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RESUMO

Introducdo: Embora seja uma doenga monogénica autossémica e recessiva, apenas
as alteracdes no gene CFTR ndo sado capazes de explicar a variabilidade fenotipica,
incluindo, a resposta individual aos farmacos moduladores da Fibrose Cistica (FC),
como o Orkambi®. Desta forma, nosso grupo de pesquisa vem descrevendo o papel
de genes modificadores no fenétipo dessa doenca. Por ser um canal de cloreto
alternativo, estar expresso no epitélio celular dos 6rgaos afetados pela FC e ser
descrito como funcionalmente associado ao canal CFTR, o objetivo deste estudo foi
rastrear Single Nucleotide Variants (SNVs) no gene Solute Carrier Family 26, member
9 (SLC26A9) em busca de possiveis novos alvos terapéuticos para a medicina de
precisdo e personalizada. Métodos: O sequenciamento de Sanger para 0S €xons
codificantes, regido 3'UTR e regides limitrofes intron-exon do gene SLC26A9 foi
realizado em nove pacientes homozigotos para o alelo p.Phe508del do CFTR. As
variantes encontradas foram avaliadas por ferramentas de predicao in silico. A fungéo
do canal CFTR foi avaliada por corrente estimulada por cAMP (Alsc-eqg-FSK) em
células epiteliais nasais polarizadas dos pacientes e cultivadas em camaras de micro-
Ussing com o Orkambi®. Resultados: Identificamos 30 variantes no gene SLC26A9,
sendo 24 intrdnicas, trés na regido exodnica (variantes missense: rs74146719 e
rs16856462, e uma sinénima rs33943971) e trés na regidao 3’'UTR. De acordo com as
diretrizes do American College of Medical Genetics and Genomics, vinte variantes
foram classificadas como benignas e as demais foram consideradas de significado
incerto. Em relacao as predi¢@es in silico, algumas variantes apresentaram predicées
deletérias ou com possiveis alteracdes no sitio de splicing, mas a maioria foi prescrita
como benigna ou neutra. Nao houve diferencas significativas entre genétipos e alelos
para todas as 30 variantes no gene SLC26A9 em relacéo ao Alsc-eq-FSK mediante a
resposta ao Orkambi®. ConclusGes: Analisando os pacientes homozigotos para o
alelo p.Phe508del do gene CFTR, ndo encontramos nenhuma variante patogénica no
gene SLC26A9. Também nao constatamos associacdes entre as 30 variantes do gene

SLC26A9 e a resposta ao Orkambi® in vitro.

Palavras—Chave: Fibrose cistica; Modulador CFTR; Genes modificadores;
Orkambi®; Proteina SLC26A9 humana.



ABSTRACT

Background: Since patients with cystic fibrosis with different Cystic Fibrosis
Transmembrane Regulator (CFTR) genotypes present a wide response variability for
modulator drugs such as Orkambi®, it is important to screen variants in candidate
genes with an impact on precision and personalized medicine, such as Solute Carrier
Family 26, member 9 (SLC26A9) gene. Methods: Sanger sequencing for the exons
and intron-exon boundary junctions of the SLC26A9 gene was employed in nine
individuals with p.Phe508del homozygous genotype for the CFTR gene who were not
under CFTR modulators therapy. The sequencing variants were evaluated by in silico
prediction tools. The CFTR function was measured by cAMP-stimulated current (Alsc-
eg-FSK) in polarized CFTR of human nasal epithelial cells cultured in micro-Ussing
chambers with Orkambi®. Results: We found 24 intronic variants, three in the coding
region (missense variants - rs74146719 and rs16856462 and synonymous -
rs33943971), and three in the three prime untranslated region (3' UTR) region in the
SLC26A9 gene. Twenty variants were considered benign according to American
College of Medical Genetics and Genomics guidelines, and ten were classified as
uncertain significance. Although some variants had deleterious predictions or possible
alterations in splicing, most predictions were benign or neutral. When we analyzed the
Alsc-eg-FSK response to Orkambi®, there were no significant differences within the
genotypes and alleles for all 30 variants in the SLC26A9 gene. Conclusions: Among
the nine individuals with p.Phe508del homozygous genotype for the CFTR gene, no
pathogenic SLC26A9 variants were found, and we did not detect associations from the

30 SLC26A9 variants and the response to the Orkambi® in vitro.

Keywords: Cystic Fibrosis; CFTR Modulator Drugs; Modifier Genes; Orkambi®;
SLC26A9
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INTRODUCAO

1. Introducéo
1.1 Caracterizacao da fibrose cistica

Historicamente, suspeita-se que a fibrose cistica (FC; OMIM #219700) seja
referenciada num provérbio irlandés do final do século XV, dizendo “Ai daquela
crianca que, quando beijada na testa, tem gosto de sal. Ele est4 enfeiticado e logo
morrerd”, relacionando que as criangcas que apresentavam essas condigdes teriam
sido enfeiticadas e morriam por essa causa. Foi, provavelmente, em 1595 que se
iniciou as primeiras descricbes patologicas da FC por anatomistas e médicos em
diversos paises, por meio de autdpsias de criancas ou recém-nascidos com
caracteristicas de desnutricdo, pancreas endurecidos com aparéncia cirrética ou
alteracdes no intestino delgado, relatando os primeiros casos de ileo meconial muito
comum em pacientes com FC. Apesar de tantos anos de descri¢cdes de casos, o termo
“Fibrose Cistica” surgiu apenas em 1936 com o trabalho do pediatra suico Guido
Fanconi von Grebel (1892-1979; Pochiavo, Suica), associando a insuficiéncia
pancreatica exocrina a doenca pulmonar cronica em criangas. Dois anos depois, a
patologista Dorothy Hansine Andersen (1901-1963; Carolina do Norte, EUA)
descreveu a doenca e suas alteracfes histoldégicas no pancreas e, finalmente, o
oncologista infantil Sydney Farber (1903-1973; Nova York, EUA) especulou que néo
se tratava de um problema apenas no pancreas, mas sim uma producdo de muco

generalizada, criando o termo “mucoviscidose™ 2.

A FC é uma doenca genética monogénica de padrdo autossémico recessivos3,
gue ocorre com maior frequéncia em populacdes caucasianas*. Em todo o mundo a
FC afeta mais de 90.000 individuos®. Os registros da European Cystic Fibrosis
Society incluem dados de mais de 52 mil pessoas com FC nos paises participantes
presentes em toda a Europa®. JA no Brasil, cerca de 6.000 pacientes estdo
cadastrados no Registro Brasileiro de Fibrose Cistica (REBRAFC) de acordo com

seu ultimo relatério”’.

A FC é causada por variantes patogénicas no gene Cystic Fibrosis
Transmembrane Regulator (CFTR; OMIM #602421), que codifica a proteina de

mesmo nome, responsavel pela formagéo do canal transportador de ions presente
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nas superficies apicais de células em diversos 6rgdos®. Assim, a FC é uma
doenca que afeta multiplos 6rgaos e sistemas, que leva, principalmente, ao aumento
da concentracdo de eletrdlitos no suor, doenca respiratéria com infeccdes
recorrentes, ileo meconial, insuficiéncia pancreética e diabetes relacionada a FC.
Apesar disso, a morbidade e mortalidade da doenca s&o determinadas
principalmente pela doenga pulmonar obstrutiva cronica*'2, Embora a FC ja tenha
sido considerada intratdvel e mortal durante a infancia, o diagnéstico precoce
durante a triagem neonatal tem elevado a sobrevida da maioria dos pacientes até a

idade adultals.

1.2 Gene CFTR

1.2.1 Caracterizacao e classes de mutacdes do gene CFTR
Identificado em 1989, o gene CFTR estéa localizado no brago longo do cromossomo
7810, posicdo 7qg31.2 possuindo aproximadamente 190 kb com 27 éxons,

codificando um canal de cloreto expresso na membrana das células epiteliais'?.

Das mais de 2000 variantes encontradas no gene CFTR, mais de 400 sao
descritas como causadoras da FC, além de variantes que possuem significado
desconhecido ou que ndo alteram o fenétipo do individuo'#*°, As ferramentas in
silico podem ser utilizadas para predicdo das consequéncias causadas por essas

alteracdes engquanto ndo séo confirmadas in vivo®.

As variantes patogénicas do gene CFTR sdo tradicionalmente classificadas
em seis classes de acordo com seu papel patogénico e impacto na funcdo da
proteina'?1%, variando desde auséncia total da producdo da proteina até uma
estabilidade anormal da mesma na membrana plasmatical”8. Essa disfuncdo
protéica resulta em uma ma conducdo do fluxo de ions nas superficies celulares,
alterando a hidratacdo e o pH do liquido da superficie das vias aeriferas que,
juntamente com o0 excesso de producdo de muco, resulta em um acumulo desse
muco de viscosidade aumentada levando a ciclos recorrentes de infeccédo e
inflamacéo, além da obstrucdo e destruicdo dos tecidos do trato brénquico e

digestivo'?1°.

Embora o sistema de classificagcéo tradicional classifica as variantes do gene
CFTR em seis classes, De Boeck e Amaral (2016) dividiram as variantes tradicionais
de classe | em duas classes. A classe | seria composta por variantes de stop-codon,

enquanto as variantes que levam a néo transcricdo do RNAm fariam parte de uma
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nova classe, a classe VII. As duas classes sdao compostas por variantes com o
mesmo resultado fenotipico, ou seja, auséncia da proteina CFTR, mas as variantes
de classe VII ndo podem ser resgatadas por terapia corretiva com drogas
moduladoras. Sendo assim, Marson e colaboradores (2016) propuseram em seu
trabalho uma nova ordem na classificacdo das classes de mutagfes, levando em
consideracdo a combinacédo do defeito na proteina CFTR, as terapias corretivas e
suas caracteristicas clinicas associadas. As variantes de classe VIl relacionadas aos
RNAms néo transcritos ndo tendo, portanto, uma terapia corretiva, foram
reordenadas em classe IA. Seguidas pelas variantes de stop-codon alocadas como

classe IB, e as demais classes de Il a VI permaneceram inalteradas?°2*,

v' Classe IA: sdao as variantes classificadas como nonsense, frameshift ou
splice-site onde ndo h& a sintese de transcritos do RNAm, sendo intrataveis

devido a falta de terapia corretiva disponivel*521.22,

v' Classe IB: sdo as variantes de stop-codon, que introduzem cédons de
parada prematuramente impedindo a producdo da proteina CFTR completa

21,22

v' Classe |l: sdo as variantes que causam o processamento da proteina CFTR
de maneira inadequada ou um mal dobramento dela, ndo atingindo assim a
estabilidade no reticulo endoplasmatico, posteriormente, ndo trafegando até a
membrana plasmatica. Desta forma, a proteina € degradada prematuramente
pelos proteossomas. A variante mais comum no gene CFTR faz parte dessa
classe, sendo responséavel por aproximadamente 70% dos alelos do CFTR: a
delecdo de uma fenilalanina na posicdo 508 (p.Phe508del) causa o mal
dobramento do canal, desestabilizando a proteina, e levando-a a degradacéo

pelos mecanismos de controle de qualidade celular®2223,

v' Classe lll: nesta classe de mutacdes, embora a proteina tenha seu
comprimento total e esteja presente na membrana plasmatica, ocorrem
defeitos de ativagdo/gating do canal proteico. Faz parte dessa classe a

variante p.Gly551Asp®22,

v' Classe IV: sao variantes patogénicas que afetam a condutancia do cloreto
atraves dos poros do canal CFTR, sendo uma classe que possui variantes de

maior raridade®?22,
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v' Classe V: é a classe de variantes que promove uma reducdo do nimero de
proteinas CFTR funcionais devido a sua sintese ou maturacdo ineficiente.
Resultam de defeitos de splicing ou por conta de variantes missense. As

proteinas CFTRs produzidas por essas variantes funcionam normalmente®?22,

v' Classe VI. sdo variantes que produzem uma reducdo na estabilidade da
proteina CFTR na membrana plasmatica, resultando em aumento da
endocitose e degradacgédo pelos lisossomos, com reducdo da quantidade de

proteinas funcionais na membrana da superficie celular®>?2,

Apesar da correlagéo entre a classe de variantes do gene CFTR e gravidade
clinica, os individuos com FC podem carregar variantes de diferentes classes em
seus dois alelos, levando a milhares de combinagfes possiveis no genoétipo do gene

CFTR condizente com a ampla variabilidade fenotipica da FC®.

1.2.2 Proteina CFTR: estrutura e funcéo

Formada por 1480 amino&cidos, essa glicoproteina de membrana pertence a
familia de transportadores ABC (ATP-binding cassette). Sua organizacdo se da em
cinco dominios: dois dominios transmembranares (TMD1 e TMD2), dois dominios

de ligacéo de nucleotideos (NBD1 e NBD2) e um dominio regulador (RD)?425.

O dominio TMD1 est4 ligado ao NBD1 e o TMD2 esta ligado ao NBD2,
formando dois complexos TMD-NBD entdo ligados entre si pelo dominio RD. Os
poros do canal por onde os anions sdo conduzidos sdo formados pelos dominios
TMDs que atravessam a bicamada fosfolipidica da membrana e sdo conectados por
alcas tanto extracelulares quanto intracelulares. JA os dominios NBDs sédo os

responsaveis pela regulacédo da abertura e fechamento desses canais?42°.

7

Sendo um canal ibnico dependente de ATP, sua abertura € dada pela
fosforilacdo no dominio RD pela proteina quinase A enquanto o ATP se liga aos
dominios NBDs levando a sua dimerizacéo, permitindo que o ion cloreto atravesse a
membrana. Consequentemente, seu fechamento se da pela hidrélise do ATP,
resultando na separacdo do dimero NBD e restaurando a conformagdo dos

dominios TMDs1.24.25,
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Além da conducéo de ions de cloreto, nas vias aeriferas o canal CFTR também
funciona como regulador de outros canais, como o canal de sodio (ENaC que
desempenha papel central na absor¢éo de sal e atua como canal de transporte de
bicarbonato, que regula a homeostase do pH do liquido da superficie das vias

aeriferas, o sistema de imunidade inata e a viscosidade do muco:25,

1.3 Manifestacdes clinicas

A proteina CFTR possui papel fundamental no equilibrio osmadtico e na
viscosidade do muco presente sobre a membrana apical das células epiteliais dos
pulmdes, trato respiratério superior, pancreas, figado, vesicula biliar, intestinos,
glandulas sudoriparas e sistema reprodutivo*?®, tornando a FC uma doencga que

afeta mltiplos 6rgéos e sistemas?®.

Apesar da FC ser associada classicamente a alteracbes respiratérias e
gastrointestinais (pancreas, figado e trato biliar)!? os sintomas da doenca e seu curso
séo variados, podendo comecar desde alguns meses ap0s 0 nascimento ou até anos
depois, apresentando também formas leves e atipicas, sendo necessario, portanto,
atencdo a pacientes que exibem desde poucos sinais clinicos e a outros que

apresentam sintomas tipicos de FC - maior gravidade fenotipica®.

1.3.1 Manifestagdes pulmonares na FC

O aumento da viscosidade e o acumulo de muco nas vias aeriferas leva a sua
obstrucdo, promovendo infeccbes recorrentes, inflamacédo cronica, remodelacao
tecidual e o consequente declinio da funcdo pulmonar por, principalmente,
bronquiectasias* > 26, As principais infeccGes ocorrem devido a presenca de
bactérias patogénicas e oportunistas, dentre elas Haemophilus influenzae,

Staphylococcus aureus, Pseudomonas aeruginosa e Burkholderia cepacia?®.

As manifestacdes clinicas respiratérias se iniciam com a tosse produtiva
persistente, alteracdes no escarro (desde consisténcia a volume), diminuicdo de
apetite e perda de peso. A medida que a doenca progride para uma bronquiectasia,
0s sinais e sintomas clinicos passam a incluir exacerbacfes agudas de tosse,
taquipneia, dispneia, mal-estar e anorexia*?%. Esses eventos agudos melhoram com
o tratamento da doenca respiratéria, mas, frequentemente, progridem para a perda

permanente da funcdo pulmonar.
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Com danos progressivos, a doenca pulmonar continua sendo a principal causa

de morbidade e mortalidade na FC5 12. 26,

1.3.2 Manifestacfes extra-respiratorias

Presente em cerca de 20% dos pacientes, a obstrucao intestinal do periodo
neonatal é a primeira manifestagéo clinica da FC?"- 28, Junto ao teste do suor (cloreto
260 mEq/L e regides limitrofes entre 40 e 50 mEq/L) e a insuficiéncia pancreatica, o
ileo meconial € considerado um critério de diagndstico por sua especificidade na
ligacdo com FC e ambas as manifestacdes clinicas estéo relacionadas aos alelos
mais graves do gene CFTR'2, Em estudos sobre suscetibilidade, variantes
encontradas no gene SLC26A9 foram associadas ao maior para o nascimento com o

ileo meconiall? 27,

Pacientes com FC sao caracterizados dentre “insuficientes pancreaticos” ou
“suficientes pancreaticos” de acordo com a capacidade do pancreas de secretar as
enzimas digestivas na fase luminal do processo de digestdo. A insuficiéncia
pancreética ocorre em cerca de 85% dos pacientes com FC antes de completarem
um ano de vida, com quadro clinico associado a perda de peso e desnutricdo?® %,

Ocorrendo entre 20-40% dos pacientes?®, a doenca hepatica associada a FC,
gue inclui uma variedade de sinais e sintomas hepatobiliares causadas pela doenca,
foi em 2007 classificada pela North American Cystic Fibrosis Foundation em trés
categorias: (i) doenca pré-clinica; (i) sem cirrose e hipertensdo portal; e, (iii) com
cirrose e hipertensao portal, sendo esta considerada a forma clinica mais relevante

pelo seu risco de mortalidade associadas?.

O diabetes relacionado a FC é um tipo exclusivo de diabetes, sendo
considerado uma complicacdo frequente em pacientes com a doenca. Sua
prevaléncia € aumentada de acordo com a idade, afetando aproximadamente 2%
das criancas, 19% dos adolescentes e de 40% a 50% dos adultos®> 3. Essa
condicao clinica esta relacionada a um maior declinio da funcdo respiratéria e ao

papel dos genes modificadores em sua alta hereditariedade?’.
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1.4 FC: medicina personalizada e medicina de precisdo versus genes
modificadores

A juncdo da alta incidéncia da FC, com a penetrancia de seu fenotipo e a
frequéncia de consequéncias consideradas graves e potencialmente fatais logo apés
0 nascimento, forneceu a comunidade cientifica um forte incentivo para entender a

FC e trata-la da melhor forma possivel34.

Durante anos, o tratamento da FC, se baseou na medicina personalizada,
termo utilizado para o conjunto de terapéuticas desenvolvidas com foco no controle
dos seus sinais e sintomas, retardando o progresso da doenca numa melhora
significativa da qualidade de vida do paciente, entretanto sem tratar a causa
subjacente?3. A juncédo dos avancos clinicos e terapéuticos com os programas de
triagem neonatal e gestdo de saude, aumentaram significativamente a expectativa
de vida desses individuos para a faixa de 40 anos ou mais?“. Inclui-se nesta linha de
tratamento o uso de antibidticos, broncodilatadores e agentes mucoliticos para as
manifestacdes pulmonares, anticoagulantes e a suplementacdo enzimatica para as
manifestacdes digestivas'? 18 35 Fora os tratamentos farmacolégicos, os pacientes
também incorporam em seu manejo diario fisioterapias, exercicios aeroébicos,

suportes fisiol6gicos e nutricionais® .

A descoberta do gene CFTR desempenhou um papel significativo para o
diagnéstico molecular da FC!1, havendo um reconhecimento de fendtipos
expandidos e o desenvolvimento de novas técnicas diagndsticas3®. Da mesma
forma, os avancos na area molecular foram o ponto de partida na elaboracédo de
estratégias terapéuticas direcionadas com maior eficicia nos resultados'?. Assim,
em 2015, o termo Medicina de Precisdo passou a ser utilizado para descrever novas
terapias que unem as informacdes clinicas e o0 tratamento via medicina
personalizada com o perfil genético de cada individuo®’, desenvolvendo drogas com
poder de modular o defeito basico no gene CFTR, avancando no tratamento desse

paciente?3 38,

Embora seja uma doenca monogénica com diversidade de variantes no gene
CFTR, a variabilidade fenotipica apresentada na FC é modulada parcialmente pelos
fatores ambientais como poluicdo e ingestdo de altos niveis de arsénico ou fumaca
de cigarro®®, como também por variantes presentes em modificadores genéticos. Os
genes modificadores sdo genes com variantes ndao patogénicas em si, mas que

podem modular a gravidade da FC, bem como a resposta aos diferentes farmacos
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utilizados no manejo do paciente!® 27. 3% Assim sendo, os fatores ambientais e os
genes modificadores contribuem na explicagdo de como as mesmas variantes do

gene CFTR se apresentam clinicamente diferentes.

1.5 Drogas moduladoras da fibrose cistica

Em busca da medicina de precisdo para a FC, a Food and Drug Administration
dos EUA e a Agéncia Europeia de Medicamentos aprovaram em 2012 a primeira
droga moduladora do gene CFTR, o potencializador Ivacaftor (VX-770) com o
objetivo de aumentar a probabilidade de abertura do canal CFTR que contém ao
menos uma alteragdo de gating ou condutancia (classes Ill e 1V, respectivamente),
auxiliando na conducdo dos fons de cloreto e bicarbonato!® 35, Esse medicamento
foi inicialmente autorizado para o uso em pacientes com FC com idade superior a 6
anos que apresentavam a variante p.Gly551Asp (classe Ill) em pelo menos um

alelo?8,

Embora aproximadamente 15% dos pacientes com FC possuem essa classe
de variantes, podendo apresentar uma boa resposta ao tratamento com lvacaftor, é
a delecdo p.Phe508del, a variante de maior incidéncia dentre os pacientes com FC.
Cerca de 90% dos pacientes apresentam um alelo com a dele¢&o, enquanto ~50%
sdo homozigotos!® 35 tornando essa variante um dos principais alvos de ensaios

clinicos?®.

Assim, o corretor Lumacaftor (VX-809) foi desenvolvido para melhorar o
processamento e trafego do canal CFTR defeituoso do reticulo endoplasmaético até a
superficie celular®. E, posteriormente, foi combinado com o potencializador Ivacaftor
(comercialmente Orkambi®) em estudos com pacientes homozigotos p.Phe508del®
23 sendo relatado uma melhora moderada, porém significativa, da fungdo pulmonar
(entre 3 e 4 pontos percentuais) e da diminuicdo das taxas de exacerbacao

pulmonar?®,

Ao todo sao cinco tipos de drogas moduladoras do canal CFTR agrupadas de
acordo com suas funcdes: agentes de leitura, corretores, potencializadores,
amplificadores e estabilizadores?*. Apesar do progresso no desenvolvimento desses
moduladores, ha muitas variantes patogénicas presentes no gene CFTR que ainda
nao apresentam tratamento especifico. Ja para o grupo de pacientes que podem

fazer uso dos moduladores, sabe-se que sua resposta ao tratamento ndo depende
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apenas de suas variantes no gene CFTR, mas também da variabilidade do seu
gendtipo para os genes modificadores. Além disso, nem todos 0s pacientes
conseguem arcar com o alto custo dos medicamentos!® 17 18 24 37
Concomitantemente, na literatura, alternativas visando modular outros canais
transportadores de ions (ndo CFTR) surgem com o objetivo de beneficiar todos os
pacientes com FC independente da classe de suas variantes, compensando, dessa

forma, a disfuncédo da CFTRY/ 18,24, 40,

1.6 Genes modificadores

Apesar dos inimeros avancos nos estudos moleculares, apenas as variantes
conhecidas no gene CFTR nao explicam a grande variagdo na gravidade das
manifestacbes pulmonares e nas demais comorbidades associadas a FC, sendo,
portanto, necessaria a identificacdo de outros genes como possiveis candidatos a

modificacdo desses fendétipos'?.

Esse fato se consolidou com a apresentacao de estudos de herdabilidade entre
pares de irmdos com as mesmas variantes no gene CFTR, que apresentaram
heterogeneidade clinica em seus fenétipos'? 16 41, Assim, desde o final dos anos 90,
a busca pelos genes modificadores do canal CFTR e do fendtipo clinico da FC
tornou-se um desafio, tanto na busca do conhecimento fisiopatoldgico da FC quanto

na tentativa de desenvolver novos alvos terapéuticos*? 42,

Desta forma, nosso grupo de pesquisa vem descrevendo o papel de diversos
genes relacionados as diferentes manifestacbes clinicas e na resposta aos
moduladores da FC*3-%,

Por ser um canal de cloreto expresso no epitélio celular dos 6rgaos afetados
pela FC, o canal SLC26A9 tem sido investigado por sua associagao a variabilidade
clinica da FC, sua interacao fisica com o canal CFTR e por seu potencial papel

como alvo terapéutico desta doenga®’.

1.6.1 Gene SLC26A9

O gene Solute Carrier Family 26 Member 9, SLC26A9 pertence a familia de
transportadores de anions, sendo expresso nas células epiteliais principalmente do
estdmago, ileo, pancreas, duodeno e trato respiratériol’?4. No epitélio celular das
vias aeriferas, sua ativacdo ocorre facilmente quando inserido na membrana

plasmatica, diferindo do canal CFTR?4.
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Em 2018, Balazs e Mall apresentaram um compilado de resultados que
evidenciaram a conducao de ions de cloreto através do epitélio celular por meio dos
canais SLC26A9, considerando-o como uma via alternativa no transporte desse ion

para compensar o mau funcionamento do canal CFTR em pacientes com FC.

Curiosamente, propdem-se que esses dois canais se interajam fisicamente e
funcionalmente entre si em condicdes fisiologicas e patoldgicas. No entanto, a
regulacéo e interacéo entre eles ainda ndo sao totalmente compreendidos nas vias

aeriferas®’.

Variantes de nucleotideo Unico (SNVs) nesse gene foram relacionadas a
gravidade da doenca pulmonar e no desenvolvimento precoce da insuficiéncia
pancreatica exodcrina, ileo meconial e na infeccdo pela bactéria P. aeruginosa.
Também ha relatos sobre seu papel associado a asma infantil e ao retardo na idade
inicial do diabetes relacionado a FC?*%, Ja& em relagdo a resposta as drogas
moduladoras, variantes neste gene foram associadas a variabilidade nas
manifestacdes pulmonares na presenca do potencializador Ivacaftor®®. Ja o uso da
droga corretora Lumacaftor ocasionou o aumento da expressao tanto do canal
CFTR quanto do canal SLC26A9, indicando que o resgate do canal CFTR pela
droga também esti associado ao redirecionamento do canal SLC26A9 até a

membranal’.

A variante rs7512462 (Transcrito: NM_052934.4; Protein ID: NP_443166.1;
Uniprot peptide: Q7LBE3-1), presente no intron 5 do gene SLC26A9, foi associada a
doenca pancreatica grave, valor elevado de tripsinogénio imunorreativo neonatal e
presenca de ileo meconial ao nascimento!’ 5 89 A presenca do alelo C foi relatado
influenciando positivamente na melhora da funcéo pulmonar em pacientes com ao
menos uma alteracdo de gating'’. Em pacientes homozigotos para o alelo
p.Phe508del, a presenca do alelo C foi relacionada ao resgate do canal no uso de
Orkambi®®’.
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OBJETIVOS
2.1 Objetivo geral

Investigar SNVs no gene SLC26A9 que podem estar associados a diferentes
respostas a terapia com Orkambi® (VX-809 + VX-770) em pacientes com FC
homozigotos para a variante patogénica p.Phe508del e que apresentaram a funcéo

CFTR avaliada in vitro em estudo anterior.

2.2 Objetivos especificos

Em pacientes com FC homozigotos para a variante patogénica p.Phe508del e

gue apresentaram a funcdo CFTR avaliada in vitro em estudo anterior,

¢ Realizar o sequenciamento de Sanger do gene SLC26A9, identificando
SNVs nas regides codificantes e nas regides éxon-intron;

e Realizar o estudo in silico das variantes encontradas no gene
SLC26A9;

e Verificar se existe associacdo entre as variantes encontradas no gene
SLC26A9 e a resposta do canal CFTR a droga moduladora Orkambi®

em cultura de células epiteliais nasais humanas.
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METODOS
3. Método

3.1 Pacientes e critérios de inclusao

O presente estudo foi composto por pacientes com FC recrutados do
Ambulatério de Pediatria do Hospital de Clinicas da Universidade Estadual de

Campinas, localizada na cidade de Campinas, no estado de S&o Paulo, Brasil.

O recrutamento dos pacientes ocorreu para a realizacdo de dois projetos

anteriores do nosso grupo de pesquisa®® 1,
Os critérios de incluséo dos pacientes neste trabalho foram:

1. A presencga de resultados alterados em pelo menos dois testes de cloro no suor
com valores iguais ou superiores a 60 mEg/L em cada exame, caracterizando o

diagndstico de FC.
2. A identificacdo da variante p.Phe508del em homozigose no gene CFTR;

3. Auséncia do uso de drogas moduladoras até a data da analise das culturas de

células nasais;

4. Funcdo do canal CFTR investigada in vitro por modelo de cultura de células

epiteliais nasais realizada no estudo anterior do nosso grupo por Kmit et al. (2019).

O projeto teve aprovacdo do comité de ética em pesquisa da Faculdade de
Ciéncias Médicas da Universidade Estadual de Campinas, segundo o protocolo de
deliberagdo N° 948.757. Os procedimentos foram realizados de acordo com a
Declaracdo de Helsinque (Adotada na 182 Assembléia Médica Mundial, Helsinki,
Finlandia, 1964).

Dentre os 12 pacientes que participaram do estudo de Kmit et al. (2019), dois
ndo tinham o estudo com a droga Orkambi®, e um n&o tinha mais amostra de DNA
disponivel para a andlise devariantes no gene SLC26A9, totalizando nove pacientes

para a realizacéo do presente estudo.

Assim, para o presente estudo foram utilizadas apenas as amostras de DNA ja
armazenadas no Biorrepositério de DNA do Laboratério de Genética Molecular, sob

responsabilidade da Profa. Dra. Carmen Silvia Bertuzzo. Uma nova coleta das
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amostras, bem como o acompanhamento desses pacientes no Ambulatério de
pediatria ndo foram possiveis devido ao periodo de maior incidéncia da pandemia
causada pelo SARS-CoV-2 (do inglés, Severe Acute Respiratory Syndrome

Coronavirus 2).

Como parte da rotina de diagnéstico de FC, as coletas de sangue periférico
foram realizadas no Ambulatério de Pediatria e as amostras dos individuos foram
encaminhadas ao Laboratorio de Genética Humana da instituicdo, onde foram
extraidos o material genético pelo método de fenol/cloroférmio ou cloreto de litio,
com posterior quantificacao pelo aparelho Epoch (Highland Park, Winooski, EUA). O
diagnoéstico molecular das variantes no gene CFTR foi realizado por TagMan SNP
Genotyping Assay no 7500 Real-Time PCR Systems® (Waltham, Massachusetts,
EUA). As amostras foram identificadas por cddigos para preservacao do sigilo dos

pacientes.

Todos os pacientes e seus responsaveis recebem orientacdes sobre a triagem
laboratorial de FC e os que concordaram assinaram o Termo de Consentimento Livre
e Esclarecido de acordo com os estudos anteriores, aprovados pelo Comité de Etica
em Pesquisa da instituicdo autorizando a coleta e armazenamento de sua amostra

biologica para estudos futuros.

3.2 Triagem de variantes no gene SLC26A9

3.2.1 Padronizacdo das reacdes em cadeia de polimerase (PCR, do inglés,

polymerase chain reaction) e amplificacdo dos fragmentos

A amplificacdo dos éxons codificantes (éxon 2 ao éxon 22) e os introns
adjacentes foram feitos por meio da técnica PCR, com primers especificos

desenhados de acordo com as especificacfes descritas na Tabela 1.



Primers 5’ — 3’

27

Tamanho do

- N - fragmento
Forward Reverse (pb)
CTTGAGGTCATCTCAGCTATCC  CATCATTCAGAACCTCACTTCC 783
GAGCAGGATATGATAATCCCTC =~ TAGGACTGACCAGGAACAACTC | 587
‘GCCACTACAGGGACATTTGGAC | 'GC‘CCCCTAAAT‘gAGAﬁ‘rAGCAT' ' 610
6  CAGCCATGTAGAGCACAGTGAA CCTCAGAATCCTCTCTGAACAAC | 475
GTCTTGGTGTGCCTCCATTAG  CAGTTTCGACTGCACTTTCA 748
GAAGACCACATAGCACCAAAG | GGCCTAAGACCTGAGAGTGAC 692
0e11  CACTGGGTCACTCTCAGGTC  GCCTCACTATGGACAAGGTTAC 724
GAGTCTAATCCTCTAGGCAACAT' CCAGCAGATGGCTGAGTTAG | 606
1 CCTTGGCTAATCCAGGAAGACT TGGAAGGTACAGTGGACTAAGC | 287
4, ~ GTGAGGACAGGACCCCATC = GTAACAGGGGGCAGTATCAG | 713
GTCTGTGTTCACCATCACCG GGAGAATGTCTCAACCTGGTG 588
GAAGTGGTGTGCTTTGCTGCTA = CTCTTTGGACTTGTACCTGAAGC | 378
 GATATTGCACTGCCAATGCC  GGAACTTAAACCTTCTCCTGTG 399
GACAAAGCAGGCAAAGTGAG = CTGGAGGTGAGACAGCTGAGTG | 541

CTCTTGGTTGCAGCCACTGTG ~ GGTGTGGAGAGCACATGGTC 687

Para um volume de 10 uL de reacéo, a padronizacado foi realizada utilizando
50 ng de DNA gendmico, 5 U/uL da enzima Taq DNA polymerase (Invitrogen™,
Massachusetts, EUA), tampdo de PCR 10x Tag Buffer com KCL (Fermentas™, Life
Sciences, Massachusetts, EUA), 50 mM de MgCI2, 25 mM de DNTP (Ludwig
Biotecnologia™, Rio Grande do Sul, Brasil), 25 mM dos primers forward e reverse
(Sigma-Aldrich Darmstadt™, Missouri, EUA e Bioneer Corporation™, California,
EUA), completando com agua até o volume final.

As amplificagbes foram realizadas em aparelho termociclador Eppendorf
Mastercycler EP Gradiente S (Eppendorf®, Hamburgo, Alemanha), tendo as
condicdes de PCR sido padronizados para todos os conjuntos de primers nas
seguintes condic¢des: (i) Desnaturacao inicial do DNA a 94 °C/5 min; (ii) 20 ciclos de
desnaturacado a 94 °C/30 s, anelamento de 70 °C/30 s com reducdo de temperatura
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a 0,5°C a cada ciclo até atingir 60°C, extensdo de 72 °C/1 min, (iii) 20 ciclos de
desnaturacao a 94 °C/30 s, anelamento de 60 °C/30 s e extensao de 72 °C/1 min; (iv)
72 °C/10 min para extensédo. A reacao foi mantida a 10 °C apds a amplificacdo. Com
0 objetivo de aumentar a especificidade das PCRs, utilizamos o PCR touch-down. A

visualizagc&o do produto das amplificagdes foi realizada em gel de agarose a 1%.

3.2.2 Reacdao de sequenciamento

As reacdes de sequenciamento foram realizadas com o BigDyeTM
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystem, EUA), sendo constituidas
de 2,5 uL do produto da PCR, 4,5 uL de agua; 2 pyL de tampéo do kit, 0,5 pL de
solucdo de BigDye e 0,5 pL do primer forward ou reverse. As condi¢cdes de
amplificacdo foram: 96 °C/1 min; 25 ciclos de 96 °C/10 s, 60 °C/5 s e 60 °C/4 min;
finalizando com 4 °C hold. Utilizando o termociclador Eppendorf Mastercycler EP

Gradiente S (Eppendorf®, Hamburgo, Alemanha).

Apos amplificacdo, foi dado um spin na placa de sequenciamento e
adicionado 2,5 pyL de EDTA (a 125 mM, Amresco Inc., Ohio, EUA) e 25 pL de etanol
absoluto 100% (Merck®, Darmstadt, Alemanha) em cada poco, a placa foi selada e
invertido 10 vezes Apdés incubar por 15 minutos em temperatura ambiente, a placa
foi centrifugada por trinta minutos a 4.000 r.p.m. na centrifuga 5804 R (Eppendorf®,
Hamburgo, Alemanha). ApGs descartar o sobrenadante e centrifugar a placa
invertida em momo spin, foram adicionados 30 pL de etanol 70% (Merck®,
Darmstadt, Alemanha) e centrifugado a 1.650 r.c.f. por 15 minutos com a centrifuga
refrigerada a 4 °C. O sobrenadante foi descartado e realizou-se novamente o spin. A
placa foi colocada no termociclador Eppendorf Mastercycler EP Gradiente S
(Eppendorf®, Hamburgo, Alemanha) a 64°C por 3 minutos e meio para secagem.
Por fim, houve a ressuspensao da placa com 10 uyL de formamida Hi-Di (Applied
BiosystemsTM, California, EUA) e a placa foi armazenada em papel aluminio na

geladeira até o momento do sequenciamento.
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Para a realizacdo do sequenciamento, foi utilizado o sequenciador automatico
ABI 3500xL Genetic Analyzer (Applied Biosystems™, California, EUA) de acordo com

o protocolo recomendado pelo fabricante.

3.2.3 Analise das sequéncias obtidas

As sequéncias obtidas foram analisadas e comparadas com a sequéncia de
referéncia do gene SLC26A9 (ENST00000367135.8), com o auxilio dos programas
Chromas v.2.6.6 (Technelysium Pty Ltd, Brisbane, Austrédlia) e CLC Sequence
Viewer v.8.0 (QiagenTM, Hilden, Alemanha).

3.3 Classificacdo das variantes
3.3.1 Banco de dados

As variantes encontradas no gene SLC26A9 foram classificadas quanto a sua
patogenicidade pelo consenso da “American College of Medical Genetics and
Genomics”™®?, relatados com o auxilio da plataforma VarSome (http://varsome.com)

uma ferramenta de busca e andlise da variacdo gendmica humana®,

Também foram consultados outros bancos de dados: (a) Clinvar
(www.ncbi.nlm.nih.gov/clinvar/) - banco de dados de acesso publico contendo as
relacbes entre as variantes genéticas e os fendtipos clinicos apresentados®*; (b)
Ensembl (www.ensembl.org/index.html) - plataforma de andlise e interpretacdo de
dados que incluem anotacfes de genes, variantes, elementos reguladores e arvores

filogenéticas®®.

3.3.2 Estudos in silico

Para melhor compreensédo das alteracbes encontradas no gene SLC26A9,
foram realizadas predi¢cdes in silico em plataformas selecionadas de acordo com sua

finalidade identificando o grau de patogenicidade ou neutralidade dessas variantes.

Assim, 0s seguintes preditores foram utilizados:

(@) SIFT (Sorting Intolerant from Tolerant) (https:/sift.bii.a-star.edu.sg/):

utilizando sequéncias homadlogas e as propriedades fisicas dos aminoéacidos,
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esse programa prevé como a substituicdo de aminoacidos ira alterar a funcéo
da proteina. Essa ferramenta avalia as alteracbes missenses em intolerante

se 0 escore for £ 0,05 ou tolerante se > 0,05 ©6.

(b) PolyPhen2 (Polymorphism Phenotyping v2)
(http://genetics.bwh.harvard.edu/pph2/): é a ferramenta de analise que utiliza
ao todo onze recursos de predicdes, oito para andlise de sequéncia e trés
para andlise estrutural, comparando as propriedades entre os alelos
selvagens e mutantes em variantes missenses. As alteragcbes séo ditas

possivelmente deletérias se o escore for 20,5 7.

(c) Provean (Protein Variantion Effect Analyzer): Com abordagem de
pontuacdo por alinhamento, o Provean consegue analisar multiplas
substituicbes, delecdes ou insercbes de aminoacidos. As variantes sao
classificadas como deletérias se = -2,5 e neutras se < -2,5 %, Sua versédo

Web foi desativada.

(d) PredictSNP1 (for missense variants) e PredictSNP2 (for all variants)
(https://loschmidt.chemi.muni.cz/predictsnpl/ e
https://loschmidt.chemi.muni.cz/predictsnp2/): Em cada classificador de
consenso ha a combinacdo de varias ferramentas de previsdo e anotacdes
de banco de dados, buscando otimizar a avaliagdo e melhorar o desempenho
da previsao tanto para variantes missenses (PredictSNP1) quanto para todas

as variantes encontradas (PredictSNP2) 9 70,

(e) MutationTaster 2021 (www.genecascade.org/MutationTaster2021/): Com
0 objetivo de auxiliar os pesquisadores e meédicos na identificacdo de
variantes patogénicas relacionadas a doencas monogénicas, a
MutationTaster 2021 consiste em uma ferramenta de previsdo binaria
(benigna ou deletéria), apresentando maior precisdo dos seus resultados com
0 uso do classificador Random Forest juntamente com a integracéo de fontes

de dados dos maiores projetos de sequenciamento humano (Projeto


http://genetics.bwh.harvard.edu/pph2/)
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1000 Genomas, EXAC, gnomAD) "1,

(f) CADD (Combined Annotation-Dependent Depletion)
(https://cadd.gs.washington.edu/snv): Método de pontuacdo que classifica as
variantes, sejam de nucleotideo Unico ou insercdes/delecbes curtas. A
pontuacdo realizada pelo CADD é baseada em propriedades funcionais e
evolutivas das variantes, assim quando o escore C é > 10, espera-se que a

variante esteja entre as 10% mais deletérias do genoma humano’.

(9) Fathmm (Functional Analysis through Hidden Markov Models)
(http://ffathmm.biocompute.org.uk/): € uma predicdo que se baseia na
combinacdo de sequéncias homodlogas e conservadas evolutivamente para
avaliar as variantes em deletérias (P = 0,5) ou benignas (P < 0,5). O Inherited
Disease analisa variantes missenses, discriminando em patogénicas ou
neutras; Fathmm-MKL prevé as consequéncias funcionais de SNVs néo
codificantes e codificantes, e Fathmm-XF trabalha com precisdo aprimorada
na previsdo das consequéncias funcionais de SNVs néo codificantes e

codificantes’3.

(h) Human Splicing Finder (http://www.umd.be/HSF/): incluindo algoritmos da
Universal Mutation Database em sua combinacdo, essa ferramenta prevé

variantes em sitios de splicing dentre o genoma humano’4.

3.4 Resposta do canal CFTR a droga Orkambi®

A coleta, cultura e funcdo CFTR de células epiteliais nasais humanas foram
realizadas conforme relatado na literatura (Kmit et al., 2019). As células epiteliais
nasais humanas foram coletadas com uma escova interdental apds lavagem nasal
com solucéo salina 0,9% (p/v) e foram co-cultivadas com uma camada de alimentacéo
de fibroblastos 3T3, usando um meio DMEM-F12 suplementado (Sigma-Aldrich

Darmstadt™, Alemanha) com inibidor de Rho Kinase dez uM, 1% de L-glutamina, 1%
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de penicilina e estreptomicina, 10% de soro fetal bovino, 0,4% de anfotericina B,
0,16 pg/mL de tobramicina e 0,1 pg/mL de vancomicina (todos adquiridos da Sigma-
Aldrich Darmstadt™, Alemanha). Depois de atingir 70-90% de confluéncia,as células
epiteliais nasais humanas foram tripsinizadas, transferidas para filtros
transmembrana (insertos de cultura celular Corning Costar® Snapwell — Sigma-Aldrich
Darmstadt™, Alemanha) e cultivadas em uma interface ar-liquido por 15 a 30 dias,
até que os valores de resisténcia fossem superiores a 1.000 Q (Milicell® ERS-2)
(Kmit et al.,, 2019). Em seguida, as culturas de células epiteliais nasais humanas
polarizadas foram incubadas com o corretor CFTR, VX-809 a 3uM (Lumacaftor,
SelleckchemTM, Houston, TX, EUA) ou 0,05% DMSO (Sigma-Aldrich DarmstadtTM,
Alemanha) como controle de veiculo, por 48h.

As monocamadas de células epiteliais nasais humanas foram montadas em
camaras micro-Ussing e analisadas sob condi¢cées de circuito aberto a 37 °C. A
funcdo CFTR foi medida usando um estimulo cAMP (Forskolin 2 uM), e a corrente
de curto-circuito equivalente (Isc-eq) foi calculada conforme descrito anteriormente,
ambos com a adicdo do potencializador CFTR, VX-770 a 10 pM (lvacaftor,
SelleckchemTM, Houston, TX, EUA) e o inibidor do canal CFTR (CFInh172 a 30 uM,
Sigma-Aldrich DarmstadtTM, Alemanha)®®.

3.5 Anédlise estatistica

A andlise estatistica foi realizada no software “Statistical Package for the Social
Sciences” (SPSS) v.27.0 (IBM SPSS Statistics for Macintosh, versao 27, SPSS, Inc.,
Armonk Nova lorque, EUA). Para avaliar o Alsc-eq-FSK na resposta ao Orkambi®
para cada genotipo e alelos apresentados no gene SLC26A9 foi utilizado o teste de
Mann-Whitney e os resultados foram apresentados em figuras feitas com o programa
GraphPad Prism versao 8.0.0 para Mac (http://www.graphpad.com, GraphPad
Software, San Diego CA, EUA).


http://www.graphpad.com/
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genotypes present a wide response variability for modulator drugs such as Orkambi ®, it is important to screen
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SLC26A9 function was measured by cAMP-stimulated current (2 Isc-eq-FSK) in polarized CFTR of human nasal epithelial

cells cultured in micro-Ussing chambers with Orkambi®.
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Results: We found 24 intronic variants, three in the coding region (missense variants - rs74146719 and

rs16856462 and synonymous - rs33943971), and three in the three prime untranslated region (3" UTR) region in
the SLC26A9 gene. Twenty variants were considered benign according to American College of Medical Genetics
and Genomics guidelines, and ten were classified as uncertain significance. Although some variants had dele-
terious predictions or possible alterations in splicing, the majority of predictions were benign or neutral. When
we analyzed the A Isc-eq-FSK response to Orkambi®, there were no significant differences within the genotypes
and alleles for all 30 variants in the SLC26A9 gene.

Conclusions: Among the nine individuals with p.Phe508del homozygous genotype for the CFTR gene, no path-
ogenic SLC26A9 variants were found, and we did not detect associations from the 30 SLC26A9 variants and the
response to the Orkambi® in vitro.

1. Introduction

Since 1989, when the discovery of the cystic fibrosis transmembrane
conductance regulator (CFTR) gene promoted the elucidation of the
molecular and cellular basis of cystic fibrosis (CF; OMIM®: no 219700),
the research and the development of new technologies for early diag-
nosis and precise treatment are still considered critical for CF care
(Marson etal.,, 2017; Butnariu et al., 2021).In 2012, with Food and Drug
Administration and European Medicines Agency approval, the CFTR
potentiator Ivacaftor (VX-770, Vertex Pharmaceuticals™) has been used
as a CFTR channel improvement by amplifying the CFTR ATP-dependent
channel opening in the apical cell, enabling the correction of the anion
channel activity from patients with genetic variants as p.Gly551Asp
exchange (Feng et al, 2018; Gentzsch and Mall, 2018; Pinto et al,,
2021a). Although 15 % of the patients with CF could respond well to
Ivacaftor monotherapy, approximately 90 % of these patients have at
least one p.Phe508del exchange, which impairs CFTR folding, retaining
the protein in the endoplasmic reticulum and promotes its degradation
in the proteasome (Gentzsch and Mall, 2018). Correctors such as the
Lumacaftor (VX-809, Vertex Pharmaceuticals™) restore p.Phe508del-
CFTR folding, increasing CFTR function discreetly (Gentzsch and Mall,
2018; Pinto et al., 2021a). Therefore, trials with drug combinations as
Ivacaftor and Lumacaftor, known as Orkambi® (VX-770 + VX-809,
Vertex Pharmaceuticals™), aimed to rescue CFTR function from patients
with p.Phe508del/p.Phe508del genotype, with still small improvements
in the lung function (Skov et al., 2019; Mesinele et al., 2022).

Besides potentiators and correctors, read-through agents, amplifier
and stabilizer compounds, and a combination of these modulator drugs
are currently used for the CF therapy (Marson et al., 2017; Pinto et al,
2021a; Haq et al., 2022). However, the interaction of CFTR variants with
their modulation genes, environment, and lifestyle impacts the therapy
response (Marson et al, 2017; Gentzsch and Mall, 2018). Hence, the
modulation of other channels/transporters is expected to be an alter-
native to improve clinical outcomes regardless of the CFTR variants of
the patients with CF (Pinto et al., 2021a). Balazs and Mall (2018) revised
the role of the Solute Carrier Family 26, member 9 (SLC26A9) protein as
an epithelial chloride channel in the respiratory system, ileus, and
pancreas, among other organs affected by CF (Balazs and Mall, 2018).
Although it is known that there is a physical interaction between
SLC26A9 and CFTR channels, both in physiology and pathology, and
colocalization in cells, which could reveal SLC26A9 as a potential
therapeutic target to bypass the CFTR ion transport deficiency (Bertrand
et al, 2009; Balazs and Mall, 2018; Sato et al., 2019; Quesada and
Dutzler, 2020; Pinto et al,, 2021b), its traffic regulation signals and its
interaction with CFTR are not yet fully understood in the airways (Liu
et al, 2015; Quesada and Dutzler, 2020; Gorrieri et al., 2022).

Currently, rs7512462 single nucleotide variant (SNV) in the
SLC26A9 gene (Transcript: NM_052934.4; Protein ID: NP_443166.1;
Uniprot peptide: Q7LBE3-1) was associated with pancreatic damage and
higher neonatal immunoreactive trypsinogen, CF-related diabetes,
meconium ileus, and lower or lack of response to CFTR modulation
drugs (Balazs and Mall, 2018; Miller et al., 2015; Pereira et al., 2017).
Besides that, this variant does not alter the SLC26A9 protein. In such

context, we aimed to investigate SNVs in the SLC26A9 gene that,
together with rs7512462, could be associated with differences in
response to Orkambi® (VX-809 + VX-770) therapy in patients with CF
who were homozygous for p.Phe508del pathogenic variant and that
presented the CFTR function evaluated in vitro.

2. Methods
2.1. Patients

The individuals were recruited in the Pediatrics Outpatient Unit for
CF at the Clinical Hospital at the University of Campinas (Unicamp),
Campinas, Brazil. CF diagnosis was routinely made with two sweat tests
with chloride ion60 mEq/L, along with the molecular diagnosis of the
CFTR variants by TagMan SNP Genotyping Assay in a 7500 Real-Time
PCR Systems® (Waltham, Massachusetts, EUA). Nine patients with p.
Phe508del/p.Phe508del genotype and who were not using the CFTR
modulators (VX-809 and VX-770), which took place by Kmit et al.
(2019), were enrolled in the present study. The participants or their
legal guardians signed the Informed Consent Form under the approval of
the Ethics Committee from the Unicamp (no 948.757/2015 and no
91.041.317/2019). The procedures were performed in accordance with
the Helsinki Declaration.

2.2. SLC26A9 genetic variants screening

DNA extraction from peripheral blood samples was performed by
phenol/chloroform or lithium chloride methods. After DNA quantifica-
tion in Epoch (Highland Park, Winooski, USA), DNA concentration was
adjusted to 50 ng/iL. Twenty-one exons (two to 22) from the SLC26A9
gene were amplified by polymerase chain reaction (PCR) with ultrapure
water, 10X Taq Buffer with KCI (Fermentas™, Life Sciences, Massa-
chusetts, USA), 25 mM dNTP (Ludwig Biotecnologia™, Rio Grande do
Sul, Brazil), 25 mM forward and reverse primers (Sigma-Aldrich
Darmstadt™, Missouri, USA or Bioneer Corporation™, California, USA),
50 mM MgClz, 5 U/iL Taq DNA polymerase (Invitrogen™, Massachu-
setts, USA) and 50 ng/tL DNA. The PCR conditions were (i) denatur-
ation at 94 °C/5 min; (ii) 20 cycles of denaturation at 94 °C/30 s,
annealing at 70 °C/30 s with a temperature reduction of 0.5 °C every
cycle until the temperature reached 60 °C, extension at 72 °C/1 min, (iii)
20 cycles of denaturation at 94 °C/30 s, annealing at 60 °C/30 s,
extension at 72 °C/1 min; and (iv) extension at 72 °C/10 min. After the
amplification, the reaction was then held at 10 °C. We used the touch-
down PCR to decrease off-target priming and to increase the specificity
of PCRs. Supplementary Table 1 shows the primers used to amplify the
SLC26A9 fragments.

Sanger sequencing of the SLC26A9 gene was performed with Big-
Dye™ according to the manufacturer's protocol (ThermoFisher Scien-
tific™, Massachusetts, USA) in the ABI 3500xL Genetic Analyzer
(Applied Biosystems™, California, USA). Chromas v.2.6.6 (Technely-
sium Pty Ltd, Brisbane, Australia) and CLC Sequence Viewer v.8.0
(Qiagen™, Hilden, German) softwares were used to compare the ob-
tained sequences to the SLC26A9 gene reference sequence
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(ENST00000367135.8).

2.3. Inssilico predictions to evaluate missense, synonymous, intronic, and
splice site variants of SLC26A9 gene

The SLC26A9 variants were evaluated with the following in silico
computational prediction tools:

SIFT (Sorting Intolerant from Tolerant): uses homology among
protein sequences to evaluate the missense alterations into deleterious if
the score is < 0.05 or tolerated if > 0.05 (Ng and Henikoff, 2001).

PolyPhen2 (Polymorphism Phenotyping v2): uses protein struc-
ture to evaluate the missense alterations as possibly deleterious if the
score 8.5 (Adzhubei et al,, 2010).

Provean (Protein Variation Effect Analyzer): evaluates how
missense and indel alterations could impact the protein function. It is
considered deleterious if > -2.5 and neutral if < -2.5 (Choi and Chan,
2015).

PredictSNP1 (for missense variants) and PredictSNP2 (for all
variants): combine various in silico prediction tools and database an-
notations to evaluate variants as neutral or deleterious (Bendl et al,
2014; Bendl et al., 2016).

Mutation Taster 2021: combine various in silico prediction tools,
database annotations, and Random Forest methods to evaluate variants
as benign or deleterious (Steinhaus et al., 2021).

CADD (Combined Annotation Dependent Depletion): evaluates
natural selection as a factor that could impact missense and indel al-
terations. When the C score is > 10, the variant is predicted to be among
the 10 % more deleterious from the human genome (Rentzsch et al,
2021).

Fathmm: uses homology and conservation among genetic sequences
to evaluate the variant into deleterious (P>0.5) or benign (P < 0.5).
Inherited Disease analyses protein missense variants, Fathmm-MKL
predicts the functional consequences of non-coding and coding SNV,
and Fathmm-XF works with improved accuracy in predicting the func-
tional consequences of non-coding and coding SNVs (Shihab et al.,
2014).

Human Splicing Finder: combines algorithms to predict variants in
splicing sites in the human genome (Desmet et al., 2009).

In addition, we consulted the Ensembl, ClinVar, and VarsSome da-
tabases to describe the frequency of the SLC26A9 variants in the global
population (Richards et al., 2015; Landrum et al., 2020; Cunningham
etal, 2022).

2.4. CFTR response for the Orkambi®

Human nasal epithelial (HNE) cell collection, culture, and CFTR
function were performed as reported in the literature (Kmit et al., 2019).
HNE cells were collected with an interdental brush after nasal washing
with 0.9 % (w/v) saline solution and were co-cultured with a feed layer
of 3T3 fibroblasts, using a supplemented DMEM-F12 (Dulbecco's

Modified Eagle Medium/Nutrient Mixture F-12) medium (Sigma-
Aldrich Darmstadt™, Germany) with 10 *M Rho Kinase inhibitor, 1 % L-
glutamine, 1 % penicillin and streptomycin, 10 % newborn calf serum,
0.4 % amphotericin B, 0.16 !g/mL tobramycin and 0.1 Ig/mL vanco-
mycin (all purchased from Sigma-Aldrich Darmstadt™). After reaching
70-90 % confluence, HNE cells were trypsinized, transferred to trans-
membrane filters (Corning Costar® Snapwell cell culture inserts - Sigma-
Aldrich Darmstadt™), and cultured in an air-liquid interface for ~
15-30 days, until the transepithelial resistances values were higher than
1,000 Q (Milicell® ERS-2) (Kmit et al., 2019). Then polarized HNE cells
cultures were incubated with the CFTR corrector 3 tM VX-809 (Sell-
eckchem™, Houston, TX, USA), or 0.05 % (v/v) dimethyl sulfoxide
(DMSO) (Sigma-Aldrich Darmstadt™) as vehicle control, for 48 h.

HNE cell monolayers were mounted on micro-Ussing chambers and
analyzed under open-circuit conditions at 37 °C. The CFTR function was
measured using a cAMP stimulus (Forskolin 2 #M), and the equivalent
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short circuit current (Isc-eq) was calculated as previously described both
with the addition of the CFTR potentiator 10 M VX-770 (Sell-
eckchem™, Houston, TX, USA) and the CFTR channel inhibitor (30 'M
CFTInh172, Sigma-Aldrich Darmstadt™) (Kmit et al, 2019), in
triplicates.

2.5. Statistical analysis

Bivariate statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS) software (IBM SPSS Statistics for
Macintosh, Version 27.0, IBM Inc, Armonk NY, USA). We used the Mann-
Whitney test in the bivariate statistical analysis to evaluate the Alsc-eq-
FSK for the response to the Orkambi® according to the SNV (genotype
and alleles) in the SLC26A9 gene, and the results are shown in figures
made with GraphPad Prism version 8.0.0 for Mac (https://www.
graphpad.com, GraphPad Software, San Diego CA, USA).

3. Results

Table 1 shows the demographic and clinical aspects of the patients
with CF (p.Phe508del homozygous) at the time of the CFTR activity
assay analysis. Most patients were male (6/9) and had pancreatic
insufficiency (8/9). Only 3/9 had meconium ileus, and 1/9 had CF-
related diabetes diagnoses. Table 1 also shows the genotype for the
variants found in the SLC26A9 gene, including rs7512462. We found 24
variants in intronic regions, three in the exonic regions [two missenses
(rs74146719 and rs16856462) and one synonymous (rs33943971)],
and three in the three prime untranslated region (3' UTR) (rs9438399,
rs6669481, and rs9438438). Their genomic coordinates, frequencies,
and classification according to the American College of Medical Genetics
and Genomics (ACMG) guidelines are shown in Table 2 and Supple-
mentary Table 2. The results for in silico computational predictors ana-
lyses are presented in Table 3 for SLC26A9 variants in exonic and 3' UTR
regions and genetic variants in the intronic regions with a predictor
score that can affect the SLC26A9 expression. The complete information
for the in silico computational predictors analyses is presented in Sup-
plementary Table 3. In addition, CFTR function in HNE cells with VX-
770 and VX-809 drugs is presented in Table 1.

The rs74146719 variant in exon 17 promotes a p.Pro606Leu change,
not reported in ClinVar but considered benign according to the ACMG
and all in silico predictions, except for Fathmm-Inherited disease and
Fathmm-MKL  (damaging/deleterious).  Similarly, the  variant
rs16856462 in exon 19, which promotes a p.His748Arg change, was
reported/considered as benign in ClinVar, the ACMG Guidelines, and
most of the in silico predictions, except for Fathmm-Inherited disease
(damaging) and Human Splicing Finder (which detected an alteration of
auxiliary sequences and significant alteration of the ESE/ESS motifs
ratio). The synonymous variant rs33943971 in exon 5 was not reported
in ClinVar but was considered benign according to most of the in silico

computational predictions and the ACMG guidelines. Yet, the Human
Splicing Finder predicted an alteration of auxiliary sequences and a

significant alteration of the ESE/ESS motifs ratio, which could interfere
with the splicing process (Table 3).

Although the variants rs9438399, rs6669481, and rs9438438 are in
the 3" UTR region of SLC26A9 for isoform A of the SLC26A9 channel,
they are within the transcript region for isoform B, which is generated by
alternate splicing, coding for ¢.*297C > A (p.Thr832 = ), c*211A > G
(p-Arg804Gly), and c.*423A > G (p.Pro874 = ) nucleotide changes,
respectively (Table 3). Both variants rs6669481 and rs9438438 were
reported in ClinVar as benign, and all three were considered benign
according to all the in silico computational predictions and the ACMG
guidelines (Table 3).

The intronic variants were not reported in ClinVar, except for
rs12759719 (reported as benign). PredictSNP2 and CADD reported most
variants as neutral or benign, except for intronic variants rs185066190
and rs11240593, which were considered deleterious. The rs11240593
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Table 1
Clinical data, Cystic Fibrosis Transmembrane Regulator (CFTR) function in human nasal epithelial (HNE) cells with VX-770 and VX-809 drugs, and genotype for variants screened in the Solute Carrier Family 26, member 9
(SLC26A9) gene from patients with cystic fibrosis (p.Phe508del homozygous).

‘le 18 sojues ‘97

Patient P1 P2 P3 P4 PS5 P6 P7 P8 P9
Sex F F M M M M M M F
Age (y) 8 8 16 6 13 20 42 11 9
Pancreatic insufficiency Yes No Yes Yes Yes Yes Yes Yes Yes
Meconium ileus No No No No Yes No No Yes Yes
CF-RD No No No No No No Yes No No
Alsc-eq-FSK (1A/cm )
DMSO 0.059 + 0.111 0.211 + 0.054 0.150 + 0.036 0.187 +0.127 0.125 + 0.012 0.080 + 0.078 0.274 + 0.087 0.185 + 0.033 0.215 + 0.056

) 0.211 + 0.049 0.382 + 0.082 0.365 + 0.163 0.381 + 0.090 0.129 + 0.032 0.610 + 0.092 0.829 + 0.244 0.487 + 0.041 0.564 + 0.011
SLC26AS gonotypes Common allele
Exonic variants
rs33943971 cC cC cC CT cC CcC CcC CT cc C
rs74146719 CT CcC CcC CcC CcC CcC cc CcC CcC C
rs16856462 AA AA AA AA AG AA AA AA AA A
3"UTR region
rs9438399 CcC NA cC CcC CA CcC CcC cc NA C
rs6669481 AA NA AA AA AG AA AG AG NA A
rs9438438 AA NA AA AG AA AA AG AA NA A
Intronic variants
rs7512462 TT TT TT TT TT CT CT CT cc C
rs185066190 cC cC cC cC cC CcC CT CcC CcC C
rs11240593 cC cC CcC CG CcC CcC ccC CcC CcC C
rs12036341 TT TT TT TG TT TT TT TT TT T
rs12143020 GG GG GG GG GG GG GG GG GA G
rs16856489 AA AA AA AA AA AA AA AA AT A
rs3811426 GG GG GG GA GG GG GG GG GG G
rs3811427 AA AA AA AG AA AA AA AA AA A
rs146595142 TT TT TT TT TT TT TA TT TT T
rs41264907 GA GG GG GG GA GG GG GG GG G
rs11240591 GG GG GG AA GG GG GG GG GG G
rs74739480 GG GG GG GG GG GG GG GG GA G
rs3811423 cc cc cc AA cc cc ccC CA cc C
rs28661171 AC AA AA AA AC AA AA AA AA A
rs11240594 AA AA AA AT AA AA AA AA AA A
rs3811424 TC cc cc TC TT cc cc TC TC T
rs7366204 GG AA AA AA GA AA AA AA AA G
rs73082393 AA AA AA AA AA AA AA AA AC A
rs9438404 GG GG GG GG GA GG GA GG GG G
rs12083912 CT cC cC Ccc cc CcC Ccc CcC CcC C
rs12759719 AG GG GG AG AG GG GG GG AG A
rs12082235 CA cC cC Ccc cC CcC Ccc CcC CcC C
rs17348561 AA AA AA AA AA AA AA AA GA G
rs74146718 GA AA AA AA AA AA AA AA GG G
rs6421774 GT TT TT TT GT TT TT TT GT G

Alsc-eq: Equivalent Short-Circuit Current; 3'UTR: 3" Untranslated Region; y: Years; F: Female; FSK: Forskolin; M: Male; CF-RD: Cystic Fibrosis-Related Diabetes; NA: No Amplification; DMSO: Dimethyl Sulfoxide.
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Genomic and protein coordinates, frequencies, and classification according to the American College of Medical Genetics and Genomics (ACMG) guidel ines of the

variants found in the Solute Carrier Family 26, member 9 (SLC26A9) gene.

dbSNP Nucleotide Protein position GnomAD Browser (MAF) v2.1.1 - Global population® ClinVar ACMG guidelines®

Varsome (hg38) Putative effect
Exonic variants
rs33943971 c.540C > T p.Thr180= 0.07 (19,560/279,762) - 930 homozygotes NR BA1; BP4; BP7 Benign
rs74146719 c1817C > T p-Pro606Leu <0.01 (2,266/269,650) - 48 homozygotes NR BA1; BP1; BP4; BP6 Benign
rs16856462 c.2243A > G p-His748Arg 0.07 (20,974/282,782) - 1,055 homozygotes NR BA1; BP6; BP1; BP4 Benign
3"UTR region
rs9438399 c*¥297C > A p.Thr832= 0.02 (6,684/282,802) - 655 homozygotes NR BA1; BP4; BP7 Benign
rs6669481 c*211A > G p-Arg804Gly 0.11 (30,518/281,644) - 3,150 homozygotes Benign BA1; BP1; BP3; BP4; BP6 Benign
rs9438438 %4234 > G p.Pro874= 0.08 (21,668/282,566) - 1,043 homozygotes Benign BA1; BP4; BP6; BP7 Benign
Intronic varian ts
rs185066190 c.1294-174T > C NA <0.01(65/31,380) - 0 homozygotes NR BS1 Likely benign
rs11240593 c.2111-30C > G NA 0.16 (44,046/282,378) - 5,683 homozygotes NR BA1 Benign
rs12036341 c.954-241T > G NA 0.14 (4,396/31,342) - 501 homozygotes NR BA1; BP4 Benign
rs12143020 c.954-231G > A NA 0.05 (1,598/31,358) - 35 homozygotes NR BA1; BP4 Benign
rs16856489 c.1294-232A > T NA 0.07 (2,336/31,382) - 112 homozygotes NR BA1; BP4 Benign
rs3811426 c.1659 + 48G > A NA 0.15 (41,304/282,086) - 5,452 homozygotes NR BP4 vus
rs3811427 c.1659 + 52A > G NA 0.10 (3,285/31,334) - 338 homozygotes NR BP4 vus
rs146595142 c.2257-202T > A NA <0.01(255/31,400) - 3 homozygotes NR BS1; BS2; BP4 Benign
rs41264907 c.2257-165G > A NA 0.03 (1,058/31,408) - 13 homozygotes NR BP4 Vvus
rs11240591 c.2328 + 30G > A NA 0.16 (43,850/282,128) - 5,651 homozygotes NR BP4 vus
rs74739480 c.-18-310G > A NA 0.07 (2,303/31,334) - 122 homozygotes NR BA1; BP4 Benign
rs3811423 c376 + 42C > A NA 0.34 (71,028/207,180) - 14,597 homozygotes NR BP4 vus
rs28661171 c.376 + 44A > C NA <0.01 (1,279/207,566) - 32 homozygotes NR BA1; BP4 Benign
rs11240594 1293 +104C>T NA 0.19 (6,125/31,352) - 729 homozygotes NR BA1; BP4 Benign
rs3811424 c1101 + 82T > C NA 0.61 (18,991/31,302) - 6,029 homozygotes NR BP4 vus
rs7366204 c.1216-59G > A NA 0.88 (27,636/31,346) - 12,203 homozygotes NR BP4 vus
rs73082393 c.1293 + 46A > C NA 0.05 (15,827/282,344) - 654 homozygotes NR BP4 vus
rs9438404 c.1294-168G > A NA 0.05 (1,500/31,378) - 60 homozygotes NR BA1; BP4 Benign
rs12083912 c.1567-25C > T NA <0.01 (1,587/282,792) - 46 homozygotes NR BA1; BP4 Benign
rs12759719 c.2055 + 15A > G NA 0.91 (242,820/265,564) - 111,064 homozygotes Benign BP4 vus
rs12082235 c.1774-13C > A NA <0.01 (1,229/257,480) - 28 homozygotes NR BP4 vus
rs17348561 c2110 + 96G > A NA 0.04 (1,324/31,360) - 45 homozygotes NR BA1; BP4 Benign
rs74146718 c.2056-133G > A NA 0.02 (486/31,386) - 12 homozygotes NR BS1; BP4 Likely benign
rs6421774 ¢.2257-331G > T NA 0.77 (24,220/31,342) - 9,423 homozygotes NR BA1; BP4 Benign

dbSNP: Single Nucleotide Polymorphism Database; MAF: Minor Allele Frequency; ClinVar: Clinical Variance Database; NR: Not Reported ; VUS: Variant of Uncertain
Significance; 3" UTR: 3’ Untranslated Region; NA: Not Applicable. BA1: Allele frequency is > 5 % in Exome Sequencing Project, 1,000 Genomes Project, or Exome

Aggregation Consortium (Benign, Stand Alone); BP3: In-frame deletions/insertions in a repetitive region without a known function (Benign, Supporting); BP4: Multiple
lines of computational evidence suggest no impact on gene or gene product (conservation, evolutionary, splicing impact, and others) (Benign, Support ing); BP6:
Reputable source recently reports variant as benign, but the evidence is not available to the laboratory to perform an independent evaluation (Benign, Supporting);
BP7: A synonymous (silent) variant for which splicing prediction algorithms predict no impact to the splice consensus sequenc e nor the creation of a new splice site
AND the nucleotide is not highly conserved (Benign, Supporting); BS1: Allele frequency is greater than expected for disorder (Benign, Strong); BS2: Observed in a

healthy adult individual for a recessive (homozygous), dominant (heterozygous), or X-linked (hemizygous) disorder, with full penetrance expected at an early age

(Benign, Strong).
a https://gnomad.broadinstitute.org/.

b https://www.acmg.net/docs/standards_guidelines_for_the_interpretation_of_sequence_variants.p.

was also regarded as deleterious in Fathmm-MKL prediction, while the
other variants were considered benign (Table 3).

All intronic variants were considered benign in Mutation Taster and
Fathmm-XF predictions. Although Human Splicing Finder -classified
most of the variants with no significant impact on splicing signals, there
were variants reported as new acceptor splice sites with potential
alteration of splicing (rs16856489, rs11240591, rs3811427, rs3811426,
and rs12036341) and variants reported as alterations of auxiliary se-
quences with significant alteration of ESE/ESS motifs ratio
(rs185066190 and rs146595142) (Table 3). The rs12143020 was
regarded as new acceptor splice sites with potential splicing alteration
and as alterations of auxiliary sequences with significant alteration of
ESE/ESS motifs ratio (Table 3).

According to ACMG guidelines (Richards et al., 2015), most intronic
variants were classified as benign or likely benign, while the rs3811423,
rs3811424, rs7366204, rs3811426, rs3811427, rs12759719,
rs12082235, rs73082393, rs41264907, and rs11240591 variants were
considered of uncertain significance (Table 3).

We compared the A lIsc-eq-FSK response to the Orkambi® within the
genotypes for all variants in the SLC26A9 gene, and we did not find
significant differences regarding the rs7512462 genotype (Fig. 1A),

exonic variants (Fig. 1B), and 3" UTR variants (Fig. 1C). We also tested
the Alsc-eq-FSK response to the Orkambi® within the alleles for all
variants in the SLC26A9 gene, and the absence of a significant response
according to the alleles distributions as also observed for rs7512462
(Fig. 2A), exonic variants (Fig. 2B), and 3’ UTR variants (Fig. 2C).
Neither the intronic variants were associated with a different response to
the Alsc-eq-FSK response to the Orkambi® within the genotypes (Sup-
plementary Fig. 1) and alleles (Supplementary Fig. 2) for variants in the
SLC26A9 gene.

4. Discussion

CF disease and CFTR gene have been a study model of pathology,
genetics, biochemistry, and therapeutics for >30 years (Lopes-Pacheco,
2020; Amaral and Harrison, 2022; de Azevedo et al, 2023). Due to the
variability of CF clinical outcomes, the genetic variants in the CFTR gene
and other genes impacting the phenotype and the drug response have
been extensively studied in the search for better therapeutic responses at
an individual level (Marson et al, 2017; Gentzsch and Mall, 2018;
Sepahzad et al, 2021). Moreover, compensating CFTR dysfunction by
targeting alternative ion channels has shed light on new therapeutic
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Table 3
In silico computational predictor analyses of the exonic, 3" UTR, and intronic variants found in the Solute Carrier Family 26, member 9 (SLC26A9) gene.*.
dbSNP SIFT non- PolyPhen2 Provean® PredictSNP Mutation CADDs= Fathmm Human splicing finder*
synonymous (Hum Div)® e taster 2021f |
SNVa SNP1¢ SNP2 Inherited Fathmm- Fathmm-
disease” MKL! XFi
EXonic variants
rs33943971 - - - - Neutral Benign Benign (5.57) - Benign Benign Alteration of auXiliary sequences. Significant alteration
(—0.63) (0.02) (0.01) of ESE/ESS motifs ratio.
rs74146719 Tolerated (0.32) Benign (0.01) Neutral Neutral Neutral (—1) Benign Deleterious Damaging Deleterious Benign No significant impact on splicing signals.
(0.35) (0.83) (12.16) (—2.96) (0.86) (0.30)
rs16856462 Tolerated (0.61) Benign Neutral Neutral Neutral (—1) Benign Benign Damaging Benign Benign Alteration of auxiliary sequences. Significant alteration
(<0.01) (0.08) (0.83) (0.001) (—2.92) (0.01) (0.03) of ESE/ESS motifs ratio.
3'UTR
rs9438399 - - - Neutral (—1) Benign Benign (0.13) - Benign Benign NR
(<0.01) (0.01)
rs6669481 - - - - Neutral (—1)  Benign Benign (0.47) - Benign Benign NR
(0.14) (0.10)
rs9438438 - - - Neutral (—1) Benign Benign (0.51) - Benign Benign NR
(<0.01) (0.01)
Intronic variants
rs185066190 - - - - Deleterious Benign Deleterious - Benign Benign Alteration of auXiliary sequences. Significant alteration
(1) (10.56) (0.30) (0.04) of ESE/ESS motifs ratio.
rs11240593 - - - - Deleterious Benign Deleterious Deleterious Benign No significant impact on splicing signals.
(1) (12.44) (0.54) (0.18)
rs12036341 - - - - Neutral (—1) Benign Benign (3.67) - Benign Benign New acceptor splice site. Activation of a cryptic acceptor
(0.15) (0.04) site. Potential alteration of splicing.
rs12143020 - - - - Neutral (—1) Benign Benign (3.82) - Benign Benign Alteration of auXiliary sequences: Significant alteration
(0.14) (0.03) of ESE/ESS motifs ratio. New acceptor splice site:
Activation of a cryptic acceptor site. Potential alteration
of splicing (cryptic exon activation).
rs16856489 - - - - Neutral (—1) Benign Benign (2.43) - Benign Benign New acceptor splice site: Activation of a cryptic acceptor
(0.14) (0.02) site. Potential alteration of splicing (cryptic exon
activation).
rs3811426 - - - - Neutral (—1) Benign Benign (2.44) - Benign Benign New acceptor splice site. Activation of a cryptic acceptor
(0.10) (0.03) site. Potential alteration of splicing.
rs3811427 - - - - Neutral (—1) Benign Benign (6.49) - Benign Benign New acceptor splice site. Activation of a cryptic acceptor
(0.09) (0.02) site. Potential alteration of splicing.
rs146595142 - - - - Neutral (—1)  Benign Benign (0.47) - Benign Benign Alteration of auXiliary sequences. Significant alteration
(0.12) (0.02) of ESE/ESS motifs ratio.
rs11240591 - - - - Neutral Benign Benign (4.50) - Benign Benign New acceptor splice site. Activation of a cryptic acceptor
(—0.43) (0.19) (0.03) site. Potential alteration of splicing.

‘le 18 sojues ‘97

*We presented the information for the intronic variants with a predictor score that can affect the SLC26A9 expression. 3 *UTR: 3’ Untranslated Region; dbSNP: Single Nucleotide Polymorphism Database; SNV: Single
Nucleotide Variant; SNP: Single Nucleotide Polymorphism; SIFT: Sorting Intolerant from Tolerant; CADD: Combined Annotation De pendent Depletion; Fathmm-XF: Fathmm with eXtended Features; Fathmm-MKL:
Fathmm Multiple-Kernel Learning; NR: Not Reported; ESE: Exonic Splicing Enhancers; ESS: Exonic Splicing Silencers; :—the prediction is not applied for the genetic variant.

a https://sift.bii.a-star.edu.sg/www /Extended_SIFT_chr_coords_submit.html (Ng and Henikoff, 2001).

bhttps://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al,, 2010).

chttps://provean.jcvi.org/index.php (Choi and Chan, 2015).

d https://loschmidt.chemi.muni.cz/predictsnp1/ (Bendl et al, 2014).

e https://loschmidt.chemi.muni.cz/predictsnp2/ (Bendl et al, 2016).

f https://www.genecascade.org/MutationTaster2021/#transcript (Steinhaus et al., 2021).

ghttps://cadd.gs.washington.edu/snv (Rentzsch et al., 2021).

b https://fathmm.biocompute.org.uk/inherited.html (Shihab et al, 2014).

thttps://fathmm.biocompute.org.uk/fathmmMKL.htm (Shihab et al., 2014).

i https://fathmm.biocompute.org.uk/fathmm-xf/ (Shihab et al., 2014).

k https://umd.be/Redirect.html (Desmet et al., 2009).
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Fig. 1. Association between the genotypes of the single nucleotide variants in the Solute Carrier Family 26, member 9 (SLC26A9) gene with Alsc-eq-FSK (#A/cm?2) for
the response to the Orkambi® (VX-809 + VX-770). (A) We presented the information for the rs7512462 genotype. (B) We presented the information for the ge-
notypes of the exonic variants in the SLC26A9 gene. (C) We presented the information for the genotypes of the 3" untranslated region (UTR) variants in the SLC26A9

gene. We did not observe any significant difference (P > 0.05) in response to the Orkambi® regarding the screened variants in the SLC26A9 gene. A lIsc-eq-FSK:
equivalent short-circuit current-forskolin.

strategies with modulator drugs (Lopes-Pacheco, 2020). In this context, Dutzler, 2020; Pinto et al, 2021b). Therefore, this study aimed to
the interaction between SLC26A9 and CFTR channels explains the evaluate SNVs in the SLC26A9 gene in a group of nine patients with CF
importance of SLC26A9 as a potential therapeutic target in CF (Bertrand harboring p.Phe508del homozygous genotype, which is the most prev-
et al., 2009; Balazs and Mall, 2018; Sato et al., 2019; Quesada and alent pathogenic variant and has been associated with a worse disease
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Fig. 2. Association between the alleles of the single nucleotide variants in the Solute Carrier Family 26, member 9 (SLC26A9) gene with Alsc-eq-FSK (1A/cm?) for the
response to the Orkambi® (VX-809 + VX-770). (A) We presented the information for the rs7512462 alleles. (B) We presented the information for the alleles of the
exonic variants in the SLC26A9 gene. (C) We presented the information for the alleles of the 3’ untranslated region (UTR) variants in the SLC26A9 gene. We did not
observe any significant difference (P > 0.05) in response to the Orkambi® regarding the screened variants in the SLC26A9 gene. A Isc-eq-FSK: equivalent short-circuit

current-forskolin.

prognosis due to the absence of CFTR expression (Bareil and Bergoug-
noux, 2020).

Curiously, among the thirty genetic variants identified in our study
in the SLC26A6 gene, none were considered pathogenic according to
ACMG guidelines, and ten were classified with uncertain significance.
When the association between the genotypes and the disease condition
is unclear or not strong, it is important to assess the possible impact of
the sequence variants on the gene sequence or the protein with bioin-
formatics tools (Richards et al, 2015). Here, we used eight tools to
evaluate SLC26A9 gene variants, and all three exonic variants had
deleterious predictions in only one or two tools. Interestingly,
rs33943971 was previously described in two patients with diffuse
bronchiectasis, and rs16856462 was found in a patient with the

autoimmune polyendocrine syndrome (Bakouh et al, 2013; Calvete
etal, 2021).

Although there were no deleterious predictions for the three 3' UTR
variants found in our patients with CF, variants in this region were
associated with increased risk for asthma (rs12031234, rs2282429,
rs2282430) and sporadic Parkinson's disease (rs6669481) (Ana-
gnostopoulou et al,, 2012; Sandor et al., 2017). Concerning intronic
variants, nine of 24 showed one or two deleterious predictions or
possible alterations in splicing. The unique variant with the greater
number of deleterious predictions was rs11240593, formerly described
in patients with diffuse bronchiectasis (Bakouh et al., 2013). In addition,
rs3811426, rs3811427, rs11240591, rs7366204, and rs12759719 vari-
ants were also reported in patients with diffuse bronchiectasis (Bakouh
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et al, 2013). The intronic variant rs11240594 was associated with the
olanzapine processing speed and the improvement in the neurocognitive
function in patients with schizophrenia (McClay et al,, 2011).

In patients with CF, studies with the intronic variant rs7512462 in
the SLC26A9 gene showed its association with pancreatic damage,
higher neonatal immunoreactive trypsinogen, CF-related diabetes, and
meconium ileus (Miller et al., 2015). Other variants in the SLC26A9 gene
also correlated with meconium ileus, pancreatic damage, and CF-related
diabetes (Miller et al, 2015; Aksit et al, 2022). All CF-related disease-
associated variants were within non-coding regions, either intronic or 5
UTR region of the gene (Pereira etal, 2017; Pereira et al, 2018; Lam
et al,, 2020).

Since some studies were divergent as for the association of the C
allele in rs7512462 and the Ivacaftor®/VX-770-induced improvement of
pulmonary function in patients with CF harboring p.Gly551Asp CFTR
genotype (Corvol et al, 2018; Eastman et al, 2021), it was worth
investigating CFTR function in vitro in the HNE cell culture, recently
considered the gold-standard model for drug responsiveness to CF
(Pedemonte, 2022). Our previous work suggested a relation between the
allele C (and the genotypes with this allele - combined analysis) from
rs7512462 and a better response to CFTR modulation drugs (Ivacaftor®/
VX-770, Lumacaftor®/VX-809, and their combination into Orkambi®)
(Kmit et al., 2019). However, in the current report, we did not find any
significant association between in vitro CFTR response to Orkambi® and
the 30 variants screened in the SLC26A9 gene, nor in analyses with
genotypes and alleles. More studies should be done to solve the
ambiguous response of the CF phenotype and drug response to the
precision and personalized medicine regarding the SLC26A9 gene vari-
ability and its protein activities (Anagnostopoulou et al, 2012; Bakouh
et al, 2013; Liu et al., 2015; Miller et al.,, 2015; Pereira et al., 2017;
Balazs and Mall, 2018; Corvol et al., 2018; Pereira et al., 2018; Kmit
et al,, 2019; Lam et al.,, 2020; Pinto et al.,, 2021b; Gorrieri et al., 2022;
Calvete et al., 2021; Eastman et al, 2021; Larsen et al, 2021; Jo et al,,
2022; Gong et al., 2022; Li et al.,, 2022).

Our study has a small sample, however, it was pioneer research in
sequencing the SLC26A9 gene in patients with CF, in order to determine
the possible variants in the SLC26A9 gene that can be associated with
the response to precision and personalized therapy using CFTR
modulators.

5. Conclusions

In this current research, although 30 SLC26A9 SNVs were described
among the nine patients with CF, none was a well-known pathogenic
variant. Furthermore, we did not detect associations from the 30
SLC26A9 variants and the response to the Orkambi® in vitro. Our study
had some limitations, namely the low number of patients (type II error)
and the absence of the sequencing of the 5" UTR region and the first non-
coding exon of the SLC26A9 gene. In addition, we focused on chloride
transport through HNE cells, however, the SLC26A9 channel may also
contribute to bicarbonate secretion, and the impact of Orkambi® on this
anion should also be accessed in the future (Larsen et al.,, 2021). Yet, we
hoped to shed light on the importance of precision medicine and in vitro
studies with the SLC26A9 channel as a therapeutic opportunity for pa-
tients with CF. Future in vivo studies should reinforce this importance as
well.
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Supplementary Table 1. Primers used for Sanger sequencing of th 2 Solute Carrier Family 26, member 9 (SLC26 A9) gene.

Exon _ Primers5’ — 3’ Size
Forward Reverse (base pairs)

2 CTTGAGGTCATCTCAGCTATCC CATCATTCAGAACCTCACTTCC 783
3and 4 GAGCAGGATATGATAATCCCTC TAGGACTGACCAGGAACAACTC 587
5 GCCACTACAGGGACATTTGGAC GCCCCCTAAATCAGATTTAGCATC 610

6 CAGCCATGTAGAGCACAGTGAA CCTCAGAATCCTCTCTGAACAAC 475
7and8 GTCTTGGTGTGCCTCCATTAG CAGTTTCGACTGCACTTTCA 748
9 GAAGACCACATAGCACCAAAG GGCCTAAGACCTGAGAGTGAC 692

10 and 11 CACTGGGTCACTCTCAGGTC GCCTCACTATGGACAAGGTTAC 724
12 GAGTCTAATCCCTAGGCAACATT CCAGCAGATGGCTGAGTTAG 606

13 CCTTGGCTAATCCAGGAAGACT TGGAAGGTACAGTGGACTAAGC 287
14,15 and 16 GTGAGGACAGGACCCCATC GTAACAGGGGGCAGTATCAG 713
17 GTCTGTGTTCACCATCACCG GGAGAATGTCTCAACCTGGTG 588

18 GAAGTGGTGTGCTTTGCTGCTA CTCTTTGGACTTGTACCTGAAGC 378

19 GATATTGCACTGCCAATGCC GGAACTTAAACCTTCTCCTGTG 399

20 GACAAAGCAGGCAAAGTGAG CTGGAGGTGAGACAGCTGAGTG 541
21e22 CTCTTGGTTGCAGCCACTGTG GGTGTGGAGAGCACATGGTC 687




Supplementary Table 2. Genomic and protein coordinates of the variants found in the Solute Carrier Family

26, member 9 (SLC26A9) gene.

. Protein Genomic coordinate . .
dbSNP Nucleotide position GRCh37.p13 GRCh38.p13 Protein coordinates
Exonic variants
rs33943971 c.540C>T p.Thr180= 1,205901000,G,A  1,205931872,G,A ENSP00000356103.3 TT
rs74146719 c.1817C>T p.Pro606Leu  1,205890932,G,A  1,205921804,G,A ENSP00000356103.3P L
rs16856462 €.2243A>G p.His748Arg  1,205887981,T,C  1,205918853,T,C ENSP00000356103.3 HR
3’ UTR
rs9438399 Cc.*297C>A p.Thr832= 1,205884188,G,T  1,205915060,G,T ENSP00000356103.3 TT
rs6669481 c.*211A>G p.Arg804Gly 1,205884274,T,C 1,205915146,T,C ENSP00000356103.3R G
rs9438438 C.*423A>G p.Pro874= 1,205884062,T,C 1,205914934,T,C ENSP00000356103.3PP
Intronic variants
rs185066190 ¢.1294-174T>C NA 1,205895932,A,G  1,205926804,A,G NA
rs11240593 €.2111-30C>G NA 1,205888143,G,C  1,205919015,G,C NA
rs12036341 €.954-241T>G NA 1,205897418,A,C  1,205928290,A,C NA
rs12143020  ¢.954-231G>A NA 1,205897408,C,T  1,205928280,C, T NA
rs16856489  ¢.1294-232A>T NA 1,205895990,T,A  1,205926862,T,A NA
rs3811426 ¢.1659+48G>A NA 1,205892415,C, T 1,205923287,C, T NA
rs3811427 €.1659+52A>G NA 1,205892411,T,C  1,205923283,T,C NA
rs146595142 ¢.2257-202T>A NA 1,205886684,A, T  1,205917556,A,T NA
rs41264907  ¢.2257-165G>A NA 1,205886647,C, T 1,205917519,C, T NA
rs11240591 €.2328+30G>A NA 1,205886381,C, T 1,205917253,C, T NA
rs74739480 c.-18-310G>A NA 1,205905276,C, T 1,205936148,C, T NA
rs3811423 €.376+42C>A NA 1,205901788,G,T  1,205932660,G,T NA
rs28661171 ¢.376+44A>C NA 1,205901786,T,G  1,205932658,T,G NA
rs11240594  ¢.1293+104C>T NA 1,205896235,G,A  1,205927107,G,A NA
rs3811424 ¢.1101+82T>C NA 1,205896948,A,G  1,205927820,A,G NA
rs7366204 ¢.1216-59G>A NA 1,205896475,C, T 1,205927347,C, T NA
rs73082393  ¢.1293+46A>C NA 1,205896293,T,G  1,205927165,T,G NA
rs9438404 €.1294-168G>A NA 1,205895926,C,T  1,205926798,C,T NA
rs12083912 €.1567-25C>T NA 1,205892580,G,A  1,205923452,G,A NA
rs12759719  ¢.2055+15A>G NA 1,205890679,T,C  1,205921551,T,C NA
rs12082235 €.1774-13C>A NA 1,205890988,G,T  1,205921860,G,T NA
rs17348561  ¢.2110+96G>A NA 1,205889208,C,T  1,205920080,C,T NA
rs74146718  ¢.2056-133G>A NA 1,205889491,C, T 1,205920363,C, T NA
rs6421774 €.2257-331G>T NA 1,205886813,C,A  1,205917685,C,A NA

3> UTR: 3’ Untranslated Region; dbSNP: Single Nucleotide Polymorphism Database; NA: Not Applicable.
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Supplementz ry Table 3. In sil co computatior al predictors ane lyses of the intronic variants found in the Solute Carrier Family 26, member

9 (SLC26A9) gene.

dbSNP PredictSNP22 t;\:tlé:aglooqu CADD* MKLY Fat mm XF° Human splicing finder"
rs74739480  Neutral (1) Benign Benign (3.84) Benign (0.20) Benign (0.04)  No significant impact on splicing signals
rs3811423 Neutral (1) Benign Benign (0.79) Benign (0.07) Benign (0.03)  No significant impact on splicing signals
rs28661171  Neutral (1) Benign Benign (0.55) Benign (0.11) Benign (0.03)  No significant impact on splicing signals
rs11240594 Neutral (—0.46) Benign Benign (3.65) Benign (0.13) Benign (0.03)  No significant impact on splicing signals
rs3811424 Neutral (1) Benign Benign (1.83) Benign (0.13) Benign (0.05)  No significant impact on splicing signals
rs7366204 Neutral (1) Benign Benign (6.86) Benign (0.08) Benign (0.02)  No significant impact on splicing signals
rs73082393  Neutral (-1) Benign Benign (4.68) Benign (0.19) Benign (0.06)  No significant impact on splicing signals
rs9438404  Neutral (-0.20) Benign Benign (5.73) Benign (0.13) Benign (0.02)  No significant impact on splicing signals
rs12083912  Neutral (-1) Benign Benign (2.53) Benign (0.20) Benign (0.09)  No significant impact on splicing signals
rs12759719  Neutral (-1) Benign Benign (2.79) Benign (0.07) Benign (0.02)  No significant impact on splicing signals
rs12082235  Neutral (1) Benign Benign (7.06) Benign (0.20) Benign (0.15)  No significant impact on splicing signals
rs17348561  Neutral (-1) Benign Benign (0.84) Benign (0.15) Benign (0.03)  No significant impact on splicing signals
rs74146718  Neutral (-1) Benign Benign (1.15) Benign (0.17) Benign (0.02)  No significant impact on splicing signals
rs6421774 Neutral (1) Benign Benign (4.69) Benign (0.11) Benign (0.01) No significant impact on splicing signals

dbSNP: Single Nucleotide Polymorphism Database; CADD: Combined Annotation Dependent Depletion; Fathmm-XF: Fathmm-
eXtended Features; Fathmm-MKL: Fathmm-Multiple-Kernel Learning.
a: https://loschmidt.chemi.muni.cz/predictsnp2/ (Bendl et al., 2016);

. https://www.genecascade.org/MutationTaster2021/#transcript (Steinhaus et al., 2021);

b

c
d
e
f

: https://cadd.gs.washington.edu/snv (Rentzch et al., 2021);

: http://fathmm.biocompute.org.uk/fathmmMKL.htm (Shihab et al., 2014);

: http://fathmm.biocompute.org.uk/fathmm-xf/ (Shihab et al., 2014);

. http://umd.be/Redirect.html (Desmet et al., 2009).
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Identification of Single Nucleotide Variants in SLC26A9 Gene in Patients with Cystic Fibrosis (p.Phe508del
Homozygous) and its Association to Orkambi® (Lumacaftor and Ivacaftor) Response in vitro
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CONCLUSAO

Nesta pesquisa, embora 30 SNVs tenham sido descritos no gene
SLC26A9 dentre os nove pacientes com FC, nenhum foi descrito como sendo
uma variante com carater de patogenicidade. Além disso, ndo detectamos
associacdes das 30 variantes no SLC26A9 e a resposta ao Orkambi® in vitro.
Nosso estudo teve algumas limitagcbes, nomeadamente o baixo numero de
doentes (erro tipo IlI) e a auséncia do sequenciamento da regido 5' UTR e da
primeira regido ndo codificante éxon do gene SLC26A9. Além disso, n0sso
estudo focou na funcéo de transporte de ions cloreto transporte na analise de
culturas das células epiteliais nasais humanas, no entanto, o canal SLC26A9
também pode contribuir para a secrecdo de bicarbonato, e o impacto de
Orkambi® neste anion também deve ser acessado no futuro (Larsen et al., 2021).
No entanto, nés esperamos lancar luz sobre a importancia da medicina de
preciséo e dos estudos in vitro com o canal SLC26A9 como uma oportunidade
terapéutica para pacientes com CF. Futuros estudos in vivo devem reforcar essa

importancia também.
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