeq Stranded Total RNA Library Preparation®
with Ribozero Gold kit (lllumina). RNA integrity (RIN) was assessed using the RNA
ScreenTape Assay kit on the 2200 TapeStation (Agilent Technologies). Total RNA sequencing
was performed using a sample pool at 4nM using the NextSeq Sequencing System (Illumina)

on the NextSeq High Output 150 cycles platform (lllumina).

Sequencing data processing, circRNA quantification and differential expression analysis

Quality control was performed using FastQC v.0.11.2 and summarized with MultiQC.
Fastp v.0.19.5 was used to trim the adapters and low-quality reads. The resulting reads were
aligned to GRCh 38.104 using STAR v.2.6.1 tool. DCC tool (v.0.16.0.1) was used to quantify
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the circRNAs (CHENG, et al., 2016). Differential expression analysis between symptomatic,
mild, and severe patients was performed using the edgeR package v.4.0.14. CircTest R package
v.0.1.1 was used to test the variation of circRNAs with respect to their respective host genes.

Adjusted p-values < 0.05 were considered statistically significant.

In silico prediction of circRNA-miRNA-target interaction and Functional Enrichment
Analyses of the Sponged miRNAs’ Target Genes

Host genes of differentially expressed circRNAs were submitted to miRNA-circRNA
search using the Starbase ENCORI tool (24). We focused exclusively on miRNAs with
predicted target sites located within the genomic regions of the circRNAs of interest, ensuring
that the identified interactions were relevant to these circRNAs. Furthermore, we prioritized
interactions that were supported by at least one CLIP-seq data. The set of miRNAs identified
for each circRNA was subsequently queried in miRTarBase v10 (25), and only miRNA-target
interactions supported by strong experimental evidence (e.g. reporter assays, Western blot,
gPCR) were retained. The resulting interaction networks were visualized using the RedeR
v.2.4.3. The biological function of the miRNA-target genes were elucidated through the
functional enrichment analysis conducted with the Gene Ontology Biological Process using
overrepresentation analysis implemented in clusterProfiler v.4.8.3. Enriched terms with a

Benjamini-Hochberg (BH) adjusted p-value < 0.05 were considered statistically significant.

eQTL and Polymorphisms Analysis

To understand more deeply the regulatory mechanisms involved in SARS-CoV-2
infection, we expanded the common eQTL analysis to identify variants associated with
circRNA expression in COVID-19 disease. We performed RNA-seq and identified 8
differentially expressed (DE) circRNAs and used identified variants in the whole exome
sequencing to investigate association between circRNA expression and variants, and select
significant association, which we define as circRNA expression quantitative trait locus
(circeQTL).

Expression quantitative trait loci (eQTL) analysis was conducted by integrating the
differential expression data generated in this study with previously acquired whole-exome
sequencing data from 50 samples (27 non-severe and 23 severe groups) (BARROS et al. 2024).

The analysis was performed using correlation and linear regression methods. All statistical
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analyses and graphical visualizations were performed using MatrixEQTL v2.3. Statistical
significance was defined as adjusted p-values less than 0.05.

Subsequently, eQTL results, an analysis was performed in the dbSNP, Clinvar, and VEP
Ensembl databases to identify, characterize polymorphisms found, and select these variants.
The selection of polymorphisms was based on the following criteria: a) Variants associated
with variation in expression of circRNAs Differentially Expressed (DE); b) Variants present in
the DE circRNAs parental genes; ¢) Variants present in the DE circRNAs regions; d) Variants
associated with variation in expression of DE circRNAs parental genes.

Statistical Analysis of Polymorphic Association

The polymorphic association analysis was performed with the variants identified by
whole-exome sequencing. Differences in allele and genotype frequencies between participants
were analyzed using Fisher’s exact test. The association between the genetic variant and
COVID-19 susceptibility was assessed through logistic regression analysis, with results

expressed as odds ratios (OR) and corresponding 95% confidence intervals (CI).

RESULTS
Participants’ demographic and clinical characteristics

A total of 66 patients were included in the study and categorized according to the
clinical criteria of the National Institutes of Health (NIH) (2022) into three groups: 14
asymptomatic individuals (AS), 21 individuals with mild symptoms (MLD), and 31
individuals with a severe and critical illness (SVRE). Statistically significant differences
were observed in age comparisons between the groups (p-value = 1.417e-06). The mean
age was 47 years in the asymptomatic group, 34 years in the mild group, and 60 years in
the severe group (Table 1). No statistical significance was found for gender. The

demographic and clinical characteristics of these participants are summarized in Table 1.
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Table 1. Demographic and clinical characteristics of the participants.

Variable Asymptomaticn=14 Mildn=21 Severen=31 Valor de p
%|dade (anos) 47 +14 34+11 60 + 14 <0.01cP
Sexo > 0.05°
Feminino 9 (64.29%) 10 (47.62%) 16 (51.61%) '
Masculino 5 (35.71%) 11 (52.38%) 15 (48.39%)

The categorized data are represented by absolute number of individuals (percentage).
aValues expressed as Mean + SD (Standard Deviation).

\Wilcoxon rank sum test with continuity correction

°Fisher's Exact Test for Count Data

Differentially Expressed circRNAs in COVID-19

A total of 291 circRNAs were identified with significant expression levels. of which

253 were detected in the asymptomatic group, 279 in the mild group, and 289 in the severe

group. Comparative analysis of circRNA expression across these three clinical groups

revealed eight circRNAs differentially expressed (Table 2). In the comparison between
asymptomatic and severe groups, the circRNAs hsa-NIPBL_0053, hsa-XPO1 0001,
MT_2225 2761, hsa-PCMTD1_0002, hsa-NCOA2_0001, and hsa-SETD3_0001 were
identified as significantly downregulated (Figure 1A). Notably, MT_1690_ 1894 was

significantly upregulated in the asymptomatic group compared to the mild group (Figure

1B). Furthemore, the comparison between the mild and severe group revealed that both
hsa-ARHGEF12_0001 and MT_1690 1894 were upregulated in the severe group (Figure

1C).

Table 02. Characterization of the Differentially Expressed circRNAs.

circRNA ID GENOMIC POSITION SYGI\IjI;(E)L FDR
hsa-NIPBL_0053 chr5:36982165|36986301 NIPBL <0.01
hsa-XPO1_0001 chr2:61522611| 61533903 XPO1 <0.05
MT_2225 2761 - MT — RNR2 <0.05
hsa-PCMTD1_0002 chr8:51860845|51861246 PCMTD1 <0.05
hsa-NCOAZ2_0001 chr8:70213903|70216764 NCOAZ2 <0.05
hsa-SETD3_0001 chr14:99458279|99465813 SETD3 <0.05
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Figure 1. Differential circRNA expression profiles analysis of circRNAs. Volcano plot of
differentially expressed circRNAs contrasting Asymptomatic vs Severe groups (a), Asymptomatic vs
Mild groups (b), Mild vs Severe groups (c), and Non-Severe vs Severe groups (d) Red points represent
circRNAs that were significantly up-regulated or down-regulated, and and green points represent not
significantly different in the groups. x-axis: log2 ratio of circRNA expression levels, y-axis: false-
discovery rate values (—log10 transformed) of circRNAs.

We combined the 11 asymptomatic and 14 mild cases into a single non-severe group
and performed differential expression analysis of circRNAs comparing non-severe versus
severe COVID-19. This analysis revealed two DE circRNAs, MT_1690 1894 and
NIPBL_0053 (Figure 1D). We performed receiver operating characteristic (ROC) analysis and
area under the curve (AUC) to evaluate the potential of circRNAs as biomarkers for COVID-
19. CircRNAs exhibited no significant discriminatory accuracy between the clinical groups

(Figure 2).
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Figure 2. Receiver operating characteristic (ROC) curve analysis of differentially expressed
circRNAs.

Characterization of circRNA-associated genomic variants and eQTL analysis

Whole exome sequencing (WES) data from Barros and collaborators (2024) were used to
visualize the profile of DNA variants in individuals with COVID-19. In Polymorphic
associations we do not observe association between variants and COVID-19 severity. To
determine whether the circRNA expression or gene expression was controlled by any exome
data Single Nucleotide Polymorphism (SNP) or Insertion-Deletion (INDEL), we performed the
eQTL analysis.

In total, 4684 variants were identified, including 4549 Single Nucleotide Polymorphisms
(SNPs) and 135 Insertions-Deletions (INDELS). These mutations had various genetic effects in
coding regions such as missense (54%), synonymous (42%), stop gained (3%), and inframe
insertion (1%), and in non-coding regions, we observed genetic effects as intron (35%), non-
coding transcript (10%) and splice region (3%) principally.

We observed pathogenic, benign and variants of uncertain significance among the
significant variants in the eQTL data. None of the pathogenic variants were present in genes
encoding CircRNAs.

To characterize the regulation of circRNA expression, we relate the Single Nucleotide
Polymorphisms (SNPs) and Insertions-Deletions (INDELSs) with Differentially Expressed (DE)
circRNA. We found 265 genetic variants (here we term as VRNT) associated with DE
circRNAs, including 231 VRNT associated with DE circRNA expression in non-severe group

and 34 eVRNT related with DE circRNA expression in severe group, except CircRNA
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MT 2225 2761, in that we did not find eVRNT associated with their expression. Lastly, we
overlapped genetic variants associated with circRNA expression and COVID-19-related
polymorphisms reported in previous studies to identify the relevance of circRNAs in COVID-
19.

Given the large data set, the focus was placed on the genetic implications of variants that
can impact DE circRNAs. For this, we evaluated variants in four phases:1) Variants present in
DE circRNA regions, 2) Variant associated with DE circRNAs, 3) Variant in parental gene
regions of DE circRNA, 4) Variant in parental gene associated with DE circRNA,; after this
screening, we also sought to characterize the relation of these variants with COVID-19
pathogenesis. First, we analyze the genomic characteristics in the circAtlas to evaluate the
genomic localization of circRNAs. . Second, with the DE circRNAs position, we performed
screening in the Ensembl Variant Effect Predictor (VEP) (Mclauren et al., 2016) to identify
variants of the four phases, i.e., in regions or that can affect the expression of these molecules
found 265 polymorphisms that can affect the expression of circRNA. Subsequently, considering
each DE circRNA and the non-severe and severe groups, we sought to characterize the regions
of these variants in the dbSNP and Clinvar. When checking which variants are present in the
parental genes regions of the DE circRNA and in parental gene regions associated with DE
circRNA, we verified which genes these variants affect and whether they affect the parental
genes themselves. Researching variants in circRNA DE parental genes regions identified two
variants, but didn't find DE circRNAs or DE circRNA parental genes being regulated by these

variants.

circRNA-miRNA-target interactions and functional enrichment analysis of miRNAs
target genes

We investigated miRNAs that targeted genomics regions of differentially expressed
circRNAs. Among these, five circRNAs (hsa-NCOA2 0001, hsa-NIPBL_0053, hsa-
PCMTD1 0002, hsa-SETD3 0001, and hsa-XPO1 0001) were identified as having
documented miRNAs interaction (Figure 3A). Subsequently, the miRNAs associated with each
circRNA were analyzed using miRTarBase, resulting in a list of miRNAs-target genes
(Supplementary Table S1). Notably, these miRNAs were found to regulate targets implicated
in key biological processes to COVID-19, including cellular responses to hypoxia, cellular
responses to oxygen levels, WNT pathway, cytokine, regulation of immune response, cellular

response to viruses, apoptotic signaling, and cytokine-mediated signaling (Figure 3B and
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Supplementary Table S2). Although each circRNA interacts with distinct miRNAs (Figure 3A),
their regulatory network converges on similar biological pathways, suggesting a coordinated

role in the host response to infection.
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Figure 3. The circRNA-targeted miRNA interactions (A) and GO analysis of DEcircRNAs (B).

DISCUSSION

We found that circRNA expression in both mild and asymptomatic cases is significantly
different from that in the severe group (p < 0.05), while differences between asymptomatic and
mild cases were minimal, with only one DE circRNA (p < 0.05). In the comparison of non-
severe vs. severe, we found the circRNAs MT 1690 1894 and has-NIPBL_0053
underexpressed in non-severe compared to severe individuals (p<0.05).

To explore the role of circRNA in the COVID-19, we analyzed the circRNA expression
profile of the samples of the individuals positive to COVID-19 infection, using whole
transcriptomic sequencing. We compared the expression levels of circRNAs between these
groups and found significant differences when comparing asymptomatic versus severe, and
mild versus severe, and a lower level of significance was observed between asymptomatic and
mild group.

The circRNAs hsa-NIPBL_0053, hsa-XPO1l 0001, MT 2225 2761, hsa-
PCMTD1 0002, hsa-NCOA2_0001 and hsa-SETD3_0001 were significantly downregulated
in patients with asymptomatic disease compared to those with severe disease. In the comparison
between mild and severe cases, we identified the circRNAs MT_1690 1894 and hsa-
ARHGEF12_0001 upregulated. When comparing asymptomatic vs. mild groups, the circRNA
MT_1690_1894 was also found to be upregulated.
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CircRNA hsa-NIPBL_0053 was reported to be significantly upregulated in atrial
fibrillation (26), and melanoma methastatic (27) involving pathways as cardiac muscle
contraction. In our results this circRNA was also upregulated in severe group.

Liu et al., (2024) (28) explored the role of circRNAs in the malignant transformation of
multiple lung cancer cell lines induced by NNK. Their findings suggested that increased
expression of circNIPBL significantly inhibited the proliferation, migration, and invasion,
playing a tumor suppressor role. They also demonstrated, by RNA pulldown assays, that
downregulation of circNIPBL reduces the binding of HSP90a to AHR, influencing the nuclear
and cytoplasmic distribution of AHR and promoting the occurrence of the TP53-H179R variant,
whereas overexpression of circNIPBL may delay its occurrence and accumulation. circNIPBL
upregulation inhibits the activity of the base excision repair pathway, thereby promoting NNK-
induced DSBs and triggering cell apoptosis (29).

To our best knowledge, hsa-NIPBL_0053 has not been reported in previous COVID-19
studies. It is well established in the literature that the action of Hsp90 as a host chaperone is
required for viral replication (29). A study demonstrated the role of HSP90 in SARS-CoV-2
infection (30). This protein interacts with multiple SARS-CoV-2 structural proteins (N, M,
Orf3, Orf7a, and Orf7b) and regulates virion assembly (30); its dysfunction directly inhibits
virion assembly, and suppresses lung injury, resulting in efficient inhibition of SARS-CoV-2
proliferation, demonstrating that HSP90 proteins are necessary to SARS-CoV-2 proliferation
(32).

HSP90 chaperones activate translocation of the Aryl hydrocarbon Receptor (AhR), an
transcription factor, to the nucleus (32). AhR can increase the risk of double-stranded breaks
and can promote immunosuppression, and affect pathways of the antioxidant responsive
elements (33).

It has been described that AhR promotes interferon-induced mucus production in a
rodent model, during SARS-CoV-2 infection, also was related that this mucus production,
stimulated by IFN-AhR signaling triggers hypoxia in COVID-19, this accumulated alveolar
mucus affects the blood-gas barrier, inducing hypoxia and diminishing lung capacity (34). The
participation of AhR in COVID-19 pathophysiology has been reported, with a potential role in
the regulation of SARS-CoV-2 entry, the ‘cytokine storm’, and anti-viral defense (35). Shi et
al., 2023 (36) demonstrated that infection with SARS-CoV-2 activates AhR signaling and
facilitates viral replication by up-regulating ACE2 receptor expression. AhR activation can

promote viral replication and contribute to lung pathology (37).
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circNIPBL upregulated the expression of Wnt5a and activated the Wnt/B-catenin
signaling pathway directly sponged miR-16-2-3p, promoting metastasis of Bladder Cancer
(BCa) (38). In COVID-19 patients with acute respiratory distress, the expression of the
activating ligand Wntb5a is increased (39). Analysis with cells cultures demonstrated that the
SARS-CoV-2 infection activates Wnt/p-catenin pathway and the its inhibition potently reduces
SARS-CoV-2 replication in vitro; it also reduces viral load, inflammation, and clinical
symptoms in a murine model of COVID-19 viral (40).

Based on these aspects and compared to our results, since hsa-NIPBL_0053 is
upregulated in the severe group, we suggest that hsa-NIPBL_0053 may contribute to COVID-
19 pathogenesis, possibly throughinteractions with AhR and HSP90 protein, involving the
immune response, hypoxia and pulmonar injury in the host, and SARS-CoV-2 proliferation.

Due to the scarcity of databases with functional annotations of circRNAs, we
investigated their functional roles by considering that circRNAs can regulate or be regulated by
mMiRNAs targeting genes with known functional annotations, We therefore performed
enrichment analysis using the annotation of these target genes. This type of analysis has beens
applied in other studies (12,13,41).

The GO enrichment for the targets of miRNA sponged by hsa-NIPBL_0053 highlighted
pathways mainly related to cellular responses to hypoxia, cellular responses to oxygen levels,
WNT pathway, cytokine, immune response-regulation, cellular response to virus, cytokine -
mediated signaling. RNA-seq analysis found differentially expressed circRNA and IncCRNA in
COVID-19, and complementary analysis of the GO and KEGG, indicated that these molecules
may play a role in multiple immune and inflammatory pathways, as well as in the growth and
apoptosis of host cells, mainly involved in regulation of the host cell immunity and
inflammation, substance and energy metabolism, cell cycle and cell apoptosis (42). This
indicated that in the severe group, the overexpression of this circRNA contributes to the
exacerbation of the inflammatory process and consequently to the severity of the infection in
these patients.

hsa-XPO1 0001 was identified upregulated in the inflammatory phase and the
proliferative phase of the human skin wound repair, highlighting the role of this circRNA in the
inflammatory process (43). These findings reinforce our results, as hsa-XPO1_0001 is
overexpressed in the severe group, and GO enrichment analysis for the miRNAs sponged hsa-
XPO1 0001 suggested a strong association with several pathways relevant to COVID-19, such

as cellular responses to hypoxia, cellular responses to oxygen levels, pathway, cytokine,
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immune response-regulation, cellular response to virus, cytokine -mediated signaling, cytokine
production and defense response to virus, important pathways associated with COVID-19 and
that can influence in the storm cytokine pathogenesis.

The has_ PCMTD1_0002 expression was investigated in one study about RNA editing
enzyme ADAR in the control of multidrug resistance in human renal cells, but were not found
correlation of this circRNA with the activity ADARI (44). Regarding circNCOA2 and
circSETD3 no studies investigating these circRNAs were found in the literature, and they are
being reported for the first time. In our analysis, we identified upregulated circSETD3 in severe
cases, and the pathways involved with this circRNA highlighted processes such as cellular
responses to hypoxia and cellular responses to oxygen levels - important factors involved in
severe COVID-19 conditions.

Interestingly, we noted the expression of mitochondrial circRNAs in all comparisons.
The expression levels of mitochondrial circRNA showed higher values in the asymptomatic
and mild groups and lower values in the severe group. This may suggest that lower symptom
severity is associated with higher circRNA expression.

Whole-exome sequencing data (22) was used to obtain genetic information and detect
DNA variants in all samples. To characterize the genetic and expression circRNAs aspects in
COVID-19, we identified variants associated with circRNA and observed that circRNA
expression differed significantly between the groups. We also investigated and compared
variants that regulating circRNA expression with those regulating their parental genes, and
observed that these variants are not associated. A similar result was reported by Ahmed and
collaborators (2019) (45). When researching variants circRNAs DE parental genes regions,
identified two variants. To characterize these variants, we observed the variant rs10106734 in
the PCMTDL1 gene, in severe and non-severe, and the rs1446532 variant in the XPO1 gene. We
noted that variants in these regions did not present clinical pathogenic significance, but affect
regulatory regions and coding genes, nevertheless, they do not affect the expression of DE
circRNAs. In other parental circRNA genes, no variants were identified.

Analysis of eQTL has become a strategy excellent for investigating the correlation
between genetic variations and miRNA and IncRNA expression associated with COVID-19
(46,47), but this approach has not yet been applied to circRNAs associated with COVID-19.

In our analysis, among the variants affecting the expression of DE circRNAs, when
assessing clinical significance, no pathogenic variants were observed, only benign or of

uncertain significance. Interestingly, eQTL analyses showed a variant (rs494457) in the
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TMPRSS13 gene that affects the expression of the mitochondrial circRNA MT_2225 2761
only in the group of non-severe patients. This gene was identified as acting in the enhanced
cellular uptake and subsequent replication of SARS-CoV-2 (Russo et al., 2020). Variants in
other important genes were also found, such as CASP10 (related to apoptosis), HNRNPL
(regulates the splicing process) and IF144L, the latter with mitochondrial activity. In our
differential expression analyses, the mitochondrial circRNA MT_2225 2761 was
downregulated in asymptomatic individuals compared to the severe group. We do not know
exactly its function, but we hypothesize that the rs494457 variant may compromise TMPRSS13
function, to prevent viral replication, conferring some protection to the individual. The
dowregulation of MT_2225 2761 might occur as an underlying effect of the variant. However
further investigations are necessary tois necessary future investigations to confirm this
hypothesis.

We observed that the variants that affect the expression of DE circRNAs are not present
in the genomic region of the circRNA or in its parental gene, and do not exhibit clinical
pathogenic significance. In the non-severe group, we identified variants that regulate the
circRNAs hsa-NIPBL_0053, hsa-XPO1 0001, MT_1690 1894, hsa-PCMTD1 0002, hsa-
SETD3_0001, hsa-NCOA2_0001, hsa-ARHGEF12_ 0001, MT_2225 2761 (only in non-
severe); and among the severe cases, variants that regulate circRNAs were characterized
regulate hsa-NIPBL_0053, hsa-XPO1 0001, MT_1690 1894, hsa-PCMTD1_0002, hsa-
NCOA2_0001, hsa-SETD3_0001, hsa-ARHGEF12_0001.

Exclusively in the severe group, we observed variants in the IL17RD that regulate the
expression of circRNAs MT_1690 1894 (underexpressed in severe cases), hsa-NCOA2_0001
(overexpressed in severe cases), hsa-ARHGEF12_0001 (underexpressed in severe cases) and
hsa-XPO1 0001 (overexpressed in severe cases). And variants affecting the expression of
MT_2225 2761 were found only in non-severe cases, causing underexpression in
asymptomatic vs mild and mild vs severe cases.

Overall, using Clinvar data we noted that no clinical pathogenic significance was found
in variants related to DE circRNAs. These findings suggest that the regions of the parental genes
are unlikely to influence the expression of DE circRNAs, and that variants in other genes
important for immune response and viral defense may be contributing to the dysregulation of
these circRNAs. Furthermore, since no polymorphic association was found between the
variants and COVID-19, and these variants do not have clinical pathogenic significance, on the

one hand we can infer that the variants are not causing the disease. On the other hand, as the

80



variants are not causing the disease, this finding may indicate that the majority of the
transcriptional differences observed result from the consequence of infection rather than genetic
variations, as seen in other investigations (48). Studies with cis-eQTL also revealed that
circQTL SNPs can affect or influence circRNA biogenesis (49).

A large study by genotyping and transcriptome techniques investigated eQTL in a
Japanese population and identified genes related to COVID-19 and immune response (48).
Genotyping profiling, miRNA and mRNA expression with eQTL analysis reported miRNA
associated with the COVID-19 (46). IncRNAs eQTL related with COVID-19 also were realized
(47). However, to our knowledge, this approach has not been investigated in circRNAs.
Recently, an eQTL study identified circRNAS related to immune response (50), however, eQTL
studies specifically investigating the role of circRNA expression in COVID-19 have not yet
been developed, especially in the north region of Brazil.

Furthermore, there are also few studies with experimental data, in general they using
variants of databases for its analysis. In view of this, the mechanisms by which circeQTL
influence COVID-19 are still being clarified.

We are aware that we have some limitations. For instance, some circRNAs presented
low counts and may leave noise in the study. Also, the sample size for polymorphic association
analysis may have influenced the results. Even so, we were able to find consistent results, since
we used experimental methodologies in the same samples to associate our results. Thus, in
future studies, the findings presented here can be validated in other samples, using other
methodologies, to evaluate the presence of specific variants, such as through genotyping and
exploring the expression of specific circRNAs, such as circ_NIPBL, circ_XPO1l and
mitochondrial circRNAs, to confirm our findings. Furthermore, a limitation that is recurrent in
several studies is the scarcity of databases with functional annotations of circRNAs, which
makes it difficult to predict their targets. As in other studies (41), we limited ourselves to
evaluating their functions based on their function as miRNA sponges, identifying miRNAs that
interact with these circRNAs and their respective targets. In this way, we were able to find
relevant pathways that have been investigated in other studies and associated with the severity
of COVID-109.

Here, we identified eQTLs by integrating RNA-seq and whole exome sequencing data
from COVID-19 patient samples. These eQTL exhibited different regulatory effects on
circRNAs among the Non-Severe and Severe groups, suggesting that SARS-CoV-2 infection

mechanism may cause alterations in ncRNAs expression regulation. Therefore, the COVID-19
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eQTL data analysis is essential to explore SARS-CoV-2 infection mechanism and host

response.

CONCLUSIONS

Genetic alteration can change the genic expression, influencing the function of various
genes and ncRNAs, as circRNAs. While most studies on COVID-19 etiology investigate solely
the influence of genetic or epigenetic changes on SARS-CoV-2 infection pathogenesis, the
comprehensive interaction between epigenetic factors and genetic variants remains poorly
explored.

In this study we investigated the genetic and epigenetic aspects of circRNA regulation
in COVID-19 pathogenesis. Our results demonstrated that DE circRNAs may be involved in
the pathogenesis of the clinical severity of COVID-19. The potential functions of circRNAs are
still under active investigation, and the discovery of the role of these circRNAs in the severity
of COVID-19 infection is important for understanding how these molecules can act in viral
infection. Thereby this study explores how epigenetic regulation, and genetic variants can
influence the circRNAs expression and to associate with COVID-19 pathogenesis. Therefore,
these research results may expand the insight into the function of these molecules in COVID-
19.
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6 DISCUSSAO GERAL

A investigacdo de ncRNAs tem apresentado uma importante contribuicdo para o
entendimento de mecanismos celulares e a sua relacdo com o desenvolvimento de doencas. No
entanto, as pesquisas ndo sao uniformes em relagéo aos tipos de ncRNAs, uma vez que a maioria
dos estudos investigam miRNAS e IncRNAs, e as fungdes de outros ncCRNAs como piRNAs e
circRNAs, sdo ainda pouco compreendidas. Apesar disso, 0s achados sobre essas moléculas ja
destacam o seu importante papel nos mecanismos biologicos e na patogénese de doencas como
cancer e doencas infecciosas, incluindo COVID-19. Nesse sentido, esta tese teve como objetivo
investigar a presenca de polimorfismos em regides de piRNAs e definir a importancia da sua
sequéncia para exercer as suas funcgdes, para fundamentar a nossa hipOtese de que
polimorfismos em regides de ncRNAs podem afetar a sua funcdo. Dessa forma a partir dessa
conclusdo buscou-se entender também o papel dos polimorfismos em circRNAs e a
desregulacdo da sua expressédo na COVID-19. Esse projeto originou dois artigos, presentes nos
Capitulos 1 e 1I.

No primeiro capitulo desta tese, usamos dados genémicos do piRBase e 1000 Genomes
Project para caracterizar os polimorfismos em regies que codificam piRNAs, tando do tipo
Polimorfismos de Nucleotideo Unico (SNP), quanto do tipo Insercio-Delecdo (INDEL). A
partir do piRBase foram utilizadas todas as sequéncias de piRNAs e do 1000 Genomes Project
foram utilizadas as sequéncias de variantes, considerando localizacdo no genoma, tipo de
mutacéo e frequéncia alélica.

Os resultados desse trabalho apontaram que os piRNAS possuem maior conservagao
para mutacGes INDEL e menor conservacdo para mutacfes SNP, ambas em comparacdo com
regides exonicas, 0 que sugere que piRNAs sdo mais permissivos a mutaces SNP e menos
permissivos a mutacdes INDEL, de modo que SNPs pouco afetam sua atividade normal e
INDELSs causam grande o impacto para as fung6es da estrutura dessa molécula.

Ao analisar a conservacdo da sequéncia de piRNA, o estudo destacou que néo foi
possivel delimitar uma regido especifica dentro de piRNAs que possa exercer o papel de seed
como em mMiRNAs, pois ndo foi observada uma regido ou posi¢do genémica mais conservada
dentro da sequéncia de piRNA, indicando que toda a sequéncia de piRNA é importante para
ligacdo ao alvo e realizagcdo de suas fungdes. Estudos experimentais ja demonstraram que
diferentes regides do piRNA s&o importantes para sua ligagéo ao alvo e supressdo da expressao
(ROJAS-RIOS; SIMONELIG, 2018; VOUREKAS et al., 2016), além disso, ja foi demonstrado

gue um pareamento imperfeito é permitido, somente com poucas alteracbes (VOUREKAS et
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al., 2016). Dessa forma, esses dados corroboram os nossos achados de que toda a sequéncia do
piRNA é necessaria para 0 pareamento, permitindo poucos mismatch, ao realizar a sua funcéo
de repressdo da traducéo.

Esses achados destacam a importancia de estudos que avaliem polimorfismos em
regides de ncRNAs, como observado, esses polimorfismos podem afetar a fungdo de piRNAs
e prejudicar mecanismos importantes dentro da célula, e esse impacto é maior quando as
alteracdes s@o do tipo INDEL. Estudos ja demonstraram que polimorfismos em regides de
piRNAs podem tanto afetar a sua funcéo, quanto esté associado ao desenvolvimento de doenca,
destacando a relevancia de avaliar tanto polimorfismos quanto a expressdo de piRNAS
(JACOBS et al., 2018; LIN et al., 2019)

InvestigacOes experimentais sugeriram que polimorfismos em piRNAs podem afetar a
sua expressao e entdo suprimir a atividade de transposons (RYAZANSKY et al., 2017). A
importancia dos piRNAs para atividade antiviral de SARS-CoV-2 ja foi relatada. Analises com
NCS identificaram sequéncias de piRNAs em exossomos/microvesiculas (Ex/Mv) com
potencial antiviral, que podem provavelmente se ligar ao genoma de RNA do SARS-CoV-2 e
suprimir a replicacdo viral (YU et al., 2020; IKHLAS et al., 2022; AKIMNIYAZIVA et al.,
2022; RAKHMETULLINA et al., 2023).)

Essas anélises reforcam que as funcdes do piRNAs sdo importantes para o processo de
replicacdo do virus, e podem contribuir para o entendimento de mecanismos antivirais.

Também j& foi reportado o perfil de expressdo diferencial de piRNAs em diferentes
tipos celulares, quando comparado pacientes com COVID-19 com quadro clinico grave e
individuos saudaveis (KONDRATQV et al., 2024).

Dessa forma, destaca-se que o papel dos piRNAs no desenvolvimento da patogénese da
COVID-19 ja foi demonstrado, alem disso, ja foi descrito que polimorfismos na via piRNA-
PIWI podem afetar a supressdo de transpossons (RYAZANSKY et al., 2017). Sabendo que
muitos virus podem exercer a funcdo de transposons, e que piRNAs podem atuar na defesa
antiviral, sdo necessarios estudos que avaliam o papel de polimorfismos na regido de piRNAs
gue possam estar associados a COVID-19. Embora no presente trabalho essa investigacdo ndo
tenha sido realizada, estudos futuros podem avaliar esses aspectos ja investigados em outras
doencas como cancer (LIN et al., 2019). Apesar dessa limitacdo técnica em avaliar piRNAS, a
partir das conclusdes do primeiro capitulo, no Capitulo 1l esta tese buscou investigar o perfil de
expressdo de circRNAs e identificar polimorfismos relacionados com circRNAS

diferencialmente expressos na COVID-19.
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No capitulo Il dessa tese classificamos trés grupos de pacientes, categorizados de acordo
com o quadro clinico em: Assintomaticos, Leves e Graves. E analisamos em um conjunto de
66 amostras, o perfil de expressdo de circRNAs a partir dos nossos dados de RNA-seq e
identificamos 8 circRNAs DE. Dessas mesmas amostras, um total de 50 foram investigadas em
relacdo a presenca de variantes a partir da analise dos dados de sequenciamento de exoma
completo de Barros e colaboradores (2024). Também realizamos andlise de associacdo
polimorfica, e ndo encontramos associagdo com a COVID-19. Estudos considerando analises
de associacdo polimdrfica correlacionados com expressao génica permite apontar genes que
afetam caracteristicas ou mecanismos envolvidos em doencas.

Além disso, neste estudo, conduzimos a analise de dados de eQTL obtidos de dados de
sequenciamento de RNA-seq e exoma completo de amostras de pacientes infectados por SARS-
CoV-2. Até onde sabemos, este foi o primeiro trabalho a caracterizar o perfil de expressdo de
circRNAs e variantes relacionadas, com analises de eQTL associada a COVID-19.

Para entender mais profundamente os mecanismos regulatorios envolvidos na infecgédo
por SARS-CoV-2, expandimos a analise comum de eQTL para identificar variantes associadas
a expressdo de circRNAs na doenca COVID-19. A partir das analises do RNA-seq,
identificamos 8 circRNAs DE e usando variantes identificadas no sequenciamento do exoma
completo, realizamos a associacao entre a expressdo de circRNA e variantes, e selecionamos
associacOes significativas de eQTL, definido como mapeamento de variantes genéticas para
niveis de expressdao de mRNA, e aqui definimos como Locus de Caracteristica Quantitativa de
Expresséo de circRNA (circeQTL).

Identificamos circeQTLs integrando dados de sequenciamento de RNA-seq e exoma
completo de amostras de pacientes com COVID-19. Esses circeQTLs apresentaram diferentes
efeitos regulatorios sobre circRNAs entre os grupos Ndo Grave e Grave, sugerindo que o
mecanismo de infec¢do por SARS-CoV-2 pode causar alteragdes na regulacdo da expressao de
NcRNAs.

Esse estudo identificou circRNAs associados com resposta imune e envolvidos em vias
importantes da COVID-19, como hsa-NIPBL_0053, hsa-XPO1_0001, circRNAs mitocondriais
e variantes genéticas como as presentes no gene TMPRSS13 e genes parental XPOL. Através
de analises in silico identificamos cinco circRNAs (hsa-NIPBL_0053, hsa-PCMTD1_0002,
hsa-NCOA2_0001, hsa-SETD3_0001, hsa-XPO1_0001), interagindo com miRNAs, e analises
de processos bioldgicos dos genes alvos desses miRNAs apontaram para vias envolvidas em

mecanismos descritos na infeccdo pelo SARS-CoV-2, incluindo respostas celulares a hipdxia,
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respostas celulares aos niveis de oxigénio, via WNT, citocina, regulacdo da resposta imune,
resposta celular ao virus, sinalizacdo apoptotica e sinalizacdo mediada por citocina.

O circRNA MT 1690 1894 ndo foi descrito na literatura, mas genes da mesma familia
MT-RNR2 estdo envolvidos na regulacdo negativa da morte celular e da resposta
neuroinflamatéria (GENECARD, 2024), fatores que podem influenciar a patogénese da
COVID-19. Essas observacdes sugerem que o sequestro mitocondrial pode ser um mecanismo
essencial na infeccdo por SARS-CoV-2 e afetar negativamente a bioenergeética celular. Nesse
sentido, entender como os circRNAs nucleares e mitocondriais atuam pode contribuir para
diversas respostas as infec¢bes por SARS-CoV-2.

Assim, os achados deste estudo podem ajudar a elucidar o papel dos circRNASs na
gravidade da COVID-19. A compreensdo da expressao e funcdo desses circRNAs durante a
infeccdo por SARS-CoV-2 fornecerd insights sobre a compreensdo das alteracbes no
transcriptoma e genoma do hospedeiro e sua relagdo com a patogénese da COVID-19.

Sabe-se que esse estudo possui algumas limitag6es, ndo realizamos o sequenciamento
de piRNAs devido limitacGes técnicas, mas o seu impacto na defesa viral reforca que eles
devem ser investigados em futuras analises. Também tivemos um pequeno numero amostral
para analise de associacdo polimdrfica, sendo necessaria uma validagdo em um nimero maior
de amostras para confirmar de fato a presenca ou auséncia de associagdo. Além disso, €
necessaria a validacdo dos circRNAs DE mediante outras técnicas de biologia molecular para
corroborar nossos achados. No entanto, os achados descritos destaca o importante papel de
variantes genéticas em regides de piRNAs, e demonstram que alteragdes genéticas e
epigenéticas relacionados com a expressdo de circRNAs podem regular mecanismos
envolvidos na patogénese da infeccdo pelo SARS-CoV-2.

Dessa forma, os achados desses dois estudos sdo importantes para compreender o
impacto de variantes na expressdo de ncRNAs, como piRNAs e circRNAs. Ao identificar
variantes genéticas em regides de piRNAs e considerar varias regides da sua sequéncia como
importante para sua funcdo, o Capitulo I evidenciou a necessidade de avaliar tanto alterac6es
gendmicas (variantes) quanto alteracdes epigendmicas (desregulacdo da expressdo de ncRNAS)
em estudos envolvendo individuos saudaveis ou na investigacdo de doencas, para desvendar
mecanismos celulares que possam esté influenciando no processo de adoecimento.

Além disso, no Capitulo I, aplicamos de forma experimental analise de expressdo de
circRNAs por RNA-seq e variantes por dados de exoma completo e analise integrada de eQTL

para verificar as hipdteses formadas a partir do capitulo I, que regides de ncRNAs podem afetar
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a sua expressao. E identificamos variantes que podem estar regulando a expressao de circRNAs
DE, envolvidas em vias relevantes da COVID-19.

Assim, 0s nossos resultados refletem o relevante papel dessas moléculas na COVID-19
e destacam que elas precisam ser investigadas mais profundamente, aplicando a mesma
metodologia desenvolvida com circRNA na analise de associagdo de piRNAs com a COVID-
19, além da validacdo dos circRNAs DE em outras amostras e metodologias, e analises

funcionais que investiguem o impacto dessas variantes no perfil de expressdo de circRNAsS.
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7 CONCLUSAO

Nesse estudo, ao caracterizar os polimorfismos em regifes que codificam piRNAs,
destacamos que variantes podem impactar na funcdo dessas moléculas. Posteriormente,
realizamos uma analise integrada de aspectos genéticos e epigenéticos de circRNAs na COVID-
19. Ao investigar o perfil de expressdo de circRNAs encontramos 8 circRNAs diferencialmente
expressos. Além disso identificamos circeQTLs que podem estar regulando a expressao dessas
moléculas e afetando a patogénese da doenca.

Os resultados encontrados neste estudo sugerem que os circRNAs DE e circeQTL,
através de vias relevantes para a patogénese da COVID-19, podem desempenhar um papel
importante nos mecanismos da infeccdo por SARS-CoV-2. No entanto, se faz necessario
investigar piRNAs associados a COVID-19 e aplicar estudos funcionais para elucidar os

mecanismos genéticos e epigenéticos dos circRNAs nessa doenca.
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Abstract: Malaria is a parasitic disease (caused by different Plasmodium species) that affects millions
of people worldwide. The lack of effective malaria drugs and a vaccine contributes to this disease,
continuing to cause major public health and socioeconomic problems, especially in low-income
countries. Cell death is implicated in malaria immune responses by eliminating infected cells, but it
can also provoke an intense inflammatory response and lead to severe malaria outcomes. The study
of the pathophysiological role of cell death in malaria in mammalians is key to understanding the
parasite-host interactions and design prophylactic and therapeutic strategies for malaria. In this
work, we review malaria-triggered cell death pathways (apoptosis, autophagy, necrosis, pyroptosis,
NETosis, and ferroptosis) and we discuss their potential role in the development of new approaches

for human malaria therapies.

Keywords: malaria; Plasmodium; immune response; cell death

1. Introduction

Malaria is a parasitic disease—caused by protozoa pathogens of the Plasmodium
genus—that is estimated to have infected around 228 million of people worldwide in 2018,
representing a risk especially for residents of developing countries in tropical and subtropi-
cal regions [1]. This is particularly relevant considering underreporting, due to diagnostic
difficulties in some malaria-endemic areas. Therefore, malaria control and elimination
are the central goals of the World Health Organization (WHO) Global Malaria Program
(GMP); to achieve this goal, WHO recommends the administration of antimalarial drugs,
but the emerging of genetic resistance in these parasites to artemisinin-based combination
therapies (ACTs), the gold-standard antimalarial treatment, and the lack of an efficacious
vaccine impose limitations on the progress of malaria elimination [1,2].

In the search for new methods to stem malaria, researchers have been studying
intrinsic factors of the host, such as genetic profile and immunological mechanism [3-5].
The Plasmodium infection includes multiple stages, so immunity to malaria needs to be
multifaceted and stage-specific [6]. The immune system has a set of strategies to fight off
malaria parasites, among which is cell death. Indeed, the description of different cell death
pathways underlying immune response to infectious and parasitic diseases highlighted
cell death as a fundamental immunological mechanism to control parasitemia [7-9].

Considering the above, comprehensive knowledge about the genetic, molecular, and
biochemical mechanisms of the different cell death modalities has taken a prominent
position in recent advances in immune response and the design of prophylactic and
therapeutic methods against malaria. This infection has been reported to induce different
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Abstract: Background: Parkinson’s disease (PD) is currently the second most common neurode-
generative disorder, burdening about 10 million elderly individuals worldwide. The multifactorial
nature of PD poses a difficult obstacle for understanding the mechanisms involved in its onset and
progression. Currently, diagnosis depends on the appearance of clinical signs, some of which are
shared among various neurologic disorders, hindering early diagnosis. There are no effective tools to
prevent PD onset, detect the disease in early stages or accurately report the risk of disease progression.
Hence, there is an increasing demand for biomarkers that may identify disease onset and progression,
as treatment-based medicine may not be the best approach for PD. Over the last few decades, the
search for molecular markers to predict susceptibility, aid in accurate diagnosis and evaluate the
progress of PD have intensified, but strategies aimed to improve individualized patient care have not
yet been established. Conclusions: Genomic variation, regulation by epigenomic mechanisms, as well
as the influence of the host gut microbiome seem to have a crucial role in the onset and progress of PD,
thus are considered potential biomarkers. As such, the human nuclear and mitochondrial genome,
epigenome, and the host gut microbiome might be the key elements to the rise of personalized

medicine for PD patients.

Keywords: Parkinson’s disease; neurodegeneration; genetics; non-coding RNAs; microbiome; mito-
chondria; epigenetics; biomarkers; precision medicine

1. Introduction

As life expectancy rises as a result of technological advances, humanity faces an
increased burden of aging diseases, such as cancer, diabetes, cardiovascular and neurode-
generative disorders. Degenerative diseases affecting the nervous system are recognized
as major causes of death and disabilities among the elderly population worldwide [1].
However, the molecular mechanisms engaged in the onset and progression of neurode-
generative diseases remain elusive. A complete understanding of the molecular biology of
neurodegeneration will benefit the search for biomarkers to be employed in strategies for
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Abstract: piRNAs are a class of noncoding RNAs that perform functions in epigenetic regulation and
silencing of transposable elements, a mechanism conserved among most mammals. At present, there
are more than 30,000 known piRNAs in humans, of which more than 80% are derived from intergenic
regions, and approximately 20% are derived from the introns and exons of pre-mRNAs. It was
observed that the expression of the piRNA profile is specific in several organs, suggesting that they
play functional roles in different tissues. In addition, some studies suggest that changes in regions
that encode piRNAs may have an impact on their function. To evaluate the conservation of these
regions and explore the existence of a seed region, SNP and INDEL variant rates were investigated
in several genomic regions and compared to piRNA region variant rates. Thus, data analysis,
data collection, cleaning, treatment, and exploration were implemented using the R programming
language with the help of the RStudio platform. We found that piRNA regions are highly conserved
after considering INDELs and do not seem to present an identifiable seed region after considering
SNPs and INDEL variants. These findings may contribute to future studies attempting to determine
how polymorphisms in piRNA regions can impact diseases.

Keywords: piRNA; polymorphisms; conservation

1. Introduction

The Encyclopedia of DNA Elements (ENCODE), a large consortium project to map all
functional elements in the human genome, has suggested that up to 80% of the genome is
biologically active and functional with an essential role in controlling DNA expression and
spatial organization of the genome [1-3]. This regulation is carried out by DNA sequences
that are transcribed into noncoding RNA molecules [2]. Three major families of small
noncoding RNAs (sncRNAs) in eukaryotic cells have been widely studied: microRNAs
(miRNAs), interference RNAs (siRNAs), and PIWI-interacting RN As (piRNAs) [4].

PiRNAs are a class of recently discovered sncRNAs that were described for the first
time in germ cells [5-8] and identified later in somatic cells [9]. These sncRNAs have
24-31 nucleotides, interact with argonaut proteins of the PIWI subfamily, and form the
PIWI-piRNA pathway, which plays roles in transcriptional and posttranscriptional silenc-
ing of transposable elements (TEs), epigenetic regulation, the maintenance of germ cell
function, and the regulation of mRNA [9-11]. However, the most well-characterized piRNA
function is TE silencing [11]. The silencing of TEs and other genetic elements in germlines,
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Introduction: After three years since the beginning of the pandemic, the
new corcnavirus continues to raise several questions regarding its infectious
process and host response. Several mutations occurred in different regions of
the SARS-CoV-2 genome, such as in the spike gene, causing the emergence
of variants of concern and interest (VOCs and VOIs), of which some present
higher transmissibility and virulence, especially among patients with previous
comorbidities. It is essential to understand its spread dynamics to prevent and
control new biclogical threats that may occur in the future. In this population_
based retrospective observational study, we generated data and used public
databases to understand SARS-CoV-2 dynamics.

Methods: We sequenced 1,003 SARS-CoV-2 genomes from naso-oropharyngeal
swabs and saliva samples from Para from May 2020 to October 2022. To gather
epidemiological data from Brazil and the world, we used FIOCRUZ and GISAID
databases.

Results: Regarding our samples, 496 (49.45%) were derived from female
participants and 507 (50.55%) from male participants, and the average age was
43 years old. The Gamma variant presented the highest number of cases, with
290 (28.91%) cases, followed by delta with 53 (5.28%). Moreover, we found seven
(0.69%) Omicron cases and 651 (64.9%) non-VOC cases. A significant association
was observed between sex and the clinical condition (female, p=8.65e-08; male,
p=0.008961) and age (p=3.6e-10).
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Abstract: Gastric cancer (GC) is a multifactorial, complex, and aggressive disease with a prevalence of
one million new cases and high global mortality. Factors such as genetic, epigenetic, and environmen-
tal changes contribute to the onset and progression of the disease. Identification of INDELs in miRNA
and its target sites in current studies showed an important role in the development of cancer. In GC,
miRNAs act as oncogenes or tumor suppressors, favoring important cancer pathways, such as cell
proliferation and migration. This work aims to investigate INDELSs in the coding region of miRNAs
(hsa-miR-302c, hsa-miR-548A]-2, hsa-miR-4274, hsa-miR-630, hsa-miR-516B-2, hsa-miR-4463, hsa-

Icl';’edc:'-fgsr miR-3945, hsa-miR-548H_4, hsa-miR-920, has-mir-3171, and hsa-miR-3652) that may be associated
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hsa-miR-3652 variants were associated with gastric cancer susceptibility. The hsa-miR-4463 was
significantly associated with clinical features of GC such as diffuse gastric tumor histological type,
“non-cardia” localization region, and early onset. Our findings indicated that INDELs could be
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1. Introduction

Serrana Cancer is a global health problem, with 18 million new cases and 9.6 million deaths

Received: 26 September 2022 per year. It represents about 12% of all causes of death and is the fourth leading cause of

Revised: 23 November 2022 death of those aged 70 years or over in most countries [1,2]. Among all types of cancer,

Accepted: 24 November 2022 gastric cancer (GC) is the fifth most frequently diagnosed cancer and the third most deadly

Published: 24 December 2022 neoplasm worldwide. GC is a multifactorial, complex, and aggressive disease with a
number of genetic, epigenetic, and environmental factors [3].

In 2020, over one million new cases of gastric cancer and 769,000 deaths were estimated

worldwide. Infection with Helicobacter pylori is the primary identified cause of gastric cancer.
Other risk factors for gastric cancer include a high intake of salty and smoked food, obesity,
This article is an open access artie  2lcOhOlism, and smoking. However, a diet rich in fruits, vegetables, cereals, and seafood
distributed under the terms and  ACls as a protective factor against GC [4,5]. Recent evidence shows that genetic variants are
conditions of the Creative Commons  @ls0 an important factor for the tumorigenic process [6-8].
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Despite all the efforts acquired in four years of the COVID-19 pandemic, the path to a full
understanding of the biological mechanisms involved in this disease remains complex. This is

partly due to a combination of factors, including the inherent characteristics of the infection, socio-
environmental elements, and the variations observed within both the viral and the human genomes.
Thus, this study aimed to investigate the correlation between genetic host factors and the severity

of COVID-19. We conducted whole exome sequencing (WES) of 124 patients, categorized into severe
and non-severe groups. From the whole exome sequencing (WES) association analysis, four variants
(rs1770731 in CRYBG1I, rs7221209 in DNAH17, rs3826295 in DGKE, and rs7913626 in CFAP46) were
identified as potentially linked to a protective effect against the clinical severity of COVID-19, which
may explain the less severe impact of COVID-19 on the Northern Region. Our findings underscore the
importance of carrying out more genomic studies in populations living in the Amazon, one of the most
diverse from the point of view of the presence of rare and specific alleles. To our knowledge, this is
the first WES study of admixed individuals from the Brazilian Amazon to investigate genomic variants
associated with the clinical severity of COVID-19.
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Throughout the four-year duration of the pandemic, extensive research has been dedicated to understanding
COVID-19. As a result, non-genetic factors within the host, such as advanced age, male sex, and comorbidities
such as hypertension, diabetes, and cardiovascular diseases, have already been associated with a worse prognosis
in COVID-19.

However, these identified risk factors do not fully account for the diverse spectrum of clinical manifestations
observed in the disease. It is noteworthy that severe forms of the disease, marked by poor oxygen saturation
and lung damage, have not been confined solely to individuals within the aforementioned high-risk groups.
Rather, they have also manifested in young individuals, with or without comorbidities'~*. These features suggest,
according to Novelli et al., several hypotheses, including a breakdown of immunological tolerance, the viral
load, an innate immune inefficiency, and the presence of common or rare risk alleles in protein-coding genes
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