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RESUMO

A hidroxiureia (HU) é um farmaco utilizado no tratamento da anemia falciforme por sua
capacidade de induzir a producdo de hemoglobina fetal (HbF). Entretanto, a resposta
clinica ao medicamento apresenta grande variabilidade entre individuos, influenciada
por fatores genéticos relacionados ao metabolismo e ao transporte da HU. Nesse
contexto, os genes SLC14A1, SLC14A2 e SLCO1B1 desempenham papel relevante na
farmacocinética da droga. O presente estudo investigou variantes genéticas nesses genes
por meio de analises in silico e de genética populacional. Inicialmente, foram
selecionadas variantes do tipo missense disponiveis no banco gnomAD e analisadas em
diferentes algoritmos de predicéo de patogenicidade, incluindo PANTHER, PolyPhen-2,
FATHMM e SIFT, complementadas por consultas ao Ensembl VEP. Essa etapa
identificou variantes com possivel impacto funcional sobre as proteinas transportadoras,
destacando o potencial das ferramentas in silico como triagem prévia em
farmacogenémica. Na segunda etapa, foram analisadas quatro variantes especificas:
duas no gene SLC14A1 (rs1058396 e rs2298720), uma no SLC14A2 (rs9960464) e uma
no SLCO1BL1 (rs2291075). Para essas variantes, compararam-se as frequéncias alélicas
em trés populacdes: dados internacionais do gnomAD, a populacdo brasileira do banco
AbraOM e uma amostra de exomas da cidade de Belém (N=95). As analises estatisticas
incluiram testes de qui-quadrado e exato de Fisher, com correcdo de Bonferroni, além
da estimativa de diferenciacdo genética por Fst no software Arlequin. Os resultados
mostraram diferencas significativas nas frequéncias alélicas entre as populacdes, sendo
a populacdo de Belém mais proxima da africana em alguns loci e mais distante das
populacdes europeias e sul-asidticas em outros. Esses achados sugerem que a
diversidade genética nos genes estudados pode contribuir para diferencas na resposta a
HU, destacando a importancia de considerar a variabilidade genética brasileira em
estudos farmacogendmicos. Assim, este trabalho fornece subsidios relevantes para a
compreensdo da farmacogenémica da HU e requerendo estudos clinicos que possam
esclarecer e ajudar em futuras aplicacbes em medicina personalizada no tratamento da
anemia falciforme.

Palavras-chave: Hidroxiureia; SLC14; SLCO1B1; Bancos de dado genético; Populagédo
amazonica.
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ABSTRACT

Hydroxyurea (HU) is a drug used to treat sickle cell anemia due to its ability to induce
fetal hemoglobin (HbF) production. However, clinical response to the drug varies
greatly among individuals, influenced by genetic factors related to HU metabolism and
transport. In this context, the SLC14A1, SLC14A2, and SLCO1B1 genes play a relevant
role in the drug's pharmacokinetics. This study investigated genetic variants in these
genes through in silico and population genetic analyses. Initially, missense variants
available in the gnomAD database were selected and analyzed using different
pathogenicity prediction algorithms, including PANTHER, PolyPhen-2, FATHMM, and
SIFT, complemented by queries to Ensembl VEP. This step identified variants with a
possible functional impact on transporter proteins, highlighting the potential of in silico
tools as prescreening in pharmacogenomics. In the second stage, four specific variants
were analyzed: two in the SLC14A1 gene (rs1058396 and rs2298720), one in SLC14A2
(rs9960464), and one in SLCO1B1 (rs2291075). For these variants, allele frequencies
were compared in three populations: international data from gnomAD, the Brazilian
population from the AbraOM database, and an exome sample from the city of Belém
(N=95). Statistical analyses included chi-square and Fisher's exact tests with Bonferroni
correction, in addition to the estimation of genetic differentiation by Fst in the Arlequin
software. The results showed significant differences in allele frequencies between the
populations, with the Belém population being closer to the African population at some
loci and more distant from the European and South Asian populations at others. These
findings suggest that genetic diversity in the genes studied may contribute to differences
in response to HU, highlighting the importance of considering Brazilian genetic
variability in pharmacogenomic studies. Thus, this work provides relevant insights into
the pharmacogenomics of HU and calls for clinical studies that can clarify and inform
future personalized medicine applications in the treatment of sickle cell anemia.

Key words: Hydroxyurea; SLC14Al; SLAC14A2; SLCO1B1; Genetic databases;
Amazonian population.
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1 INTRODUCAO
1.1 Genes da Familia Transportadores de Soluto (Slc)
1.1.1 Classificacdo e Fungao dos Transportadores SLC

A superfamilia de transportadores de soluto (SLC), corresponde a segunda maior
familia de proteinas transportadoras de membrana, sendo a maior a familia de
transportadores ABC (ATP-binding cassette) (SCHALLER; LAUSCHKE, 2019). Esses
transportadores tém funcdo de controlar o fluxo de endobidticos e xenobidticos pela
membrana celular, assim como disposi¢do e eliminagdo, incluindo muitos farmacos
ajudando na farmacocinética dessas substancias (ROTH; OBAIDAT; HAGENBUCH,
2012; WALKER et al., 2013).

A superfamilia do SLC é constituida de 65 familias, apresentando ao todo 465
genes codificadores de proteinas de membrana, que se baseiam nas suas sequéncias e
homologia (SCHALLER; LAUSCHKE, 2019; YEE; GIACOMINI, 2022). Dentre todas
as familias, a SLC22 é a que apresenta 0 maior numero de membros, sendo agrupados
por definicdo filogenética e de especificidade, contendo atualmente 28 grupos de
proteinas de transporte de membrana (YEE; GIACOMINI, 2022). Dentre as 65 familias,
as do SLC35, SLCOL, SLCO2 e do SLCO4 que possuem duas ou mais subfamilias
diferentes das outras 61 familias (HE; VASILIOU; NEBERT, 2009).

As proteinas de membrana codificadas pelos genes SLC apresentam diferentes
tipos de especificacdo para o transporte celular, como membros das familias SLCA4,
SLC8, SLC9, SLC34, que sao familias que atuam como transportadores de ions e cations
inorganicos. Outras familias tem funcdo de transporte de glicose e agucares, outras no
transporte de aminoacidos, assim como transporte de ions de metal, aminoacidos e
oligopeptideos, transporte de neurotransmissores, de nucleosideos e nucleotideos (HE;
VASILIOU; NEBERT, 2009; NAKANISHI, 2007).

Na familia SIC14, os dois membros, SLC14A1 e SLC14A2 sdo responsaveis pela
sintese dos transportadores de ureia, UTB e UTA respectivamente (HE; VASILIOU;
NEBERT, 2009; NAKANISHI, 2007). As proteinas da familia do gene SLC22 sdo
responsaveis pelo transporte de anions e cations organicos e carnitina, e apresentam
funcdo importante no metabolismo de farmacos (HE; VASILIOU; NEBERT, 2009;
NAKANISHI, 2007; YEE; GIACOMINI, 2022). Os membros da familia SLCO1 que

sdo responsaveis pela sintese dos polipeptidios transportadores de anions organicos e
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tem importante funcdo no transporte de farmacos e seu metabolismo (HE; VASILIOU,;
NEBERT, 2009; NAKANISHI, 2007; ROTH; OBAIDAT; HAGENBUCH, 2012).

1.1.2 Transportadores relacionadas 8 HU

Estudos tém evidenciado a participacdo de transportadores da familia SLC no
metabolismo da hidroxiuréia (HU), sendo identificados sete transportadores especificos
associados ao transporte desse farmaco. Entre eles, destacam-se dois transportadores de
cations/carnitinas organicos (OCTNs): OCTNL1, codificado pelo gene SLC22A4, e
OCTNZ2, codificado pelo gene SLC22A5. Também foram descritos dois transportadores
de ureia (UTs): UTA, codificado pelo gene SLC14A2, e UTB, pelo gene SLC14A1l.
Além disso, participam trés polipeptideos transportadores de anions organicos (OATPS)
estdo envolvidos: OATP1A2, codificado pelo gene SLCO1A2; OATP1B1, pelo gene
SLCO1B1; e OATP1B3, pelo gene SLCO1B3 (TAN; MEIER-ABT, 2021; WALKER et
al., 2011; WALKER; OFORI-ACQUAH, 2017).

Esses transportadores sdo bastante distribuidos pelo organismo, principalmente
pelos rins e pelo figado, sendo importantes por modular a farmacocinética da HU
(WALKER et al., 2011). Porém, apenas dois dos transportadores relacionados a HU sdo
expressos na medula 6ssea: 0 OCTN1 e o UTB, tendo a expressdo do UTB sendo em
eritrécitos maduros, enquanto OCTN1 tem sua expressdao em células mais novas da

linhagem hematopoética, como mostrado em estudos de Walker e Ofori-Acquah, 2017.

Tabela 1: Genes da familia SLC relacionados ao metabolismo da hidroxidreia e os
respectivos transportadores de membrana codificados por eles.

Gene Transportador
SLCO1A2 OATP1A2
SLCO1B1 OATP1B1
SLCO1B3 OATP1B3
SLC22A4 OCTN1
SLC22A5 OCTN2
SLC14A1 uTB
SLC14A2 UTA
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Alguns estudos mostraram a participacdo de quatro SNPs em trés genes
diferentes que tem influéncia no metabolismo de HU, sendo eles 0s rs1058396 (GINETE
et al., 2023) e rs2298720 (ANGONA et al., 2013; YAHOUEDEHOU et al., 2018) do
gene SLC14A1, o rs9960464 para o gene SLC14A2 (ANGONA et al., 2013) e o
rs2291075 do gene SLCO1B1 (GINETE et al., 2023).

Figura 1. Localizacdo dos transportadores SLC relacionados ao metabolismo da
HU (adaptado de WALKER et al., 2011).

1.1.3 Genes SLC14A1, SLC14A2 e SLCO1B1

O gene SLC14A1 (solute carrier Family 14 member 1) codifica a proteina de
membrana transportadora de ureia B (UTB), importante na reabsor¢do e excrecdo da
ureia nos rins e trato urinario, importante na regulacdo da concentracdo de urina
(SHAYAKUL; HEDIGER, 2004).

Além de ureia, esses transportadores facilitam os transportes de outras moléculas
como metilureia, formamida, metilformamida, acetamida e acrilamida, sendo que esse

transporte pode ser inibido pela concentracdo de phloretin e alguns anélogos de ureia
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como tioureia e dimetilureia (SHAYAKUL; HEDIGER, 2004; YAHOUEDEHOU et
al., 2020).

Esse gene esté localizado no cromossomo 18 (18g12.3), possui o0 tamanho de 30
quilobases (kb) com um tamanho de 65,5 quilobases (kb) e possuindo 13 exons. E
bastante expresso nos rins, medula 0ssea, bexiga, cérebro e nas células sanguineas
(WALKER et al., 2011; YAHOUEDEHOU et al., 2018)

O gene SLC14A2 (solute carrier Family 14 member 2) codifica uma proteina de
membrana transportadora de ureia A (UTA). Devido a processos de splicing, esse gene
codifica seis isoformas dessa proteina, denominadas de UT-Al até UT-A6, e tem
importancia no equilibrio hidrico do organismo, contribuindo com a concentracdo de
ureia no organismo (GENG et al., 2020; SHAYAKUL; HEDIGER, 2004; SMITH,;
FENTON, 2006).

Esse gene possui a mesma localizacdo do SLC14Al1 no cromossomo 18
(18912.3) possuindo 27 exons e com um tamanho de 470,7 kb, é expresso
principalmente nos rins (em especifico em células do ducto coletor, no ramo
descendente das alcas de Henle, nos néfrons de alca curta e em segmentos iniciais na
medula interna) e no intestino (GENG et al., 2020; SMITH; FENTON, 2006;
WALKER et al., 2011).

O gene SLCO1B1 (solute carrier organic anion transporter family member 1B1)
codifica a proteina transportadora de anions organicos 1B1 (OATP1B1), e tem grande
importancia no influxo de substratos para o interior das células, tendo destaque na
absorcdo, distribuicdo e eliminacdo de farmacos como estatinas, rifampicina e
bromossulfaleina (STEWART, 2013; WU et al., 2021).

O gene esta localizado no cromossomo 12 (12p12.1), com o tamanho de 108,6
kb e possuindo 15 exons, sua expressdo é predominante em células hepaticas, sendo de
grande importancia no metabolismo de farmacos (WALKER et al., 2011; WU et al.,
2021).

As variantes rs1058396 e rs2298720 que estdo associadas ao gene SLC14Al,
rs9960464 relacionada & SLC14A2 e rs2291075 de SLCO1B1, foram descritas como
tendo relagdo com o metabolismo da HU e com influéncia na resposta desse
medicamento no tratamento das Bhemoglobinopatias (ANGONA et al., 2013; GINETE
et al., 2023; YAHOUEDEHOU et al., 2020).

1.2 Bhemoglobinopatias
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As hemoglobinopatias sdo disturbios genéticos e hereditarios que alteram a
morfologia da hemoglobina, podendo ser citadas a anemia falciforme e as talassemias
(RAMALHO; MAGNA; PAIVA-E-SILVA, 2003). Entre as principais formas,
destacam-se a anemia falciforme e as talassemias, ambas amplamente estudadas devido
a sua relevancia clinica e epidemioldgica no Brasil e no mundo.

A anemia falciforme (AF) é a doenca monogénica hereditaria mais comum no
Brasil. Ocorre por uma mutacéo de troca de bases no sexto codon do gene da cadeia
beta da hemoglobina, na qual uma adenina é trocada por uma timina (GAG -> GTG),
levando a mudanca de um 4&cido glutamico por uma valina na cadeia polipeptidica
(CANCADO; JESUS, 2007; GALIZA NETO; PITOMBEIRA, 2003; MOUSINHO-
RIBEIRO et al., 2008). Essa alteracdo faz com que as hemécias assumam a forma de
foice (drepandcitos) quando estdo desoxigenadas ou em condicBes de hipoxia, tornado a
superficie celular mais rigida e dificultando a passagem por pegquenos vasos sanguineos,
ocasionando obstrucdo desses vasos (vaso-oclusdo) e uma hemdlise dessas células,
levando a uma anemia hemolitica (GALIZA NETO; PITOMBEIRA, 2003; ZAGO;
PINTO, 2007).

A Ptalassemia se caracteriza pela reducdo ou auséncia da sintese da cadeia  da
hemoglobina, o portador de talassemia pode ser homozigoto ou heterozigoto e pode ter
varios niveis de gravidade da doenca, sendo a mais grave denominada de talassemia
maior, intermediaria, e talassemia menor com o quadro mais leve (ROSENFELD et al.,
2019; ZAGO; FALCAO; PASQUINI, 2014).

Em dados de uma Pesquisa Nacional em Salde realizada por Ronsenfeld e
colaboradores, em 2019, sobre prevaléncia de hemoglobinopatias na populagéo
brasileira, analisando dados entre 2014 e 2015, apontou-se que 3,7% da populacdo
adulta apresenta algum tipo de hemoglobinopatia, entre as mais comuns estdo o trago
falciforme e a talassemia (menor e suspeita de talassemia maior), 2,4 % apresentou
traco falciforme, 0,8% com suspeita de talassemia maior e 0,3 % com talassemia menor
(1,1% com talassemia). Na regido norte, foi apontado que 3,1% da populagdo apresenta
traco falciforme e 0,6% com talassemia.

Dados do ministério da saude estimam que existam mais de dois milhdes de
portadores do gene HbS no Brasil, e que existam entre 25 e 50 mil pessoas com a forma
homozigota para a HbS.

Mesmo com o conhecimento amplo sobre a doenga ndo existe um tratamento

especifico, sendo que é indicado que os pacientes fagam acompanhamentos periddicos
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com uma equipe multidisciplinar, caso necessite tratar os sintomas e crises quando
aparecerem, prevenir e tratar infecces, realizacdo de transfusbes sanguineas quando
necessario, controle das crises dolorosas por meio de analgésicos e manter uma boa
hidratacdo (ZAGO; FALCAO; PASQUINI, 2014).

Contudo o transplante de medula 6ssea se mostra como uma alternativa curativa
para a doenca, porém é indicada em casos que sejam graves e apresenta a dificuldade de
encontrar doadores compativeis (ZAGO; FALCAO; PASQUINI, 2014). Uma opcéo
terapéutica que € bem utilizada ¢ a terapia com hidroxidrea (HU), o tratamento com HU
proporciona a elevacdo do nivel de HbF na circulacdo e com seu aumento promove um
efeito protetiva em relacdo a doenga, pois diminui a ocorréncia da falcizagcdo das
hemaécias e consequentemente as manifestacdes da doenca (MOUSINHO-RIBEIRO et
al., 2008; NAOUM, 2000; ZAGO; PINTO, 2007).

Diante dessa alta prevaléncia e do impacto clinico da doenca, diversas
abordagens terapéuticas tém sido estudadas com o objetivo de reduzir as complicagdes e
melhorar a qualidade de vida dos pacientes. Entre elas, destaca-se o uso da hidroxiureia

(HU), considerada atualmente o principal farmaco no manejo da anemia falciforme.

1.3 Hidroxidrea (HU)

A Hidoroxiurea é um farmaco utilizado para o tratamento de AF por promover
um aumento na concentracdo dos niveis de HbF, sendo uma droga aprovada para esse
tratamento que permite uma melhora nos sintomas da doenca.

A HU foi sintetizada pela primeira vez na Alemanha por Dresler e Stein, em
1869. Sendo um agente citotdxico, mutagénico, recombinogénico e antineoplasico, atua
como um inibidor de ribonucleotideo redutase, interferindo, assim, na conversdo de
ribonucleotidos em desoxirribonucleotideos, impedindo a divisdo celular, atuando
principalmente na fase S do ciclo celular (CANCADO et al., 2009; IYAMU et al.,
2005; SILVA; SHIMAUTI, 2006).

A ribonucleotideo redutase é uma enzima responsavel por converter
ribonucletideos em desoxirribonucleotideos (ANTPs), que servem como blocos para a
sintese e reparo do DNA, com a inibi¢cdo dessa enzima ocorre um esgotamento em
reservas de dNTPs intracelulares paralisando a sintese do DNA (HANFT et al., 2000;
SHAW et al., 2024).

Em 1967, a HU passou a ser utilizada para o tratamento de sindromes

mieloproliferativas, como é o caso da anemia mieloide cronica e a Policitemia vera. Na
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década de 1980, passou ser utilizada nos protocolos de tratamento da AF em adultos e,
posteriormente, liberada paro o uso em criangas. Paralelamente, com a realizagdo de
estudos sobre sua eficacia no tratamento, no final da década de 1990, a FDA, nos EUA,
aprovou o uso da HU para o tratamento da AF. No Brasil, foi aprovado o uso pela
portaria n°® 872 do Ministério da Salude, de 6 de novembro de 2002 (BANDEIRA;
PERES; CARVALHO, 2004; CANCADO et al., 2009; FIGUEIREDO, 2007; SILVA,
SHIMAUTI, 2006).

A HU é um farmaco de facil utilizacdo, sendo administrado por via oral, e
apresenta poucos efeitos tdxicos e mielossupressores, facilmente reversiveis
(BANDEIRA; PERES; CARVALHO, 2004). E necessario o acompanhamento dos
valores hematimétricos para avaliar o nivel de supressdo medular durante o tratamento,
com o objetivo de alcancar a dose maxima tolerada (DMT), que € a maior dose que
causa melhores manifestacdes clinica sem causar mielosupressdo (SILVA; SHIMAUTI,
2006).

1.3.1 Beneficios do Tratamento com HU

A elevacdo dos niveis de HbF é um dos fatores que se destaca no tratamento da
HU em pacientes com AF, porém nado é o Unico beneficio que é observado (CANCADO
et al., 2009; DAVIES; GILMORE, 2003). O aumento da HbF reduz a tendéncia de
polimerizacdo da hemoglobina, uma vez que a presenca de maior quantidade de HbF em
relacdo a HbS dentro dos eritrécitos dificulta esse processo.

Como consequéncia a elevacdo dos niveis de HbF, pode-se observar a
diminuicdo nos processos de polimerizagdo da hemoglobina (uma vez que,
apresentando mais HbF que HbS no interior dos eritrocitos, dificulta esse processo),
assim como o0 aumento nos niveis de Hb no sangue, que também leva a um aumento no
hematocrito e consequente aumento no volume corpuscular médio (VCM) (DAVIES;
GILMORE, 2003). Com menos polimerizacdo das moléculas de Hb, diminui-se o
processo de falcizacdo, o que leva a menos hemdlises e a consequente diminui¢cdo dos
niveis de reticuldcitos, e a menos episodios de vaso-oclusdo (DAVIES; GILMORE,
2003).

A HU apresenta outros beneficios como, promover a hidratacdo eritrocitaria,
diminuicdo dos niveis de neutrofilos; age como doadora de éxido nitrico aumentando

sua biodisponibilidade através da ativacdo da enzima guanilil ciclase e,
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consequentemente, aumento de GMP ciclico intraeritrocitario e endotelial (ajudando a
promover a vasodilatagdo e dificultando 0s processos de vaso-oclusdo); reduz a
exposicdo de moléculas de adesdo ao endotélio vascular (tais como fosfatidilserina e
anexia V), que estdo presentes nas membranas dos eritrocitos, plaquetas e leucocitos;
além de reduzir os niveis de leucdcitos e plaquetas na circulacdo, diminuindo a
viscosidade do sangue, melhorando a circulagdo e diminuindo 0s processos de vaso-
oclusdo(CANCADO et al., 2009; SILVA; SHIMAUTI, 2006).

Ao analisar a literatura, pode-se verificar que, ap6s o inicio do tratamento com
HU, muitos pacientes apresentam melhoras nos seus quadros clinicos, como diminuicao
de crises vaso-oclusivas, menos crises algicas, diminui¢do de transfusfes sanguineas e
consequente reducdo de internacbes, como pode ser percebido no estudo clinico
realizado por (Bandeira et al., 2004) (Bandeira et al., 2004). Vale ressaltar que em torno
de 25% dos pacientes ndo demonstra resposta ao tratamento com HU (CANCADO et
al., 2009; FIGUEIREDO, 2007). Contudo a HU também apresenta efeitos adversos que

podem afetar os pacientes.

1.3.2 Supressdo Medular e Efeitos Adversos

Podem ser observados alguns efeitos adversos sendo os mais frequentes. Entre
eles dermatolégicos como hiperpigmentacdo das unhas, palmas e plantas dos pés,
alopecia, pele seca e ulceracdo de pelo. Gastrointestinais, nauseas, constipacdo e
vomitos. Neuroldgicos como letargia, cefaleia, desorientacdes e alucinagdes. Renais,
sendo elevacdo sérica de ureia e creatinina.

Em nivel hepatoldgicos com aumento dos niveis de TGO e TGP. Também héa
efeitos teratogénicos, esses observados apenas em animais (CANGCADO et al., 2009;
DAVIES; GILMORE, 2003; FIGUEIREDO, 2007; SILVA; SHIMAUTI, 2006).

Os efeitos na medula sdo observados por taxas de neutrdfilos < 2 x 10°
hemoglobina < 4,5 g/dL, plaquetas < 80 x 10% e reticuldcitos < 80 x 10°. A supressdo da
medula por HU é facilmente reversivel apos a descontinuagdo do tratamento, assim
como as reagdes adversas, e devem ser retomadas ap0s a recuperacdo medular em uma
dose menor (CANCADO et al., 2009; DAVIES; GILMORE, 2003; FIGUEIREDO,
2007; SILVA; SHIMAUTI, 2006).

Uma porcentagem de 25% dos pacientes de anemia falciforme ndo apresenta
resposta ao tratamento com HU, o que pode estar relacionada ao mecanismo de
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absorcdo, distribuicdo, metabolismo e excrecdo do farmaco realizados por
transportadores de solutos (SLC) em nivel celular, sendo a participacdo de genes da
familia SLC (do inglés solute carrier) os que modulam esses transportadores
(WALKER et al., 2013).

Gracas ao avanco tecnoldgico e o sequenciamento do genoma humano,
juntamente com o progresso do sequenciamento de nova geragdo (NGS), muitos desses
genes estdo disponiveis em bancos de dados genéticos e que permitem um acesso a

dados genéticos de varias populacfes pelo mundo.

1.4 Preditores de Patogenicidade

Uma vez gerados dados de sequenciamento de genoma e exoma, houve a
necessidade de associar as variacOes descritas a doencas, o que foi possibilitado com a
ajuda do desenvolvimento de ferramentas de predicdo de patogenicidade (WALTERS-
SEN et al.,, 2014). Com ajuda de algoritmos, esses programas atribuem uma
classificacdo de patogenicidade para variantes missenses (ou sentido trocado) a partir da
utilizacdo de componentes relativos a evolucdo da sequéncia e a estrutura da proteina
(WALTERS-SEN et al., 2014).

Muitas ferramentas que ajudam em estudos in silico estdo disponiveis e podem
auxiliar na interpretacdo de variantes para as quais ainda ndao ha informacdes sobre
estrutura e funcdo de seus produtos. Os algoritmos usados por cada ferramenta podem
diferir entre si, porém, todos podem contribuir para determinar o efeito da variante na
sequéncia de nucleotideos e aminoacidos (PSHENNIKOVA et al., 2019).

Varias ferramentas de predicdo foram desenvolvidas com base no principio
evolutivo de que posi¢cbes com sequéncias de aminoacidos conservados sédo
funcionalmente importantes e, portanto, uma alteracdo nessas sequéncias pode resultar
em efeitos potencialmente deletérios (CHOI et al., 2012). Desse modo, essas ferramentas
obtém informacbes da conservacdo evolutiva da sequéncia de aminoacidos por meio de
alinhamento com sequéncias homologas e distantes, a partir de um bando de dados de

sequéncias conhecidas (CHOI et al., 2012; SHIHAB et al., 2013).

1.4.1 Clinvar

O banco de dados ClinVar é composto por publicacbes de variantes génicas

humanas e seus fendtipos, o que facilita a interpretacdo de um determinado estado de
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salde observado em um individuo. Esse banco é formado a partir de submissdes com
descricdo de variantes fenotipicas que possuem um significado clinico (LANDRUM et
al., 2014).

1.4.2 PolyPhen-2

O PolyPhen-2 é uma ferramenta desenvolvida para a anotacdo de SNPs néo-
sinbnimos de codificacdo, utilizando oito recursos preditivos baseados em sequéncia e
trés baseados em estrutura, sendo selecionados automaticamente por um grande
algoritmo iterativo. Essas funcionalidades envolvem a comparacédo de uma propriedade
do alelo selvagem com a sua correspondente no alelo mutante (ADZHUBEI et al., 2010).

O programa usa um pipeline de alinhamento para selecionar sequencias
homologas atraves de um algoritmo de agrupamento, e com isso construir e refinar seu
alinhamento maultiplo. Para a predicdo, € vista a probabilidade de dois alelos ocuparem o
mesmo local na sequéncia de alinhamento, o quéo distante est4 o desvio ocorrido na
proteina do alelo selvagem para a proteina analisada, e se o0 alelo mutante se originou
em um sitio hipermutavel. E analisar a importancia funcional do alelo mutado

considerando suas caracteristicas estruturais e funcionais (ADZHUBEI et al., 2010).

1.4.3 FATHMM

O FATHHM (Functional Analysis Througth Hidden Markov Models) € uma
ferramenta que usa 0s modelos ocultos de Markov (HMMs) para prever efeitos
funcionais das mutacBes missenses em proteinas, combinando conservacdo de
sequéncias. Esse modelo representa o alinhamento de sequéncias homologas e dominios
de proteinas conservadas, representando a tolerancia geral da proteina as mutaces,

representados por “pesos de patogenicidade” (SHIHAB et al., 2013).

1.4.4 SIFT

O SIFT (Sorting Intolerant From Tolerant) é uma ferramenta que prevé se uma
substituicdo de aminoacidos afeta a funcdo de uma proteina se baseando na homologia
de sequéncias e nas propriedades fisicas dos aminoacidos. A premissa do SIFT se baseia
na conservacgdo evolutiva dos aminoécidos dentro das familias de proteinas. As posi¢des

que apresentam alto grau de conservacdo tém uma tendéncia a serem intolerantes a
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variacdes, enquanto as que apresentam baixo grau de conservacdo apresentam tendéncia
a tolerar melhor as variagdes (KUMAR; HENIKOFF; NG, 2009).

1.4.6 PANTHER

O PANTHER funciona como uma base de dados fornecendo informacGes
abrangentes sobre a evolugdo das familias de genes codificadores de proteinas, como
filogenia das proteinas, funcéo e variacdo genética que afeta essa funcdo. O PANTHER
é composto por dois componentes a biblioteca PANTHER (PANTHER/LIB) e 0 index
(PANTHER/X), a biblioteca ¢ uma representacdo de “livros” de cada familia de
proteina, sendo cada um como um alinhamento de multiplas sequéncias, um HMM e
uma arvore genealdgica. As diferencas funcionais dentro de uma familia séo
representadas pela divisdo da arvore em subarvores. O PANTHER/X é uma ontologia
abreviada para resumir e navegar funcBes moleculares e processos bioldgicos
associados as familias e subfamilias (THOMAS et al., 2003).

Diante dessa analise e caracterizacdo de variantes dos genes SLC14A1, SLC14A2
e SLCO1B1, que estdo relacionadas ao metabolismo da HU, em uma populacdo nédo
representada em bancos de dados populacionais como GnomAD e AbraOM, mostrando
as caracteristicas locais de uma populacdo, com isso sugerir possiveis implicacdes
farmacogendmicas relacionando a metabolizacdo da HU e guiando pra investigacoes

futuras.

Partindo-se do pressuposto de que a resposta terapéutica a hidroxiureia é
modulada por mdaltiplos determinantes genéticos que influenciam a absorcdo, o
transporte e a eliminagdo do farmaco, esta tese sustenta a hipdtese de que variantes
especificas nos genes SLC14Al, SLC14A2 e SLCO1B1 apresentam distribuicdo
diferencial na populacdo amazonica em relacdo a outras populacfes globais, e que tais
diferengas podem impactar a farmacocinética e a farmacodinamica da hidroxiureia. Essa
hipotese operacional fundamenta-se na combinacdo de duas abordagens
complementares: (i) analises in silico para predi¢do funcional de variantes missenses,
que permitem estimar seu potencial efeito estrutural e bioguimico sobre proteinas
transportadoras; e (ii) andlise comparativa de frequéncias alélicas e genotipicas em uma
amostra miscigenada de Belém, contrastada com bancos genémicos internacionais
(gnomAD) e nacionais (AbraOM). Dessa integracdo, espera-se gerar evidéncias sobre o

papel da diversidade genética regional na resposta terapéutica e no metabolismo da
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hidroxiureia, contribuindo para a construcdo de referenciais farmacogenémicos

aplicaveis a medicina personalizada em populagdes brasileiras.
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2 OBJETIVOS
2.1 Objetivo geral

Analisar variantes genéticas nos genes SLC14Al1, SLC14A2 e SLCOI1B1,
identificadas em banco de dados publicos e em exomas de individuos da populacéo
miscigenada de Belém, com o propdsito de avaliar seu potencial impacto funcional e
sua distribuic@o populacional, considerando implica¢es farmacogendmicas na resposta

a hidroxiureia.

2.2 Objetivos especificos

e Quantificar as variantes do tipo missense nos genes SLC14A1, SLC14A2
e SLCO1B1 utilizando o banco de dados gnomAD.

e Estimar o potencial impacto funcional das variantes missenses
identificadas por meio de multiplos preditores adotando regra de
consenso entre as classificacfes obtidas.

e Comparar as frequéncias alélicas e genotipicas das variantes de interesse
entre a populacdo de Belém, as populagdes continentais do gnomAD e a
populacéo brasileira do AbraOM, aplicando testes exatos de significancia
e o0 indice de diferenciacdo genética Fst para avaliar o grau de

divergéncia populacional.
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3 CAPITULO |

Este capitulo corresponde ao manuscrito intitulado “In silico analysis of variants in the
SLC14A1, SLC14A2, and SLCO1B1 genes found in the gnomAD database using three
pathogenicity prediction programs” submetido ao periddico “Genetics and Molecular

Biology” em 20de novembro de 2025, (GMB-2025-0262).
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Abstract

The solute carrier (SLC) superfamily is fundamental in pharmacokinetics by mediating
the transport of molecules across cell membranes, including drugs. Hydroxyurea, used
in the treatment of B-thalassemia and sickle cell anemia, increases fetal hemoglobin
levels and improves clinical prognosis. This study investigated missense variants in the
SLC14A1, SLC14A2, and SLCO1B1 genes, involved in urea metabolism and drug
transport, using data from gnomAD. The variants were evaluated by PolyPhen-2,
PANTHER, and FATHMM predictors. In total, 2,876 missense variants were identified:
625 in SLC14A1, 1,267 in SLC14A2, and 984 in SLCO1B1; 61% had rsID. The most
frequent variants included p.Arg4Trp, p.Asp280Asn, and p.Glu44Lys in SLC14A1;
p.llel32Val and p.Arg510GIn in SLC14A2; and p.Asn130Asp and p.Vall74Ala in

SLCO1B1. There were divergences among predictors, especially FATHMM, which
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classified most variants as benign, while PANTHER assigned a higher number of
pathogenic variants. This discordance highlights the need to integrate different methods
in functional interpretation. It is concluded that in silico predictions, although useful,
often remain inconclusive, reinforcing the importance of functional analyses and the use
of genomic databases to contextualize genetic variation and drug response.

Keywords: Databases , Hydroxyurea, Predictors, SLC, SLCO.

Introduction

Hydroxyurea (HU) was initially a drug used in the treatment of myeloproliferative
syndromes. Currently, it is widely employed in the management of sickle cell anemia
(SCA) as well as beta-thalassemia, due to its ability to increase fetal hemoglobin (HbF)
levels. This increase reduces vaso-occlusive crises, inhibits hemoglobin S
polymerization, decreases painful crises and hemolysis, and improves erythrocyte
survival (Galiza Neto and Pitombeira 2003; Zago and Pinto 2007; Silva et al. 2009).
Research has investigated genes involved in HU metabolism, seeking to understand
how genetic variations can influence its clinical efficacy. Walker et al. (2011) identified
seven genes from the SLC superfamily (SLCO1B1, SLCO1A2, SLCO1B3, SLC22A4,
SLC22A5, SLC14A1, and SLC14A2) associated with HU metabolism. Subsequent
studies pointed to specific variations in the SLCO1B1, SLC14A1, and SLC14A2 genes as
possibly related to the drug's mechanism of action (Ware et al. 2011; Angona et al.
2013; Yahouédéhou et al. 2018; Ginete et al. 2023).

The solute carrier (SLC) transporter superfamily is the second largest family of
membrane transporter proteins, second only to the ABC (ATP-binding cassette)
transporter family (Schaller and Lauschke 2019). These proteins play crucial roles in

controlling the flow of endo and xenobiotics across cell membranes, including drug
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disposition and elimination, contributing to their pharmacokinetics (Roth et al. 2012;
Walker et al. 2013).

The SLCO1B1 gene encodes the OATP1B1 (Organic Anion Transporting Polypeptide
1B1) protein, expressed mainly in hepatocytes, where it transports various organic
anions, including drugs such as statins, as well as hormones and metabolites. Alterations
in this gene can influence hepatic drug uptake, increasing its level in circulation and
potentiating adverse effects, such as statin toxicity (Walker et al. 2011; Roth et al. 2012;
Stewart 2013; Zhang and Lauschke 2019; Zhang et al. 2021).

The SLC14Al1 and SLC14A2 genes encode the urea transporters UTB (Urea
Transporter-B) and UTA (Urea Transporter-A), respectively. These transporters
perform essential functions in urea transport across cell membranes, including its
reabsorption in the kidneys and balance in non-renal tissues (Shayakul and Hediger
2004). The transport mechanism performed by UTA and UTB occurs passively,
independent of Na® and CI” (Shayakul and Hediger 2004). Genetic variants in these
genes can affect the renal capacity to concentrate urine, as well as osmotic processes
and the transport of associated molecules, such as methylurea and acetamide (Shayakul
and Hediger 2004; Yahouédéhou et al. 2020).

UTBs are predominantly expressed in erythrocytes, kidneys, and bone marrow, while
UTAs are present in the kidneys and intestine. Variations in these genes can interfere
with the kidneys' ability to concentrate urine, while UTA contributes to osmotic
imbalance and UTB has an impact on urea transport (Walker et al. 2011).

Recent studies have highlighted the relevance of specific variants in HU metabolism.
Ginete et al. (2023) and Yahouédéhou et al. (2018) identified the p.Asp280Asn and

p.Glu44Lys mutations (in SLC14A1), respectively, as potentially associated with the
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pharmacological effect of HU, corroborating previous data from Ware et al. (2011) that
indicated the association of the p.Arg510GIn mutation (in SLC14A2).

With advances in sequencing technologies, genetic databases have become fundamental
tools for genomic investigations. The 1000 Genomes project, with genomes from
diverse populations, and the Exome Aggregation Consortium (EXAC), with more than
60,000 exomes from individuals from various regions of the world, are notable
examples (Song et al. 2016; Karczewski et al. 2017). In 2020, EXAC was expanded,
becoming the Genome Aggregation Database (gnomAD), encompassing data from
125,748 exomes and 15,708 complete genomes (Genet and Archive 2020).

Many genetic variants can be identified in genomic and exome sequences, and it is
essential to understand their effects on the organism, including possible pathogenic
impacts. These effects can be evaluated using pathogenicity prediction programs, which
assign classifications based on sequence evolution analyses and protein structure, using
specialized algorithms (Walters-Sen et al. 2014).

Different programs use specific approaches to perform these analyses. The FATHMM
(Functional Analysis through Hidden Markov Models) predictor combines information
about sequence conservation, alignments of homologous sequences, and conserved
protein domains. Thus, it calculates the protein's tolerance to mutations, assigning
"pathogenicity weights" to the analyzed variants (Shihab et al. 2013). PANTHER
(Protein ANalysis THrough Evolutionary Relationships) uses phylogenetic analysis to
classify proteins into specific categories and associate them with diseases, based on
their biological functions and evolution (Thomas et al. 2003). PolyPhen-2
(Polymorphism Phenotyping v2) focuses on the probability of two alleles occupying the
same location in an aligned sequence. It evaluates how distant the mutated allele is from

the wild-type allele in structural and functional terms, verifies whether the mutant allele
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arose at a hypermutable site, and analyzes functional characteristics of the resulting
protein (Adzhubei et al. 2010).

The present work aims to investigate frequencies of missense variants in genome data of
the SLC14A1, SLC14A2, and SLCO1B1 genes in genome data available in the gnomAD
database. These will be analyzed in three pathogenicity prediction programs:
PANTHER, FATHMM, and PolyPhen-2, to try to identify genetic variations that may

influence HU metabolism.

Material and Methods
Data from the SLC14A1, SLC14A2, and SLCO1BL1 genes were accessed using gnomAD

(genome aggregation database), version 4.1.0, on December 20, 2023, available at

https://gnomad.broadinstitute.org/. The GRCh38/hg38 version of the genome and the
GATK tool were used for sequence alignment (McKenna et al., 2010).

Subsequently, missense variants were selected, as they represent point mutations
capable of generating single nucleotide polymorphism (SNP). These variants were
submitted to three pathogenicity prediction programs: PolyPhen-2 (Adzhubei et al.
2010), PANTHER (Thomas et al. 2003), and FATHMM (Shihab et al. 2013), so that the
in silico pathogenicity of these variants could be analyzed.

Variants were classified as benign, pathogenic, or inconclusive. Classification was
considered if convergent between two programs. If all three diverged, the variant would
be classified as inconclusive. Variants whose pathogenicity analyses could not be
performed by the programs were also considered inconclusive. When submitting to the
predictors, mutations were used in the formats p.Gly3Arg, p.Glyl1Ser, p.Lys20Glu,
which show the position of the proteins as well as the initial protein and the one that

was encoded by the mutation.
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Results

A total of 625 (22%) missense variants were found for the SLC14A1 gene, 1,267 (44%)
for the SLC14A2 gene, and 984 (34%) for the SLCO1B1 gene, totaling 2,879 variants.
393 (63%) variants of the SLC14A1 gene, 793 (63%) of the SLC14A2 gene, and 580

(59%) of the SLCO1B1 gene had rsID identification as show in Table 1.

Table 1: Number of missense mutations and rsID found in gnomAD.

GENE MISSENSES VARIANTS rsiD
SLC14A1 625 393
SLC14A2 1267 793
SLCO1B1 984 580
TOTAL 2878 1766

Among the variants of the SLC14A1 gene, 253 (40.5%) were classified as benign, 233
(37.3%) as pathogenic, and 139 (22.2%) as inconclusive. Considering the program used,
FATHMM identified 485 as benign, 1 as pathogenic, and 139 as inconclusive;
PANTHER identified 180 as benign, 306 as pathogenic, and 139 as inconclusive; and
PolyPhen-2 identified 226 as benign, 123 as pathogenic, and 276 as inconclusive
represented in Table 2 and Table 3.

In the SLC14A2 gene, consolidation resulted in 573 variations (45.2%) as benign, two
(0.2%) as pathogenic, and 692 (54.6%) as inconclusive. Individually, the FATHMM
program classified 1,265 as benign and two as pathogenic; PANTHER classified 20 as
benign, 1 as pathogenic, and 1,246 as inconclusive; and PolyPhen-2 classified 558 as
benign and 709 as pathogenic represented in Table 2 and Table 3.

For the SLCO1B1 gene, consolidation indicated 516 (52.4%) as benign and 468 (47.6%)

as pathogenic. For this gene, FATHMM indicated 978 variants as benign and 6 as
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pathogenic; PANTHER indicated all 984 variants as pathogenic; and PolyPhen-2

indicated 516 as benign and 468 as pathogenic represented in Table 2 and Table 3.

Table 2: Classification of predictions by gene.

Prediction SLC14A1 SLC14A2 SLCO1B1
Benign 253 573 516
Pathogenic 233 2 468
Inconclusive 139 692 --
Total 625 1267 984

Table 3: Distribution of predictions according to gene for each predictor.

Predictors Classification SLC14A1 SLAC14A2 SLCO1B1
Benign 485 1265 978
FATHMM Pathogenic 1 2 6
Inconclusive 139 - -
Benign 180 20 -
PANTHER Pathogenic 306 1 984
Inconclusive 139 1246 -
Benign 226 558 516
PolyPhen-2 Pathogenic 123 709 468
Inconclusive 276 - -

The p.ArgdTrp (rs11877062) variant of the SLC14A1 gene showed the highest
frequency (0.476), followed by p.Asp280Asn (rs1058396) and p.Glu44Lys (rs2298720),
with frequencies of 0.469 and 0.102, respectively. Among them, only the p.Asp280Asn
variant is described in ClinVar and is identified as benign, as suggested in our results.
The p.Glud4Lys variant was also identified by the predictors as benign; however,

p.Arg4Trp was classified as inconclusive.
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Regarding the SLC14A2 gene, the highest frequency (0.93) was of the p.llel32Val
(rs1484873) variant, followed by p.Arg510GIn (rs9960464) with an estimated
frequency of 0.45. Both are not described in ClinVar, and both received the
classification of benign from the predictors.

For the SLCO1BL1 gene, the highest frequency (0.42) was of p.Asn130Asp (rs2306283),
followed by p.Vall74Ala (rs4149056) with a frequency of 0.14. Both variations were
reported by ClinVar, with p.Asn130Asp having benign significance and p.Vall74Ala
having drug response significance. In our results, the latter was classified as pathogenic

as show in table 4.

Table 4: Frequencies of variations and classification by ClinVar and consolidation by

predictors.
Gene Variations Frequenci Clinvar Predictors
p.ArgdTrp 0,476 Not reported Inconclusiva

SLC14A1 p.Asp280Asn 0,469 Benign Benign

p.Glud4Lys 0,102 Not reported Benign

SLC14A2 p.llel32Val 0,93 Not reported Benign

p.Arg510GIn 0,45 Not reported Benign

SLCO1B1 p.Asn130Asp 0,42 Benign Benign
p.Vall74Ala 0,14 Drug response Pathogenic

Among the 2,878 variations, summing the three genes studied, 1,112 have no SNP
identification, showing that there is still a large amount of unknown genetic variation.
The variations with the highest frequencies in the gnomAD world populations already
have SNP identification.

In continental populations for the SLC14A1 gene, the p.Asp280Asn variant showed the

highest frequency in the African (AFR) and American (AMR) populations, 0.267 and
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0.505, respectively. For the European (EUR), South Asian (SAS), and East Asian (EAS)
populations, the highest frequency was of the p.Arg4Trp variation, 0.492, 0.426, and
0.539, respectively, with the highest frequency of this variant in the East Asian
population.

In continental populations of the SLC14A2 gene, the p.lle132Val variation showed the
highest frequency in all populations: AFR (0.88), AMR (0.854), EAS (0.835), EUR
(0.946), and SAS (0.938), presenting higher frequency than the wild-type form in both
populations and showing the highest frequencies in the EUR and SAS populations.

In the SLCO1B1 gene, the p.Asn130Asp variation had the highest frequency in
continental populations: AFR (0.774), AMR (0.445), EAS (0.707), EUR (0.373), and
SAS (0.469). In the African and East Asian populations, its frequency is higher than that
of the wild-type form; in the others, all are below, with the lowest in the European
population.

With the exception of the AFR and AMR populations in the SLC14A1 gene, which has
p.Asp280Asn as the highest frequency among variants in the other populations of this
gene, as well as in the continental populations of the SLC14A2 and SLCO1B1 genes, all
the most frequent variations are the same as those of the gnomAD world population for
each of the genes.

Even though both genes present a large number of variants, many of them have very
low frequencies in populations, both worldwide and continental. Even being among the
three or four most frequent, they have frequencies lower than 0.1.

The differences in reading among predictors should be highlighted, as each has its
analysis method. Regarding these discrepancies, we can observe that the method used
by the FATHMM predictor showed more variations as benign or tolerable (as described

by the predictor itself). The PANTHER predictor showed a greater tendency to indicate
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variations as pathogenic, with the exception of the SLC14A2 gene, whose analysis
showed only one as pathogenic, with an indication of most variations (1,246) as invalid
by the program. In the FATHMM and PolyPhen-2 predictors, all had scores for this
gene, with the former indicating only two as pathogenic and the rest (1,265) as benign,
while the latter indicated most variations as pathogenic (709 versus 558 benign).

The SLC14A1 gene showed the highest number of inconclusive predictions, with the
highest indication in the PolyPhen-2 predictor with 276, while for the SLCO1B1 gene,

all variations submitted to the PANTHER predictor were considered pathogenic.

Discussion

Among the most frequent variations found for the SLC14A1 gene, two are not reported
in ClinVar (p.Arg4Trp and p.Glud4Lys). P.ArgdTrp was associated by Rafnar et al.
(2011) with a greater propensity for bladder cancer. The predictors classified it as
inconclusive, both in individual analyses and in joint analyses. As for p.Glu44Lys,
classified as pathogenic by PANTHER and as benign by FATHMM and PolyPhen-2,
this variant is described as influential in hydroxyurea (HU) metabolism. Studies indicate
that it hinders HU elimination, which increases its bioavailability. This effect, described
as potentially beneficial for patients, suggests a functional impact that is not adequately
captured by pathogenicity predictors (Yahouédéhou et al. 2020). The p.Asp280Asn is
the only variant of the SLC14A1 gene reported in ClinVar, being classified as benign by
both the database and the three predictors used. However, a study conducted by Ginete
et al. (2023) associated this variant with a poor response to HU, showing how
pathogenicity classification may not be sufficient to predict pharmacogenetic impacts,

especially in membrane surface genes.
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The p.Asp280Asn variant, analyzed in the study by Ginete et al. (2023), was classified
as benign by pathogenicity predictors but is also reported in ClinVar as associated with
poor response to hydroxyurea (HU). This fact shows that pathogenicity classifications
do not always reflect the functional impact of variants in specific contexts, such as drug
response, especially in genes encoding membrane surface proteins. Small changes in the
function of these proteins can significantly influence processes such as drug transport or
metabolism, which may not be captured by predictors.

On the other hand, the p.Glu44Lys variant, although also classified as benign by
predictors, is associated in studies with difficulty in HU elimination, resulting in greater
drug bioavailability. This effect, described by Yahouédéhou et al. (2018), brings clinical
benefits to patients, demonstrating that benign variants can still have important and
contextually positive functional impacts.

The SLC14A1 gene is expressed in blood cells, kidneys, and bone marrow, which makes
it of great importance for HU elimination and distribution, and its presence in bone
marrow may have great influence on the elevation of HbF levels directly in
hematopoiesis.

For the SLC14A2 gene, the variant that stands out is the one that appears with the
second highest frequency in the gnomAD world population, the p.Arg510GIn variation,
which is indicated in the study by Ware and collaborators (2011) as participating in HU
metabolism; however, its function in relation to drug metabolism is not specified by the
study, nor is it reported in other studies with HU. This variation is not classified in the
ClinVar database; the PANTHER predictor was the only one that did not indicate a
classification for this variant, while in the others it was classified as benign. As the

SLC14A2 gene is expressed in kidney and liver cells and is of great importance in drug
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metabolism and elimination, we can infer that in these functions the variation may
influence both a worsening and an improvement in HU response.

The most frequent variants in the SLCO1B1 gene are described in ClinVar and have
specific relationships with drug metabolism. P.Asn130Asp, despite being classified as
benign by FATHMM, PolyPhen-2, and ClinVar, was indicated as pathogenic by
PANTHER. This discrepancy reflects the differences in the analysis algorithms used by
the predictors, but to date, the variant is considered clinically irrelevant in the context of
this study.

As for p.Vall74Ala, classified as associated with drug response by ClinVar, with
specific evidence for rosuvastatin (Lehtisalo et al. 2023), the predictors diverge:
FATHMM considers it benign, while PANTHER and PolyPhen-2 classify it as
pathogenic. Previous studies suggest that this variant reduces hepatic absorption of
rosuvastatin, increasing the risk of toxicity (Stewart 2013; Zhang et al. 2021). The
expression of the SLCO1B1 gene in liver cells makes it of great importance for drug
metabolism, and variations in this gene can hinder (p.Vall74Ala) or facilitate drug
absorption.

The differences in classifications show the differences in the analysis methods of each
predictor. FATHMM, for example, broadly considers evolutionary conservation, while
PANTHER uses phylogenetic and functional analyses. PolyPhen-2, on the other hand,
combines various characteristics, such as the probability of substitutions and location at
functional sites, which may explain its higher rate of inconclusive classifications.

The results emphasize the importance of integrating different predictive approaches for
the interpretation of genetic variants. Despite the divergences, the consolidated data
offer valuable insights, highlighting variants of clinical interest that may be targets of

future functional studies. The inclusion of additional information, such as population
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data and functional studies, is essential to improve the accuracy of these analyses and
allow a better understanding of the impact of these variants in the genomic and clinical
context.

In conclusion this study revealed the presence of several variations within genes not yet
described, reported, or analyzed, a fact that may be related to population groups that do
not have genomes and exomes in gnomAD databases. This expansion of population
groups can help increase the number of variations that may appear. Regarding the
differences in data presented by the predictors, experimental validation is important to
help understand the real effect of each variation, especially among those that are not
described, to have a more robust understanding of genetic variations and their practical

applicability.
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Abstract

Hydroxyurea (HU) is used in the treatment of hemoglobinopathies, such as sickle cell
anemia, by increasing fetal hemoglobin (HbF) levels. This study investigated the
frequency and functional impact of variants in the SLC14A1 (rs1058396, rs2298720),
SLC14A2 (rs9960464), and SLCO1B1 (rs2291075) genes in global populations and in
an admixed population from the Brazilian Amazon (Belém, n = 95). Data from
gnomAD, AbraOM, and SIFT, PolyPhen-2, FATHMM, and PANTHER predictors were
analyzed. The Belém population showed rs1058396A allele frequency (0.29) similar to
African (0.27) and rs2298720A (0.07) close to European (0.066). The rs9960464A and
rs2291075T variants were less frequent in Belém (0.14 and 0.12) than in continental
populations. Genetic differentiation (Fst) revealed moderate to high values, especially
between Belém and South Asian (0.1921) and African (0.1585) populations. In

functional predictions, rs1058396 was considered benign, while rs2298720 presented
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conflicting classifications, highlighting the need for experimental studies. It is
concluded that the genetic diversity of the Belém population may influence HU
response and deserves consideration in clinical and pharmacogenomic studies. These
findings contribute to the development of personalized medicine strategies for
hemoglobinopathies in the Amazon.

Keywords: Sickle cell anemia; hydroxyurea; SLC; pharmacogenomics; admixture;

Brazilian Amazon.

Introduction

Hydroxyurea (HU) was initially developed for the treatment of myeloproliferative
syndromes, but its clinical use gained relevance after demonstration of efficacy in the
management of hemoglobinopathies, particularly sickle cell anemia (SCA) (Davies and
Gilmore 2003). In the context of SCA, its therapeutic action results primarily from the
ability to induce fetal hemoglobin (HbF) production, whose presence decreases the
propensity for hemoglobin S (HbS) polymerization, managing to attenuate the clinical
manifestations of the disease (Ware et al. 2011).

Despite proven benefits, the therapeutic response to HU is highly variable among
individuals, suggesting that genetic factors play a determining role in this process
(Yahouédéhou et al. 2018). In this context, genes of the SLC (solute carrier)
superfamily stand out, which encode fundamental transporter proteins in the absorption,
distribution, and excretion of various compounds, including HU (Walker et al. 2011).
Among the transporters associated with HU pharmacokinetics, the SLC14A1, SLC14A2,
and SLCO1B1 genes have been identified as potential modulators of therapeutic
response, by directly influencing its cellular bioavailability (Angona et al. 2013; Ginete

et al. 2023). Previous studies have identified specific variants in these genes, such as
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rs1058396 and rs2298720 (SLC14Al1), rs9960464 (SLC14A2), and rs2291075
(SLCO1B1), associated with differences in HbF levels or clinical response to HU.

The characterization of the frequency of these variants in different human populations
has been possible thanks to population genomic databases, such as gnomAD
(Karczewski et al. 2020) and AbraOM (Naslavsky et al. 2022), which gather data from
individuals of diverse ethnic and geographic origins. Such investigations are particularly
relevant for highly admixed populations, such as those of the Brazilian Amazon, whose
complex genetic composition reflects European, African, Amerindian, and, to a lesser
extent, Asian ancestral contributions (Rodrigues et al. 2020).

Understanding how genetic variability impacts HU pharmacogenomics in populations
underrepresented in global studies is essential for the development of more personalized
therapeutic strategies, in addition to contributing to equity in the implementation of
precision medicine in the context of the Brazilian Unified Health System (SUS).

Given this scenario, this study aims to characterize the genetic diversity of variants in
the SLC14A1, SLC14A2, and SLCO1B1 genes in the admixed population of Belém
(Para, Brazil), comparing it with global reference populations. Furthermore, it seeks to
evaluate the potential functional impact of these variants, based on in silico prediction
tools, and discuss their possible implications for HU pharmacogenomics. The genomic
composition of the Belém (PA) population shows a complex admixture pattern, with
predominance of European ancestry, followed by Amerindian and African
contributions. In a broad study, Pena et al. (2011) found that individuals self-identified
as "brown" in the North region showed, on average, 68.6% European ancestry, 20.9%
Amerindian, and 10.6% African, highlighting the heterogeneous character of the
Amazonian genetic base. In a complementary way, more recent data from the "DNA do

Brasil" project confirmed the predominance of European ancestry in the Brazilian
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population as a whole (about 60%), but with higher proportions of African ancestry in
the North and Northeast regions, which reinforces the need to consider individual
ancestry in pharmacogenomic analyses (Nunes et al. 2025).

It is believed that the admixed population of Belém (PA) presents a distinct genetic
profile in relation to continental populations, with variations in the SLC14A1, SLC14A2,
and SLCO1B1 genes that can significantly influence the therapeutic response to
hydroxyurea. This hypothesis is based on the unique genomic composition of the
Amazon region, marked by intense admixture among European, African, Amerindian,

and Asian ancestors (Rodrigues et al. 2020).

Material and Methods

This study is exploratory and descriptive. The variants rs1058396 and rs2298720 (in the
SLC14A1 gene), rs9960464 (in the SLC14A2 gene), and rs2291075 (in the SLCO1B1
gene) were selected based on previous literature review, prioritizing polymorphisms
previously associated with the pharmacokinetics and pharmacodynamics of
hydroxyurea (HU), as well as with the modulation of fetal hemoglobin (HbF) levels in
patients with sickle cell anemia. Previous studies indicate that these variants may
influence the activity or expression of urea and endogenous drug transporters,
interfering with bioavailability and therapeutic response to HU (Angona et al. 2013;
Yahouédéhou et al. 2020; Ginete et al. 2023).

Variants located in coding regions, with potential functional impact according to in
silico predictors, and that presented frequencies documented in global populations,
available in the gnomAD and AbraOM databases, were prioritized, which enabled
comparative analyses with the Amazonian population. The genomic coordinates of the

selected variants, according to the GRCh38/hg38 assembly, are as follows:
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e 151058396 (SLC14A1): Chrl8: 53,964,979, G>A alteration (p.Asp280Asn);
e 152298720 (SLC14A1): Chrl8: 53,972,398, G>A alteration (p.Glu44Lys);
e 159960464 (SLC14A2): Chrl8: 54,216,149, G>A alteration (p.Arg510GIn);
e 152291075 (SLCO1B1): Chrl12: 21,178,606, C>T alteration (p.Phe199Phe).
This  information was obtained from the Ensembl Variant Table

(https://www.ensembl.org) and is aligned with version GRCh38.p13 of the reference

genome, ensuring traceability and reproducibility.
Data from the SLC14Al1, SLC14A2, and SLCO1B1 genes were extracted from the
gnomAD  (Genome  Aggregation  Database)  database, version  4.1.0

(https://gnomad.broadinstitute.org/), using the GRCh38/hg38 assembly as reference.

Sequence alignment was performed using the Genomic Analysis Toolkit (GATK)
(McKENNA et al., 2010). Data from the Brazilian population were obtained from the

AbraOM database (https://abraom.ib.usp.br/index.php), while exome data from the

admixed population of Belém (n = 95) were from the database of Rodrigues et al.
(2020).

This study was approved by the National Research Ethics Committee (CONEP) and by
the Research Ethics Committee of the Tropical Medicine Center of the Federal
University of Pard (CAAE 20654313.6.0000.5172).

The exome had an average coverage of 46.8X, with 89% of bases in target regions
showing at least 10X coverage and 77% of bases reaching >20X. Variants were
submitted to the Variant Effect Predictor (VEP)

(https://www.ensembl.org/info/docs/tools/vep/index.html) for functional predictive

analysis.
Statistical analyses were performed in R software. Fisher's Exact Test (p < 0.05) was

used to compare allelic frequencies among continental populations, the Brazilian
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population (AbraOM), and the admixed population of Belém. The choice for this test is
justified by the presence of low allelic frequencies and reduced sample size, conditions
in which the chi-square test may be inadequate. The genetic fixation index (Fst) was
estimated in ARLEQUIN 3.5 software, with application of the analysis of molecular
variance (AMOVA) method with 10,000 permutations, followed by graphical
representation in heatmap format.

For inference of the functional impact of variants, the SIFT, PolyPhen-2, FATHMM,
and PANTHER prediction tools were used, in addition to queries to the ClinVar and

EnsemblVEP databases. Classification as "damaging,” "benign,” or "inconclusive™ was
considered valid when there was agreement among at least three predictors.

To avoid increasing the type | error rate due to multiple comparisons, Bonferroni
correction was applied, with adjustment of the significance level (o) according to the
total number of tests.

Despite relevant findings, the limitation related to the absence of direct clinical
validation is recognized, which prevents definitive conclusions about the therapeutic
impact of variants on individual HU response. As this is an exploratory study, based on
in silico predictions and population analyses, the functional and pharmacodynamic
effects of variants remain hypothetical until confirmation by prospective clinical
studies. Additionally, the sample size of the Belém population (n = 95) does not allow
stratified analyses by individual ancestry, an especially relevant aspect in contexts of
high admixture, such as the Amazonian population. The absence of control by ancestry
proportions may introduce bias in comparisons with other populations. Future studies
should include individual ancestry analysis with SNP panels and functional validations
in vitro and in vivo, in order to consolidate the clinical applicability of the investigated

markers.
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Results

The literature review identified four variants associated with metabolism and response
to HU treatment: rs1058396 and rs2298720 (SLC14A1 gene), rs9960464 (SLC14A2
gene), and rs2291075 (SLCO1B1 gene) (Angona et al. 2013; Yahouedéhou et al. 2020;
Ginete et al. 2023).

In the SLC14A1 gene, variant rs1058396 (p.Asp280Asn) was classified as benign by all
pathogenicity predictors, in agreement with ClinVar. However, variant rs2298720
(p.Glud4Lys) presented divergent results among tools: SIFT indicated deleterious
effect, PolyPhen-2 classified it as benign, FATHMM considered it tolerable, and
PANTHER pointed to a possible harmful effect. This discrepancy suggests that
different algorithms employ distinct methodologies (e.g., structural modeling,
evolutionary conservation analyses) and reinforces the need for additional experimental
validations to clarify its functional impact.

Variant rs9960464 (p.Arg510GIn), in the SLC14A2 gene, was predominantly considered
benign, although PANTHER did not present a conclusive result, possibly due to
limitations in its training database for this context.

Finally, variant rs2291075 (p.Phe199Phe), in the SLCO1BL1 gene, is synonymous and,
as expected, was considered without relevant effect by most tools. However,
PANTHER pointed to a possible harmful effect, suggesting that synonymous variants,
although they do not alter the protein sequence, may affect processes such as splicing or
RNA stability, justifying complementary investigations.

Table 1 presents the pathogenicity classifications of variants in a consolidated manner.
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Table 1. Classification of variants by pathogenicity predictors and ClinVar.

Variant FATHMM  PANTHER SIFT PolyPhen-2  Consolidation  ClinVar
rs1058396 Benign Benign Benign Benign Benign Benign
rs22987207 Benign Damaging  Deleterious Benign Inconclusivet Not
reported
r$9960464 1 Benign Inconclusive Benign Benign Benignt Not
reported
rs2291075% Synonymous Damaging Synonymous Synonymous Synonymoust Benign

T 1rs2298720: Presented contradictory classifications among predictors — SIFT and
PANTHER pointed to potential deleterious effect, while FATHMM and PolyPhen-2
considered it benign. This justifies the "inconclusive" classification.

T 1s9960464: Classified as "Inconclusive" by PANTHER, while other predictors
indicated benign profile. Consolidation was maintained as "benign,” but should be
interpreted with caution.

T 1s2291075: Despite being a synonymous variant, PANTHER indicated potential
damaging effect. The divergence between this predictor and the others led to
consolidation as "synonymous,"” but with reservations.

The allelic frequencies of variants were summarized in Table 2. It was observed that
some variants presented frequencies in Belém similar to those of continental
populations, while others showed significant differences show in Table 3. To avoid
redundancies, we chose not to repeat numerical values in the text, as they are properly

detailed in the tables.
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Table 2. Allelic frequencies of variants by population and their confidence interval.

Variant Gene Population Allele Frequency IC 95%
RS1058396 SLC14A1 Belém A 0,29 0,22-0,36
AFR A 0,27 0,267-0,273
AMR A 0,505 0,501-0,509
EAS A 0,54 0,535-0,545
EUR A 0,48 0,479-0,481
SAS A 0,43 0,427-0,433
BRA A 0,44 0,42-0,46
RS2298720 SLC14A1 Belém A 0,07 0,034-0,106
AFR A 0,198 0,195-0,201
AMR A 0,21 0,207-0,213
EAS A 0,39 0,385-0,395
EUR A 0,066 0,066-0,066
SAS A 0,25 0,247-0,253
BRA A 0,12 0,107-0,133
RS9960464 SLC14A2 Belém A 0,14 0,091-0,189
AFR A 0,32 0,317-0,323
AMR A 0,51 0,506-0,514
EAS A 0,35 0,346-0,354
EUR A 0,45 0,449-0,451
SAS A 0,44 0,437-0,443
BRA A 0,39 0,37-0,41
RS2291075 SLCO1B1 Belém T 0,12 0,074-0,166
AFR T 0,55 0,546-0,554
AMR T 0,3 0,296-0,304
EAS T 0,45 0,445-0,455
EUR T 0,39 0,389-0,391
SAS T 0,19 0,187-0,193
BRA T 0,44 0,420-0,460

Statistical analyses showed some similarities and differences among populations. For

example, the Belém population presented frequencies similar to the African population

for variant rs1058396 (p=1) and to the European population for rs2298720 (p=0.1). In

other variants, there were statistically significant differences (p<0.05), evidencing

regional genetic diversity.

Table 3. Results of Fisher's Exact Test between the Belém population and other

populations for the variants studied.
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Comparison between | Rs1058396 Rs2298720 Rs9960464 Rs2291075
populations
BEL x AbraOM 0,0008960088 0.4675734 3.218146e-07 5.228149e-14
BEL x AFR 1 7.5597e-05 0.0003107001 9.606777e-25
BEL x AMR 6.623029¢-08 0.03457665 1.313616e-14 1.851731e-05
BEL x EAS 2.547099%e-10 1.294965e-19 1.681011e-05 6.751552e-15
BEL x EUR 2.207617e-06 1 4.3457e-11 1.192872e-10
BEL x SAS 0.00151655 2.549462e-08 1.760768e-10 0.2966014

The genetic differentiation analysis (Fst) revealed values ranging from low to

moderate/high in Table 4 and Figurel. In general, the Belém population showed lower

genetic differentiation in relation to the Brazilian population (AbraOM) and European

(Fst = 0.13-0.15), and greater differentiation in relation to South Asian (Fst = 0.1921),

American (Fst = 0.1523), and African (Fst = 0.1585) populations. These Fst values

suggest moderate genetic differentiation between Belém and these populations (an Fst

value around 0.15 indicates that approximately 15% of genetic variation is due to

population structure, while the other 85% occurs within populations), which may reflect

historical processes of migration, admixture, and regional genetic isolation.

Table 4 — Comparison of Fst between continental populations of the 1000 Genomes

project, Brazilian (AbraOM), and Belém population.

AFR AMR SAS EAS EUR BRA BEL
AFR 0
AMR 0.09346 O
SAS 0.09249 0.02969 O
EAS 0.07012 0.04697 0.06870 O
EUR 0.07939 0.01001 0.05702 0.06614 O
BRA 0.04369 0.01747 0.05297 0.05026 0.00521 O
BEL 0.15853 0.15225 0.09637 0.19210 0.14940 0.13369 O
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Figure 1: Heatmap illustrating the distance between the Belém population and

continental populations of GnomAD (AFR, AMR, EAS, EUR, SAS) and the Brazilian

population AbraOM.

Discussion

The results of this study revealed different profiles of functional prediction for the
analyzed variants, which is in line with the literature that highlights the heterogeneity of
pharmacogenomics in genetically diverse populations (Angona et al. 2013; Ginete et al.
2023). Variant rs1058396 (p.Asp280Asn), of the SLC14Al gene, was consistently
classified as benign by all prediction tools and by the ClinVar database (Ware et al.
2011). This result is aligned with functional studies, which indicate that conservative
substitutions in this protein region do not affect its activity as a urea transporter (Walker
etal. 2011).

In contrast, variant rs2298720 (p.Glud4Lys) presented conflicting profiles among

predictors, without ClinVar record: SIFT and FATHMM indicated deleterious effect,
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while PolyPhen-2 and PANTHER classified it as probably benign. These divergences
are expected, given that each algorithm uses distinct analysis criteria (Kumar et al.
2009; Adzhubei et al. 2010). Studies on homologous transporters of the SLCO family
indicate that alterations in charged residues in the region close to the central pore can
modulate substrate affinity, significantly interfering with the pharmacokinetics of
endogenous and exogenous substrates (Huttunen et al. 2022). Therefore, experimental
validations directed at this variant are recommended.

Variant rs9960464 (p.Arg510GIn), in the SLC14A2 gene, remained predominantly
classified as benign by predictors and has no clinical records available in ClinVar.
Although there are no specific studies on this variant, mutations in coding regions of the
SLC14A2 gene have been associated with modulation of urea transport efficiency in
renal epithelial cells (Shayakul and Hediger 2004). Its low frequency in the Belém
population reinforces the need to monitor its clinical relevance in future
pharmacogenetic studies.

Finally, variant rs2291075 (p.Phe199Phe), of the SLCO1B1 gene, was classified as
potentially damaging only by the PANTHER tool, although it is a synonymous variant.
Despite being traditionally considered neutral, synonymous variants have been
recognized for their indirect effects, including alterations in splicing, messenger RNA
stability, and translation efficiency (Plotkin and Kudla 2011; Sarkar et al. 2022). More
recent studies confirm that synonymous mutations can disturb mRNA structure,
influence the binding of regulatory proteins, or alter protein folding time, resulting in
relevant functional consequences (Plotkin and Kudla 2011; Sarkar et al. 2022).
Although variant rs2291075 has not yet been specifically investigated regarding its
influence on hydroxyurea metabolism, studies in SLCO1B1 associate variants, including

synonymous ones, with alterations in OATP1B1 transporter expression and
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modifications in the pharmacokinetics of drugs such as statins (Romaine et al. 2010;
Ramsey et al. 2014). Thus, it is plausible that rs2291075 may impact hepatic uptake of
hydroxyurea, modulating its bioavailability. However, given the absence of direct
functional validation of this variant in the context of HU treatment, caution is
recommended when proposing its clinical use as a pharmacogenomic marker, since its
therapeutic implications still remain speculative.

The findings of this study have direct clinical implications for the management of
patients with sickle cell anemia in the Amazon. The high frequency of variant
rs1058396, shared with African populations, suggests that part of the Amazonian
population may present pharmacokinetic profiles similar to those described in patients
of African descent, for whom there is a greater database in the literature on the response
to hydroxyurea (Ware et al. 2011; Yahouédéhou et al. 2020).

On the other hand, the differentiated frequencies of variants such as rs9960464 and
rs2291075 indicate the existence of a unique pharmacogenetic profile in the Amazonian
population, which may generate distinct therapeutic responses, both in efficacy and in
risk of adverse effects. This may explain, in part, the clinical variability observed in
practice among patients with sickle cell anemia in the region, such as insufficient
response to HbF increase, higher frequency of vaso-occlusive crises, or hematological
toxicity.

Thus, it becomes essential to consider this genetic diversity when prescribing HU, since
the standard dose or titration strategies used in national and international protocols may
not be the most appropriate for this population.

The data presented here reinforce the urgent need for development of regionalized

therapeutic protocols, which incorporate pharmacogenomics as a clinical decision



56

support tool in the treatment of sickle cell anemia in the Amazon. Specifically, the

findings can be applied in the following areas:

1.

Development of specific pharmacogenetic panels, designed to screen variants in
the SLC14Al, SLC14A2, and SLCOI1B1 genes, in addition to genes that
modulate fetal hemoglobin expression, such as BCL11A and HBS1L-MYB.
Individualized adjustment of hydroxyurea dose, considering the genetic profile
of patients, with the objective of optimizing therapeutic efficacy and minimizing
the occurrence of adverse events.

Population pharmacokinetic-pharmacodynamic modeling, integrating regional
genomic data with clinical, biochemical, and laboratory variables, for better
prediction of therapeutic response.

Training of reference services, such as blood centers and medical genetics units,
for adoption of practices associated with precision medicine, focusing on
pharmacogenomics applied to hemoglobinopathies.

Subsidy for formulation of public health policies, allowing the Unified Health
System (SUS) to incorporate specific guidelines related to hydroxyurea

pharmacogenomics for genetically diverse populations of the Amazon.

Furthermore, multicenter studies involving patients from the North region of Brazil

should be prioritized, including joint evaluation of genetic, pharmacokinetic,

pharmacodynamic, and clinical outcome data. This approach will allow the construction

of robust predictive models applicable to clinical practice, effectively contributing to the

improvement of therapeutic strategies and promotion of health equity in the Amazonian

context.

In conclusion this study presented a detailed analysis of genetic variants associated with

hydroxyurea metabolism in the SLC14A1, SLC14A2, and SLCO1B1 genes, investigating
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their distributions in different continental populations, in the AbraOM database, and in
an exome sample composed of admixed individuals from the Brazilian Amazon. The
results showed that, in general, variant frequencies in the Belém population were lower
compared to continental populations, except for variants rs1058396 and rs2298720,
whose frequencies resembled those of African and European populations, respectively.
These findings reinforce the genetic complexity resulting from Amazonian admixture
and its relevance for regional pharmacogenomics. Genetic differentiation analysis (Fst)
demonstrated moderate to high variability values between the Belém population and
other evaluated populations, highlighting the importance of considering local population
structure in planning therapeutic strategies. Functional prediction analyses of variants
revealed different impact profiles, with some classified as benign and others presenting
conflicting results among the algorithms used, which highlights the need for additional
experimental validations to determine their real clinical implications. It is emphasized
that the present work has an exploratory character, based on population and
bioinformatics analyses, not having directly demonstrated the relationship between
genetic variants and therapeutic response to HU. To fully achieve this objective,
subsequent clinical studies are necessary that integrate genetic, pharmacokinetic,
pharmacodynamic, and clinical outcome data in patients with hemoglobinopathies. Only
then will it be possible to robustly prove the influence of these variants on the efficacy
and safety of HU treatment. Such studies may support the development of more
individualized therapeutic strategies, contributing to advances in precision medicine and

improvement of care in genetically diverse regions such as the Brazilian Amazon.
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5 DISCUSSAO

O presente estudo apresenta andlises in silico de variacdes genéticas em trés
genes da familia SLC, com foco na sua relacdo com o metabolismo da hidroxiureia
(HU). Parte-se da hipdtese de que variantes nos genes SLC14A1, SLC14A2 e SLCO1B1,
associadas ao metabolismo da HU, apresentam caracteristicas particulares em uma
populacdo Amazoénica ainda ndo representada em grandes bancos de dados, o que pode
ter implicagdes farmacogendmicas futuras.

A integracgéo entre predigdo funcional e distribuigdo populacional permite propor
cenarios farmacocinéticos/farmacodindmicos hipotéticos. Alteracdes em SLC14A1 e
SLC14A2 podem afetar o transporte de HU nos eritrcitos e tlbulos renais, impactando
sua reabsorcdo e eliminacdo, enquanto variantes em SLCO1B1 podem modificar a
captacdo hepética, alterando a concentracdo plasmética e o tempo de exposi¢do ao
farmaco. Essa variacdo interindividual pode contribuir para diferencas observadas em
resposta terapéutica, producdo de hemoglobina fetal (HbF) e incidéncia de efeitos
adversos. Embora os resultados aqui apresentados ndo sustentem inferéncias clinicas
diretas, eles delineiam um panorama inicial de susceptibilidade genética que podera ser
testado em modelos farmacocinéticos e estudos de associacao.

O primeiro capitulo apresenta analises in silico de variacdes genéticas em trés
genes da familia SLC. A anélise de variacBes missenses, encontradas no banco, mostrou
uma grande quantidade de mutagdes para o0s trés genes, 625 para o gene SLC14A1, 1267
para 0 gene SLC14A2 e 984 para o gene SLCO1B1, sendo algumas nem estudadas ou
ndo relatadas. Nos genes SLC14A1 (rs1058396 e rs2298720) e SLC14A2 (rs9960464),
as variantes relatadas como tendo relacdo ao metabolismo da HU estdo entre as mais
frequente na populacdo mundial do banco gnomAD.

A quantidade de variantes encontradas nesses genes indica um potencial de
investigacOes para esses genes em relacdo a metabolismo de farmacos, incluindo a HU,
a qual pode ter interferentes dentro dos proprios genes. Dos sete genes indicados por
Walker et al. (2011), em quatro deles ndo foram encontradas variagdes que pudessem
estar relacionadas ao metabolismo da HU na literatura, o que pode abranger ainda mais
as possibilidades de investigacdo para os demais genes dessa familia de genes.

Nao foram encontrados estudos envolvendo esses genes em bancos de dados
genéticos que possibilitassem comparacdes diretas, embora ainda exista um nudmero

consideravel de variacGes ndo caracterizadas. Entre eles, destaca-se o gene SLCO1B1,
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amplamente associado a farmacologia por sua relevancia no transporte de estatinas,
especialmente a suvastatina. Esse gene contém 15 éxons e apresenta 984 variantes do
tipo missense, das quais 404 (41%) ainda ndo foram investigadas.

Em relacdo aos estudos com HU, os estudos com os genes SLC ainda sdo bem
escassos, tendo poucos dados. Em uma revisdo de Sales et al. (2022), foi analisado
genes que estdo relacionados ao aumento direto dos niveis de HbF no tratamento com
HU. Contudo, ndo esta listado nenhum dos genes das familias SLC, € apenas citado o
rs2298720 como uma variacdo que atua reduzindo o metabolismo de eliminacdo do
farmaco, deixando-o mais tempo biodisponivel como relatado por Yahouédéhou et al.
(2020)

O rs1058396 ¢ relatado no estudo de Ginete et al. (2023) como expresso em
grande quantidade nos eritrocitos, facilitando a distribuicdo de HU. Porém, € relatado
que esta relacionado a uma resposta pobre ao tratamento. O Unico estudo que aponta a
acdo do rs9960464 é o de Angona et al. (2013), que indica assim como observado para
0 rs2298720 como disparando um efeito minimo na resposta molecular para ambos,
sendo um estudo realizado em pacientes com Policitemia Vera (PV), uma das sindromes
mieloproliferativas que pode ser tratada com HU.

O rs2291075 é bastante relatado em relacdo a outros farmacos, tanto como
tratamento de leucemia como antimalarico (DRENBERG et al., 2016; PERNAUTE-
LAU et al., 2021). Para HU, relatado no estudo de Ginete et al. (2023), indica-se essa
variacdo como uma vantagem, porém, sem entrar em detalhes dos seus mecanismos de
acao.

O ndmero reduzido de estudos sobre a relacdo desses genes com 0 mecanismo
de acdo da HU ainda n&o nos permite compreender a agdo completa deles na melhora ou
resposta sobre o assunto. Dos sete genes da familia SLC, indicados por Walker et al.
(2011), apenas trés (SLC14Al1, SLC14A2 e SLCO1B1) tem variantes relatadas na
literatura com relacdo ao metabolismo de HU, enquanto os demais (SLCO1A2,
SLCO1B3, SLC22A2 e SLC22A5), até o presentem momento, ndao encontram relatos
sobre variantes relacionadas a esses genes que possam estar ligadas ao metabolismo da
HU, abrindo uma grande possibilidade de estudos futuros para investigar.

Embora outros trabalhos mencionem muitos outros genes relacionados com a
melhora no quadro clinico em tratamentos com HU, principalmente em relacdo a
anemia falciforme, seus objetivos focam mais no efeito direto da elevagéo da HbF (MA
et al., 2007; SALES et al., 2022). Embora ndo acrescentem os genes da familia SLC nos
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estudos, por seus efeitos serem mais relacionados ao metabolismo, mesmo nao tendo
um efeito direto, eles participam de mecanismos que ajudam no aumento dos niveis de
HbF, como indicado por Yahouédéhou et al. (2020), que mostra como a variagdo
rs2298720 dificulta a eliminacdo do farmaco, permitindo ficar mais tempo circulando
no organismo.

As discrepéncias entre classificacdes dos preditores também merece destaque. O
FATHMM apresentou maior tendencia em indicar variante benignas, enquanto o
PANTHER classificou todas as variantes do SLCO1B1 como patogénicas e 98% das
variantes de SLC14A2 como inconclusivas. Essas diferencas decorrem dos distintos
métodos de andlise utilizados. O FATHMM considera conservagdo evolutiva, o
PANTHER emprega abordagens filogenéticas e o PolyPhen-2 combina mdaltiplos
parametros estruturais e funcionais, explicando as varia¢des nas classificacoes.

Tais diferencas entre os preditores se da pelo fato de terem métodos de anélises
distintos entre si. O FATHMM, por exemplo, considera amplamente a conservagéo
evolutiva, enquanto o PANTHER utiliza andlises filogenéticas e funcionais. Ja o
PolyPhen-2, combina diversas caracteristicas, como a probabilidade de substituicdes e a
localizacdo em sitios funcionais, 0 que pode explicar sua maior taxa de classificacdes
inconclusivas.

Os dados de uma analise de dados in slico ndo sdo completamente abrangentes,
levando-se em consideracdo integracdo entre os dados gerados entre os preditores e
dados de estudos clinicos para ter uma real ideia de como essas varia¢fes podem estar
se manifestando na populacéo.

O segundo capitulo explorou as frequéncias alélicas dos SNPs selecionados em
diferentes populagdes: Belém, AbraOM e populagdes continentais do gnomAD. Em
geral, a populacdo de Belém apresentou frequéncias menores das variantes em relacdo
as demais, com excegdes pontuais, como a semelhanca com a populacgéo africana para o
rs1058396 e com as populacdes europeia e brasileira (AbraOM) para o0 rs2298720.

Os dados da populagdo de Belém, composta por 95 individuos, representam a
menor amostra entre as comparadas. A populagdo do banco AbraOM, com 1171
individuos, também representa uma populacdo miscigenada, oriunda de Sdo Paulo
(Naslavsky et al., 2022). Ja as populacdes do gnomAD possuem tamanhos amostrais
muito maiores, variando de dezenas a centenas de milhares de individuos.

Os indices Fst revelaram graus de diferenciacdo moderados a grandes entre

Belém e as demais populagdes, com maior proximidade em relagdo as populagdes sul-
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asiatica e europeia, e maior afastamento em relacdo a leste-asiatica. Esse padréo reforca
a singularidade genética da populacdo de Beléem e a necessidade de ampliar a
representatividade regional em bancos populacionais.

A leitura integrada dos dois capitulos permite uma interpretacdo mais ampla. O
Capitulo I evidenciou o potencial funcional das variantes selecionadas, destacando seu
papel no metabolismo da HU segundo preditores e literatura. O Capitulo 1l demonstrou
que essas mesmas variantes apresentam frequéncias diferenciadas na populagdo de
Belém, em comparacdo a populacBes brasileiras e continentais. Essa convergéncia é
central: as variantes que podem influenciar a farmacocinética da HU sdo justamente
aquelas em que a populagdo amazonica apresenta padrdes particulares de frequéncia.

De forma mais especifica, o gene SLC14A1, que codifica o transportador UT-B
expresso em eritrocitos, apresentou as variantes rs1058396 e rs2298720 como
potenciais moduladoras do transporte e eliminacdo da HU. A predicéo in silico indica
que ambas podem alterar a dindmica estrutural da proteina, ainda que classificadas
como benignas. A variante rs1058396, associada a distribui¢do eritrocitaria de HU,
mostrou frequéncia mais elevada em populacdes africanas e europeias, enquanto Belém
se aproxima desse perfil, sugerindo possivel semelhanca farmacocinética no transporte
eritrocitario do farmaco. Ja o rs2298720, associado a reducdo da taxa de eliminagdo da
HU, apresentou frequéncia menor em Belém do que nas populacdes de referéncia, o que
pode refletir menor persisténcia plasmatica do farmaco — hipOtese a ser testada
experimentalmente.

O gene SLC14A2, que codifica o transportador renal UTA, esta4 implicado na
regulacdo da excrecdo da HU. A variante rs9960464 apresentou discrepancias entre
preditores, o que, aliado a sua posi¢do em regido conservada do gene, sustenta sua
priorizacdo para estudos funcionais. Sua frequéncia mais baixa em Belém pode implicar
diferencas potenciais na depuracdo renal da HU, afetando a exposicdo sistémica e a
eficicia terapéutica.

No caso do SLCO1B1, que codifica o transportador hepatico OATP1B1, a
variante rs2291075 surge como de interesse particular. Embora classificada como
benigna pela maioria dos preditores, sua alta conservacéo estrutural e o papel central do
gene na captacdo hepatica de xenobidticos sugerem possivel influéncia na
biodisponibilidade da HU. A frequéncia reduzida dessa variante em Belém, em
contraste com AbraOM e europeus, pode refletir diferencas na taxa de captacdo e
metabolismo hepético do farmaco.
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Consideradas em conjunto, essas observacdes ilustram como variantes
aparentemente benignas podem, em contexto farmacogenémico, impactar o transporte,
distribuicdo e eliminacdo da HU reforcando que classificagcdes “benignas” ndo sio
sinbnimo de irrelevancia funcional.

Os achados reforcam a relevancia de desenvolver painéis farmacogenéticos
regionais, que incorporem variantes especificas dos genes SLC14A1, SLC14A2 e
SLCO1B1, além de outros loci moduladores da HbF como BCL11A e HBS1L-MYB. No
contexto do SUS, a implementacdo de estratégias de medicina de precisdo pode ajustar
doses de HU de forma individualizada, maximizando eficacia e minimizando efeitos
adversos.

Além disso, a sub-representacdo de populacdes amazonicas em bancos genéticos
reforca a importancia de ampliar a diversidade em estudos populacionais, de modo a
evitar vieses que dificultem a aplicacdo universal de descobertas farmacogendmicas.

Este estudo apresenta limitagOes, incluindo o tamanho amostral reduzido da
populacdo de Belém, a auséncia de controle por ancestralidade individual e a falta de
validacdo clinica ou funcional dos achados. Tais fatores podem introduzir vieses e
limitam a extrapolacdo dos resultados.

Uma limitacdo adicional diz respeito a auséncia de controle por ancestralidade
individual. Considerando que a populacdo amazonica apresenta alta miscigenacao e
ampla heterogeneidade genética, essa auséncia pode introduzir vieses na interpretacdo
das diferencas alélicas observadas entre grupos populacionais. Em futuras analises,
recomenda-se 0 uso de abordagens baseadas em componentes principais (PCA-based
ancestry inference) ou de marcadores informativos de ancestralidade (AIMs), que
permitem ajustar as analises genéticas a estrutura populacional. Essa incorporagdo
contribuird para estimativas mais precisas e maior robustez estatistica na identificacdo
de associagdes genéticas potencialmente relevantes no contexto farmacogendmico da
HU.

Em sintese, ao integrar analises preditivas e populacionais, este estudo propde
um modelo conceitual de farmacogendmica regional aplicada @ HU, no qual diferengas
genéticas locais nos transportadores SLC podem contribuir para varia¢cdes na absorcao,
distribuicéo e eliminacéo do farmaco.

Em conjunto, os resultados apresentados nos dois capitulos convergem para um
mesmo ponto: a caracterizacdo genética dos genes SLC14A1, SLC14A2 e SLCO1B1 na

populacdo de Belém revela tanto um grande nimero de variantes ainda ndo exploradas
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quanto particularidades de frequéncia que distinguem a regido de outras populacdes
brasileiras e globais. Assim, este trabalho amplia o conhecimento sobre a diversidade
genética regional e sua possivel relagdo com a farmacogenémica da HU. Mais do que
descrever variantes, os achados ressaltam a importancia de incluir populacdes sub
representadas nos esforgos internacionais de pesquisa, promovendo uma medicina de

precisdo mais equitativa e efetiva
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6. CONCLUSAO

O presente trabalho apresentou uma analise abrangente de variantes missenses
nos genes SLC14A1, SLC14A2 e SLCO1B1, integrando abordagens de predicdo in silico
e analises populacionais comparativas. A partir do levantamento de variantes nos
bancos gnomAD, AbraOM e em uma populacdo de Belém, foram identificados padrbes
consistentes de frequéncias alélicas que distinguem o grupo amazonico das demais
populacbes de referéncia. Os resultados de Fst indicaram diferenciacdo genética
moderada a alta entre Belém e as populacdes Leste Asiatica e Africana, e valores mais
baixos com as populagbes Europeia e Brasileira, refletindo o componente de
ancestralidade mista da populacdo local. As analises de predicdo funcional
evidenciaram consensos e divergéncias entre algoritmos, destacando variantes com
potencial impacto sobre o transporte de solutos e a farmacocinética da hidroxiureia
(HU).

Esses achados sustentam hipoteses farmacogendmicas plausiveis, especialmente
qguanto a influéncia das variantes nos transportadores UTA e UTB (SLC14A2 e
SLC14A1) e OATP1B1 (SLCO1B1) sobre a biodisponibilidade e resposta a HU. A
heterogeneidade observada entre populagdes pode se traduzir em diferengas regionais de
eficacia e tolerabilidade, reforcando a necessidade de considerar o contexto genético
local em estratégias terapéuticas e protocolos de monitoramento clinico. Embora os
resultados ndo permitam inferéncias clinicas diretas, eles delineiam um panorama
genético-funcional consistente e biologicamente plausivel para orientar futuras
investigacbes em farmacogenémica da anemia falciforme e de outras
hemoglobinopatias tratadas com HU.

Como sugestdo de estudos futuros para melhor complementar esses dados

e A realizacdo de ensaios funcionais in vitro de transporte para variantes

priorizadas, incluindo rs1058396 e rs2298720 (SLC14Al), rs9960464
(SLC14A2) e rs2291075 (SLCO1B1);

e Estudos clinicos regionais em pacientes em uso de HU, avaliando a

correlacdo gendtipo—dose—exposicdo—HbF—eventos adversos;

e Controle de ancestralidade genética por painéis SNP/ADMIXTURE em

coortes amazonicas;

e Modelagem farmacocinética/farmacodinamica (PK/PD) populacional que

incorpore genotipos e variaveis clinicas.
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A integracdo entre dados genémicos, funcionais e clinicos proposta neste
trabalho representa um passo inicial, porém decisivo, para a consolidacdo de uma
abordagem farmacogendmica aplicada & HU no contexto brasileiro. Os resultados
aqui apresentados contribuem para preencher uma lacuna de conhecimento sobre a
diversidade genética regional e sua relevancia na resposta terapéutica, estabelecendo
bases concretas para o desenvolvimento de estratégias de medicina personalizada

voltadas a populagdo amazonica.
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