UNIVERSIDADE FEDERAL DO PARANA

AMANDA SALVIANO DA SILVA

VARIABILIDADE GENETICA E EXPRESSAO DOS RNAS
LONGOS NAO CODIFICADORES HLA CoMPLEX GROUP
(HCG) NOS PENFIGOS FOLIACEO E VULGAR

CURITIBA

2020



UNIVERSIDADE FEDERAL DO PARANA

AMANDA SALVIANO DA SILVA

VARIABILIDADE GENETICA E EXPRESSAO DOS RNAS
LONGOS NAO CODIFICADORES HLA COMPLEX GROUP

(HCGS) NOS PENFIGOS FOLIACEO E VULGAR

Tese de Doutorado apresentada ao Programa de Pds-
Graduagdo em Genética, Setor de Ciéncias Bioldgicas,
da Universidade Federal do Parana.

Orientadora: Profa. Dr2. Danielle Malheiros Ferreira
Coorientadores: Prof2. Dr2. Angelica Beate Winter Boldt
e Dr. Rodrigo Coutinho de Almeida

CURITIBA

2020



Universidade Federal do Parana. Sistema de Bibliotecas.
Biblioteca de Ciéncias Biologicas.
(Rosilei Vilas Boas — CRB/9-939).

Silva, Amanda Salviano da.

Variabilidade genética e expressao dos RNAs longos nao codificadores
HLA Complex Group (HCGs) nos pénfigos foliaceo e vulgar. / Amanda
Salviano da Silva. = Curitiba, 2020.

168 f. - il

Orientadora: Danielle Malheiros Ferreira.
Coorientadora: Angelica Beate Winter Boldt.
Coonentador: Rodrigo Coutinho de Almeida.

Tese (Doutorado) = Universidade Federal do Parana, Setor de
Ciéncias Biolégicas. Programa de Pés-Graduacdo em Genética.

1. Pénfigo. 2. Genética humana. 3. Autoimunidade. 4. Pele = Doencgas —
Aspectos genéticos. |. Titulo. Il. Ferreira, Danielle Malheiros. 111 Boldt,
Angelica Beate Winter. IV. Almeida, Rodrigo Coutinho de. V. Universidade
Federal do Parana. Setor de Ciéncias Biolégicas. Programa de Pos-
Graduacdo em Genética.

CDD (20. ed.) 616.5




e MINISTERIO DA EDUCAGAO

TR i I T[TH-  SETOR DE CIENCIAS BIOLOGICAS

——oaaaaial] UNIVERSIDADE FEDERAL DO PARANA

l ' I: P PRO-REITORIA DE PESQUISA E '!:'OS-GR'ADUACRO

UNIVERSIDADE FEDERAL DO PARAMA PROGRAMA DE POS‘GRADUAQAO GENET'CA o
40001016006P1

ATA N°134

ATA DE SESSAO PUBLICA DE DEFESA DE DOUTORADO PARA A OBTENGAO DO
GRAU DE DOUTOR EM GENETICA

No dia vinte de margo de dois mil e vinte as 14:00 horas, na sala Sala 65, Departamento de Genética, foram instaladas as
atividades pertinentes ao rito de defesa de tese da doutoranda AMANDA SALVIANO DA SILVA, intitulada: Variabilidade genética
e expressao dos RNAs longos nao codificadores HLA Complex Group (HCGs) nos pénfigos foliaceo e vulgar., sob
orientacdo da Profa. Dra. DANIELLE MALHEIROS FERREIRA. A Banca Examinadora, designada pelo Colegiado do Programa de
Pés-Graduagdo em GENETICA da Universidade Federal do Parana, foi constituida pelos seguintes Membros: DANIELLE
MALHEIROS FERREIRA (UNIVERSIDADE FEDERAL DO PARANA), VANESSA SANTOS SOTOMAIOR (PONTIFICIA
UNIVERSIDADE CATOLICA DO PARANA), WILSON ARAUJO DA SILVA JUNIOR (FACULDADE DE MEDICINA DE RIBEIRAO
PRETO DA UNIVERSIDADE DE SAO PAULO), MARCIA REGINA PINCERATI (UNIVERSIDADE POSITIVO ), GABRIEL
ADELMAN CIPOLLA (UNIVERSIDADE FEDERAL DO PARANA). A presidéncia iniciou os ritos definidos pelo Colegiado do
Programa e, apds exarados os pareceres dos membros do comité examinador e da respectiva contra argumen:agﬁo, ocorreu a
leitura do parecer final da banca examinadora, que decidiu pela APROVAGAO. Este resultado devera ser homologado pelo
Colegiado do programa, mediante o atendimento de todas as indicacbes e correcdes solicitadas pela banca dentro dos prazos
regimentais definidos pelo programa. A outorga de titulo de doutor esta condicionada ao atendimento de todos os requisitos e
prazos determinados no regimento do Programa de P6s-Graduagdo. Nada mais havendo a tratar a presidéncia deu por encerrada a
sessao, da qual eu, DANIELLE MALHEIROS FERREIRA, lavrei a presente ata, que vai assinada por mim e pelos demais membros

da Comissdo Examinadora.

CURITIBA, 20 de Margo de 2020.

Assinatura Eletronica
03/04/2020 10:15:09.0
DANIELLE MALHEIROS FERREIRA
Presidente da Banca Examinadora

Assinatura Eletronica Assinatura Eletronica
06/04/2020 14:44:56.0 20/04/2020 10:53:21.0

VANESSA SANTOS SOTOMAIOR WILSON ARAUJO DA SILVA JUNIOR

Avaliador Externo (PONTIFiCIA UNIVERSIDADE CATOLICA DO Avaliador Externo (FACULDADE DE MEDICINA DE RIBEIRAO PRETO

PARANA} DA UNIVERSIDADE DE SAQ PAULO)
Assinatura Eletronica Assinatura Eletronica
12/05/2020 10:52:19.0 16/04/2020 23:16:07.0

MARCIA REGINA PINCERATI GABRIEL ADELMAN CIPOLLA
Avaliador Externo (UNIVERSIDADE POSITIVO ) Avaliador Externo (UNIVERSIDADE FEDERAL DO PARANA)

Setor de Ciéncias Biolégicas, Centro Politécnico - CURITIBA - Parana - Brasil
CEP 81531-980 - Tel: (41) 3361-1587 - E-mail: ppg-gen@ufpr.br
Documento assinado eletronicamente de acordo com o disposto na legislagao federal Decreto 8539 de 08 de outubro de 2015.
Gerado e autenticado pelo SIGA-UFPR, com a seguinte identificacao Unica: 39181
Para autenticar este documento/assinatura, acesse https://www.prppg.ufpr.brisiga/visitante/autenticacacassinaturas.jsp
o insira o codigo 39181




MINISTERIO DA EDUCACAO

ﬂ]][”][”] ﬁ T HHHHM SETOR DE CIENCIAS BIOLOGICAS

= I AL UNIVERSIDADE FEDERAL DO PARANA

. ' F P R PRO-REITORIA DE PESQUISA E POS-GRADUACAO
ORNTERSIDADE FIDERAL DO PARANA PROGRAMA DE POS-GRADUAGAO GENETICA -
40001016006P1

=

TERMO DE APROVAGAO

Os membros da Banca Examinadora designada pelo Colegiado do Programa de Pos-Graduacdo em GENETICA da Universidade
Federal do Parana foram convocados para realizar a arguigéo da tese de Doutorado de AMANDA SALVIANO DA SILVA intitulada:
Variabilidade genética e expresséo dos RNAs longos néo codificadores HLA Complex Group (HCGs) nos pénfigos folidceo
e vulgar., sob orientacdo da Profa. Dra. DANIELLE MALHEIROS FERREIRA, que apds terem inquirido a aluna e realizada a
avaliacéo do trabalho, séo de parecer pela sua APROVACAO no rito de defesa.

A outorga do titulo de doutor esta sujeita & homologacéao pelo colegiado, ao atendimento de todas as indicacdes e correcdes

solicitadas pela banca e ao pleno atendimento das demandas regimentais do Programa de Pés-Graduagéo.

CURITIBA, 20 de Marco de 2020.

Assinatura Eletrénica
03/04/2020 10:15:09.0
DANIELLE MALHEIROS FERREIRA
Presidente da Banca Examinadora

Assinatura Eletrénica Assinatura Eletrénica
06/04/2020 14:44:56.0 20/04/2020 10:53:21 0

VANESSA SANTOS SOTOMAIOR WILSON ARAUJO DA SILVA JUNIOR

Avaliador Externo (PONTIFICIA UNIVERSIDADE CATOLICA DO Avaliador Externo (FACULDADE DE MEDICINA DE RIBEIRAO PRETO

PARANA) DA UNIVERSIDADE DE SAO PAULO)
Assinatura Eletronica Assinatura Eletrénica
12/05/2020 10:52:19.0 16/04/2020 23:16:07.0

MARCIA REGINA PINCERATI GABRIEL ADELMAN CIPOLLA
Avaliador Externo (UNIVERSIDADE POSITIVO ) Avaliador Externo (UNIVERSIDADE FEDERAL DO PARANA)

Setor de Ciéncias Biolégicas, Centro Politécnico - CURITIBA - Parana - Brasil
CEP 81531-980 - Tel: (41) 3361-1587 - E-mail: ppg-gen@ufpr.br
Documento assinado eletronicamente de acordo com o disposto na legislagéo federal Decreto 8539 de 08 de outubro de 2015.
Gerado e autenticado pelo SIGA-UFPR, com a seguinte identificacdo unica: 39181
Para autenticar este documento/assinatura, acesse https://www.prppg.ufpr.br/siga/visitante/autenticacaoassinaturas.jsp
e insira o codigo 39181




AGRADECIMENTOS

Como para tudo em minha vida, agradego primeiramente aos meus queridos pais:
Maria Iva e Jivanildo. A eles, devo tudo o que sou e tudo o que conquistei até entdo. Me
sinto altamente privilegiada por fazer parte dessa familia maravilhosa, que ndo mede
esforcos em me apoiar de todas as formas, e que vem me estimulando e dando forgas
durante toda a minha trajetéria académica. Sempre enxergarei os nomes dos meus pais
estampados de alguma forma em cada um dos meus diplomas. E sempre estarei aliviada
em causar orgulho nestas pessoas que também representam um grande orgulho para mim.
Agradeco também aos meus irmaos (Yasmin, Rogério, Rodrigo e Marcio) e demais
familiares, que também tem me apoiado e desejado o que ha de melhor para mim. Agradeco
a minha filhota Hathor, por sempre estar ali como uma “bolinha de pelo” esbanjando amor e

carinho, sem me deixar sentir sozinha nem por um minuto sequer.

Agradeco a minha melhor amiga eterna, Aline Fontes (Nini). Desde sempre (e para
sempre) me escutando, compreendendo e me fazendo enxergar a vida de forma mais leve.
Com essa irma de alma, sei que posso contar para o que der e vier. A Nini é praticamente
PhD em levantar o meu astral e me fazer dar altas risadas, mesmo das coisas mais banais.
Agradeco também a outros grandes amigos, com quem ja contei diversas vezes e que ja
fizeram muitos dos meus dias mais divertidos: Camilla, Viridiana (Veri), Carlos (Death),
Thiago (Satyr), entre outros. Agradeco ainda a Gi e ao Tiago, que apesar de situagdes
naturais do cotidiano terem nos distanciado, estiveram muito ao meu lado durante todo o

meu doutorado.

Agradecgo a minha querida orientadora, Danielle Malheiros, por ter me acolhido como
sua aluna de doutorado. Sempre agindo de forma profissional, ética e amigavel, me
apoiando na minha trajetéria académica e me fazendo crescer. Sempre disposta a ensinar,
explicar e aprender em conjunto com todos os seus orientados. Dani, muito obrigada por

toda a confianga e exceléncia. Foi um prazer ser sua aluna!

Agradecgo a minha coorientadora Angelica Boldt, que desde o meu mestrado esta ao
meu lado me ensinando, incentivando e despertando um interesse quase que incontrolavel
pela ciéncia. Digamos que com a Angel, descobri um lado workaholic em mim (que apesar
de estressante, tem me rendido bons frutos). Agradecgo a professora Maria Luiza Petlz-Erler,
que de certa forma, também tem me “coorientado” durante essa minha jornada. A
professora Luiza sempre representou para mim aquela imagem de mulher sabia e
competente, que eu tanto almejo ser (ou chegar perto de ser) no futuro. Agradego ao meu

coorientador Rodrigo Almeida, e também ao Danillo Augusto, Patricia Savio e demais



professores e funcionarios do Laboratério de Genética Molecular Humana (LGMH) e do
departamento de Genética da UFPR. Agradeco ao professor Saleh lbrahim e a Mareike
Witte, que me supervisionaram durante meu periodo de doutorado sanduiche na
Universidade de Lubeck, assim como aos professores Hauke Busch, Jennifer Hundt e outros

pesquisadores desta instituicao.

Agradego aos meus colegas do LGMH, que mesmo também compartilhando de
algum sofrimento cientifico (como coletas que ndo acabam mais, PCRs que nao funcionam,
western blots inespecificos, rendimento baixo de RNAs, dados para analisar, disciplinas
para concluir, artigos para ler, trabalhos para fazer, teses e dissertagbes para escrever, e
assim por diante...), estdo sempre dispostos a ajudar e conversar, mantendo um ambiente
de trabalho saudavel e agradavel. Dentre estes, agradec¢o especialmente: a Fernanda Berti,
que nao é apenas a minha dupla perfeita para trabalhar, como também se tornou uma
grande amiga; a Ticiana Farias, que com toda a sua energia e pré-atividade, sempre esteve
disposta a ajudar no que fosse necessario, além de propiciar diversos momentos divertidos;
a Valéria Bumiller, uma pessoa super doce e cuidadosa com quem me envolvi ativamente
em diferentes trabalhos, e com quem morei por 6 meses em Libeck (viramos quase irmas!);
ao Gabriel Cipolla, pela boa companhia, motivagdo e por sempre ajudar de forma tédo
atenciosa; a Sara Alves, minha companheira de IncRNAs; a Verdnica Solis, outro membro

do team pénfigo, que também sempre foi uma étima companhia e parceira de trabalho.

Agradego aos pacientes e demais individuos que doaram suas amostras para a
realizacdo deste estudo, bem como aos hospitais onde as coletas foram feitas. Por fim,
agradeco aos 6rgaos de fomento, que financiaram este e tantos outros trabalhos cientificos:
CAPES, CNPq, Fundacao Araucaria e DAAD.



“A tarefa ndo é tanto ver aquilo que ninguém viu,
mas pensar o que ninguém ainda pensou

sobre aquilo que todo mundo vé.”

Arthur Schopenhauer.



RESUMO

O pénfigo € um grupo de doengas autoimunes de pele, caracterizado pelo
auto-reconhecimento de antigenos desmossomais, como desmogleina-1 (DSG1, em
pénfigo foliaceo — PF), e -3 (DSG3, em pénfigo vulgar — PV), levando a acantdlise e
bolhas epidermais. Diversos estudos ja demostraram associacbes de variantes
genéticas (alelos, haplétipos, ou polimorfismos de nucleotideo unico — SNPs) com a
susceptibilidade ao PF e PV. Como para outras doengas autoimunes, as
associacdes mais fortes sdo com alelos de antigenos leucocitarios humanos (HLA)
de classe Il, além de outros genes do complexo principal de histocompatibilidade
(MHC). Recentemente, variantes genéticas localizadas em RNAs longos nao
codificadores (IncRNAs) vem sendo associados com diferentes doengas autoimunes,
incluindo o PF. Neste estudo pioneiro, foi investigada a associagado entre SNPs de
INcRNAs de uma familia multigénica localizada na regiao do MHC, denominada HLA
Complex Group (HCG), com a susceptibilidade ao PF e PV. Para tal, a distribuicéo
de SNPs em 13 genes de IncRNAs HCG (genotipados em chips de microarranjo
lllumina) foi analisada em PF endémico (227 pacientes e 194 controles brasileiros) e
PV (241 pacientes e 1188 controles alemaes), por regressao logistica multivariada.
Nove SNPs foram significativamente associados ao PF (FDR p<0,05), dos quais 7
se localizam no gene de INcRNA TSBP1-AS1 (que abriga o gene HCGZ23); um em
HCG27 e um em HCG21. Além disso, 55 SNPs foram associados com PV (FDR
p<0,01), pertencendo aos genes TSBP1-AS1 (38 SNPs), HCG17 (6), HCG27 (5),
HCG22 (3), HCG20 (2) e HCG26 (1). Para investigar se os genes mais associados
também estao diferencialmente expressos no pénfigo, foram entdo quantificados os
niveis transcricionais de TSBP1, TSBP1-AS1, HCG23 e HCG27 em células
mononucleares do sangue periférico (PBMC) de pacientes e controles brasileiros.
Foi verificado que a expressao de HCG27 esta mais elevada em PBMC de pacientes
com PF (p=0,035, log2 DE = 1,3), enquanto TSBP1-AS1 esteve menos expresso em
PBMC de pacientes com PV (p=0,029, DE = -1,29), em relagao a individuos controle.
Em concordancia com estes resultados, as mesmas diferencas de expressao de
HCG27 (p=0,032, DE = 1,7) e TSBP1-AS1 (p=0,032, DE = -0,99) também foram
encontradas em ensaios funcionais com queratinécitos (linhagem celular HaCaT),
apos estes serem estimulados com anticorpos IgG de pacientes (5 PV e 5 PF) e

controles (5) de uma coorte alema. Além disso, niveis de mMRNA de TSBP1 também



estiveram diminuidos em PBMCs de PF endémico (p=0,042, DE = -2,14), apesar de
nao apresentarem diferenca em queratindcitos representativos de PF esporadico.
Em suma, foi demonstrado neste estudo que os IncRNAs HCGs estdo associados
com a susceptibilidade genética ao PF e PV, sendo HCG27 e TSBP1-AS1
diferencialmente expressos nas respectivas doencas, em diferentes amostras. Estes
resultados indicam um papel dos IncRNAs HCGs na patogénese dos pénfigos, e
encorajam a conducdo de mais estudos funcionais que visem elucidar o papel
destes genes no mecanismo molecular que contribui com o desencadeamento da

autoimunidade patologica.

Palavras-chave: HLA Complex Group, IncRNAs, pénfigo, susceptibilidade genética.



ABSTRACT

Pemphigus is a group of autoimmune skin diseases characterized by the
autorecognition of desmosomal antigens, such as desmoglein-1 (DSG1, for
pemphigus foliaceus - PF) and -3 (DSG3, for pemphigus vulgaris - PV), leading to
acantholysis and epithelial blisters. Several studies have shown associations of
genetic variants (alleles, haplotypes, or individual single nucleotide polymorphisms -
SNPs) with PF and PV susceptibility, especially alleles of class Il human leukocyte
antigen (HLA) genes and other major histocompatibility complex (MHC) genes.
Recently, genetic variants located in long non-coding RNAs (IncRNAs) have also
been associated with many autoimmune diseases, including PF. In this pioneer
study, it was investigated the association of genetic variants in IncRNAs of a
multigenic family located in MHC region, classified as HLA complex group (HCG),
with the susceptibility to PF and PV. To this end, the distribution of SNPs located in
13 HCG IncRNA genes (genotyped by lllumina microarrays) was analyzed in
endemic PF (227 patients and 194 controls from Brazil) and in PV (241 patients and
1188 controls from Germany), applying multivariate logistic regression. We found 9
SNPs associated with endemic PF (FDR p<0.05): 7 located in the TSBP1-AS1
INcRNA gene (which hosts HCG23); one in HCG27 and one in HCG21. Moreover, 55
SNPs were found associated with PV (FDR p<0.01), overlapping the genes TSBP1-
AS1 (38 SNPs), HCG17 (6), HCG27 (5), HCG22 (3), HCG20 (2) and HCG26 (1). To
investigate if the most associated genes are differentially expressed in pemphigus,
the transcriptional levels of TSBP1, TSBP1-AS1, HCG23 and HCG27 were quantified
in peripheral blood mononuclear cells (PBMC) of Brazilian patients and controls. The
HCG27 was found upregulated in PBMC of endemic PF patients (p=0.035, log2 FC =
1.3), while TSBP1-AS1 was downregulated in PBMC of PV patients (p=0.029, FC = -
1.29), when compared to control subjects. Accordingly, the same differences were
also found in functional assays with cultured immortalized keratinocytes (HaCaT cell
line) stimulated with IgG antibodies of patients (5 PV and 5 PF) and controls (5) from
Germany. Moreover, TSBP1 mRNA levels were decreased in PBMCs of endemic PF
patients (p=0.042, FC = -2.14), although no differences were found for this gene in
keratinocytes representing sporadic PF. Taken together, it was demonstrated that
HCG IncRNAs are associated with the genetic susceptibility for PF and PV, being
HCG27 and TSBP1-AS1 also differentially expressed in the respective diseases, in



different samples. These results indicate a role of HCG IncRNAs in pemphigus
pathogenesis, and encourage the conduction of further studies to elucidate the role of
these genes in molecular mechanisms contributing to the development of

pathological autoimmunity.

Keywords: HLA Complex Group, INcCRNAs, pemphigus, genetic susceptibility.
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1. INTRODUGCAO

O pénfigo é um grupo de doengas bolhosas autoimunes, caracterizado pela
acao de autoanticorpos que reconhecem antigenos de adesdo na superficie dos
desmossomos, levando a ruptura de ligacdes intercelulares. No pénfigo foliaceo (PF),
o principal antigeno reconhecido pelos anticorpos patogénicos é a desmogleina 1
(DSG1), enquanto que em pénfigo vulgar, o principal autoantigeno é a desmogleina 3
(DSG3). Este processo ocasiona a perda de adesdo entre os queratindcitos
(acantdlise) e se manifesta través da formagao de bolhas nas camadas superficiais da
epiderme, com acometimento localizado ou generalizado. Apesar de ser uma doenca
rara, o PF é endémico em certas regides rurais brasileiras, onde & popularmente
conhecido como “fogo selvagem”, devido a forte sensagao de ardor na pele. Ainda
ndo estdo bem elucidados os mecanismos patologicos que desencadeiam o pénfigo,
mas sabe-se que se trata de uma patologia de carater multifatorial, onde fatores

genéticos, imunologicos e ambientais estao envolvidos.

Ha diversos genes associados com a susceptibilidade genética e de expressao
em pénfigo, com grande destaque para genes de HLA classe Il, entre outros na regiao
do MHC. Entretanto, esta regido abriga também uma familia multigénica denominada
HLA complex group (HCG), que inclui genes que s&o expressos em RNAs longos ndo
codificadores (INcRNAs). Os IncRNAs sao transcritos com mais de 200 nucleotideos e
sem capacidade codificadora de proteina, envolvidos em diferentes processos
regulatorios transcricionais e pos-transcricionais. Devido a seus diversos mecanismos
funcionais, os INncRNAs tém sido cada vez mais investigados em processos fisiolégicos

e patolégicos.

Sao escassos ainda os estudos investigando a influéncia de IncRNAs na
susceptibilidade ao PF e, at¢é o momento, ausentes em PV. Considerando-se mais
especificamente os HCGs, embora alguns destes genes ja tenham sido previamente
associados a doencas imuno-relacionadas, ndo ha ainda qualquer estudo com os
pénfigos. Portanto, tendo em vista a importancia da regiao gendmica e funcédo dos
IncRNAs a hipotese deste trabalho € a de que variantes de genes de IncRNAs HCGs
possam estar associadas com a susceptibilidade aos pénfigos. Sendo assim, o objetivo

deste estudo foi investigar, através de estudo caso-controle e de avaliagdo da
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expressao génica, se a variabilidade genética e os niveis de expressao de IncCRNAs da
familia dos HCGs aqui selecionados, estdo associadas com os pénfigos foliaceo e

vulgar.

Este trabalho esta organizado da seguinte maneira: as segbes de revisdo de
literatura, hipotese e justificativa, objetivos e concluséo final seguem o modelo de tese
de acordo com normas da UFPR; ja as se¢des de material e métodos, resultados e
discussao seguem o modelo de artigo cientifico permitido pelo Programa de Pés-

Graduacao em Genética.
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2. REVISAO DE LITERATURA

2.1 O PENFIGO

2.1.1 Aspectos clinicos

O pénfigo € um grupo de doencas que se caracteriza pela presenca de bolhas
e erosbes na regido cutdnea e/ou mucosa, causados por autoanticorpos
antiepidermais. Estas condicbes, apesar de em sua maioria raras, sdo bastante
graves e fazem parte dos quatro principais grupos de doencgas bolhosas autoimunes
(AIBD) (DIAZ et al., 1989 ; SINHA, 2011; SCHMIDT, KASPERKIEWICZ & JOLY,
2019).

Nos pénfigos, os autoanticorpos patogénicos reconhecem antigenos de
superficie dos queratindcitos, presentes na regido do desmossomo e com funcao de
comunicacgao intercelular. Dentre estas importantes glicoproteinas de adeséo, o papel
das desmogleinas & bem estabelecido nos mecanismos patolégicos do pénfigo. As
desmogleinas medeiam a interagdo com proteinas intracelulares, ligando o
citoesqueleto de queratina com a superficie celular, permitindo forga e resisténcia ao
estresse mecanico sofrido pelo epitélio. A ruptura dessas ligacdes intercelulares
ocasiona a perda de adesdo entre os queratindcitos e a formacao de bolhas
intraepidermais, processo este conhecido como acantdlise, caracteristico no pénfigo
(TAKEICHI, 1991; HERTL, EMING & VELDMAN, 2006; KASPERKIEWICZ et al.,
2017; POLLMANN et al., 2018; SPINDLER et al., 2018; SCHMIDT, KASPERKIEWICZ
& JOLY, 2019).

Existem dois tipos classicos de pénfigo: o pénfigo vulgar (PV) e o pénfigo
foliaceo (PF), que diferem entre si de acordo com a regiao da pele afetada, sintomas e
antigenos alvo. O principal autoantigeno associado ao PV é a desmogleina 3 (DSG3)
(FIGURA 1A), uma proteina presente em camadas mais profundas da epiderme,
ocasionando assim o desenvolvimento de bolhas abaixo da camada basal, tanto na
pele quanto em mucosas. Ja o PF esta associado com a presenga de autoanticorpos
contra a desmogleina 1 (DSG1) (FIGURA 1B), cuja maior expressdo ocorre na

lamina superficial da epiderme, causando bolhas superficiais logo abaixo do estrato
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cérneo, e sendo raras ou ausentes em regides mucosas (BYSTRYN & RUDOLPH,
2005; AMAGAI et al., 1999; MAHONEY et al., 1999; NISIHARA et al., 2003; KITAJIMA
& AOYAMA, 2007; SCHMIDT, KASPERKIEWICZ & JOLY, 2019).

FIGURA 1. Diferengas histologicas e clinicas entre PV e PF. (A) O PV caracteriza-se pelo auto-
reconhecimento de DSG3, abundante nas camadas mais profundas da epiderme, causando
acantolise e formagao de bolhas profundas. (B) O PF caracteriza-se pelo auto-reconhecimento de
DSG1, mais abundante em camadas mais superficiais, causando acantolise e formacao de bolhas
na superficie da epiderme. Fonte: KITAJIMA e AOYAMA (2007).

Em pacientes de PF com a doenga ativa (FIGURA 2 A-C), as lesdes primarias
se caracterizam por pequenas bolhas hiperpigmentadas situadas em areas
seborreicas, predominantemente na regidao da cabega (em especial na face e couro
cabeludo), pescogo e tronco superior. Sao raras as lesées na cavidade oral, porém
estas podem ocorrer superficialmente. Em pacientes com a doenga mais agressiva, as
lesbes se apresentam de forma generalizada, estendendo-se para o restante do
tronco, bracos e pernas. As bolhas se rompem facilmente, formando crostas, e sao
agravadas por diversos fatores, como a exposi¢cao excessiva ao sol. Em geral, estes
pacientes sentem prurido, dor e sensac¢ao de queimacgao, pela excessiva descamacgao
da pele (DIAZ et al., 1989; BYSTRYN & RUDOLPH, 2005; CULTON et al., 2008). Ja
em pacientes de PV (FIGURA 2 D-F), as lesdes sdo mais profundas e geralmente se
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originam na cavidade oral, podendo ainda acometer outras regides mucosas, como
eso6fago, faringe e mucosas genitais (SCHMIDT, KASPERKIEWICZ & JOLY, 2019).

FIGURA 2. Manifestagbes clinicas de pacientes com PF e PV. (A) Bolhas localizadas na regido da face
e pescoco de adolescente com PF endémico. O inchago pelo corpo € um efeito caracteristico da
corticoterapia. Fonte: acervo LGMH/UFPR. (B e C) Pacientes de PF com bolhas generalizadas por todo
o corpo. Fonte: adaptado de DIAZ et al. (1989) e de CULTON et al. (2008). (D, E e F) Pacientes de PV,
com les@es na face, costas e mucosa oral. Fonte: SCHMIDT, KASPERKIEWICZ & JOLY (2019).

2.1.2 Epidemiologia

Os Pénfigos possuem incidéncia mundial de 0,75-5 casos/milhdo por ano,
variando consideravelmente de acordo com as formas da doenga entre algumas
populacées (BYSTRYN & RUDOLPH, 2005), sendo o PV a forma mais frequente,
acometendo cerca de 70% dos casos (JOLY & LITROWSKI, 2011). A incidéncia de
PV varia de <1 casos/milhdo por ano em alguns paises da Europa, até 16
casos/milhdo por ano nos Estados Unidos e 32 casos/milhdo em lIsrael, afetando
principalmente individuos de origem judaica (judeus Ashkenazi, por exemplo) (KRIDIN,
2018). Ja o PF ocorre de forma esporadica na maior parte das populagbes, com
incidéncia de 0.5-1 casos/milhdo por ano na Europa ocidental (PAYNE & STANLEY,
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2012). Ha ainda outra forma de PF, o pénfigo foliaceo endémico (PFE), popularmente
conhecido como “fogo selvagem”, que difere da forma esporadica por possuir carater
endémico em algumas regides rurais do Brasil, Colédmbia, Peru e Tunisia. No Brasil, o
PFE acomete areas de clima subtropical, principalmente nas regides centro-oeste e
sudeste (FIGURA 3), atingindo sua maior incidéncia mundial de aproximadamente
3,4% em uma comunidade indigena Terena (reserva Limao-Verde) no interior do Mato
Grosso do Sul (BYSTRYN & RUDOLPH, 2005; DIAZ et al.,, 1989; MEYERA &
MISERY, 2010; DIAZ et al., 1989 [2]; HANS-FILHO et al., 1999).

FIGURA 3. Mapa de areas brasileiras endémicas para o PF. Em laranja, regido endémica para PF no
Brasil, com destaque para regido com maior niumero de casos reportados para a doenga (em vermelho).
Fonte: a autora (2020).

A manifestagcdo dos pénfigos parece apresentar predominancia para o sexo
feminino em algumas populagdes (SALVIANO-SILVA et al., 2017; KRIDIN, 2018;
SCHMIDT, KASPERKIEWICZ & JOLY, 2019). Em contraste com as formas raras de
pénfigo, que geralmente se manifestam entre 45 e 65 anos de idade (SCHMIDT,
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KASPERKIEWICZ & JOLY, 2019), o PFE apresenta pico de incidéncia entre a
segunda e terceira décadas de vida (AOKI et al., 2011). Além dos diferentes fatores
genéticos associados com a doenga nestas populagdes (ver topico 2.1.4.2 desta
tese), a etiologia do PFE depende da exposicdo a potentes antigenos ambientais
ainda pouco conhecidos, acometendo principalmente habitantes de areas rurais,
proximas a rios e com alta frequéncia de insetos hematdfagos, dos quais, algumas
espécies sao suspeitas de participar do desencadeamento da doenca. Dentre estes,
destacam-se os da familia dos simulideos, popularmente conhecidos como
“borrachudos”, especialmente a espécie Simulium nigrimanum (CULTON et al., 2008),
cujo sialotranscriptoma ja foi verificado com mais de 30 familias de proteinas
passiveis de reacdo com o soro de pacientes de PFE (AOKI et al., 2011). Além dos
simulideos, também ha uma forte suspeita do envolvimento da espécie Lutzomyia
longipalpis no PFE. Quian e colaboradores, em estudos com este flebotomineo,
descobriram que as proteinas com a sequéncia de aminoacidos SGLL, presentes em
suas glandulas salivares, eram antigénicas para anticorpos anti-desmogleina IgG4 e
IgE do soro de pacientes com PF (QIAN et al., 2012).

2.1.3 Diagnéstico e tratamento

O diagndstico de pénfigo é realizado a partir da avaliagdo das manifestagdes
clinicas (erosbes e bolhas na pele); técnicas histolégicas (presenca de acantdlise
epidermal); e imunoldgicas, por ensaios de imunofluorescéncia indireta no soro, ou
por imunofluorescéncia direta em biopsias de pele, avaliando depdsitos de
anticorpos IgG contra DSG1 e/ou 3, e/ou ainda moléculas de C3 (complement
component 3) nas lesbes (CAMPBELL et al., 2001; BYSTRYN e RUDOLPH, 2005;
SCHMIDT, KASPERKIEWICZ & JOLY, 2019).

O tratamento atual se faz pelo uso de corticosteroides tépicos, orais ou ainda
intralesionais. Podem ser administrados coadjuvantes em associagdo, como
imunossupressores, anti-inflamatérios e antibidticos. Porém, essas opc¢des
terapéuticas nao sao especificas para pénfigo e variam de paciente para paciente,
além da ocorréncia de diversos efeitos colaterais (CAMPBELL et al.,, 2001;
SCHMIDT, KASPERKIEWICZ & JOLY, 2019) e infec¢gdes extra-cutdneas por
patdgenos oportunistas (BYSTRYN e RUDOLPH, 2005; KORMAN, 1988).
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2.1.4 Etiopatogenia

A etiopatogenia do pénfigo € multifatorial. O aparecimento depende da
qualidade da resposta do hospedeiro frente a fatores ambientais e/ou agentes
desencadeantes, qualidade esta que depende da sua susceptibilidade genética a
doenga. Apos o estimulo ambiental em portadores de alelos de HLA (human
leukocyte antigens) classe Il de alto risco, certos peptideos de desmogleina podem
ser apresentados a células T CD4" autorreativas. A ativacédo destas células T leva a
producao de autoanticorpos especificos para DSG1 e/ou DSG3 a partir de células B,
ocasionando a destruicdo dos desmossomos, perda de adesdo entre queratinocitos
e acantolise, com consequente formacdo de bolhas (CULTON et al.,, 2008;
SCHMIDT, KASPERKIEWICZ & JOLY, 2019).

2.1.4.1 Imunopatogénese

Diferentes processos participam da imunopatogénese do pénfigo. Dentre
estes, & possivel que os autoanticorpos do pénfigo induzam a ativacdo de
proteinases, principalmente o plasminogénio ativado. Este se transforma em
plasmina, processo este que levaria a lise de substancias intercelulares, rompendo
as pontes entre as desmogleinas. Dessa forma, os demossomos assumiriam um
aspecto arredondado, perdendo a sua adesdao (AMORMINO e BARBOSA, 2010;
OLIVEIRA-JR, 2012). Contudo, a participagao do sistema plasmina/plasminogénio é
bastante controversa no processo acantolitico, de forma que o mesmo foi
demonstrado por nao ser necessario para a ativacdo da acantdlise em
camundongos (MAHONEY, WANG & STANLEY, 1999).

Outro processo possivelmente associado com a acantdlise € a ativagéo
exacerbada do sistema complemento, que ocorre devido a ligacdo patogénica
antigeno-anticorpo, levando a deposigdo de seus componentes liticos nos espagos
intercelulares da epiderme (JORDON et al., 1974, KAWANA et al., 1988, 1989;
MESSIAS-REASON et al. 1989, 2008, 2011), sendo a deposi¢gao do componente C3
ja utilizada a nivel diagnostico (SCHMIDT, KASPERKIEWICZ & JOLY, 2019). Além
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disso, genes da cascata do complemento ja foram associados com o PFE
(SALVIANO-SILVA et al., 2017; BUMILLER-BINI et al., 2018; OLIVEIRA, L.C. et al.,
2019).

Dentre outras hipoteses que expliguem a perda de adesao entre os
queratinécitos, ha ainda a evidéncia de que anticorpos IgG anti-desmogleina
possam ativar diferentes eventos de sinalizagéo celular, por se ligarem a distintos
receptores de superficie. Destes, ja foram reportadas as participagdes das vias de
receptor cinase do fator de crescimento epidérmico (EGFRK), monofosfato ciclico de
adenosina (cCAMP), proteina de choque térmico 27 (HSP27), proteina cinase ativada
por mitégeno p38 (p38 MAPK), cinase N-terminal c-Jun (JNK) entre outros
receptores de tirosina cinase no processo acantolitico. Isso levaria a ativagao de vias
de morte celular em queratinécitos, como a apoptose e oncose, em um processo
denominado apoptodlise (Grando, 2011). Por fim, além da apoptose, sugere-se ainda
que a acantélise também tenha relagdo com outras vias de morte celular, como a via
imunogénica, para qual ja foram encontradas diversas evidéncias em termos de
associagao genética (BUMILLER-BINI et al., 2019). Além desta, também se sugere o
envolvimento de vias da piroptose, necroptose e outras (BUMILLER-BINI et al., 2019;
FRUSIC-ZLOTKIN et al., 2005; PUVIANI et al., 2003; DEYHIMI & ALISHAHI et al.,
2018; LEE et al., 2009).

As lesbes epidermais possuem um elevado infiltrado inflamatério, com
predominancia de células T CD4", previamente formadas em 6rgdos linfoides
primarios e necessarias para a ativagao dos linfécitos B (produtores de anticorpos
anti-Dsg1/3) nos linfonodos. Possuem resposta do tipo Th2, que leva a uma maior
producao de anticorpos 1gG4, em relagéo a IgG1 (CAPRONI et al., 2001; HERTL,
EMING & VELDMAN, 2006; MALHEIROS, 2009; PEREIRA et al., 2004; CULTON et
al., 2008). Os autoanticorpos anti-desmogleina da subclasse IgG1 sao encontrada
em maiores niveis no soro de pacientes de pénfigo em estagio pré-clinico ou em
remissao, ou ainda de individuos saudaveis que habitam regides de endemia para o
PFE. Este fato demonstra que o IgG1 nao €, por si sé, suficiente para desencadear a
doenga, sendo portanto, ndo patogénico. Ja a subclasse IgG4 de anticorpos anti-
desmogleina é encontrada quase que exclusivamente em individuos com a doencga

ativa, demonstrando haver uma importancia dessa imunoglobulina na patogénese do
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pénfigo. Dessa forma, o agente desencadeador parece estimular a producao de
anticorpos IgG1, porém a doenca s6 se manifesta em individuos que possuam uma
susceptibilidade genética que permita a produgédo de anticorpos especificos do tipo
IgG4, levando a resposta autoimune patogénica (BYSTRYN e RUDOLPH, 2005;
CULTON et al., 2008; AOKI et al., 2004).

Os anticorpos IgM dirigidos contra a desmogleina parecem nao possuir
relevancia funcional no pénfigo, contudo, estdo presentes no soro de pacientes de
PFE e de muitos individuos saudaveis residentes em areas endémicas, apoiando a
hipétese da sensibilizagdo imunolégica de por um vetor em areas endémicas
(CULTON et al., 2008, QIAN et al., 2012). Os niveis de IgM tendem a diminuir
quando o individuo migra para regides urbanas ndo endémicas (AOKI et al., 2011), e
podem distinguir clinicamente pacientes de PFE e de PF esporadico (DIAZ et al.,
2008, QIAN et al., 2012). Além de autoanticorpos anti-desmogleina 1gG4 e IgM,
pacientes de PFE também possuem niveis elevados de IgE. Apesar do mecanismo
envolvido no aumento dos niveis destes autoanticorpos serem ainda desconhecidos
(QIAN et al., 2012), ja foi demonstrado que maiores niveis de IgE correlacionam-se

com a atividade da doenga em pacientes de PV (NAGEL et al., 2010).

2.1.4.2 Fatores genéticos e imunogenéticos

Diversos estudos ja demonstraram que a variabilidade genética (principalmente
de nucleotideos de polimorfismo unico - SNPs) e diferengas de expressdo génica
estdo implicadas com a susceptibilidade diferencial ao PF e PV. Dentre os genes
mais associados com o pénfigo, destacam-se certos alelos da familia dos antigenos
leucocitarios humanos (HLA, do inglés Human Leukocyte Antigens) de classe I,
especialmente HLA-DRB1 e HLA-DQB1. Os genes HLA estao localizados na regiao
genbmica do complexo principal de histocompatibilidade (MHC, do inglés Major
Histocompatibility Complex), e estao envolvidos na modulacdo da susceptibilidade e
resisténcia a doengas autoimunes (TRON et al., 2005). Nos pénfigos, propde-se que
quando um individuo geneticamente susceptivel entra em contato com o agente
desencadeador da resposta imune, ha um aumento da produgao de interleucinas, que

estimulam uma resposta Th2 e induzem a expressdao de HLA classe Il nas
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membranas dos queratindcitos, ativando a producdo de autoanticorpos pela
exposicao de peptideos de desmogleina (TRON et al., 2005; SAGI et al., 2008).

Em PV, a frequéncia dos alelos de HLA DRB1*04, DRB1*08, DRB1*14,
DQB1*03:02 e DQB1*05:03 é significativamente maior em pacientes, em contraste
com a menor frequéncia de DRB1*07, DRB1*15, DQB1*03:03, DQB1*02, DRB1*03,
DQB1*05:01 e DQB1*06:01 (YAN, WANG & ZENG, 2012; LI et al., 2018, PETZL-
ERLER, 2020). Dentre estes, DRB1*04:02 e DQB1*05:03 sédo os principais alelos de
risco em diferentes populagdes, sendo expressos na maioria dos pacientes de PV
(VODO, SARIG, & SPRECHER, 2018, PETZL-ERLER, 2020).

De forma similar, pacientes de PF também apresentam maior frequéncia de
DRB1*04 e DRB1*14, e uma menor frequéncia de DRB1*07 (PETZL-ERLER &
SANTAMARIA, 1989; LOMBARDI et al., 1999; PAVONI et al., 2003, PETZL-ERLER,
2020). Destes, DRB1*04 é o alelo mais associado com a susceptibilidade para PF
esporadico e PFE (PAVONI et al., 2003; MORAES et al., 1997; DE SENA et al.,
2018, PETZL-ERLER, 2020), sendo que em PFE, portadores de DRB1*04
apresentam 14 vezes mais chance de desenvolver a doenca, em comparagao a
individuos n&o portadores deste alelo (MORAES et al., 1997). Ja o alelo de risco
para PV DRB1*04:02 ndo esta associado com as formas PF (LOMBARDI et al.,
1999; BROCHADO et al., 2016, PETZL-ERLER, 2020).

Além disso, enquanto os alelos DQB1*05 e DRB1*16 também se apresentam
como alelos de risco para PFE, os mesmos nao se encontram associados com PF
esporadico na populagcdo holandesa (DE SENA et al., 2018). Considerando que
DQB1*05:03 também é alelo de risco para PF na Italia (LOMBARDI et al., 1999), e
que ha um forte desequilibrio de ligagao entre os genes HLA-DQB1*05 e -DRB1*16,
a presencga de associacdo destes alelos pode ser explicavel em regides brasileiras
previamente colonizadas por italianos, sobretudo em Sado Paulo (DE SENA et al.,
2018). Diferencas de susceptibilidade genética para PFE sdo encontradas ainda em
amerindios brasileiros. E o caso da populacdo Terena, a qual o alelo HLA de alto
risco € o DRB1%04:04, além de uma associacdo adicional de DQB171*03:02 com a
susceptibilidade a doenga. Enquanto isso, o alelo DRB1*08:02 (de alto risco para PV

e baixo risco para ambas as formas de PF, em individuos de ascendéncia
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predominantemente europeia) é considerado protetor para o PFE nesta populagao
amerindia (PETZL-ERLER, 2020).

Ainda dentro ou nas proximidades da regido genémica do MHC, também ja
foram associados com o pénfigo, alguns genes de HLA classe | (VODO, SARIG, &
SPRECHER, 2018; PETZL-ERLER e SANTAMARIA, 1989; AUGUSTO et al., 2012;
BROCHADO et al., 2016) e genes nao pertencentes a familia dos HLA, como TNF
(Tumor Necrosis Factor), LTA (Lymphotoxin alpha) e TAPZ2 (Transporter Antigen
Peptide 2) (TRON et al., 2005; VODO, SARIG, & SPRECHER, 2018).

Diversos genes ndo pertencentes ao MHC também vem sendo associados
com o pénfigo em algumas populagdes, ao nivel de variabilidade genética e/ou
expressdo génica. Dentre estes, destacam-se: genes KIR (Killer-cell
Immunoglobulin-like Receptor) (AUGUSTO et al., 2012); interleucinas, como IL-6 e
IL-10 (PEREIRA et al.,, 2004; MOSAAD et al., 2012; FELICIANI et al., 2000;
EBERHARD et al., 2005); reguladores de linfécitos T, como CD28, CD86 e CTLA4
(cytotoxic T-lymphocyte-associated protein 4) (DALLA-COSTA ET AL., 2010;
PAVONI et al., 2006; TANASILOVIC et al., 2017); reguladores de linfécitos B, como
CD40, CD40L e BLYS (B Lymphocyte Stimulator) (MALHEIROS & PETZL-ERLER,
2009); reguladores da resposta imune, como CI/ITA (Class II| MHC Transactivator),
PDCD1 (Programmed Cell Death Protein 1) e ST18 (T18 C2HZ2C-type zinc finger
transcription factor) (PIOVEZAN & PETZL-ERLER, 2013; BRAUN-PRADO & PETZL-
ERLER, 2007; SARIG et al., 2012); genes do complexo de receptores leucocitarios,
como os LAIR1/2 (Leukocyte-Associated Inhibitory Receptors 1 and 2), LILRB1/2
(Leukocyte Immunoglobulin Like Receptor B 1 and 2), LILRA3/4 (Leukocyte
Immunoglobulin Like Receptor A 3 and 4), LENGS8 (leukocyte receptor cluster
member 8) e VSTM1 (V-Set and Transmembrane domain-containing protein 1)
(CAMARGO et al., 2016; FARIAS et al., 2018); e também diversos genes do sistema
complemento (SALVIANO-SILVA et al.,, 2017; BUMILLER-BINI et al., 2018;
OLIVEIRA et al., 2019). Além destes, também estdo associados ao PF genes
envolvidos em diferentes vias de morte celular (BUMILLER-BINI et al., 2019) e em

mecanismos epigenéticos (SPADONI et al., 2019), entre outros.

Em nivel transcriptdmico, diversos genes foram encontrados diferencialmente
expressos em bidpsias de lesbes de PFE, assim como em células T CD4" de
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pacientes com lesdes localizadas e generalizadas. Dentre estes, destacam-se genes
envolvidos na apresentagdo de antigenos lipidicos, como o CD1D; na adesao e
migracgao de linfocitos, como o CD33, na proliferacédo e estimulagao linfocitaria, como
o TNFSF13B (BLYS); e na sinalizacdo de MAPKSs, alterando especialmente a via da
p38 MAPK (MALHEIROS et al., 2014).

Além dos codificadores de proteinas, alguns genes de RNAs nao
codificadores (ncRNAs), como os microRNAs (miRNAs) e os RNAs longos néao
codificadores (IncRNAs), também foram recentemente associados com PFE. Os
miRNAs séo reguladores pdés-transcricionais de aproximadamente 22 nucleotideos,
que se ligam a regidao 3'UTR do RNA mensageiro (mMRNA), levando a sua
degradacéao ou inibindo sua tradugcdo. Em um estudo com miRNAs, observou-se que
polimorfismos na regido 3'UTR do gene KLRG1 (Killer cell Lectin like Receptor G1)
influenciam na atividade de ligagdo do miRNA miR-584-5p, portanto alterando a
expressao de KLRG1, o que poderia contribuir para a autoimunidade do PF
(CIPOLLA et al., 2016). Além disso, em um trabalho anterior deste mesmo autor, os
miRNAs miR-148a, miR-155 e miR-1321 foram sugeridos como potenciais alvos
para terapias alternativas em PF (CIPOLLA e PETZL-ERLER, 2012).

Ja os IncRNAs s&o transcritos longos (>200 nucleotideos), também carentes
de potencial codificador para proteinas, porém com uma vasta gama de mecanismos
regulatorios, a nivel transcricional e pés-transcricional (detalhes abordados no tépico
seguinte). SNPs localizados em genes de IncRNAs foram associados ao PFE e
preditos como moduladores da transcricdo e estrutura secundaria de seus INcCRNAs,
além de alterar sitios de ligacdo de miRNAs (LOBO-ALVES et al., 2019). Em outro
estudo, um SNP do gene LENGS8 associado ao PFE foi predito de apresentar efeito
regulatério in cis no gene de IncRNA antisenso LENG8-AS1, com possivel co-

regulacao de expressao (FARIAS et al., 2018).

Em resumo, todos estes estudos demonstram a importancia e complexidade
dos fatores genéticos na etiologia do pénfigo. Contudo, poucos foram os que
investigaram associagbes genéticas para ambos os pénfigos, folidceo e vulgar.
Considerando o complexo envolvimento dos IncRNAs na regulacdo da expressao

génica, assim como a existéncia de poucos estudos em PF e a auséncia de estudos
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em PV, ainda ha muito para investigar a respeito destes transcritos, em ambas as

doencas.

2.2 RNAS LONGOS NAO CODIFICADORES

De acordo com o dogma central da biologia, a informacdo genética
armazenada nos genes codificadores € transcrita em mRNAs, que por sua vez sao
traduzidos a proteinas, moléculas estas até entdo consideradas protagonistas nas
fungbes e mecanismos celulares (CRICK, et al. 1961; CARNINCI, et al., 2005;
revisado em SHI et al., 2013 e em WAPINSKI e CHANG, 2011). Dessa forma,
acreditava-se que os MRNAs seriam a classe de RNAs mais abundante no
transcriptoma. Contudo, com a intensa popularizagdo dos sequenciamentos em
larga escala e o crescente acesso a dados genémicos e de transcriptoma, tornou-se
evidente que os RNAs néao codificadores (ncRNAs) correspondem a maior parte dos
transcritos em mamiferos (PONTING et al., 2009; GUTTMAN, et al., 2009; HARROW
et al., 2012). Dentre as diversas classes de ncRNAs atualmente conhecidas,
destacam-se os RNA ribossomais (rRNAs), RNAs transportadores (tRNAs),
microRNAs (miRNAs), pequenos RNAs nucleares (snRNAs) e nucleolares
(snoRNAs), pequenos RNAs de interferéncia (siRNAs), Piwi RNAs (piRNAs) e os
RNAs longos né&o codificadores (IncRNAs) (PONTING et al., 2009).

Durante muito tempo, os ncRNAs foram considerados como ruido
transcricional, e portanto, sem fungédo biolégica definida. Contudo, ja esta claro
atualmente que estdo envolvidos em diversos processos celulares e fisiologicos
(MORAN et al., 2012). No presente trabalho, foram estudados os RNAs longos nao
codificadores (IncRNAs), uma das classes de ncRNAs mais abundantes e menos
compreendidas do transcriptoma, que vem ganhando destaque na compreensao de
diversas doencas (DERRIEN et al., 2012).

2.2.1 LncRNAs: definicao e fungao

Os IncRNAs sao definidos como transcritos ndo codificadores com mais de
200 nucleotideos (KAPRANOQV et al., 2007; HARROW et al., 2012). Os genes de

IncRNAs diferenciam-se dos codificadores pela auséncia de open reading frames
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(ORFs) e, em geral, por apresentarem longos e poucos éxons. As regides
promotoras dos IncRNAs sado bastante conservadas entre os vertebrados,
diferentemente de seus éxons, que apresentam pouca conservagao entre as
mesmas espécies (PONTING et al., 2009; DERRIEN et al., 2012; HARROW et al.,
2012; GENG e TAN, 2016). Essa baixa conservagao nao necessariamente significa
baixa importancia funcional: sugere-se que a alta variabilidade genética dos INcRNAs
permita a origem de diferentes niveis de regulacdo e interagdo molecular dos
mesmos (JOHNSSON et al.,, 2014; QUINN et al., 2016). Ainda assim, muitas
variantes genéticas em IncRNAs vem sofrendo selegédo purificadora, o que indica
relevancia funcional (PONJAVIC, PONTING & LUNTER, 2007). Além disso, diversos
INcRNAs regulam a transcricdo de genes vizinhos (in cis) durante o seu proprio
processo de transcri¢cdo, de forma que em muitos casos, a localizacdo do seu gene
pode ser mais relevante a nivel funcional, do que sua sequéncia nucleotidica
propriamente dita (TOIBER, LEPRIVIER & ROTBLAT, 2017).

A localizagdo do transcrito de IncRNA, que pode ser nuclear e/ou
citoplasmatica, esta relacionada com a sua fungdo na célula (regulatoria
transcricional/epigenética ou pés-transcricional). Muitos INcCRNAs s&o transcritos pela
RNA polimerase Il, sofrem processamento alternativo, podem ou n&o ser
poliadenilados, e podem apresentar expressao tecido- ou célula-especifica,
indicando que s&o altamente regulados (DERRIEN et al., 2012; HARROW et al.,
2012; SALVIANO-SILVA & LOBO-ALVES, 2018). Sua estrutura secundaria é
formada através de dobras moleculares, resultantes do pareamento de bases entre
sequéncias complementares, que dinamicamente expdem motivos funcionais que
permitem a interagdo do IncRNA com outras moléculas (SMITH & MATTICK, 2016;
PEGUEROLES & GABALDON, 2016).

De acordo com o catalogo de IncRNA do NONCODE (FANG et al., 2017;
disponivel em http://www.noncode.org/analysis.php, acessado em 02/2020), ja séao
reportados mais de 96.000 genes de IncRNA e mais de 172.000 transcritos de
IncRNAs em humanos. Estes numeros podem ser ainda maiores, considerando que
IncRNAs também podem ser transcritos a partir de alguns pseudogenes, e que
certos INcRNAs sdo processados a pequenos ncRNAs (DERRIEN et al.,, 2012;
WANG et al., 2011; MILLIGAN & LIPOVICH 2015).
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De acordo com a sua localizagdo em relagdo ao gene codificador de proteina
mais proximo, os genes de IncRNAs podem ser categorizados como: intergénicos
(lincRNAs), quando situados em /oci vizinhos aos de genes codificadores, sem
sobreposic¢ao; antisenso, quando localizados sobrepostos na fita oposta ao gene
codificador de proteina, podendo ser intrdnicos (completamente dentro dos limites do
intron da fita oposta, sem sobreposigcdo com éxons) ou natural antisense transcripts
(NAT - quando se sobrepdem ao éxon da fita oposta, em pelo menos 1pb);
sobrepostos senso, quando localizados na mesma fita e transcritos na mesma
diregcdo do gene codificador de proteina sobreposto, podendo ser intrénicos ou de
sobreposi¢cao com éxons; ou bidirecionais (divergentes), quando localizados na fita
oposta ao gene codificador de proteina, cujos sitios de inicio de transcricéo (TSS)
sao proximos (SALVIANO-SILVA & LOBO-ALVES et al., 2018; HRDLICKOVA et al.,
2014) (FIGURA 4A).

Um grande numero de IncRNAs possuem padrdes especificos de expresséo,
indicando que sao altamente regulados e envolvidos em fungdes bioldgicas
especificas, apesar de pouco conservados (SALVIANO-SILVA & LOBO-ALVES et
al., 2018; DINGER et al., 2008; MERCER et al., 2008). Em geral, os IncRNAs estao
envolvidos em diversos processos regulatérios (FIGURA 4B), onde atuam por
diferentes mecanismos funcionais, modulando a transcricdo génica, processamento,
traducédo, atividade e transporte de moléculas, imprinting, entre outros processos
celulares. Os IncRNAs podem ainda ser processados em pequenos RNAs, como os
miRNAs. Além disso, os IncRNAs também estdo envolvidos em mecanismos
epigenéticos, induzindo a remodelagem da cromatina e alterando o recrutamento de
proteinas cruciais para a expressao génica (SALVIANO-SILVA & LOBO-ALVES et
al., 2018; SHI et al., 2013; WAPINSKI & CHANG, 2011).
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FIGURA 4. Classificagdo e mecanismos regulatérios dos IncRNAs na célula. (A). Classificagdo dos genes
de IncRNAs (elipses amarelas) de acordo com a localizagdo genémica do gene codificador de proteina mais
proximo (elipses pretas) e/ou do exon do gene codificador. (B) Principais fungdes e mecanismos
regulatérios exercidos por IncRNAs: (b1) atuagdo no processo de inativagdo do cromossomo X adicional
em mulheres; (b2) atuagdo como acentuadores (enhancers), induzindo a transcrigdo de um gene in cis ou in
trans; (b3) sequestrando proteinas regulatérias (como fatores de transcricdo e modificadores de cromatina),
impedindo sua ligacdo ao DNA; (b4) sinalizando para vias regulatorias, e assim ativando ou inativando
genes; (b5) guiando proteinas regulatdrias para sitios especificos; (b6) ligando-se a diferentes proteinas e
formando complexos ribonucleoproteicos, que também poderao afetar a expresséo génica; (b7) interagindo
com enzimas, como as quinases, influenciando em seu poder catalitico e/ou alterando sua sinalizagéo; (b8)
modulando o processamento (splicing) alternativo de transcritos primarios; (b9) atuando como ceRNAs
(competing endogenous RNA) através do sequestro de miRNAs, impedindo suas fungdes regulatdrias; (b10)
ligando-se a proteinas , bloqueando ou induzindo suas fung¢des, ou ainda alterando sua localizagdo na
célula; (b11) ligando-se a mRNAs, estabilizando-o, degradando-o ou ainda impedindo sua tradugédo no
ribossomo. Além disso, os IncRNAs podem ainda (b12) ser transportados através de vesiculas
extracelulares (VEs) para outras células e tecidos, onde poderéo realizar seus mecanismos regulatérios;
(b13) ser precursores de pequenos RNAs regulatérios, como miRNAs. Um IncRNA pode apresentar
multiplos mecanismos regulatérios, no nucleo e/ou citoplasma. Em b12, o transporte através de VEs néao é
por si s6 um mecanismo regulatério, mas possibilita que o IncRNA atue em processos regulatérios em
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tecidos em que o0 mesmo nao estaria sendo expresso. ASE—alternatively spliced exon. Fonte: SALVIANO-
SILVA & LOBO-ALVES et al. (2018).

2.2.2 LncRNAs e doencgas

Como ja mencionado previamente, ainda € pouco o que se conhece sobre 0s
mecanismos dos IncRNAs, contudo, sabe-se que participam de uma série de
processos bioldgicos e regulatérios. Sabe-se ainda que a desregulacao de alguns
IncRNAs pode ser também uma consequéncia destes processos, apresentando-se
como importantes potenciais biomarcadores de falhas regulatérias (GUTTMAN, et
al., 2009; WILUSZ et al., 2009).

Em humanos, mutagdes na sequéncia primaria dos IncRNAs, bem como
alteracbes na sua expressao, tém sido associadas com diversas eventos
patolégicos, com destaque para sindromes, disturbios neurodegenerativos,
cardiovasculares, autoimunes e inflamatérios (ESTELLER, 2011; HRDLICKOVA et
al., 2014; MORAN et al., 2012; RICANO-PONCE e WIJMENGA, 2013; CIPOLLA et
al., 2018), e principalmente em varios tipos de cancer (OLIVEIRA et al., 2019). As
numerosas informagdes que vem sendo reportadas sobre a desregulacdo de
IncRNAs no cancer, demonstram que muitos destes transcritos exercem importantes

fungdo oncogénicas e oncossupressoras (GIBB et al., 2011; OLIVEIRA et al., 2019).

Dentre as diversas doencas nédo cancerosas relacionadas com alteracdes nos
IncRNAs, as doengas autoimunes vem ganhando um crescente destaque. Estudos
de associagdo do genoma total (GWAS) tém relacionado diversos SNPs com
doengas imunologicas (MAURANO et al., 2012), dos quais, cerca de 10% destes
SNPs associados encontram-se em /oci de IncRNAs, o que sugere que estes
transcritos exercem um papel na etiologia destas doengas (RICANO-PONCE e
WIJMENGA, 2013). Contudo, apesar da lista de IncRNAs relacionados a doengas
autoimunes estar em consideravel expansao, a compreensao detalhada de seus

mecanismos na patogénese destas desordens, ainda é bastante limitada.

2.2.2.1  IncRNAs em doencgas autoimunes
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Varios IncRNAs participam de processos fisiolégicos e ontoldégicos em
diferentes células do sistema imune, indicando um importante papel dos IncRNAs no
desenvolvimento e homeostase deste sistema (SALVIANO-SILVA & LOBO-ALVES
et al.,, 2018). Alteragcdes genéticas e de expressdo destes IncRNAs poderiam,
portanto, interferir em diferentes processos de interagdo molecular, levando assim a
uma desregulagdo imunoldgica. De fato, um crescente numero de IncRNAs
contribuem com a susceptibilidade ou protecdo a diversas doengas autoimunes
(CIPOLLA et al., 2018).

Foi estimado que aproximadamente 7% dos SNPs associados com doencas
autoimunes parecem relacionados com IncRNAs intergénicos (lincRNAs), sendo que
muitos destes SNPs apresentam efeitos na expressao (eQTL, do inglés Expression.
Quantitative Trait Loci) destes lincRNAs (KUMAR et al., 2012; RICANO-PONCE e
WIJMENGA, 2013), podendo ainda influenciar a expressao de proteinas envolvidas
nestas doencas (HRDLICKOVA et al., 2014). De fato, diversas variantes associadas
com doenga celiaca, psoriase, doenca de Chron, esclerose multipla, artrite
reumatoide, IUpus eritematoso sistémico (SLE), colite ulcerativa, diabetes tipo 1,
entre outras, ocorrem em loci de lincRNAs (inclusive em regiées eQTLs), como ja
evidenciado em estudos de GWAS (RICANO-PONCE & WIJMENGA, 2013).

Alguns dos SNPs mais fortemente associados com a doenga celiaca
encontram-se em genes de [incRNAs, miRNAs e snoRNAs (KUMAR et al., 2012). Ja
os SNPs fortemente associados com a aterosclerose encontram-se préximos e
correlacionados com o IncRNA ANRIL (Antisense Non-coding RNA in the INK4
Locus), e parecem regular o risco da aterosclerose por modular a expressao e/ou
estrutura do ANRIL (BIRD et al., 2010).

A maior expressao do INcRNA GASS5 (Growth Arrest-Specific 5) em células do
sistema imune diminui a atividade transcricional induzida por fatores de transcricao
de receptores de glicocorticoides, diminuindo a imunossupressao e contribuindo para
o desenvolvimento da autoimunidade. O locus do GAS5 tem sido, portanto,
associado com a susceptibilidade a doengas autoimunes, como o SLE (KINO et al.,
2010). Outros IncRNAs associados ao SLE foram encontrados, apresentando-se
com expressao desregulada e correlacionados com genes proximos também
desregulados, em comparacéo com individuos saudaveis (SHI et al., 2014).
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O IncRNA regulatério PRINS (Psoriasis associated non-protein coding RNA
Induced by Stress) é regulado pela proliferacao e diferenciagdo dos queratindcitos e
possui um papel protetor em células expostas ao estresse. Niveis elevados de
PRINS foram associados com a presencga de epiderme lesionada de pacientes com
psoriase (SONKOLY et al., 2005). Ja na artrite reumatoide, foi reportado um
aumento de expressao do IncRNA H19 (imprinted maternally expressed transcript)
no tecido sinovial (STUHLMULLER et al., 2003) e do IncRNA HOTAIR nas células
mononucleares sanguineas e nos exossomos séricos de pacientes. Em contraste, a
expressdo de HOTAIR (HOX Transcript Antisense RNA) encontra-se diminuida em
osteoclastos diferenciados e sinoviocitos. Estes dados evidenciam que HOTAIR é

um potencial biomarcador no diagndstico da artrite reumatoide (SONG et al., 2013).

Diversos IncRNAs tem sido relacionados com a regulagao, diferenciagao e
respostas de células T CD4", em nivel fisiolégico e patologico (WEST & LAGOS,
2019). Dentre estes IncRNAs, o IFNG-AS1 (Interferon-Gamma Antisense transcript
1) regula a expressao de IFN-y em células Th1 (WEST & LAGOS, 2019). Além disso,
maiores niveis de IFNG-AS1 podem diminuir a expressao de HLA-DRB e HLA-DOB
em miastenia grave, diminuindo assim a expressdo de CD40L e regulando a
ativagéo de células T CD4" (LUO et al., 2017).

Além destes e de tanto outros exemplos disponiveis na literatura, foi
observado ainda que em células do sistema imune, ha uma maior expressao de
IncRNAs localizados em Jloci associados a nove disturbios imunes, em relagao a
IncRNAs localizados em outras regides do genoma (HRDLICKOVA et al., 2014b).
Dessa forma, torna-se evidente a relevancia da compreensdo dos mecanismos
regulatérios dos INcRNAs, cuja correlacéo e interagdo com outras moléculas mostra-
se promissora na predi¢cao de vias de sinalizacdo de disturbios imunes e na busca

por potenciais alvos terapéuticos.

2.2.2.2 IncRNAs em pénfigo
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Como previamente comentado, a investigacao de IncRNAs é bastante recente
em PF, e ainda ausente em PV. Em PF, ha apenas dois estudos com IncRNAs
publicados até o momento, sendo estes limitados a associagcdo com polimorfismos

genéticos, ndo explorando ainda a expressao destes transcritos.

No primeiro, 2080 SNPs de IncRNAs foram analisados em um estudo de
associacdo com 229 pacientes de PFE e 6681 controles. O SNP rs7144332*T
localizado no gene de IncRNA AL110292.1 foi associado com maior susceptibilidade
a doenca (P < 2.4 x 10°, OR = 1.63), enquanto SNPs dos INncRNAs Inc-PREX1-7:1,
AC009121.1, AC133785.1, LINCO1176 e LINCO1119 foram considerados como
sugestivos de associagdo (0.001 > P > 2.4 x 10™°) (LOBO-ALVES et al., 2019). No
segundo trabalho sobre IncRNAs em PFE, realizado pela mesma autora, 4 SNPs
localizados na regido genémica 1p13.2 foram analisados em 230 pacientes de PFE
e 190 controles. Destes, dois SNPs estdo localizados no IncRNA AL7137856.1 e um
SNP no IncRNA AP4B1-AS1 (Adaptor related Protein complex 4 subunit beta 1
Antisense transcript 1), sendo todos sobrepostos com genes codificadores de
proteinas. Nenhuma associagdo genética foi encontrada para os SNPs analisados
(LOBO-ALVES et al., 2019 [2]).

Além disso, em um estudo de rastreamento da regido genémica do complexo
de receptores leucocitarios (LCR) em PFE, foi predito que o SNP associado
rs35336528*G , localizado no gene codificador LENGS8, apresenta efeito eQTL na
expressdo do IncRNA antisenso LENG8-AS1, com possivel efeito regulador in cis na
expressao de ambos os genes (FARIAS et al., 2018). Contudo, uma validacéo desta

predicdo ainda nao foi investigada.

2.3 GENES HLA COMPLEX GROUP (HCG)

O MHC é uma regido de aproximadamente 4Mb, presente no brago curto do
cromossomo 6 (especificamente localizado em 6p21.3), onde estdo localizados os
genes HLA e outros genes de grande importancia em processos imunoldgicos,
sendo a maioria destes genes altamente polialélicos e polimorficos. Por este motivo,
esta regido é intensamente investigada em diversas doengas autoimunes,
inflamatorias e infecciosas, além da importancia clinica de genes HLA para

transplantes (TRON et al., 2005; KULSI, SHIINA & DIJKSTRA, 2019). O MHC ¢é
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dividido em trés regides gendmicas: o MHC de classe |, onde estdo localizados
genes de HLA classe | classicos (HLA-A, -B e —C) e nao classicos; MHC de classe II,
localizado em regi&do mais proxima ao centrbmero, e que abriga os genes HLA
classe Il (HLA-DR, HLA-DQ, HLA-DP, e outros); e por fim, intermediario ao MHC | e
MHC I, localiza-se o MHC de classe Ill, que apesar de nao possuir genes HLA
classicos, abriga genes conhecidamente importantes no contexto imunolégico, como
0 grupo génico do fator de necrose tumoral (TNF), genes dos componentes C2 e C4
do sistema complemento, dentre outros (GOLDBERG & RIZZO, 2015).

Além dos aqui citados, ha ainda uma ampla variedade de genes codificadores
e nao codificadores nestas regides (KULSKI, SHIINA & DIJKSTRA, 2019). Dentre os
nao codificadores, o INcRNA HCP5 (HLA complex pseudogene 5) ja foi associado
com algumas doencgas autoimunes infecciosas (KULSKI, 2019), enquanto o IncRNA
PSORS1C3 (psoriasis susceptibility 1 candidate 3) estd associado com a
susceptibilidade a psoriase (HOLM et al.,, 2005). Ambos os genes também sao
sugeridos de conferir susceptibilidade diferencial a artrite reumatoide associada a
esquizofrenia (MALAVIA et al., 2017).

Na historia da investigagcao de genes nao classicos na regidao do MHC, alguns
dos primeiros estudos envolvendo genes hoje descritos como IncRNAs, se iniciaram
nos anos 90, durante a caracterizacdo da familia génica do MIC (MHC class |
polypeptide-related sequence, também conhecido como PERB11). Nestes trabalhos,
genes presentes no agrupamento do MHC | foram descobertos. Por fazerem parte
de uma regido altamente associada com hemocromatose, foram denominados
“hemochromatosis candidate gene” (HCG), e enumerados de 1 a 7 (HCG I-VII)
(KAHLOUN et al., 1993). A partir de entdo, novos genes HCG foram descritos, como
o HCG IX (HCGY9), que esta relacionados a membros do cluster MIC (PICHON et al.,
1996; PICHON et al., 1996 [2]). Anos depois, a sigla HCG teve o seu significado
alterado, sendo agora classificada como HLA Complex Group (HCG) (HORTON et
al., 2004).

Atualmente, genes do HCG ja foram descritos em uma ampla extens&o
genbmica, abrangendo desde a regido a jusante do MHC | (6p21.7) até o MHC Il. A
familia multigénica dos HCGs é composta por genes codificadores de proteinas
(com nomes diversos), pseudogenes (como o HCG4 e HCG4B) e genes de IncRNAs
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(HCGY, 11, 14, 15, 17, 18, 20, 21, 22, 23, 24, 25, 26 e 27) (RNA Central DB - THE

RNACENTRAL CONSORTIUM, 2019; Ensembl Genome Browser - HOWE et al.,
2019). A disposicdo gendmica dos IncRNAs HCGs em 6p21.1 - 21.3 esta

representada na FIGURA 5.

Cromossomo 6

Braco curto Eraco longo
/6;02?1 i 6;\
MHC | MHC I MHC I

| | | |

-t

HCG20 (+)
HCG21 (-)
HCG22 (+)
HCG27 (+)
HCG26 (+)
HCG23 (+)
HCG24 (+)
HCG25 (+)

HCG11 (+)
HCG14 (+)
HCG15 (+)
HCGO (+)
HCG17 ()
HCG18 (-)
TSBP1-AS1 (+)

FIGURA 5. Localizagdo genémica dos genes HCG no brago curto do cromossomo 6. Em laranja, estao
representados os genes HCG localizados na regiao 6p.21.1-21.2, a jusante da regido MHC (com inicio em
6p21.3); em azul, estdo representados os genes HCG localizados na regido do MHC classe |; em verde, o
gene HCG23 presente na regido do MHC classe lll, sobreposto ao gene de IncRNA TSBP1-AS1; em
vermelho, genes HCG localizados no MHC classe Il. Demais genes sobrepostos na regiao ndo estdo sendo
representados na figura. As localizagdes gendmicas sdo meramente ilustrativas, ndo representando a escala

real da regido. Os simbolos “(+)” e “(-)” indicam a orientacdo da fita onde o gene esta inserido (direta ou

reversa, respectivamente). Fonte: a autora (2020).

Devido a grande quantidade de informacdes geradas sobre algumas regides

gendmicas, diferentes transcritos de RNA vém sendo atualizados nos diferentes
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bancos de dados, atualizagbes estas que nem sempre coincidem entre os mesmos,
podendo causar confusdo. Este é o caso do gene HCG23, um IncRNA antisenso ao
gene codificador de proteina C6orf10, e que apresenta informagdes contrastantes nos

principais bancos de dados genémicos.

De acordo com a versdo genbmica hg19 do Ensembl, HCG23
(ENSG00000228962) € um pequeno gene responsavel pela expressdo do IncRNA
HCG23-001 (ENST00000426643.1) de 610pb . J& na versdo gendmica atual (hg38)
deste site, ENST00000426643.1 (agora classificado como TSBP1-AS1-204) € um dos
15 transcritos originados a partir do gene de IncRNA TSBP1-AS1 (agora
ENSG00000225914), antisenso a uma grande parte dos genes C6orf10 (agora
também denominado TSBP1 - testis-expressed basic protein 1) e BTNLZ2 (butyrophilin-
like protein 2) 2. Estas informagdes se confirmam pelo banco de dados RNA Central
(hg38), onde estao representados os diferentes transcritos de TSBP1-AS1, incluindo o
até entdo HCG23 (TSBP1-AS1-204) *. Ja de acordo com o LNCipedia, o gene TSBP1-
AS1 néo é encontrando, sendo os seus transcritos derivados do gene HCG23, o qual
também possui os cddigos ENSG00000228962 (hg19) e ENSG00000225914 (hg38) *.
Ja no banco de dados GTEX (hg38), informagdes de expressdo constam tanto para
ENSG00000228962 quanto para ENSG00000225914: o primeiro € encontrado como
HCG23 (transcrito ENST00000426643.1), e o segundo gene também como HCGZ23,
além de sua aliase XXbac-BPG154L12.4, com informagdo apenas para o transcrito
ENST00000425033.1 (HCG23:19 ou TSBP1-AS1-203, de acordo com LNCipedia ou
Ensembl, respectivamente) (GTEX Portal). Por fim, nesta mesma regido gendmica,
consta ainda o gene LOC7101929163, classificado como HCG23:6 °, cujo transcrito
possui 807pb. Contudo, ndo ha qualquer informacao sobre este RNA em ambas as

versdes gendmicas do Ensembl, apesar do mesmo ser citado em diversos estudos.

Dessa forma, n&o esta claro se HCG23, LOC101929163 (HCG23:6) e TSBP1-
AS1 sdo genes distintos, apesar de ocuparem, em parte, a mesma posi¢gao gendmica
e compartilharem seus éxons (FIGURA 6); ou se HCG23 e LOC101929163 séao
atualmente considerados transcritos do gene TSBP71-AS1, como produtos de

processamento alternativo.

1 disponivel em http://grch37.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000228962;r=6:32358287-32361463:t=ENST00000426643
2 disponivel em http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000225914;r=6:32254640-32407763

3 disponivel em https://rnacentral.org/rna/URS000075B48F/9606

4 disponivel em https://hg19.Incipedia.org/db/search?search_id=hcg23 43

5 disponivel em https://rnacentral.org/rna/URS0000A764AC/9606 e em https://hg19.Incipedia.org/db/search?search_id=hcg23%3A6)
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FIGURA 6. Regido genémica do ENSG00000225914 (hg19 - chr6:32,222,417-32,361,468). De acordo com os
diferentes bancos de dados, INcCRNAs classificados com diferentes nomes sao expressos a partir da mesma regiao.
De acordo com UCSC/RefSeq (em azul): TSBP1-AS1 como os principais transcritos (acima); o pequeno transcrito de
HCG23 (na extremidade direita); LOC101929163 (centro); e os codificadores C6orf10, também nomeados como
TSBP1. De acordo com Ensembl (em vermelho): transcritos de TSBP1/C6orf10 (regido central) e de HCG23
(ENST00000426643, a direita). De acordo com LNCipedia (em verde): transcritos de HCG23 expressos a partir de

em: https://genome.ucsc.edu/cgi-

Apesar da divergéncia de informacgdes, a maior parte dos estudos que abordam

0 gene TSBP1-AS1 (e seus diferentes transcritos) se refere ao mesmo como HCG23

elou LOC101929163. Dentre estes trabalhos, variantes genéticas nesta regiao ja

foram associadas com susceptibilidade diferencial a artrite reumatoide (ANAPARTI et
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al., 2019), psoriase (FENG et al.,, 2009), colite ulcerativa (MOON et al., 2018),
sindrome nefrética (DEBIEC et al., 2018), doengca de Graves (KHONG et al., 2016),
esclerose multipla (ZILIOTTO et al., 2019), lupus neonatal (SAXENA et al., 2012;
CLANCY et al.,, 2010), e com a idade de manifestacdo da expansao de C9orf72
(causal em esclerose lateral amiotréfica e deméncia frontotemporal) (ZHANG et al.,
2018).

Com relacdo ao IncRNA HCG22, SNPs presentes neste gene foram
associados com esclerose multipla (LIN et al., 2015), lupus (CHUNG et al. 2014) e
cardiomiopatia dilatada (MEDER et al., 2013). Além destes, SNPs proximos a regido
genémica do HCG22 também foram associados com asma de inicio tardio (YATAGAI
et al., 2016) e com a instalacéo e progresséo do HIV em individuos do sul da Africa
(XIE et al., 2017; THAMI et al., 2019).

Em diabetes mellitus tipo 2, um SNP associado com a doenca foi descoberto
por estar proximo ao gene HCG27, que foi entdo avaliado de acordo com sua
expressdo. Os niveis transcricionais de HCG27 apresentaram-se diminuidos em
PBMCs de pacientes (em comparagdo com controles), e negativamente
correlacionados com niveis glicémicos. Além disso, analises de potencial diagnostico
sugerem HCG27 como um possivel biomarcador para esta doenca (SAEIDI et al.,
2018). Outros SNPs préximos a HCGZ27, presentes na regido do gene PSORST,
foram associados com psoriase. Além disso, a regido do HCG27 parece apresentar
um padrdo de metilagdo caracteristico de um perfil epigenético relevante para a
ativacao de células T (CLOP et al., 2013). Ja o gene HCG26 encontra-se hipometilado
em artrite psoriatica, em relagdo a individuos com psoriase e controles. Alguns
transcritos de HCG26 possuem ainda sitios de insergéo para elementos transponiveis,
0 que também acarreta em diferengas em seus padrdes de metilagdo (POLLOCK et
al., 2019).

Ainda em psoriase, um SNP proximo a regiao génica de HCG9/MICA/MICB foi
associado com a susceptibilidade a esta doenca (KNIGHT et al., 2012). SNPs
presentes na regiao do HCG9 e HLA-A foram ainda associados com linfoma de
Hodgkin Epstein-Barr positivos (NIENS et al.,, 2006; URAYAMA et al., 2012), entre

outros tipos de cancer.
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Em doenca celiaca, SNPs do gene HCG74 foram associados com esta
enfermidade e podem estar correlacionados com a expressao diferencial de NOD1
(Nucleotide-binding Oligomerization Domain-containing protein 1). O silenciamento de
HCG14 levou a uma ligeira diminuicdo nos niveis de mRNA de NOD1. Devido a
localizagao preferencialmente nuclear do HCG14, os autores sugerem uma possivel
funcdo de regulagdo a nivel transcricional por parte deste IncRNA (SANTIN et al.,
2018).

Juntamente a outros genes de IncRNA, o HCG17 foi sugerido como um
potencial biomarcador para acidente vascular cerebral isquémico, no qual o mesmo
encontra-se menos expresso (ZHENG et al., 2019). Por fim, estudos recentes tem
relacionado o HCG11 como competidor enddgeno (ceRNA) para diferentes miRNAs
em alguns tipos de cancer, como glioma (CHEN et al., 2019; ZHANG, L. et al., 2019),
cancer de prostata (ZHANG, H. et al, 2019), entre outros. Contudo, o envolvimento
deste e de outros genes HCG em doengas imuno-relacionadas ainda esta para ser

investigado.

Em suma, apesar da regido do MHC ser bastante reconhecida por sua
importancia em diversos processos imunoldgicos, ainda ha uma caréncia de estudos
explorando a fungédo dos genes HCG. Apesar disso, muitos estudos de associagéo
(especialmente GWAS) tém revelado associagdes genéticas entre estes genes e
diferentes tipos de doencas, demonstrando uma potencial fungdo dos HCGs em

processos fisiologicos e patoldgicos do sistema imune.
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3. HIPOTESE E JUSTIFICATIVA

O pénfigo € um grupo de doengas bolhosas graves, cuja etiologia é bastante
complexa e apenas parcialmente conhecida. Apesar de negligenciado, o PFE é a
unica doenca autoimune conhecida por ser endémica, indicando a presenca de
potentes fatores ambientais em certas nas regides, que por sua vez podem
desencadear a doenga em individuos geneticamente susceptiveis. Além disso, o
PFE parece apresentar diferencas de susceptibilidade genética em relagdo a sua
forma esporadica (e ambas as formas de PF também possuem diferengas de
susceptibilidade ao PV). O conhecimento atual sobre os fatores genéticos
associados ao pénfigo é praticamente restrito a genes codificadores de proteinas,
dentre os quais se destacam os genes HLA de classe Il, presentes na importante
regidao do MHC. Contudo, além dos genes codificadores, os genes de IncCRNAs vem
ganhando uma crescente atengdo na compreensao de diversos mecanismos
moleculares, por apresentarem diferentes fungdes regulatdrias transcricionais e pos-
transcricionais. Variantes genéticas e niveis alterados de expressao de IncRNAs tem
sido cada vez mais investigados em eventos fisioldégicos e patoldgicos, inclusive na
autoimunidade. Além disso, diversos genes de INcCRNAs estdo presentes na regido
gend6mica do MHC, dentre os quais, os IncRNAs classificados como HLA-Complex
Group (HCG) incluem alguns genes ja associados com doengas autoimunes, apesar
de ainda pouco conhecidos. Devido a importancia da regido genémica do MHC em
processos imunoloégicos e autoimunes, assim como a natureza regulatéria dos
INcRNAs, € possivel que os genes HCGs desempenhem um papel importante na
autoimunidade do pénfigo. Considerando esta hipotese, se faz justificavel a
investigacao genética e de expressao dos genes HCGs em pénfigo foliaceo e vulgar.
Destaca-se que este estudo é pioneiro em dois aspectos: na investigacao de todos
genes de IncRNAs HCGs atualmente descritos e na investigacdo de IncRNAs em
PV. Os resultados obtidos neste estudo serdo importantes pois se destinam a
explorar uma regido ainda pouco investigada dentro do MHC, tendo o potencial de
indicar novos genes candidatos para estudos de doengas autoimunes e imuno-
relacionadas e permitirdo ampliar o conhecimento acerca dos fatores genéticos

envolvidos no pénfigo.
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4. OBJETIVOS

4.1 OBJETIVO GERAL

O objetivo geral dessa tese de doutorado € de investigar se a variabilidade
genética dos IncRNAs HCG, bem como se os niveis de expressdo dos HCGs

associados, influenciam a susceptibilidade aos pénfigos foliaceo e vulgar.

4.2 OBJETIVOS ESPECIFICOS:

| — Selecionar variantes localizadas nos genes de HCGs a partir de estudos de
genoma total e investigar se estas estdo associadas com PF e PV através de estudo

caso-controle;

Il — Se encontrados genes associados, avaliar se estao diferencialmente expressos

em amostras de pacientes de PF e PV, em relagao a individuos controle;

lll — Avaliar se genes HCG associados estdo diferencialmente expressos em
queratindcitos funcionalmente representitativos de PF e PV, apds serem estimulados

em cultivo com anticorpos de pacientes e controles.
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5. CAPITULOI:

VARIABILIDADE GENETICA E EXPRESSAO DOS RNAS LONGOS NAO
CODIFICADORES HLA COMPLEX GROUP (HCGS) NOS PENFIGOS
FOLIACEO E VULGAR.
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ABSTRACT

Background: Pemphigus is a group of autoimmune diseases characterized by the
autorecognition of desmosomal antigens, such as desmoglein-1 (DSG1, for pemphigus
foliaceus - PF) and -3 (DSG3, for pemphigus vulgaris - PV), leading to acantholysis and skin
blisters. Several studies have shown associations of genetic variants (alleles, haplotypes, or
individual single nucleotide polymorphisms - SNPs) with pemphigus foliaceus (PF) and
pemphigus vulgaris (PV) susceptibility, especially alleles of class Il human leukocyte antigen
(HLA) genes and other major histocompatibility complex (MHC) genes. Recently, SNPs located
in long non-coding RNAs (IncRNAs) have also been associated with many autoimmune
diseases, including PF. However, none of these studies included a group of IncRNA genes
located in the MHC region: the HLA complex group (HCG) genes. Objectives: We investigated
for the first time if SNPs in HCG IncRNA genes, as well as HCG IncRNA levels, are associated
with the susceptibility for PF and PV. Methods and results: We analyzed SNPs located in 13
HCG IncRNA genes (genotyped by Illumina microarrays), both in endemic PF (EPF) (227
patients and 194 controls from Brazil) and PV (241 patients and 1188 controls from Germany),
applying multivariate logistic regression. We found 9 SNPs associated with EPF (FDR p<0.05): 7
located in the TSBP1-AS1 IncRNA gene (which hosts HCG23); one in HCG27 and one in HCG21.
Moreover, 55 SNPs were associated with PV (FDR p<0.01), overlapping the genes TSBP1-AS1
(38 SNPs), HCG17 (6), HCG27 (5), HCG22 (3), HCG20 (2) and HCG26 (1). We therefore
evaluated the TSBP1-AS1, TSBP1, HCG23 and HCG27 RNA levels in peripheral blood
mononuclear cells (PBMC) of EPF and PV patients from Brazil, in comparison with controls. We
observed HCG27 upregulated in EPF (p=0.035, log2 FC = 1.3), while TSBP1-AS1 was
downregulated in PV (p=0.029, log2 FC = -1.29). The same differences were also seen in
cultured immortalized keratinocytes stimulated with serum IgG antibodies from patients and
controls (5 sporadic PF, 5 PV and 5 controls from Germany). Meanwhile, TSBP1 mRNA levels
were decreased in EPF PBMCs (p=0.042, log2 FC = -2.14), although no expression differences
were found for this gene in sporadic PF (keratinocytes). Conclusions: HCG genes are
associated with the genetic susceptibility for both PF and PV, being HCG27 and TSBP1-AS1 also
differentially expressed in the respective diseases, in different population samples. These

results suggest a role of HCG IncRNAs in pemphigus autoimmunity.

Keywords: HLA Complex Group, IncRNAs, pemphigus, genetic susceptibility.
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1. INTRODUCTION

Pemphigus is a group of serious epidermal diseases and one of the four main groups of
autoimmune bullous diseases (AIBD) (Diaz et al., 1989; Sinha, 2011). Pemphigus is
characterized by the presence of epidermal autoantibodies that recognize desmossomal
antigens in the surface of keratinocytes, which are important to intercellular communication.
The pathogenic auto-recognizing of these adhesion molecules results in detachment between
keratinocytes, a process known as acantholysis, with clinical manifestation of epithelial
blistering (Takeichi, 1991; Culton et al., 2008; Nisihara et al., 2003; Kasperkiewicz et al., 2017
Pollmann et al., 2018; Spindler et al., 2018; Schmidt, Kasperkiewicz & Joly, 2019). There are
two classical pemphigus types: pemphigus foliaceus (PF) and pemphigus vulgaris (PV). In PF,
the main autoantigen is Desmoglein 1 (Dsgl), highly expressed in the epithelial superficial
layer, causing superficial skin blistering lesions, rare in the mucosa. In the case of PV, the
pathogenic autoantibodies mainly recognize Desmoglein 3 (Dsg3), which is expressed in
deeper epithelial layers. This results in profound epidermal blistering, affecting also mucous

membranes (Diaz et al., 1989; Bystryn & Rudolph, 2005; Schmidt, Kasperkiewicz & Joly, 2019).

Regarding epidemiological aspects, pemphigus diseases have a global incidence of 0.75-5
cases/million per year. Nevertheless, besides rarer than PV throughout the world, PF is
endemic in certain rural areas of Brazil, Colombia and Tunisia. In Brazil, the endemic form of
PF (EPF) is popularly known as “fogo selvagem” (which means “wild fire”) and reaches a
highest prevalence of approximately 3.4% in an indigenous community living in the in Limao-
Verde reservation area in the central-western region (Bystryn & Rudolph, 2005; Diaz et al.,
1989 [2]; Hans-Filho et al., 1999). Moreover, both the endemic and sporadic forms of PF are
clinically and immunologically similar, despite the increased IgM levels in EPF and endemic
controls, suggesting a sensitization by environmental antigens in endemic areas (Culton et al.,

2008; Diaz et al., 2008).

Regarding to the genetic aspects, certain alleles of human leukocyte antigen (HLA) class Il
genes (especially HLA-DRB1 and HLA-DQB1), as well as other genes in the major
histocompatibility complex (MHC), are highly associated with PV and PF (Petzl-Erler, 2020).
Besides them, other genes are also associated with both diseases (Feliciani et al., 2000;

Pereira et al., 2004; Eberhard et al., 2005; Pavoni et al., 2006; Braun-Prado & Petzl-Erler, 2007;
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Malheiros & Petzl-Erler, 2009; Dalla-Costa et al., 2010; Mosaad et al., 2012; Augusto et al.,
2012; Sarig et al., 2012; Piovezan & Petzl-Erler, 2013; Camargo et al., 2016; Tanasilovic et al.,
2017; Salviano-Silva et al., 2017; Farias et al., 2018; Bumiller-Bini et al., 2018; Bumiller-Bini et
al., 2019; Oliveira, L.C. et al., 2019; Spadoni et al., 2019).

Apart of protein-coding genes, the genetic influence of long non-coding RNAs (IncRNAs) have
also been studied in PF (Lobo-Alves et al., 2019). The IncRNAs are large transcripts (more than
200 nucleotides) without protein-coding potential, involved in distinct mechanisms of
transcriptional and post-transcriptional regulation. Therefore, the IncRNAs have been largely
studied in many physiological and pathological processes (Salviano-Silva & Lobo-Alves et al.,
2018; Cipolla et al., 2018; Oliveira, J.C. et al., 2019). Moreover, many IncRNAs are located in
the MHC region, of which some IncRNAs of a multigene family classified as HLA-Complex
Group (HCG) have also been associated with autoimmune and immune-related processes. Due
to the importance of MHC to immunological and autoimmune responses (Kulsi, Shiina &
Dijkstra, 2019; Tron et al., 2005), as well as the regulatory nature of IncRNAs, it is possible that
HCG IncRNAs present an important role in pemphigus autoimmunity. However, there are no
studies investigating the association of all HCG IncRNA genes in diseases, nor even of any HCG

in pemphigus autoimmunity.

Aiming to explore the involvement of HCG IncRNAs in pemphigus susceptibility, we
investigated if single nucleotide polymorphisms (SNPs) located in 13 HCG IncRNA genes are
associated with PV and PF. Moreover, we evaluated the expression of the most associated
HCG genes in patients PBMCs and cell culture. We found that HCG IncRNA genes are
associated with both diseases, of which TSBP1-AS1 (which includes HCG23) and HCG27 are

differentially expressed in PV and PF, respectively.

2. MATERIAL AND METHODS

2.1 Human samples

This study was approved both by the National Committee for Ethics in Research (CONEP
protocol CAAE 02727412.4.0000.0096, approval 505.988) and the Ethics Committee of the
University of Libeck (08-156, 12-178), according to Brazilian and German federal laws. All
subjects voluntarily agreed to participate in this study and signed an informed consent form,

following the Declaration of Helsinki. The study was performed in cooperation with the
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Biobank PopGen, Kiel, Germany. All subjects were unrelated and with no clinical history of

other autoimmune disease.

The PV cohort used for the genotyping study comprised 241 PV patients and 1188 controls, all
of European origin. The subjects were collected in German hospitals by the German
Autoimmune Bullous Diseases Genetic Study Group. PV patients were diagnosed based on a
compatible clinical phenotype and a positive direct immunofluorescence microscopy of a
perilesional skin biopsy or serum autoantibodies against Dsg3 as detected by ELISA
(Euroimmun, Liubeck, Germany), according to the guideline of the German Society of

Dermatology (Schmidt et al. 2010; Schmidt et al., 2015).

The endemic PF (EPF) cohort was composed by 227 PF patients and 194 controls from
endemic areas in Brazil. All individuals, including the subjects enrolled in expression analysis
(controls, EPF and PV), were of predominantly European ancestry, and were contacted at
reference hospitals located in the endemic areas, as previously described (Cipolla et al., 2016).
The patients were diagnosed based on physical examination combined with immunological

testing, immunohistochemistry of skin biopsies and/or histopathology.

For all subjects, peripheral blood samples were collected and used for DNA isolations.
Peripheral blood mononuclear cells (PBMCs) of Brazilian controls (7) and patients with PV (15,
of which 8 with active disease) and EPF (6 with active disease) were also used for RNA
guantifications. Moreover, serum of 5 PV patients, 5 sporadic PF patients and 6 control
subjects from Germany were collected, for posterior purification of IgG antibodies used in cell

culture.

Clinical and demographic data of subjects enrolled in this study are summarized in the

Supplementary Table 1.

2.2 DNA samples and Microarray genotyping
DNA was isolated from total blood samples of the PV cohort, using the Smart Blood DNA midi
prep (Analytik Jena, Germany), and of the EPF cohort with phenol-chloroform-isoamyl alcohol

method (Sambrook & Russell, 2001), and then stored at -80°C until genotyping.
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For PV and EPF cohorts, the genotyping assays were performed with Global Screening Array
and with Human Infinium® CoreExome-24 Beadchip (both of Illumina® San Diego, USA),

respectively, according to the manufacturer’s instructions.

2.3 Selection of IncRNA candidates and data quality control

We selected the 13 HCG IncRNA genes (Figure 1; Table 1) available in LNCiPedia DB
(GRCh37/hg19) (Volders et al., 2019), for genetic variability investigation in pemphigus. For
the HCG23 gene, we selected the whole gene region of TSBP1-AS1 (“TSBP1 and BTNL2
antisense RNA 1”), which includes HCG23 (ENST00000426643.1) (RNA Central DB - The
RNAcentral Consortium, 2019; available in https://rnacentral.org/rna/URS000075B48F/9606)
and whose name is still classified as HCG23 in some databases (LNCipedia DB, available in
https://hg38.Incipedia.org/db/gene/HCG23). None of the selected genes were previously

investigated in any subtype of pemphigus.

We searched for the genomic regions of the HCG genes at LNCiPedia DB (GRCh37/hg19)
(Volders et al., 2019) in order to extract tag variants that mapped to these selected
chromosome-6 genes, from the genotyping data of both PV and EPF microarrays. 554 genetic
variants were extracted from PV microarray data, while 269 variants were extracted from data
of EPF microarray. Manipulation of the SNP data was performed with PLINK version 1.09
(Chang et al., 2015). For the quality control, we excluded markers having (i) a minor allele
frequency (MAF) < 5%, (ii) a genotype distribution deviating from Hardy-Weinberg equilibrium
in the control sample (p < 0.05) and (iii) a strong linkage disequilibrium (r? > 0.8) with other
SNPs in the analysis. A total of 160 SNPs remained for PV analysis, and 115 SNPs remained for

EPF (Supplementary Table 2).

2.4 Computational analysis

Computational analyses were performed to search functional annotations for all EPF-
associated SNPs and for the 10 most associated SNPs with PV. Possible regulatory features
and minor allele frequencies in European, African and Amerindian populations were searched
in GRCh38/hg38 version of Ensembl genome browser (Howe et al., 2019). Due to the data
divergences for some HCG genes in genomic databases, the SNP locations into their respective
genes were searched in Ensembl genome browser (Howe et al., 2019), LNCipedia DB (Volders

et al.,, 2019) and RNA Central DB (The RNAcentral Consortium, 2019). Possible eQTL
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(expression quantitative loci trait) and sQTL (splice quantitative loci trait) effects in skin tissues
were searched in GTEX Consortium project (Carithers et al., 2015). Molecular interactions data
concerning the most associated genes with RNAs and proteins were searched in the ENCORI

interactome database, as well as their participating pathways (LI et al., 2014).

All associated SNPs were evaluated for their linkage disequilibrium (LD) with other non-
analyzed SNPs in their genomic extension, within population samples from the 1000 Genomes
project data, using LDLink (Machiela & Chanock, 2017) online tool (available in
https://ldlink.nci.nih.gov/?tab=Idassoc#). The searched populations were: CEU (Utah
Residents with Northern and Western European Ancestry) for PV; and CEU, TSI (Toscani in

Italia), IBS (Iberian Population in Spain) and YRI (Yoruba in Ibadan, Nigeria) for EPF.

2.5 Cell culture

Keratinocytes (HaCaT human immortalized cell line) were grown in Keratinocyte Growth
Medium 2 (Sigma-Aldrich, USA) at 372C and 5% CO,, and seeded in different culture flasks,
prior the treatment. I1gG antibodies were purified from serum of 5 PV patients, 5 sporadic PF
patients and 6 control subjects, all from Germany (Supplementary Table 1), using the Pierce™
Protein G IgG Agarose (Thermo Fischer Scientific, USA). After reaching ~80% of confluency, the
HaCaT cells were stimulated with 1 mg/mL of IgG antibodies and incubated for 12 hours, prior

to cell lysis for RNA isolations.

2.6 Quantification of RNA levels

Total RNA was isolated from PBMCs with TRI Reagent® Solution (Thermo Fisher Scientific,
USA), and cDNA samples were produced with High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, USA). For the HaCaT cells, large RNAs were isolated separately from
small RNAs fraction using mirVana miRNA Isolation Kit (Thermo Fisher Scientific, USA),
followed by reverse transcription with First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, USA). In reverse transcription assays, random primers were used for TSBP1-AS1 and

HCG27, while specific reverse primers were used for HCG23 and TSBP1 RNAs.

Quantitative real-time polymerase chain reaction (QPCR) was used to measure the expression
levels of TSBP1-AS1, TSBP1, HCG23 and HCG27 genes, which were normalized by the

housekeeping gene RPL13A (Ribosomal Protein L13a). The gPCR reactions were performed in
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triplicates using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific, USA)
and specific primer pairs (Table 2) in 2L of cDNA. The gPCR amplifications were performed at
622C in StepOne Real-Time PCR Systems (Applied Biosystems®, USA). All amplifications

presented unique peaks in the melting curves (data not shown).

2.7 Statistical analysis
For association analysis, we performed a logistic regression using the additive model, with
odds ratio (OR) and confidence interval of 95% (95%), applying corrections for sex and two

principal components (PCs), in order to control for possible population structure.

Taking into account the high discrepancy in the quantity of associated SNPs found for EPF and
PV, we adopted a significance limit of 0.05 for false discovery rate (FDR) adjusted p values in
EPF (FDR p values between 0.05 and 0.1 were considered suggestive of association), and of
0.01 for FDR adjusted p values in PV (FDR p values between 0.01 and 0.05 were considered

suggestive).

For the gene expression analysis, the fold changes (FC) were calculated by the comparative
quantification cycle (Cq) method 2%*“® and normalized by log2 (Livak & Schmittgen, 2001).
Mann-Whitney tests were performed using GraphPad Prism v.6 software. The limit of

significance adopted was p < 0.05.

3. RESULTS

3.1 SNPs in HCG IncRNA genes are associated with PV

We found 55 HCG SNPs significantly associated with PV (FDR p < 0.01) and 22 suggestive of
association (0.01 < FDR p < 0.05), in the additive model (Table 3). The associated SNPs are
located in the following genes: TSBP1-AS1 (38 SNPs, of which 2 are also in HCG23), HCG17 (6
SNPs, of which one also overlaps HCG18, and another the HLA-L gene), HCG27 (5 SNPs),
HCG22 (3 SNPs), HCG20 (2 SNPs) and HCG26/HCP5 (1 SNP). Among the associated SNPs in
TSBP1-AS1, 30 are also located in the protein-coding gene TSBP1.The strongest association for
PV was with rs1003879*A, that may increase the disease susceptibility (FDR p = 5.24%%, OR=
4.78). This SNP locates in intron 4 of TSBP1-AS1 that corresponds to intron 18 of TSBP1

(Ensembl genome browser, Howe et al., 2019).
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The suggestively associated SNPs occurred in TSBP1-AS1 (15 SNPs, of which 10 are also in
TSBP1 coding gene), HCG27 (3 SNPs), HCG17 (2 SNPs, of which one is also located in HCG18),
HCG20 (1 SNP) and HCG21 (1 SNP) genes (Table 3).

These results lead us to suggest that the genetic variability of HCG IncRNA genes influences

the susceptibility to PV.

3.2 SNPs in HCG IncRNA genes are associated with endemic PF

We found 9 HCG SNPs significantly associated with EPF (FDR p < 0.05) and 6 suggestive of
association (0.05 < FDR p < 0.1), in the additive model (Table 4). The associated SNPs are
located in genomic regions of TSBP1-AS1 (7 associated SNPs, of which 4 also occur in the
TSBP1 gene), HCG27 (2 SNPs, especifically in the transcript HCG27:6) and HCG21 (1 SNP, which
also pertain to the MUCL3 and SFTA2 protein-coding genes). Interestingly, 3 EPF-associated
SNPs (rs3129943*G, rs3129949*A and rs9268103*A) are also associated with PV, but with an
opposite effect (Tables 3 and 4). Increased susceptibility to EPF was strongly associated with
TSBP1-AS1 rs16870005*A (FDR p = 0.0135, OR=10.56). This SNP occurs in intron 4 of the
TSBP1-AS1 and in exon 30 of the TSBP1 gene, as a missense variant for TSBP1 (Table 4;

Supplementary Table 3).

The suggestively associated SNPs occurred in TSBP1-AS1 (4 SNPs, of which 3 are also within
TSBP1), HCG27 (1 SNP) and HCG20 (1 SNP) genes (Table 4).

These results lead us to suggest that the genetic variability of HCG IncRNA genes influences

the susceptibility to PF.

3.3 Functional annotations suggest potential relevance of TSBP1-AS1 and HCG27 variability

Among the top-10 PV associations, the most associated SNP (rs1003879) is located in a motif
with binding sites for many transcription factors (TF), considered by some genomic databases
as a promoter flanking region for neighbor genes (Ensembl genome browser, Howe et al.,
2019). Moreover, rs1003879 does not present strong linkage disequilibrium (defined as r? >
0.8) with other SNPs, within the European-derived population of Utah (USA). Thus, the

rs1003879*A allele may be a causal variant (Supplementary Table 3; Supplementary figure 1).

All of the PV most associated SNPs are within the intron 4 of TSBP1-AS1, excepting
rs2273017*G (TSBP1-AS1 intron 6; also located in a TF binding motif). Among them,
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rs3115562*T (the second most associated SNP) is the unique SNP not overlapped with TSBP1
coding gene, being specific of TSBP1-AS1. Furthermore, most of them have eQTL and sQTL
effects for HLA and other MHC genes in skin tissues, being rs521828*T located in an acceptor
splice site motif (Supplementary Table 3). Most SNPs present LD with other variants
specifically in the gene region, with few exceptions of SNPs in LD with HLA-DRA variants

(Supplementary Table 3; Supplementary figure 1).

Similarly to PV, the EPF associated SNPs in TSBP1-AS1 are located in the intron 4 of this gene,
excepting for a SNP in intron 6 (rs3129943*G, which is not in strong LD with the PV-associated
rs2273017*G allele). Among them, the most associated SNP (rs16870005) is a missense
variant responsible for the amino acid change from alanine to threonine, in the codon 431 of
the canonical TSBP1 mRNA (Supplementary Table 3). Moreover, the EPF-associated SNPs are
not strongly linked to HLA genes. While the rs16870005*A is in LD (r* > 0.8) with variants also
located in neighbor genes, the other 8 associated SNPs only present LD with variants of their
own genes, in all investigated populations (Supplementary Table 3; Supplementary figure 2).

Most of these SNPs also show eQTL and sQTL effects in skin tissues (Supplementary Table 3).

Furthermore, the most associated genes, TSBP1-AS1 and HCGZ27, are predicted to interact
with various relevant RNAs and proteins, of which many interactions were found in analysis of
many interactome sequencies data (ENCORI interactome database). The IncRNA TSBP1-AS1 is
capable to bind RNA binding proteins (RBPs) and also RNAs of different classes, including
MRNAs and miRNAs. Among the miRNAs, the TSBP1-AS1 can interact with the hsa-miR-552-
3p, hsa-miR-3064-5p and hsa-miR-6504-5p, also acting as a competing endogenous RNA
(ceRNA) for their targets and participating in many pathways (including pathways related to
adhesion and immunological signals). Regarding to the HCG27, this IncRNA participates in the
natural killer cell mediated cytotoxicity and p38 signaling pathways, as well as can interact
with different transcripts of MIC genes and other mRNAs and RBPs molecules (ENCORI

interactome database).

3.4 TSBP1-AS1 expression is low in PV’s PBMCs

We performed gPCRs for the genes with the most associated SNPs (TSBP1-AS1, TSBP1, HCG23

and HCG27), to compare gene expression between PBMCs of pemphigus patients with and
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without remission, and healthy individuals. We found a lower expression of TSBP1-AS1 in PV
patients with active disease, compared with control subjects (p = 0.029, log2 FC = -1.29). A
trend for lower TSBP1-AS1 levels also occurred in patients under remission (p = 0.073, log2 FC
= -1) (Figure 2a). HCG27 expression did not differ between controls and PV patients with
active disease, but lower levels of this IncRNA occurred in patients under remission, in
comparison with controls (p = 0.048, log2 FC = -2.19) (Figure 2b). No significant or suggestive
differences were found for HCG23 and TSBP1 RNA levels (data not shown).

These results lead us to suggest that the expression of TSBP1-AS1 IncRNA is downregulated in
PBMCs of PV patients, regardless of the current disease state, whereas HCG27 levels

decreased in PV patients under remission, to a level below the one found in controls.

3.5 HCG27 is overexpressed in EPF PBMCs

In contrast to PV, the expression of HCG27 was obviously higher in PBMCs from EPF patients
(p = 0.035, log2 FC = 1.3), while no significant differences were observed for TSBP1-AS1
(Figure 3a,b). Instead, we found lower levels of TSBP1 mRNA (p = 0.042, log2 FC = -2.14), as
well as suggestive slightly lower levels of HCG23 (p = 0.072, log2 FC = -1.99) in PBMCs of EPF

patients (Figure 3c,d).

These results lead us to suggest that HCG27 IncRNA and TSBP1 mRNA are differentially
expressed in EPF PBMCs.

3.6 TSBP1-AS1 and HCG27 are also differentially expressed in PV and PF IgG-stimulated
keratinocytes

As PV and PF are autoimmune diseases which affect the skin, we also aimed to investigate the
expression of TSBP1-AS1, TSPB1, HCG23 and HCG27 in keratinocytes. To this end, we
stimulated HaCaT cells with 1gG antibodies isolated from the serum of patients (PV and

sporadic PF) and controls, and evaluated gene expression by gPCR.

As in PBMCs, TSBP1-AS1 was downregulated in PV-stimulated HaCaT cells (p = 0.032, log2 FC =
-0.99), while HCG27 was upregulated in PF-stimulated HaCaT cells (p = 0.032, log2 FC = 1.71),
when compared to control cells (Figure 4a,b). In contrast to PBMCs, however, no significant

differences were observed for TSBP1 and HCG23 in these keratinocyte samples (Figure 4c,d).

60



These results reinforce the occurrence of TSBP1-AS1 lower levels in PV, as well as HCG27

increased levels in both the endemic and non-endemic forms of PF.

4. DISCUSSION

The MHC is a high density gene region associated with many immunological processes and
autoimmune responses (Kulsi, Shiina & Dijkstra, 2019), including pemphigus diseases, where
some HLA alleles are the most associated genes (reviewed in Petzl-Erler, 2020). Still in the
MHC region, the multigenic family of HCGs includes IncRNA genes, some of which have been
associated with autoimmune and inflammatory disorders, especially in GWAS studies (GWAS
catalog, Buniello et al., 2019), although rarely explored regarding to their expression and
functions. Here, we aimed to investigate the genetic influence of HCG IncRNA members in

pemphigus diseases.

First, we asked if the genetic variability of HCG IncRNAs influences the susceptibility for PV
and EPF. For the best of our knowledge, this is the first work investigating the whole family of
HCG IncRNA genes in a genetic disease association study. We found 55 HCG SNPs associated
with PV and 9 associated with EPF, of which many are in the TSBP1-AS1 gene, most also
mapping to the TSBP1 coding gene. Additional associations include SNPs located in: HCG27:6,
also for both diseases; HCG21 for EPF; and HCG17, HCG18, HCG22, HCG20 and HCG26
(overlapped with HCP5 pseudogene) for PV. In contrast to the EPF associations, the increased
amount of SNPs associated with PV (even adopting a more rigourous significance limit) might
be consequence of a higher statistical power in this analyzed group, due to its higher controls

sample size.

The highly associated gene TSBP1-AS1 has approximately 139 kb, comprising HCG23 (currently
known as TSBP1-AS1-204, or ENST00000426643.1) and HCG23:6 (LOC101929163, also
considered a TSBP1-AS1 transcript). The TSBP1-AS1 functions are not yet elucidated, but it is
known that this IncRNA is highly expressed in immune cells (Expression Atlas, Papatheodorou
et al., 2020), and is genetically associated with many immune-related and dermatological
diseases in GWAS studies (GWAS catalog, Buniello et al., 2019). TSBP1-AS1 transcripts can also
interact with many relevant molecules, such as RBPs, mRNAs and miRNAs (ENCORI
interactome database). Indeed, TSBP1-AS1 is pointed in interactome analysis as a ceRNA, by

sponging the hsa-miR-552-3p, hsa-miR-3064-5p and hsa-miR-6504-5p miRNAs, thus possibly
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influencing pathways related to cell adhesion and immunological signals, among others
(ENCORI interactome database). Moreover, TSBP1-AS1 partially overlaps the TSBP1 (also
known as Céorf10) and BTNL2 protein-coding genes, which are transcribed from the opposite
strand (LNCipedia DB; RNA Central DB), also being identified as pleiotropic genes associated
with many autoimmune traits (Zheng et al., 2015; Anaparti et al., 2019; Gavrilova et al., 2019;
Jin et al., 2011). In the present study, most TSBP1-AS1 associated SNPs also pertain to the
TSBP1 gene, and 2 PV-associated SNPs are also located in the HCG23 (TSBP1-AS1/HCG23
SNPs: rs17208671*T and rs3117098*G/ rs938761994*indel).

The allele most associated with the increased susceptibility to EPF was rs16870005*A.
Although intronic in the TSBP1-AS1 gene, rs16870005*A is a missense variant for the TSBP1,
resulting in an amino acid change from alanine to threonine in the codon 431 in the canonical
TSBP1 mRNA (Ensembl genome browser, Howe et al., 2019). Moreover, rs16870005*A has
been associated with increased susceptibility to multiple sclerosis (Ziliotto et al., 2019).
Regarding PV, rs1003879*A, an intronic TSBP1-AS1/TSBP1 polymorphism, was strongly
associated with the disease susceptibility. Due to the lack of strong LD with other SNPs,

rs1003879%*A is suggested as a possible causal SNP in PV pathogenesis.

For both diseases, the most associated SNPs are mainly located within the intron 4 of TSBP1-
AS1, a region which overlaps the end of the TSBP1 gene and might host and/or be in LD with
important regulatory regions. Indeed, the PV-associated rs1003879 and the EPF-associated
rs3132931 are in motifs of TF binding sites, while the PV-associated rs521828 is a splice
acceptor variant for TSBP1-AS1 (Ensembl genome browser, Howe et al., 2019). The PV-
associated SNPs rs2273017 and rs3129943 are also located in TF binding sites, but in intron 6
of TSBP1-AS1 (first exons of TSBP1). Interestingly, the rs3129943*G, as well as rs3129949*A
and rs9268103*A are associated with both PV and EPF diseases, however, with opposite
effects. In addition, most of these SNPs have eQTL and sQTL effects in the skin, for their own
genes and for other MHC genes, including the pemphigus-associated HLA-DRB1 and HLA-
DQB1 (GTEX Portal DB). Among the PV protective associations, the TSBP1-AS1 rs7775397*G
was associated with increased neonatal lupus transmission (Saxena et al., 2011), while the
rs2395149 and rs1265757 were associated with increased susceptibility to Grave’s disease

(Khong et al., 2016).
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Considering these results, we aimed to evaluate the expression profile of the associated genes
in patients and controls. We found lower TSBP1-AS1 levels in PBMCs of Brazilian PV patients,
as well as in cultured keratinocytes stimulated with IgG antibodies of German PV patients,
when compared with their respective control samples. The absence of differential expression
for TSBP1 leads us to suggest that TSBP1-AS1 IncRNA plays a causal role for PV pathogenesis.
Regarding to the interaction abilities between TSBP1-AS1 and other relevant molecules
(ENCORI interactome database), it is possible that the lower levels of TSBP1-AS1 could
influence on the expression and availability of those molecules, with consequences in

signaling pathways involved with pemphigus autoimmunity.

On the other hand, while no expression differences were observed for TSBP1-AS1 in PF, we
found TSBP1 mRNA levels decreased in EPF PBMCs, but not in keratinocytes treated with
sporadic PF IgG antibodies. Furthermore, non-significant differences were observed for
HCG23 in PF samples, whose expression seems to be slightly decreased in EPF PBMCs and
slightly increased in sporadic PF-stimulated keratinocytes. This discrepancy could be solely
due to the physiological expression differences in both cell types or could even indicate that
HCG23 is differentially expressed between sporadic and endemic forms, with biomarker
potential for differentiating both PF clinical forms. However, further studies concerning
different subgroups with larger sample sizes must be performed to investigate this
hypothesis, as well as possible explanations underlying the TSBP1 and HCG23 differential

expressions among pemphigus groups.

As the second most associated gene in this study, HCG27:6 has one associated SNP with EPF
and 5 SNPs associated with PV. The HCG27 is an intergenic IncRNA gene with approximately
31 kb, located in a genomic region associated with psoriasis, an inflammatory disease also
affecting the skin (Clop et al., 2013; GWAS catalog, Buniello et al., 2019). Moreover,
differential levels of HCG27 were already found in type Il diabetes mellitus, also being
correlated to disease-associated SNPs (Saeidi et al., 2018). Here, we also found HCG27
overexpressed in PBMCs of Brazilian EPF patients and in cultured keratinocytes stimulated
with 1gG antibodies of German sporadic PF patients, in relation to controls. These results
suggest that increased levels of this INcRNA might be related with PF autoimmunity, for both
endemic and sporadic forms. Moreover, although no HCG27 differential levels were found in

patients with active PV, this IncRNA was decreased in PV patients under remission.
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Considering the possible HCG27 interactions with important RBPs and immune-related mRNAs
(such as MICA and MICB) (ENCORI interactome database), as well as with pathways
previously associated with pemphigus (such as natural killer cell mediated cytotoxicity and
p38 signaling pathways) (ENCORI interactome database; Augusto et al., 2012, 2015; Cipolla et
al. 2017, Stern et al., 2008), we suggest that those HCG27 differential levels might bind and
influence the availability of relevant target molecules, influencing in the regulation of
immune-related genes and leading to the autoimmune process. However, such functional
hypothesis might be explored by additional investigations (concerning interactions and loss of

function studies, among others) in pemphigus diseases.

Among the methodological limitations of this study, the IncRNA SNPs in the analyzed genomic
region were not fully covered by the genotyping microarrays. Moreover, due to microarray
chip specifications and genetic population differences (regarding to SNP frequencies and LD
data, which in turn were used for the quality controls), most remaining SNPs for statistical
analysis were not the same for PV and EPF cohorts. Besides, we did not compare the HCG
levels in PBMC samples according to the subject’s genotyping, focusing our expression
analysis in a case control approach. Nevertheless, we found genes associated with both
diseases, whose expressions were demonstrated to be differential in patients and controls,
both in PBMCs and in functional assays with keratinocytes, leading us to suggest for the first

time, a potential role of HCG IncRNA genes in pemphigus diseases.

It is suggested that around 90% of causal autoimmune disease variants are located in non
protein-coding regions, of which a significant part maps to immune-cell enhancer elements,
many transcribing for enhancer non-coding RNAs (Farh et al., 2015). Therefore, although the
still unknown mechanisms underlying the functional relevance of HCG associated SNPs in
pemphigus diseases, it is possible that they are located in regulatory regions related to
immune modulation, thus acting as enhancers for immune stimulation. Indeed, apart their
interaction abilities with other molecules, evidencies also point for the relevance of the of
IncRNA genomic locations, as they can act in cis to regulate the expression of neighbor genes
(Toiber et al., 2017). Consequently, the characterization of functional non-coding genes within
the MHC region, such as the HCG IncRNAs, might contribute to elucidate the mechanisms
underlying immune-regulation of MHC genes in health and disease. Therefore, the herein

results and hyphotesis should be further investigated in different cohorts and detailed
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explored regarding to their molecular functions and regulatory aspects, as well as in the

lymphocytic context.

Taking together, we conclude that genetic variants of HCG IncRNAs are associated with both
PV and EPF, being TSBP1-AS1 and HCG27 aberrantly expressed in the respective diseases, in
different population samples. In addition, this study reinforces the importance of the MHC
region in pemphigus autoimmunity and presents novel insights of IncRNAs in this disease
group, suggesting HCG IncRNAs as powerful candidate genes for exploratory studies of genetic

effects and biomarkers in PV and PF.
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FIGURES AND TABLES

Figure 1. Genomic representation of HCG IncRNA genes in the chromosome 6.
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TSBP1-AS1 (+)

In Orange, there are represented the HCG IncRNA genes located in the region 6p.21.1-21.2, upstream to the
MHC | (which starts in 6p21.3); in blue, there are represented the HCG genes located in MHC class I; in green,
the HCG23 gene located in MHC class lll, included in TSBP1-AS1 IncRNA; in red, the HCG IncRNA genes located
in the MHC class Il. Other overlapped genes are no represented in this figure. The genomic locations are

merely illustrative, not representing the real scale of the region. The symbols “(+)” and “(-)” indicate the

strand orientation where the gene is inserted (forward or reverse, respectively).
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Figure 2. TSBP1-AS1 and HCG27 RNA levels in PBMCs of PV patients and controls.
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Relative expression of TSBP1-AS1 (a) and HCG27 (b) IncRNAs in PBMCs of PV patients with active
disease (red) and under disease remission (blue), in comparison with controls (black). The TSBP1-AS1
(a) is downregulated in active-PV PBMC samples (p = 0.029, log2 FC = -1.29). TSBP1-AS1 lower levels
are also suggestive in PBMCs of PV patients under remission (p = 0.073, log2 FC = -1) (a), where in
turn, HCG27 is significantly downregulated (p = 0.048, log2 FC = -2.19). The fold-change values (FC)

ANCt

were calculated through the 27" method and normalized by Log2. The horizontal bars at the scatter

plots indicate the median. P values were calculated with Mann—Whitney’s test.
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Figure 3. TSBP1-AS1, TSBP1, HCG27 and HCG23 RNA levels in PBMCs of EPF patients and
controls.
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Relative expression of TSBP1-AS1 (a), HCG27 (b), TSBP1 (c) and HCG23 (d) RNAs in PBMCs of EPF
patients with active disease (red), in comparison with controls (black). The HCG27 (b) is upregulated
in EPF PBMCs (p = 0.035, log2 FC = 1.299), while TSBP1 (c) is downregulated (p = 0.042, log2 FC =
-2.14). Suggestive lower expression was also observed for HCG23 in EPF PBMCs (p = 0.072, log2 FC =

AACt

-1.99) (d). The fold-change values (FC) were calculated through the 2" method and normalized by
Log2. The horizontal bars at the scatter plots indicate the median. P values were calculated with

Mann—-Whitney’s test.
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Figure 4. TSBP1-AS1, TSBP1, HCG27 and HCG23 RNA levels in stimulated HaCaT cells.
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Relative expression of TSBP1-AS1 (a), HCG27 (b), TSBP1 (c) and HCG23 (d) RNAs in HaCaT cells
stimulated with 1gG of PV (red) and PF (blue) patients, in comparison with controls (black). The
TSBP1-AS1 (a) is downregulated in PV-stimulated HaCaT cells (p = 0.032, log2 FC = -0.99). HCG27 is
upregulated in PF-stimulated HaCaT cells (p = 0.032, log2 FC = 1.71). The fold-change values (FC)

2 method and normalized by log2. The horizontal bars at the scatter

were calculated through the 2-
plots indicate the median. P values indicate a statistical significance at the 0.05 level and were

calculated with Mann—Whitney’s test.
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Table 1. HCG genes selected for genotyping data extraction.

IncRNA gene Class Chr Initial position Final position
HCGI9 Intergenic 6 29942889 29946187
HCG11 Intergenic 6 26521772 26528881
HCG14 Intergenic 6 28864307 28865534
HCG15 Intergenic 6 28952526 28956581
HCG17/HCG18 Intergenic 6 30201816 30294927
HCG20 Intergenic 6 30734602 30762101
HCG21 Sense-intronic 6 30913264 30924009
HCG22 Intergenic 6 31021227 31027667
TSBP1-AS1/ HCG23 Antisense 6 32222417 32361468
HCG24 Intergenic 6 33110860 33115840
HCG25 Antisense 6 33217311 33222766
HCG26 Intergenic 6 31439006 31440185
HCG27 Intergenic 6 31165537 31196425

Genomic locations of HCG IncRNA genes, according to LNCIPedia DB (hg19). The HCG18 is located
within HCG17 gene, while HCG23 is located within TSBP1-AS1 gene. According to LNCipedia DB,
the TSBP1-AS1 gene and its transcripts are still classified as HCG23 (LNCipedia DB, available in
https://hgl9.Incipedia.org/db/gene/HCG23). Nevertheless, in the present study, we consider the
whole gene (including HCG23:6) as TSBP1-AS1, and the specific region transcribing
ENST00000426643.1 (TSBP1-AS1-204) as HCG23. Chr — chromosome. Source: LNCipedia DB and
RNA Central DB.
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Supplementary material

Suppl. Table 1. Clinical and demographic aspects of subjects.

Group Cohort N % female Age mean Samples used for
EPF patients Brazilian endemic 227 50.6 41.4 _
EPF Microarray
EPF controls areas 194 51.3 44.8
PV patients 241 n.i. .
Germany 47.6 . PV Microarray
PV controls 1188 n.i.
EPF patients Brazilian endemic 6 (.100°.A: with 50 543
areas active disease)
o s
PV patients N , 15 (54%with o4 4 403 gPCRs (of PBMCs)
Brazilian endemic and active disease)
non-endemic areas 9
Controls / (28'6/’ 71.4 45.6
endemic)
PF patients 5 n.i. 50.4 Isolation of |gG
PV patients Germany 5 n.i. 52.2 antibodies used in cell
Controls 6 50 58.8 culture; qPCRs

Demographic and clinical data of subjects cohorts enrolled in this study. N — number of subjects; n.i. — non-

informed data.

81



Supp. Table 2. Genomic positions of the analyzed SNPs at HCG genes.

Pemphigus vulgaris Endemic pemphigus foliaceus
Chr Position (hg19) A1 A2 Position (hg19) Al A2
6 26523759 A C 26510748 A G
6 28955526 G A 28918936 A G
6 29942927 G T 29943035 A G
6 29943035 A G 29943067 A G
6 29943281 A G 29943832 G A
6 29943490 A G 30202571 A G
6 29943528 A G 30209062 C A
6 29943581 A C 30210807 A C
6 29943656 T G 30211755 A G
6 29943715 T C 30211903 C G
6 29943832 C T 30222256 A G
6 29943981 A G 30224305 A G
6 29944004 C A 30224889 A G
6 29944148 A C 30228138 A G
6 29944158 C T 30233558 A C
6 29944184 T C 30252836 A T
6 29945368 G A 30257846 T A
6 29945508 T C 30262512 G A
6 29945602 A G 30269561 A T
6 29945620 T C 30272417 C G
6 29945741 T C 30275246 C A
6 29945771 T G 30281234 A T
6 29945841 A G 30282332 A G
6 29945898 C T 30285650 T A
6 29945949 A G 30286729 A G
6 30201955 A G 30289271 A G
6 30202429 T C 30293483 A G
6 30202571 T C 30735105 G A
6 30202715 T C 30735229 A G
6 30204526 T G 30738476 A G
6 30205407 T G 30739846 A G
6 30205991 C T 30739904 A G
6 30206014 A G 30742134 A G
6 30206186 A G 30743241 A G
6 30206726 G T 30744529 C A
6 30207495 A C 30749233 C A
6 30209062 G T 30760025 G A
6 30209099 C T 30760698 C A
6 30209493 G A 30761734 G A
6 30209802 G T 30914751 G A
6 30209836 C T 30914843 A G
6 30209918 G A 30919701 G A
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Suppl. Figure 1. LD region of the most associated SNPs in PV.
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Suppl. Figure 2. LD region of the EPF-associated SNPs.
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ABSTRACT

Background: Pemphigus foliaceus (PF) is an autoimmune blistering disease of the skin, clinically
characterized by erosions and, histopathologically, by acantholysis. PF is endemic in the Brazilian Central-
Western region. Numerous single nucleotide polymorphisms (SNPs) have been shown to affect the
susceptibility for PF, including SNPs at long non-coding RNA (IncRNAs) genes, which are known to
participate in many physiological and pathogenic processes, such as autoimmunity. Objective: We
investigated whether the genetic variation of immune-related IncRNA genes affects the risk for endemic
and sporadic forms of PF. Methods: We analyzed 692 novel SNPs for PF from 135 immune-related
IncRNAs genes in 227 endemic PF patients and 194 controls. The SNPs were genotyped by Illumina
microarray and analyzed by applying logistic regression at additive model, with correction for sex and
population structure. Four associated SNPs were also evaluated in an independent German cohort of 76
sporadic PF patients and 150 controls. Further, we measured the LINC-PINT and LY86-AS1 levels by
guantitative PCR in peripheral blood mononuclear cells of healthy subjects. Results: We found 27 SNPs
associated with endemic PF (p<0.05 without overlapping with protein-coding genes), of which we
highlight LY86-AS1 rs12192707*A (OR=0.68, p=0.014) and LINC-PINT rs10228040*A (OR=1.47, p=0.012).
The SNP rs10228040*A was also associated with increased susceptibility for sporadic PF (OR=2.28,
p=0.002). Moreover, the A+ carriers of LY86-AS1*rs12192707 mark lowest LY86-AS1 levels, which may be
associated with a decreasing autoimmune response. Conclusion: our results suggest a critical role of

IncRNA variants in immunopathogenesis of both PF endemic and sporadic forms.

Key-words: IncRNAs, pemphigus foliaceus, association study, LINC-PINT, LY86-AS1.
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1. INTRODUCTION

Pemphigus foliaceus (PF) is a severe autoimmune blistering disease characterized by the
presence of autoantibodies that recognize desmosomal antigens, especially desmoglein-1
(DSG1), at the surface of keratinocytes [1,2]. The pathogenic auto-recognition of these adhesion
molecules is related to keratinocyte detachment, a process known as acantholysis, whose clinical
manifestation is epithelial blistering [1-7]. PF is sporadic and rare worldwide, including in Europe
and developed countries. However, it is frequently observed in countries where PF is considered
endemic, such as Brazil, Peru and Tunisia. In Brazil, PF endemicity occurs in the central-western
region, where the disease is popularly known as fogo selvagem (which means “wild fire” in
Portuguese), reaching its worldwide highest incidence (approximately 3.4% in a Terena
indigenous community - Limdo-Verde reservation, MS/Brazil) [8-11]. PF is a multifactorial
disorder, whose etiology is associated with genetic and epigenetic factors, interacting with
specific environmental conditions and modulating the susceptibility of the individual to the
disease. The activation of autoreactive T and B cells culminates with the production of specific
IgG autoantibodies against DSG1 and acantholysis [1-3,6]. Interestingly, patients of either
endemic or sporadic PF present similar clinical, histological and immunological aspects.
Individuals living in endemic areas commonly exhibit IgM antibodies against DSG1, which
suggests an immunological response against environmental antigens during the preclinical stage

[12].

Variants within numerous potential susceptibility genes have been analyzed in the
context of PF, mainly in case-control studies. The majority of the genes associated with
differential susceptibility to PF are responsible for coding proteins involved in immune responses,
thus being related to the autoimmune and autoinflammatory features of pemphigus [13,14,23—
26,15-22]. Besides, there is growing evidence that variants located in non-coding regions, such

as in genes of long non-coding RNAs (IncRNAs), also influence the susceptibility to PF [26,27].

LncRNAs are non-coding transcripts with more than 200 nucleotides that are strictly
regulated and mainly involved in distinct transcriptional and post-transcriptional regulatory
processes [28-30]. A growing body of evidence indicates that genetic variations may alter the
structure or expression levels of IncRNAs thus resulting in modulation of many physiological [30]

and pathological [31,32] conditions. As a consequence, it is not surprising that IncRNAs have
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been recognized to be involved in several human diseases, including autoimmune disorders

[31,33].

Aiming to explore the involvement of immune-related IncRNAs in PF susceptibility, we
investigated 692 single nucleotide polymorphisms (SNPs) located in IncRNA genes selected due
to their involvement in immune responses. We expanded our results by interrogating if certain
variants associated with endemic PF are also associated in an independent German cohort of
sporadic PF. Our results confirm previous findings from our group [27] that point to a major role
of IncRNAs modulating PF susceptibility. We found that the SNP rs10228040 (LINC-PINT gene) is
associated with susceptibility for both endemic and sporadic forms of PF, while rs12192707
(LY86-AS1 gene) is associated with protection against endemic PF and marks LY86-AS1 expression
levels. Furthermore, the associated SNPs are predicted to influence alternative gene splicing, and
co-expression annotations of LINC-PINT and LY86-AS1 include potential immunological roles of

these IncRNAs in pemphigus autoimmunity.
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2. MATERIAL AND METHODS

2.1 Study populations and samples

All subjects voluntarily agreed to participate in this study and signed an informed consent
form, in accordance with the Declaration of Helsinki. This study was performed according to
Brazilian and German federal laws and was approved both by the National Committee for Ethics
in Research (CONEP protocol CAAE 02727412.4.0000.0096, approval 505.988) and the Ethics
Committee of the University of Libeck (08-156, 12-178). The study was performed in

cooperation with the Biobank PopGen, Kiel, Germany.

Patients were diagnosed based on physical examination combined with immunological
testing, histopathology and/or immunohistochemistry of skin biopsies. All individuals were
unrelated, and those with known history of any other autoimmune disease were excluded from

the study.

2.1.1 Endemic PF cohort

The endemic PF cohort comprised 227 PF patients (52% female) and 194 controls (51.3%
female) from endemic areas in Brazil. All individuals were of predominantly European ancestry,
and were contacted at reference hospitals located in the endemic areas, which were previously
reported in [34]. DNA was extracted from peripheral blood of endemic PF cohort subjects by the

phenol-chloroform-isoamyl alcohol method [35] and stored at -80°C.

2.1.2 Sporadic PF cohort

The sporadic PF cohort was collected in Germany hospitals by the German Autoimmune
Bullous Diseases Genetic Study Group and comprised 76 PF patients (46% female) and 150
controls (50% female), all Caucasoid Europeans. Patients were diagnosed based on a compatible
clinical phenotype and a positive direct immunofluorescence microscopy of a perilesional skin
biopsy or serum autoantibodies against DSG1 as detected by ELISA (Euroimmun, Libeck,
Germany) according to the guideline of the German Society of Dermatology [36,37]. EDTA blood
was stored at -80°C until processed. DNA was extracted from peripheral blood using the QlAamp

DNA Maxi Blood Kit (Qiagen, Hilden, Germany) and stored at -80°C until genotyping.
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2.1.3 Expression analysis cohort

For quantification of IncRNA levels, we analyzed a panel of healthy individuals from the
city of Curitiba (Parana state, Brazil) and its metropolitan region. All individuals were of
predominantly European ancestry. We excluded those who (i) were pregnant; (ii) reported
chronic or recent acute health alterations, including allergies, and those who were under the use
of prescribed or over-the-counter medications; (iii) consumed alcohol, tobacco and other drugs

less than 48h before the blood collection.

RNA samples were isolated from subjects’ peripheral blood mononuclear cells (PBMCs) by
SV Total RNA Isolation System kit (Promega Corporation, USA). cDNA synthesis were performed

using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems®, USA).

2.2 Microarray genotyping

For the endemic PF cohort, genotyping was performed with microarray DNA Human
Infinium® CoreExome-24 Beadchip (lllumina®, San Diego, USA), according to the manufacturer’s

instructions.

2.3 Selection of IncRNA candidates

We selected 135 IncRNAs (Table S1) for genetic variability investigation in endemic PF.
The selection was based on their potential immunological roles, according to the following
criteria: (i) INcRNAs cited in the scientific literature (research articles available in PubMed/NCBI
until 12/2018) to be involved in homeostasis of immune cells and/or autoimmune diseases
(articles searching according to key-words related to IncRNAs, immune cells homeostasis,
autoimmune diseases); and/or (ii) IncRNAs that were antisense to, neighboring and/or related to
protein-coding genes previously associated with pemphigus (foliaceus and/or vulgaris) and/or
immunological processes, according to literature and databases. None of these IncRNAs were

previously investigated in any subtype of pemphigus.

2.4 Genotyping data analysis

Genomic regions of the selected immune-related IncRNA genes were searched at

LNCiPedia DB (GRCh37/hg19) [38] to extract 1,113 tag autosomal variants from the microarray
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genotyping data that mapped to these genes. Manipulation of the SNP data was performed with
PLINK version 1.09 [39]. For the quality control, markers with a genotyping call rate < 96% were
excluded, and principal component analysis (PCA) was used to control for possible population
structure. We excluded variants having (i) a minor allele frequency (MAF) < 1%, (ii) a genotype
distribution deviating from the Hardy-Weinberg equilibrium in the control sample (p < 0.05) and
(iii) a strong linkage disequilibrium (r? > 0.8) with other SNPs in this analysis. A total of 692 SNPs

of immune-related IncRNAs remained for further analysis (Table S2).

We performed an association analysis at additive, dominant and recessive models by
logistic regression with odds ratio (OR) and confidence interval of 95% (Cl 95%), applying
corrections for sex and two principal components (PCs). The limit of significance adopted was p <

0.05.

2.5 In silico analysis

We selected the four SNPs with strongest association (p < 0.015) for in silico analysis. The
four SNPs were carefully evaluated for their linkage disequilibrium (LD) with other SNPs within
the European sample (CEU - Utah Residents with Northern and Western European Ancestry; TSI -
Toscani in Italia; IBS - Iberian Population in Spain) from the 1000 Genomes project data, using
LDLink [40] online tool. Functional annotations and the predicted regulatory impact, such as
transcription factors binding and alternative gene splicing, were analyzed using Ensembl [41] and

Human Splicing Finder [42] browsers.

Furthermore, we explored functional annotation for the four IncRNAs, in which the
strongest associations were found. We searched for annotated information for co-expressed
genes, gene ontology and enriched pathways using the circincRNAnet database demo server
[43], which comprises co-regulatory annotations for different tumor tissues from The Cancer

Genome Atlas (TCGA) data [44].

2.6 Evaluation of IncRNA genotyping in sporadic PF

In order to check whether the associations identified in endemic PF are representative for
PF in general or dependent from epidemiological factors solely relevant for endemic PF, we

selected 4 associated SNPs for evaluation in a sporadic PF cohort by a second genotyping
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method, using the MassARRAY iPlex platform (Agena Biosciences, USA). The primer and
extension sequences for the evaluated SNPs are listed in Table S6. Moreover, these SNPs were
also genotyped in 195 patients and 138 controls from the endemic cohort, as an internal

genotyping quality control to evaluate the genotyping concordance with the first method.

The SNPs were analyzed by logistic regression applying correction for sex, with additive,
dominant and recessive models, using Plink Program v.1.09 [39]. The limit of significance

adopted was p < 0.05.
2.7 Quantification of IncRNA relative expression levels

Quantitative real-time polymerase chain reaction (qPCR) was used to measure the
expression levels of selected IncRNAs in PBMCs of healthy subjects. To this end, we selected the
genotypes for LINC-PINT rs10228040*A>G (A/A=11, A/G=11, G/G=16) and LY86-AS1
rs12192707*A>G (A/A=6, A/G=8, G/G=10). The gPCR reactions were performed in triplicates
using GoTaq® gqPCR Master Mix (Promega Corporation, USA) with specific primers on exon-exon
junctions (Table 1), using the ViiA 7 Real Time PCR System (Applied Biosystems®, USA). All primer
pairs presented similar efficiency and the amplifications presented unique peaks in the melting

curves (data not shown).

The gene expression levels were normalized by the expression levels of the housekeeping
gene GAPDH. Fold changes were calculated by the comparative quantification cycle (Cq) method
27444 [45]. We performed the Mann-Whitney test for Cq differences, using GraphPad Prism v.6

software. The limit of significance adopted was p < 0.05.
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3. RESULTS

3.1 SNPs in immune-related IncRNA genes are associated with endemic PF

We found 47 SNPs located at IncRNA genes related to immune responses associated with
endemic PF (p < 0.05 (Table S3)). Out of these, we focused on the 27 associated SNPs located
only in IncRNA genes and not overlapping with protein-coding genes, in order to avoid the bias of

coding-gene associations (Table 2).

These 27 SNPs uniquely mapping to IncRNA were located in CASC15 (6 associated SNPs),
LINC-PINT (5 associated SNPs), LY86-AS1 (3 associated SNPs), Inc-LINGO2-5 (6 associated SNPs),
LINC01991 (1 associated SNP), NEAT1 (1 associated SNP), MEG3 (1 associated SNP), IFNG-AS1 (1
associated SNP), Inc-C5AR1 (1 associated SNP), H19 (1 associated SNP) and Inc-IL17B-5 (1
associated SNP) genes [38]. All of them occur in IncRNA intronic regions, except rs674485, which
is located at the single NEAT1 exon. The top four strongest signals were: CASC15%rs2473122 (p =
0.01, OR = 1.721), LINC-PINT*rs10228040 (p = 0.012, OR = 1.465), LINC-PINT*rs7812207 (p =
0.013, OR=0.614), and LY86-AS1*rs12192707 (p = 0.014, OR = 0.68) (Table 2).

These results suggest that the genetic variability of immune-related IncRNAs genes

influences the susceptibility to PF.

3.2 Computational and in silico results

We searched for genetic annotations and applied in silico analysis for the top-4 associated
SNPs (CASC15%*rs2473122, LINC-PINT*rs10228040 and *rs7812207, and LY86-AS1%*rs12192707) in
order to predict their possible impact on IncRNA regulation or interactions with other biological

molecules (Table S4).

The SNPs rs2473122, rs10228040 and rs12192707 are in strong linkage disequilibrium
(LD) (r* > 0.8) with other polymorphisms of their respective genes (1000 genomes project data
[40], which may be held responsible for the observed association effect. For rs7812207, there are
no SNPs presenting strong LD in the analyzed population [40], suggesting that its association with
PF results from a possible direct causal effect (Table S4). Moreover, the MAFs of rs10228040 and

rs12192707 show a large discrepancy between European and African populations (Table S4) [41],
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which, considering the composition of the Brazilian population, might affect the interpretation of

genetic associations between sporadic and endemic forms.

The intronic location of the selected SNPs leads us to suggest that they are not likely to
affect the IncRNA secondary structure. However, they might be located at splicing sites and
modulate the alternative splicing, generating different IncRNA isoforms. To evaluate this
possibility, we analyzed allele flanking sequences (+/-100nt) using the Human Splicing Finder
[42], an online tool for prediction of variant effects on splicing signals and motifs. The SNPs
rs2473122, rs7812207 and rs12192707 were predicted to affect motifs of splicing-regulatory

elements (SREs) (Table S4) by creating or blocking splicing sites.

Moreover, using the online tool circincRNAnet [43], we observed that the IncRNAs genes
CASC15, LINC-PINT, and LY86-AS1 are co-expressed in many tissues with genes involved in
immune response and epithelial function (Table S5). Among these mRNA/IncRNA co-expressed
genes, we highlight in normal tissues: LY86-AS1 is co-expressed with IL16 (interleukin 16), CD19
and further genes involved in lymphocytic activity; LINC-PINT is co-expressed with genes involved
in DNA repair and secretory activity; and CASC15 is co-expressed with collagen genes. Enriched
biological processes for LY86-AS1 include B cell receptor signaling pathways, regulation of
chemotaxis and positive regulation of immune and stimulus responses, while CASC15 is involved
in the regulation of B-cell mediated immunity, somatic regulation/diversification of

immunoglobulins and DNA recombination (Figure S1).

All of these in silico and computational results point to many regulatory mechanisms
which might be affected by IncRNA genetic variability, possibly reflecting the involvement of

different genes and mechanisms related to PF immunopathogenesis.

3.3 LINC-PINT*rs10228040 is associated with sporadic PF

For evaluation in a sporadic PF cohort by a second genotyping method (MassARRAY iPlex
platform), we selected the following SNPs: LINC-PINT*rs10228040 and LY86-AS1*rs12192707,
which have the highest endemic PF associations and present higher discrepancy between
European and African populations, whose admixture is present in endemic regions; and
NEAT1*rs674485 and MEG3*rs1884537, whose genes are well known in literature to be

associated with many multifactorial diseases [31]. The reproducibility rate was higher than 98.5%
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to the first genotyping method (data not shown). Genotype distributions agreed with Hardy-
Weinberg equilibrium predictions for controls, and the allele frequency differences between

controls and patients were further analyzed by logistic regression.

LINC-PINT rs10228040*A was associated with susceptibility to sporadic PF with additive
(OR =2.284, p = 0.0021), dominant (OR = 2.499, p = 0.0055) or recessive (OR = 3.319, p = 0.0484)
effect (Table 3). No significant associations were found for rs12192707, rs674485 and rs1884537

in this sporadic cohort.

3.4 LY86-AS1*rs12192707 marks differential expression

To evaluate the impact of the associated SNPs on gene expression, LINC-PINT and LY86-
AS1 levels were quantified in PBMCs of non-endemic healthy subjects through qPCR, and the fold

changes were analyzed based on genotypes of rs10228040 and rs12192707, respectively.

LY86-AS1 levels were markedly reduced in rs12192707*A carriers (A/A and A/G
genotypes), when compared with individuals presenting the G/G genotype (Figure 1A). No
significant differences between rs10228040 genotypes were seen for the expression of LINC-PINT

(Figure 1B).

Therefore, rs12192707*A is associated with LY86-AS1 differential expression in PBMCs.
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4. DISCUSSION

LncRNAs are regulatory transcripts capable of interacting with several biological
molecules, thus participating in important physiological and pathological mechanisms. These
interactions can be influenced by genetic variability in IncRNA genes, possibly resulting in
deregulation of gene networks. A recent study of our group showed interesting genetic
associations of IncRNA variants in endemic PF [27], however, without focusing on immune-
related IncRNA genes. Here, SNPs located in IncRNA genes previously reported in literature to be
involved in immunological processes and diseases were investigated in endemic PF for the first
time. Furthermore, associated SNPs found in the present study were also evaluated in a sporadic

cohort and investigated with respect to their possible influence on gene expression.

We found several SNPs in immune-related IncRNAs to be associated with endemic PF,
including some that overlapped with protein-coding genes and others specific of IncRNA genes.
Among the IncRNA-specific SNPs with the lowest p values, CASC15 rs2473122*A and LINC-PINT
rs10228040*A were associated with increased susceptibility to endemic PF, while LINC-PINT
rs7812207*A and LY86-AS1 rs12192707*A were associated with protection against the disease.
Moreover, the SNPs rs2473122, rs7812207 and rs12192707 are predicted to be located in
splicing regulatory elements (SREs) motifs. In this scenario, the LY86-AS1 SNP rs12192707*A was
predicted to create exonic splicing enhancers (ESE) sites and exon identity elements (EIE), while
to disrupt exonic splicing silencers (ESS) sites, thus suggesting an impact on alternative splicing of

the IncRNA transcript.

The main populations composing the Brazilian endemic cohort (CEU, IBS and TSI
composing European ancestries and YRI composing African ancestries) have high frequency
differences between both ancestries for LY86-AS1 rs12192707*A, and especially for LINC-PINT
rs10228040*A. Therefore, we reevaluated these SNPs in a sporadic PF cohort from Germany to
investigate whether the associations are representative for PF in general or depend on
epidemiological factors from endemic areas. In addition to these two SNPs, we also included in
this second genotyping the NEAT1*rs674485 and MEG3*rs1884537, due to their already known
associations with many multifactorial diseases documented in the literature [31,32]. Here, we

found that rs10228040*A (LINC-PINT) is also associated with increased susceptibility for sporadic
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PF, in contrast to NEAT1*rs674485, MEG3*rs1884537 and LY86-AS1*rs12192707, which were

only associated with the endemic form of disease.

Interestingly, we observed in PBMCs of healthy subjects that the RNA expression levels of
LY86-AS1 are lower for the rs12192707 A+ genotypes (A/A plus A/G) than for the G/G genotype,
suggesting an expression quantitative trait loci (eQTL) effect of this SNP on its host gene.
Therefore, rs12192707*A seems to be associated with protection against endemic PF by
downregulating LY86-AS1. Conversely, the expression levels of LINC-PINT were independent of

the rs10228040 genotypes in the analyzed samples.

LY86-AS1 is co-expressed in several tissues with essential genes involved in the B-cell
receptor signaling pathway and positive regulation of the immune response, such as IL16, CD19
and BLK [43]. Regarding to the gene ontology analysis, the LY86-AS1 correlated genes are also
associated with positive regulation of response to stimuli, which could explain the different
susceptibilities found between sporadic and endemic forms of PF, regarding the individual
immunological response to the (still unknown) environmental factors present in endemic and
non-endemic areas. Among the LY86-AS1 co-expressed genes, variants of CD19 and /L16 were
previously associated with bullous pemphigoid (another autoimmune bullous skin disease)
[46,47] and other autoimmune diseases that affect the skin, such as psoriasis [48,49] and
systemic lupus erythematosus (SLE) [50-52]. Thus, it is possible that immunological events that
are associated with PF autoimmunity (mainly when induced by environmental factors present in
endemic areas) are suppressed by decreased LY86-AS1 levels, which in turn are associated with

the protective allele rs12192707*A.

Although the rs10228040 genotypes show no differential expression of LINC-PINT in
PBMC samples, we found SNP associations in different models with both endemic and sporadic
PF forms, as well as its LD SNPs located in the same IncRNA gene. This suggests that LINC-PINT
may be an important genetic factor in PF etiology. LINC-PINT is co-expressed in many tissues with
various genes, including SCAMP2 and ARHGAP17 [43]. SCAMP2 is involved in vesicular transport
as well as cytokine and chemokine secretion and is highly expressed in mast cells [53].
Furthermore, SCAMP2 is a candidate gene within associated /loci for SLE [54], and its expression is
altered in response to glucocorticoids [55]. ARHGAP17, a RhoGTPase-activating protein also

known as Rich1, plays a role in cell adhesion by regulating the formation and maintenance of
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tight epithelial junctions and adherence junctions [56]. Thus, LINC-PINT might be involved in
gene regulatory networks potentially related to inflammatory mechanisms and adhesion loss,

which are important for the pathogenesis of PF.

Taken together, we conclude that the genetic variability of immune-related IncRNAs
influences the susceptibility to PF, which might differ between the endemic and sporadic forms
of the disease. We highlight the IncRNAs LY86-AS1 and LINC-PINT, which might be involved in the
pathogenesis of PF and other immune-related skin diseases. The SNPs and IncRNAs identified in
this study are suggested as good candidates for further functional investigation, which could help
to better understand the molecular mechanisms involved in the immunopathogenesis of PF and,

possibly, of other bullous autoimmune diseases.
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Figure Captions

Graphical Abstract. Genetic associations of immune-related IncRNAs in

pemphigus foliaceus.

The LY86-AS1 SNP rs12192707*A is associated with protection against endemic pemphigus
foliaceus and with lower levels of LY86-AS1 IncRNA. On the other hand, the LINC-PINT SNP rs10228040*A

is associated with increased susceptibility for both endemic and sporadic forms of the disease.

Figure 1. Expression RNA levels of LY86-AS1 and LINC-PINT genes stratified by

genotypes.

Relative RNA levels of (A) LY86-AS1 and (B) LINC-PINT genes in healthy controls” PBMC stratified
according A>G genotypes. The presence of rs12192707*A allele (A/A and A/G genotypes) is associated
with lower expression of LY86-AS1. No difference in the expression level was observed for the LINC-PINT

-AACt

genotypes. Fold-change values were calculated through the 2 method and normalized by Log2. The

horizontal bars at the scatter plots indicate the median. P values indicate a statistical significance at the

0.05 level and were calculated with Mann—Whitney’s test.

Supp. Figure 1. Gene ontology and enriched pathways of genes coexpressed with

associated IncRNAs.

Source: circlncRNAnet database.
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TABLES

Table 1. Specific primers used for gPCR.

Gene Forward Primer 5°-3’ Reverse Primer 5°-3° Size
LINC-PINT ACCACTGAACAGGAAAAATGAGG TACCTCATCTGCGAGGAGACA 131 nt
LYS86-AS1 CGAACAGAGTCAAGTGGAATCAAAG GCCCAAGAATCAACAGGTAATGTC 49 nt
GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA 206 nt

5’-3’ sequences of forward and reverse specific primers used for IncRNAs quantification, and the amplicon
size. LINC-PINT - lincRNA p53 Induced Transcript; LY86-AS1 — Lymphocyte Antigen 86 Antisense RNA 1;
GAPDH - Glyceraldehyde-3-Phosphate Dehydrogenase; nt - nucleotides.
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Table 2. Endemic pemphigus foliaceus-associated SNPs located in INncRNA genes that do

not overlap with protein-coding genes, at the additive model.

Genomic position

SNP (hgl9) IncRNA genes Gene class OR L95 U9s p-value
1s2473122%4 chr6:22312287 CASCI5 Antisense 1.721 1.138 2.601 0.01
1510228040 *4 chr7:130653616 LINC-PINT Antisense 1.465 1.089 1.971 0.0116
157812207 *4 chr7:130784051 LINC-PINT Antisense 0.614 0.418 0.902 0.0128
1s12192707 %4 chr6:6479161 LY86-AS1 Antisense 0.68 0.501 0.924 0.0136
rs4455715%4 chr6:6410663 LY86-AS1 Antisense 1.425 1.066 1.906 0.0169
15742286 *4 chr6:22391406 CASCI5 Antisense 1.474 1.067 2.037 0.0186
1s10259462*G ~ chr7:130706995 LINC-PINT Antisense 1.518 1.071 2.154 0.0192
rs1418358%4 chr9:29132164 Inc-LINGO2-5 Intergenic 1.418 1.056 1.905 0.0203
157847094 * chr9:29024894 Inc-LINGO2-5 Intergenic 0.713 0.5315 0.956 0.0236
15674485 *G chr11:65197393 NEATI Intergenic 1.381 1.044 1.827 0.0238
157468614 *4 chr9:29054853 Inc-LINGO2-5 Intergenic 1.428 1.048 1.945 0.024
151294468 *G chr6:6544702 LY86-AS1 Antisense 1.375 1.042 1.816 0.0245
1s4712624*G chr6:21693152 CASCI5 Antisense 1.442 1.038 2.003 0.0289
rs1884537%4 chr14:101251989 MEG3 Antisense 0.736 0.558 0.969 0.029
157767991 *4 chr6:22380084 CASCI5 Antisense 0.715 0.527 0.968 0.0303
1s13242887*G  chr7:130751832 LINC-PINT Antisense 0.672 0.471 0.96 0.0328
15498688 *G chr3:187679835 LINC01991 Intergenic 1.362 1.031 1.8 0.0357
1512376696 %4 chr9:29024733 Inc-LINGO2-5 Intergenic 1.425 1.018 1.994 0.0388
157768473 *4 chr6:22431621 CASCI5 Antisense 0.733 0.545 0.986 0.0399
157870900 *G chr9:29153469 Inc-LINGO2-5 Intergenic 1.359 1.014 1.822 0.0404
152870957 *C chr12:68486435 IFNG-AS1 Antisense 0.713 0.516 0.986 0.0408
156974804 *G chr7:130783121 LINC-PINT Antisense 1.367 1.011 1.848 0.0423
1510853784 %4 chr19:47793185 Inc-C5ARI Overlapping ~ 0.7494 0.5661 0.992 0.0438
157742855 %4 chr6:22044638 CASCI5 Antisense 1.354 1.007 1.82 0.0448
15217727 %4 chr11:2016908 HI9 Intergenic 0.6995 0.493 0.9924 0.0452
1s12659504*G ~ chr5:148805005 Inc-IL17B-5 Intergenic 1.533 1.008 2.333 0.046
151418344 *G chr9:29084708 Inc-LINGO2-5 Intergenic 1.342 1.002 1.797 0.0485

Chr — chromosome; OR — Odds Ratio; L95 — 95% confidence interval lower limit; U95 — 95% confidence interval
upper limit; CASC15 - Cancer Susceptibility 15; LINC-PINT - lincRNA p53 Induced Transcript; LY86-AS1 -
Lymphocyte Antigen 86 Antisense RNA 1; Inc-LINGO2-5 - IncRNA Leucine rich repeat and Ig domain containing 2
transcript 5; NEAT1 - Nuclear Paraspeckle Assembly Transcript 1; MEG3 - Maternally Expressed 3; IFNG-AS1 —

Interferon-Gamma Antisense RNA1; Inc-C5AR1 - IncRNA Complement component 5a receptor 1; H19 - Imprinted

maternally expressed transcript; Inc-IL17B-5 - IncRNA Interleukin 17B transcript 5. Genomic locations according to
LNCipedia database.



Table 3. Association analysis for rs10228040*A (LINC-PINT) evaluation in sporadic

pemphigus foliaceus.

rs10228040*4 (LINC-PINT)

Models OR p CI195%
Additive 2.284 0.0021 1.35-3.86
Dominant 2.499 0.0055 1.31-4.78
Recessive 3.319 0.0484 1.0-10.92

In bold: significant p values. OR — Odds Ratio; Cl 95% - 95% confidence interval.
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Supplementary tables

Supp. Table 1. Immune-related IncRNA genes selected for genotyping data extraction.

IncRNA gene Class Chr Initial position Final position Related to genes of
GAS5 Antisense 1 173820423 173838144 Immune-related
Inc-PROX1-41 Intergenic 1 214098092 214099997 Immune-related
PACER Intergenic 1 186649754 186654045 Immune-related
Inc-IL6R-1 Antisense 1 154452488 154453977 PF associations
ILBR-AS1 Antisense 1 154374804 154379040 PF associations
Inc-C8A-1 Antisense 1 57429559 57480373 PF associations
Inc-CFH-1 Intergenic 1 195450556 195469368 PF associations
Inc-CFH-4 Antisense 1 196150517 196249218 PF associations
Inc-CFHR5-5 Sense-overlapping 1 197251885 197312487 PF associations
Inc-CFHR5-6 Sense-intronic 1 197332947 197333208 PF associations
Inc-CR1 Sense-intronic 1 207831799 207832487 PF associations
Inc-CR2 -3 Intergenic 1 207607630 207619658 PF associations
Inc-IL23R Intergenic 1 67743735 67744462 PV associations
Inc-IL10-1 Antisense 1 206869182 206869614 PV associations
Inc-IL10-2 Sense-intronic 1 206776437 206781648 PV associations
Inc-IL10-5 Sense-intronic 1 206940947 206945780 PV associations
MIR4435-2HG Sense-intronic 2 111794353 112456610 Immune-related
LINC00487 Intergenic 2 6868309 6910442 Immune-related
CNNM3-DT Antisense 2 97477562 97482303 Immune-related
Inc-IL1B-1 Intergenic 2 113576774 113581878 Immune-related
Inc-IL1B-2 Intergenic 2 113636769 113637743 Immune-related
Inc-PDCD1-1 Sense-intronic 2 242835752 242844846 PF associations
FGD5-AS1 Antisense 3 14919069 14991070 Immune-related
Lnc-CCRL2 Sense-intronic 3 46451005 46454488 Immune-related
LINC00877 Intergenic 3 72084451 72328654 Immune-related
LINCO1991 Intergenic 3 187676548 187694195 Immune-related
Inc-MASP1-1 Antisense 3 186914878 186925417 PF associations
Inc-MASP1-2 e 3 Intergenic 3 187131305 187133958 PF associations
Inc-ARPP21-1 Intergenic 3 35913358 35913690 PV associations
Inc-ARPP22-2 Intergenic 3 34914133 34915346 PV associations
ARPP21-AS1 Antisense 3 35691689 35693453 PV associations
Inc-PTPRG-1 Intergenic 3 61237271 61302257 PV associations
Inc-PTPRG-4 Intergenic 3 61395234 61398853 PV associations
Inc-PTPRG-5 Antisense 3 60602555 60603812 PV associations
PTPRG-AS1 Antisense 3 62242333 62355017 PV associations
GPD1L-1 Intergenic 3 32232239 32233119 PV associations
GPD1L-2 Sense-intronic 3 32303234 32305396 PV associations
LINCO0989 Intergenic 4 80413570 80497614 Immune-related
SMAD1-AS1 Antisense 4 146435730 146438346 Immune-related
LEF1-AS1 Intergenic/antisense 4 109092927 109226083 Immune-related
Inc-ZNF827-2 Intergenic 4 146973756 146977914 Immune-related
Inc-CLINT1-2 Intergenic 5 157652360 157661384  Immund32lated
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Inc-CD40-2 Antisense 20 44828955 44835850 PF associations
Inc-CD40-3 Antisense 20 44993170 45019524 PF associations
ITGB2-AS1 Antisense 21 46340950 46349595 Immune-related
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Supp. Table 2. Genomic positions of the

analyzed SNPs at immune-related IncRNA

genes
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Supp. Table 3. Immune-related IncRNA SNPs in significant associations with endemic PF at the additive model.

) Overlapped

SNP g::i:ir:rlmc(hg 19) g:t?: L95 u95 p value IncRNA genes coding
genes

rs3806156*A Chr6:32373698 0.6075 0.4506 0.8192  0.001083 Inc-BTNL2-1 (TSBP1-AS1) BTNL2

rs11100883*A  Chr4:146450970 1.657 1.215 2.26 0.00142 Inc-SMAD1 SMAD1

rs28362682*T  Chr6:32372863 0.4627 0.2853 0.7502  0.001778 Inc-BTNL2-1 (TSBP1-AS1) BTNL2

rs11539588*A4  Chr19:6735929 0.3849 0.189 0.7837 0.008499 Inc-C3-2 GPR108

rs2473122*A Chr6:22312287 1.721 1.138 2.601 0.01006 CASC15

rs1317186 *A Chr8:53318644 1.487 1.094 2.021 0.0112 Inc-ST18 ST18

rs10228040*A  Chr7:130653616 1.465 1.089 1.971 0.01155 LINC-PINT

rs9643471*A Chr8:53259979 0.5507 0.3466 0.8751 0.01158 Inc-ST18 ST18

rs7812207*A Chr7:130784051  0.6139 0.418 0.9016 0.01283 LINC-PINT

rs12192707*A  Chr6:6479161 0.68 0.5007 0.9237 0.01359 LY86-AS1

rs7386237*G Chr8:53262036 0.6082 0.4045 0.9143 0.01682 Inc-ST18 ST18

rs4455715*A Chr6:6410663 1.425 1.066 1.906 0.01686 LY86-AS1

rs10404456*G  Chr19:47812900 1.425 1.065 1.908 0.01721 Inc-C5AR1 C5AR1

rs742286*A Chr6:22391406 1.474 1.067 2.037 0.01861 CASC15

rs10259462*G  Chr7:130706995 1.518 1.071 2.154 0.01915 LINC-PINT

rs1418358*A Chr9:29132164 1.418 1.056 1.905 0.02025 Inc-LINGO2-5

rs13179150*A  Chr5:39340135 1.464 1.059 2.023 0.0212 Inc-C9-1 c9

rs7847094*G Chr9:29119535 0.7126  0.5315 0.9555 0.02358 Inc-LINGO2-5

rs2294461*C Chr6:6614501 1.669 1.071 2.601 0.02373 LY86-AS1 LY86

rs674485*G Chr11:65197393 1.381 1.044 1.827 0.02381 NEAT1

rs7468614*A Chr9:29054853 1.428 1.048 1.945 0.02398 Inc-LINGO2-5

rs1294468 *G  Chr6:6544702 1.375 1.042 1.816 0.02451 LY86-AS1

rs7932174*A Chr11:110122426 0.6949  0.5058 0.9546 0.02465 Inc-ZC3H12C RDX

rs3763308*A Chr6:32374640 0.5315 0.3024 0.9344 0.02812 TSBP-AS1 BTNL2

rs4712624*G Chr6:21693152 1.442 1.038 2.003 0.02887 CASC15

rs1884537*A Chr14:101251989 0.7355  0.5582  0.969 0.029 MEG3

rs7767991*A Chr6:22380084 0.7145 0.5271 0.9684 0.03026 CASC15

rs13242887*G  Chr7:130751832 0.6786 0.4753 0.9688 0.03282 LINC-PINT

rs12678991*A  Chr8:53320710 1.351 1.025 1.78 0.03299 Inc-ST18-4 ST18

rs3024493*A Chr1:206943968  0.5874  0.3584 0.9625 0.03473 Inc-IL10-5 IL10

rs498688*G Chr3:187679835 1.348 1.02 1.782 0.03569 LINC01991

rs11944685*A  Chr4:146414267  0.7402 0.5573  0.983 0.03766 Inc-SMAD1 SMAD1

rs7250152*A Chr19:47795969 1.391 1.018 1.899 0.03805 Inc-C5AR1 C5AR1

rs12376696*A  Chr9:29024733 1.425 1.018 1.994 0.0388 Inc-LINGO2-5

rs7768473*A Chr6:22431621 0.7327 0.5446 0.9858 0.03992 CASC15

rs7870900*G Chr9:29153469 1.359 1.014 1.822 0.04035 Inc-LINGO2-5

rs2870957*C Chr12:68486435 0.713 0.5157 0.9859 0.04077 IFNG-AS1

rs6974804*G Chr7:130783121 1.367 1.011 1.848 0.04232 LINC-PINT

rs1047581*G Chr11:33724992  0.7233  0.5282 0.9904 0.04338 AL049629.2 CD59

rs10853784*A  Chr19:47793185 0.7494 0.5661  0.992 0.04382 Inc-C5AR1
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rs7742855*A
rs217727*A
rs12659504*G
rs17142362*A
rs700218*A
rs2918284*A
rs1418344*G

Chr6:22044638
Chr11:2016908
Chr5:148805005
Chr6:6601050
Chr5:39354542
Chr5:148588846
Chr9:29084708

1.354
0.6995
1.533
0.5542
0.1195
0.7498
1.342

1.007
0.493
1.008
0.3097
0.01469
0.5641
1.002

1.82
0.9924
2.333
0.9917
0.9727
0.9966
1.797

0.04477

0.0452
0.04603
0.04681
0.04705
0.04731
0.04851

CASC15
H19
Inc-IL17B-5
LY86-AS1
Inc-C9
Inc-IL17B-3
Inc-LINGO2-5

LY86
c9
ABLIM3

Associated SNPs: p < 0.05. L95 - lower limitit of 95% condifence interval; U95 - upper limit of 95% confidence interval.
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7. CONCLUSAO FINAL

A partir dos resultados obtidos nos trabalhos desta tese, concluimos que genes
de IncRNAs podem estar relacionados com diferentes processos imunolégicos e
autoimunes do pénfigo. Foram demonstrados que IncRNAs imuno-relacionados estao
associados com o PF: seja para ambas as formas (endémica e esporadica) da
doenga, como é o caso do INcRNA LINC-PINT; ou para alguma forma especifica de

PF, como é o caso da associacao de LY86-AS71 em PFE.

Ja os IncRNAs da familia dos HCGs, apesar de ainda pouco conhecidos, estao
geneticamente associados com os pénfigos foliaceo e vulgar. Destes, destacamos os
genes TSBP1-AS1 (que abriga o gene HCG23) e HCG27, associados com ambas as
doencas. Além disso, TSBP1-AS1 e HCGZ27 estao diferencialmente expressos em PV
e PF/PFE, respectivamente. Logo, sugerimos ambos como fortes genes candidatos
para posteriores estudos em pénfigo ou em outras doengas autoimune semelhantes,
a fim de validar as associagdes encontradas em diferentes coortes e explorar seus
mecanismos moleculares, ampliando a compreensao sobre os aspectos funcionais e

regulatorios destas moléculas, nos contextos fisioldgicos e imunopatolégicos.
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Abstract: A significant proportion of mammalian genomes corresponds to genes that transcribe long
non-coding RNAs (IncRNAs). Throughout the last decade, the number of studies concerning the roles
played by IncRNAs in different biological processes has increased considerably. This intense interest
in IncRNAs has produced a major shift in our understanding of gene and genome regulation and
structure. It became apparent that IncRNAs regulate gene expression through several mechanisms.
These RNAs function as transcriptional or post-transcriptional regulators through binding to
histone-modifying complexes, to DNA, to transcription factors and other DNA binding proteins, to
RNA polymerase 1I, to mRNA, or through the modulation of microRNA or enzyme function. Often,
the IncRNA transcription itself rather than the IncRNA product appears to be regulatory. In this
review, we highlight studies identifying IncRNAs in the homeostasis of various cell and tissue types
or demonstrating their effects in the expression of protein-coding or other non-coding RNA genes.

Keywords: long non-coding RNA; homeostasis; physiological regulatory mechanisms; gene expression;
gene regulation; transcriptome
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