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Resumo

A anemia falciforme (AF) é uma doenga autossOmica recessiva causada por
uma mutagdo de ponto no gene da beta globina, que leva a producdo de
hemoglobina variante, a HbS. A polimerizagdo da HbS desencadeia hemdlise
intravascular e vaso-ocluséo, que dao origem as manifestagdes sistémicas da
doenca. A hemoglobina fetal (HbF) inibe a polimerizagdo da HbS e, portanto, é
modificadora dos desfechos clinicos e diminui a gravidade da AF. A Hidroxiurea
(HU) é usada no tratamento da AF e sua eficacia clinica é relacionada a indugéo
da HbF. Entretanto, existe grande variabilidade no aumento dos niveis de HbF
ou toxicidade em resposta a HU entre pacientes com AF. Neste trabalho
investigamos o efeito de polimorfismos de nucleotideo unico (Single Nucleotide
Polymorfism-SNPs) em genes candidatos a concentracédo de HbF basal ou
induzida pela HU, e sua associagdo com parametros hematologicos e clinicos
em uma coorte de 250 pacientes pediatricos com AF diagnosticadas pelo
Programa de Triagem Neonatal de Minas Gerais com acompanhamento
retrospectivo pelo Hemocentro de Belo Horizonte da Fundagao HEMOMINAS
por no minimo por 8 anos. No Capitulo 1 examinamos o efeito de SNPs em genes
candidatos a concentragao basal de HbF, em parametros hematoldgicos e na
incidéncia de complicagdes clinicas da AF na coorte de 250 pacientes pediatricos
com AF acompanhada pelo HEMOMINAS. Encontramos associagéo
independente dos SNPs rs4671393 (gene BCL11A), rs9399137 e rs4895441
(regido intergénica HBS1L-MYB, HMIP-2) com a concentracdo de HbF. SNPs
associados com HbF foram associados também a contagem reduzida de
reticuldcitos e menor incidéncia de sindrome toracica aguda e necessidade de
transfusdo sanguinea. No Capitulo 2 estimamos haplétipos compostos por alelos
de SNPs funcionais de BCL11A (TAT; rs1427407, rs766432 e rs4671393) e
HMIP-2 (CGC; rs9399137, rs4895441 e rs9494145). Esses haplotipos foram
associados com parametros hematoldgicos menos severos e taxa reduzida de
complicagbes clinicas quando comparados com o respectivo haplétipo
selvagem. Adicionalmente, observamos que BCL11A e HMIP-2 parecem
interagir na regulagao dos niveis de HbF. No Capitulo 3 conduzimos uma revisao
sistematica da literatura para responder se SNPs influenciam as alteragdes nos

niveis de HbF em pacientes com AF tratados com HU. Encontramos evidéncia



de que SNPs do intron 2 de BCL11A influenciam a resposta da HbF em
pacientes com AF. Foi conduzid uma analise de enriquecimento de vias a partir
dos genes com SNPs associados encontrados na revisdo sistematica e
identificamos vias biolégicas potencialmente envolvidas nos mecanismos de
acao da HU. No Capitulo 4 selecionamos dentre os 250 pacientes pediatricos
com AF aqueles que iniciaram tratamento com HU durante o periodo
retrospectivo de acompanhamento de 8 anos (n = 110), para testar o efeito de
SNPs na resposta a HU. Em um modelo de regressao linear multipla ajustado
pela idade, género, tempo de acompanhamento, dose de HU e HbF basal,
identificamos os SNPs rs766432, rs4671393 e rs7599488 de BCL11A como
preditores do AHbF (HbF final — HbF basal) nos pacientes com AF tratados com
HU. O SNP rs4671393 também foi associado com maior risco de incidéncia de
transfus&o sanguinea nestes pacientes com AF tratados com HU. Em concluséo,
SNPs do gene BCL11A e da regiao intergénica HMIP-2 influenciam HbF basal e
sao associados com quadro clinico menos severo da AF em pacientes nao
tratados com HU. SNPs de BCL11A também parecem influenciar a resposta da
HbF nos pacientes com AF tratados com HU, mas sua utilidade clinica ainda

precisa ser avaliada.

Palavras-chave: Anemia Falciforme, Hemoglobina Fetal (HbF), BCL711A,

HBS1L-MYB, Hidroxiureia, Farmacogenética.



Abstract

Sickle cell anemia (SCA) is an autosomal recessive disease caused by a point
mutation in the beta globin gene. It produces the HbS variant of hemoglobin. The
polymerization of HbS triggers intravascular hemolysis and vaso-occlusion, the
systemic manifestations of the disease. Fetal hemoglobin (HbF) inhibits the HbS
polymerization, thereby reducing the SCA severity. Hydroxyurea (HU) is used in
the treatment of SCA and its clinical efficacy is related to the induction of HbF.
However, there is variability in the increase of HbF levels or toxicity in response
to HU among patients with SCA. We investigated the effect of single nucleotide
polymorphism (SNPs) on baseline and HU-induced HbF concentration, and their
association with hematological and clinical outcomes in a cohort of 250 pediatric
patients with SCA. The patients were diagnosed by the Newborn Screening
Program of Minas Gerais from the Blood Center of Minas Gerais state, the
HEMOMINAS Foundation. There is a retrospective cohort with 8 years of follow-
up at least. In Chapter 1, we examined the effect of SNPs of candidate genes on
baseline HbF concentration, hematologic parameters, and in the incidence of
clinical complications of SCA in a cohort of 250 pediatric patients with SCA. The
SNPs rs4671393 (BCL11A gene), rs9399137 and rs4895441 (HBS1L-MYB
intergenic region, HMIP-2) were found to be independently associated with HbF
concentration. SNPs associated with HbF were also found to be associated with
reduced reticulocyte count and lower incidence of acute chest syndrome and
blood transfusion. In Chapter 2, we estimated haplotypes composed by functional
alleles of BCL11A (TAT; rs1427407, rs766432 and rs4671393) SNPs and HMIP-
2 (CGC; rs9399137, rs4895441 and rs9494145). These haplotypes were found
to be associated with less severe hematological parameters and reduced rate of
clinical complications when compared to their respective wild-type haplotypes.
Additionally, we observed that the BCL71A and HMIP-2 loci seems to interact in
the regulation of HbF levels. In Chapter 3 we conducted a systematic review of
the literature to answer whether genetic polymorphisms influence the HbF
changes in patients with SCA treated with HU. We found evidence that SNPs of
the intron 2 of BCL11A influences the HbF response in patients with SCA. A
pathway enrichment analysis was conducted from the genes with associated

SNPs found in the systematic review and we identified biological pathways



potentially involved in the mechanisms of action of HU. In Chapter 4, we selected
from the cohort of 250 pediatric patients with SCA, those who started treatment
with HU during the retrospective follow-up (n = 110). We tested the effect of SNPs
of the BCL11A gene and HMIP-2 intergenic region on the HbF changes in
response to HU. In a multiple linear regression model adjusted for age, gender,
follow-up time, HU dosage, and baseline HbF, we identified BCL11A SNPs
(rs766432, rs4671393, and rs7599488) as predictors of AHbF (final HbF —
baseline HbF) in pediatric patients with SCA treated with HU. The rs4671393
SNP was also found to be associated with a higher risk of blood transfusion
incidence in these AF patients treated with HU. In conclusion, SNPs of the
BCL11A gene and the HMIP-2 intergenic region influence baseline HbF and were
found to be associated with a less severe clinical outcomes in patients with SCA.
SNPs of the BCL11A gene seems to influence the HbF response in patients with

SCA treated with HU, but their clinical useful remains to be evaluated.

Key-words: Sickle Cell Anemia (SCA), Fetal hemoglobin (HbF), BCL11A,
HBS1L-MYB, Hydroxyurea, Pharmacogenetics
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1. Introdugao

1.1 Anemia Falciforme: epidemiologia e impacto na saude publica

A anemia falciforme (AF) € uma das doencas genéticas mais comuns no
Brasil e constitui um problema de saude publica. Segundo dados do Programa
Nacional de Triagem Neonatal do Ministério da Saude, estima-se a
prevaléncia de 25.000 a 30.000 individuos com AF e a incidéncia de 3.500
Novos casos por ano no Brasil (CANCADO; JESUS, 2007). Em Minas Gerais, a
incidéncia da AF € de um a cada 2.400 nascidos vivos (FERNANDES et al., 2010),
uma parcela significativa no cenario nacional.

A doenga falciforme (DF) compde um grupo amplo de doengas genéticas,
a doenca falciforme, que é caracterizada pela concentragdo de hemoglobina
S (HbS; a2BS2) variante superior a 50% (NAOUM, 2000). O alelo BS é uma
mutacdo missense (rs334) no sétimo cédon do gene da beta globina,
codificando uma valina residual no lugar do acido glutdmico, aminoacido
codificado normalmente nessa posicao (STEINBERG, 2008). A proteina
variante HbS é produzida como resultado da mudanc¢a do aminoacido. A AF
€ a homozigose do alelo BS, gendtipo mais prevalente no Brasil e de maior
gravidade clinica (HABARA; STEINBERG, 2016; SERJEANT, 1997).

A AF é doencga que exige cuidados especiais. Na auséncia de tratamento
adequado e em tempo oportuno, estima-se que cerca de 20% das criangas
com AF nao alcangam os 5 anos de idade (FEDERAL, [s. d.]). A AF raramente
apresenta sinais clinicos em neonatos, o que se justifica pela alta
concentracdo de hemoglobina fetal (HbF) ao nascimento. Portanto, o
diagnéstico precoce pela triagem neonatal constitui pega fundamental para
melhoria da expectativa e qualidade de vida dos pacientes (RODRIGUES et
al., [s. d]). Estes pacientes sdo entdo encaminhados para centros
especializados, onde iniciam tratamento adequado, com intervengdes que
incluem antibioticoterapia profilatica e vacinacdo especial adicional ao
calendario nacional de vacinagdo (BRAGA, 2007; DE MONTALEMBERT;
TSHILOLO, 2007).

Além do diagndstico precoce, a instituigao da Politica Nacional de Atengao

Integral as Pessoas com Doenga Falciforme e outras Hemoglobinopatias em
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2005 (hoje consolidada na Portaria n° 2/2017 GM/MS) no ambito do Sistema
Unico de Saude (SUS) tem mudado a histéria natural da doenca falciforme no

Brasil.
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1.2 Fisiopatologia da AF: o papel central da hemélise intravascular

A AF cursa como doenga multissistémica, embora seja uma doenca
monogénica (REES et al., 2010a). A polimerizagado da HbS é o evento primario
na fisiopatologia da AF, responsavel pelos desfechos clinicos (KATO et al., 2018;
REES et al., 2010a). Em condigdes de hipdxia, a oxi-HbS perde o oxigénio e se
torna deoxi-HbS, dando inicio a polimerizagcdo (NAOUM, 2000). A deoxi-HbS
promove a formagédo entre aminoacidos de cadeias adjacentes da BS-globina
(Figura 1). Trés fatores determinam a extens&o da polimerizag&o da HbS: o grau
de desoxigenagdo, a concentragdo intracelular de HbS e a concentragao
intracelular de HbF (GALIZA NETO; PITOMBEIRA, 2003a; NAOUM, 2000).

A polimerizagdo da HbS promove alteragdo morfolégica nas hemacias,
que assumem o formato de foice. O grau de saturagdo de oxigénio da HbS é
determinante para a polimerizagao e retorno a forma discéide (GALIZA NETO;
PITOMBEIRA, 2003a; NAOUM, 2000). Ao circularem nos capilares teciduais, as
hemacias passam por ciclos repetidos de isquemia e reperfusdo (HABARA;
STEINBERG, 2016). Embora possam reassumir o formato discéide quando
reoxigenadas, as alteragdes morfologicas causadas pela falcizagdo diminuem a
sobrevida das hemacias (STEINBERG, 2008). A taxa de hemodlise,
frequentemente, excede a capacidade de produgcdo de novas hemacias pela
medula Ossea, resultando em anemia hemolitica crénica e alta contagem de

reticuldcitos, liberados de forma prematura (QUINN, 2013).
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Figura 1: Fisiopatologia da anemia falciforme.

Quando desoxigenada, a HbS se polimeriza, levando a falcizagdo das hemacias. O processo
diminui a sobrevida das hemacias. Hemdlise promove vasculopatia por meio da liberagéo de
substancias que ativam o endotélio vascular. As células falciformes desencadeiam oclusao
microvascular através de interagdes com neutréfilos e plaquetas ativados e adeséo ao endotélio
vascular, processo que ocasiona isquemia e hipodxia tecidual, seguida de vasodilatacédo e lesédo
por reperfusado. A liberagdo de hemoglobina e arginase no plasma reduz a biodisponibilidade de
oxido nitrico (NO), o que agrava a vaso-oclusdo. Fonte: Williams and Thein, 2018(WILLIAMS;
THEIN, 2018).

A hemolise persistente promove vasculopatia por uma série de
mecanismos, todos eles causados pela liberacdo de substancias que
apresentam propriedades patoldgicas no endotélio vascular. Estas moléculas
tém sido reconhecidas como eDAMPs (do inglés, erythrocyte Danger-associated
Molecular Pattern molecules), que sao moléculas liberadas durante a leséo
tecidual macica e que podem ativar vias da imunidade inata (Figura 2)
(POTOKA; GLADWIN, 2015).

Primeiramente, pequenas quantidades de hemoglobina liberadas no
plasma sado suficientes para depletar o 6xido nitrico (NO), um potente

vasodilatador e inibidor plaquetario, e prejudicar completamente a sinalizagdo do
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NO no endotélio (REES et al., 2010a). Arginase-1 também é liberada, a enzima
metaboliza |-arginina em ornitina, reduzindo a biodisponibilidade de I-arginina,
que é essencial para a sintese de NO pela sintase endotelial do éxido nitrico
(eNOS)(POTOKA; GLADWIN, 2015; STEINBERG, 2008). A hemoglobina livre
também pode levar a formacéao de radicais livres de oxigénio (ROS), por meio da
peroxidagao lipidica, que por fim levam a disfuncdo endotelial(POTOKA,;
GLADWIN, 2015). Possivelmente, a formagdo de ROS pela hemoglobina livre
ativa oxidases, como xantina oxidase e NADPH oxidase, que promovem

estresse oxidativo vascular (ASLAN et al., 2001).
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Figura 2: Hemodlise intravascular

Efeitos da liberacdo das eDAMPs provenientes da hemolise intravascular que contribuem para
disfungdo endotelial e vasculopatia) Homeostase vascular e da formagao de 6xido nitrico (NO,
do inglés Nitric Oxide); B) Arginase modula o desbalango na biodisponibilidade de NO, e ativagéo
plaquetaria; C) Formagao de ROS e extresse oxidativo. D) Liberacdo de heme, ATP, acido urico
e inflamacéo estéril. Fonte: Potoka e Gladwin, 2015 (POTOKA; GLADWIN, 2015).

A alta taxa de hemdlise também esta associada a uma alta taxa de
producdo de novas hemacias, que liberam seus nucleos fornecendo DNA
significativo para o metabolismo, o que leva ao aumento das concentragdes de
acido urico. Os cristais de acido urico podem se ligar aos receptores do tipo NOD
e ativar potencialmente a imunidade inata (MARTINON et al., 2006). O ATP

liberado durante a hemolise também ativara essa via. Heme, ATP e acido urico
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podem entdo ser consideradas como novas eDAMPs, que conduzem a
inflamacao estéril (GLADWIN; OFORI-ACQUAH, 2014).

Quando as hemacias falcizadas perdem o seu poder deformataério, que as
impossibilita de circular nos capilares da microcirculagdo, a possibilidade de
aderéncia ao endotélio e de vaso-oclusao aumenta (NAOUM, 2000; REES et al.,
2010a). Quando aderidas a superficie do vaso, as hemacias falcizadas
favorecem a formacgao de trombos na microcirculacdo e na macrocirculacao, o
que desencadeia hipoxia tecidual e leva mais moléculas de HbS ao estado de
deoxi-HbS (NAOUM, 2000; REES et al., 2010a).0s episddios de isquemia nos
vasos sanguineos levam a formacéo de mais estresse oxidativo, aumentando a
expressao de moléculas de adesao celular endotelial, a sintese de citocinas
inflamatérias e o recrutamento de leucécitos, o que exacerba uma situagao

circulatoria ja desfavoravel (REES et al., 2010a).

Os processos fisiopatologicos descritos acima desencadeiam as
manifestacdes clinicas da AF, que envolvem principalmente hemdlise
intravascular e vaso-oclusédo. Os desfechos clinicos de crise algica, sindrome
toracica aguda (STA), acidente vascular cerebral, sequestro esplénico,
priapismo, retinopatia e osteonecrose sao originados principalmente pelo
processo vaso-oclusivo. Por outro lado, crise aplastica, colelitiase, anemia e

ictericia sdo originadas principalmente pela hemolise (STEINBERG, 1999).

A Figura 3 ilustra a etiologia da STA, uma complicagao grave da AF, cuja
etiologia envolve vaso-oclusdo pulmonar e na medula éssea, seguida de
processo inflamatorio (REES et al., 2010a). A STA é uma das principais causas
de morte em criangas com doenga falciforme, como mostrado em uma coorte
oriunda do Programa de Triagem Neonatal de Minas Gerais (FERNANDES et
al., 2017).
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Vaso-occlusion: increased HbS polymerisation
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Figura 3: Fisiopatologia da Sindrome Toracica Aguda

Sindrome Toréacica Aguda na anemia falciforme. Infecgbes ou outros estimulos inflamatérios
ocasionam hipdxia pulmonar e expressdo aumentada de moléculas de adesdo endotelial.
Polimerizagao da HbS e vaso-oclusdo aumentam a hipdxia pulmonar e a inflamagao em um ciclo
constante. Hemoglobina plasmatica livre, reduz a biodisponibilidade de 6xido nitrico (NO) e altera
a expressdo de VCAM-1 (Vascular Cell Adhesion Molecule-1). A vaso-ocluséo e o infarto da
medula éssea podem causar embolia gordurosa, prejudicando a circulagcdo pulmonar. A
secregdo aumentada de fosfolipase A2 como resposta a inflamagéo pode aumentar ainda mais
a expressao de moléculas de adesao na vasculatura pulmonar e causar mais vaso-oclusao.
Fonte: modificado de Rees, et.al. 2010 (REES et al., 2010b).

Sequestro esplénico agudo (SEA) é outro desfecho responsavel por alta
taxa de mortalidade na AF (FERNANDES et al., 2010). O SEA pode ser definido
como diminuigdo da concentracdo de hemoglobina maior ou igual a 2 g/dl
comparada ao valor basal do paciente, acompanhada de sinais sugestivos do
aumento da atividade eritropoética e aumento subito das dimensdes do baco,

normalmente acompanhado de choque hipovolémico (KHATIB et al., 2009). O
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baco € um grande repositorio de células fagociticas mononucleares na polpa
vermelha e tecido linféide na polpa branca, combinando funcdo de defesa
imunologica com controle de qualidade das hemacias senescentes ou
alteradas(KHATIB et al., 2009). Contudo, o bago € o primeiro 6rgéo injuriado pela
fisiopatologia da AF, com evidéncia de hipoesplenismo antes de um ano de idade
na maioria das criangas com AF (BROUSSE et al., 2014).

Com a baixa deformabilidade das hemacias falcizadas associada a alta
viscosidade, a polpa vermelha do bago comega a congestionar logo nos
primeiros meses de vida, levando a asplenia funcional. Hemorragias e infartos
também ocorrem e o0 bago comega a diminuir, podendo haver substituicdo por
tecido fibroso, um evento conhecido como “autoesplenectomia” (KHATIB et al.,
2009). Na auséncia de medidas profildticas, a disfungdo esplénica na AF
contribui muito para a alta taxa de mortalidade na primeira infancia devido a
devastadora infecgao bacteriana (ONWUBALILI, 1983; OVERTURF; POWARS,
1980). O subito acumulo de sangue em um baco dilatado, o chamado SEA,
apresenta poucos sinais de alerta antes do inicio da hipotensio vital, o que
provavelmente ocasiona a alta taxa de mortalidade decorrente dessa morbidade
(KHATIB et al., 2009). Além disso, a taxa de recorréncia é consideravelmente
alta (~50%) (EMOND et al., 1985).
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1.3 Hemoglobina fetal: principal modificadora da gravidade clinica da AF

A hemoglobina fetal (HbF) apresenta impacto significativo na gravidade
clinica da AF e é a principal modificadora dos fenétipos da AF. A HbS tende a
formar extensa rede de polimeros dentro das hemacias, quando desoxigenada
(STEINBERG, 2008). O processo de polimerizagdo da HbS constitui o evento
molecular primario que inicia a cascata fisiopatolégica que da origem as
manifestacdes sistémicas da AF (NAOUM, 2000). A HbF pode atenuar a
fisiopatologia da AF, por inibir a polimerizagcdo da HbS. A concentracéo
intracelular de HbF modifica a taxa e a extensao da polimerizacao da HbS,
mitigando a gravidade clinica da AF (GALIZA NETO; PITOMBEIRA, 2003b;
NAOUM, 2000). Pacientes com AF apresentam  concentragao
consideravelmente maior de HbF que a populagao geral sem AF, o que pode ser
resultado de selegcdo positiva nesses pacientes (BAUER; ORKIN, 2015;
LETTRE; BAUER, 2016a).

A HbF (a?y?) é a hemoglobina predominante durante o periodo fetal
(SANKARAN et al, 2008). Apés o nascimento, a HbF é gradativamente
substituida pela hemoglobina do adulto (HbA) e, no caso de pacientes com AF,
pela hemoglobina variante HbS. Este processo € mediado por reguladores
transcricionais e envolve a formacao de uma alca na fita de DNA linear, de modo
que a regiao de controle do locus (LCR, do inglés Locus Control Region) se ligue
em sequéncias conservadas no agrupamento de genes da [-globina, ativando
sequencialmente os genes ao longo do desenvolvimento humano (Figura 4)
(BAUER; ORKIN, 2015). Nesse periodo, ocorre um progressivo silenciamento
dos genes da y-globina (HBG1 e HBG2) e ativagao do gene da B-globina (HBB)
(BAUER; ORKIN, 2015; SANKARAN et al., 2008).
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Figura 4: Regulacédo da expressao no agrupamento de genes da beta globina

Expressao génica sequencial mediada pela LCR no agrupamento de genes da (3-globina. Lettre
and Bauer, 2016 (LETTRE; BAUER, 2016a).

Importante destacar que concentracbes elevadas de HbF foram
associadas a diminuigao de episddios de dor aguda, ulceras de pernas e taxa de
hemolise, além do aumento da sobrevida das hemacias e da longevidade em
pacientes com AF (BAILEY et al., 1992; FRANCO et al., 2006; NOLAN et al.,
2005; SERJEANT et al., 1996; WEBB et al., 1989).

Embora ainda controverso com relagdo a achados prévios (KINNEY et al.,
1999; OHENE-FREMPONG et al., 1998), estudos mais recentes tém sugerido
efeito protetor da HbF também em doencas cerebrovasculares. Um estudo
prospectivo que acompanhou criangas Holandesas com AF (HbSS) e SR°-
talassemia observou a associagao de baixas concentragdes de HbF com infartos
cerebrais silenciosos definidos por maior hiperintensidade na substancia branca
em imagem de ressonancia magnética, sugerindo o efeito protetor da HbF contra
infartos silenciosos (VAN DER LAND et al., 2016). Em outro estudo prospectivo,
envolvendo uma coorte de recém nascidos com AF (HbSS) e SR°-talassemia, a
HbF foi identificada como fator protetor para macrovasculopatia (SOMMET et al.,
2016). Por fim, um estudo envolvendo pacientes adultos com AF (HbSS) mostrou
qgue a baixa porcentagem de HbF foi independentemente associada com lesdes
silenciosas da substéancia branca em imagens cerebrais (CALVET et al., 2017).
Adicionalmente, a HbF foi identificada como o fator progndstico mais forte para
as complicagdes da AF em um recente estudo longitudinal prospectivo e
multicéntrico que acompanhou criangas com AF por 19 meses (BROUSSE et al.,

2018).Finalmente, outro estudo prospectivo que envolveu criangas com AF em
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tratamento com hidroxiureia, um farmaco indutor da HbF, mostrou que pacientes
que alcangaram no minimo 20% de HbF apresentaram uma taxa

significativamente reduzida de hospitalizagbes (ESTEPP et al., 2017).
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1.4. Genes candidatos a regulagao da HbF

Estudos de associagao gendmica ampla (GWAS, do inglés Genome Wide
Association Studies) indicaram potenciais moduladores da fisiopatologia da DF,
por influenciarem a concentragdo de HbF (MENZEL et al., 2007a; MTATIRO et
al.,, 2014; SOLOVIEFF et al., 2010). Hoje sabemos que os principais loci
envolvidos na regulagéo da expressao dos genes y-globina sdo o gene HBG2
(Subunidade Gama 2 da Hemoglobina), o gene BCL11A (Linfoma de Células B
11A), e a regido intergénica (HMIP-2), localizada entre os genes HBS1L e MYB
(revisado em (MENZEL; THEIN, 2019)). Juntos, esses loci de herancga
quantitativa (QTL, do inglés Quantitative trait Loci), respondem por 20-50% da
variancia da HbF em pacientes com AF (THEIN et al., 2009).

O gene BCL11A esta localizado no cromossomo 2p16 e codifica uma
proteina dedo de zinco (zinc finger), que se liga ao DNA (BAUER; ORKIN, 2015).
A proteina BCL11A se liga em varios locais ao longo do cluster da B-globina,
incluindo a regido de controle do locus e elementos acentuadores da transcrigéo
(BAUER; ORKIN, 2015). Analises de nocaute génico em eritrécitos mostraram
que BCL11A é uma repressora da expressao do gene y-globina e que sua perda
evita o silenciamento desse gene, que normalmente ocorre durante o
desenvolvimento tardio do feto (SANKARAN et al, 2008, 2009).
Consistentemente com a fung¢ado silenciadora do gene y-globina, BCL11A é
expressa em precursores eritréides (MENZEL et al., 2007b). Os SNPs de
BCL11A, associados com concentracao elevada de HbF em pacientes com AF,
localizam-se principalmente no intron 2 do gene, conforme evidenciado na

Figura 5.
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Figura 5: SNPs de BCL11A

Localizagdo cromossdmica dos SNPs de BCL11A associados com niveis elevados de HbF em pacientes
com AF. Fonte: Menzel e Thein, 2019 (MENZEL; THEIN, 2019).

A regido HMIP localizada no cromossomo 6q23.3, entre os genes HBS1L e
MYB foi detectada pela primeira vez em uma grande familia indiana com
Persisténcia Hereditaria de HbF e quadro clinico mais brando da doencga falciforme
(MENZEL et al., 2014). O gene HBS1L codifica uma GTPase transacional e o gene
MYB é um oncogene de mieloblastose, que codifica o fator de transcricao c-MYB
(AL, [s. d.]; THEIN et al., 2007). A Figura 6 mostra SNPs localizados em HMIP-2,

associados com concentragao elevada de HbF.
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Figura 6: SNPs de HMIP-2

Localizagdo cromossdmica dos polimorfismos de HMIP associados com niveis elevados de
HbF em pacientes com AF. Fonte: Menzel e Thein, 2019 (MENZEL; THEIN, 2019).
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1.5 Hidroxiureia: farmaco usado no tratamento de pacientes com AF

A Hidroxiureia (HU) é um analogo hidroxilado da ureia, testado em um
modelo experimental em 1928 por Rosenthal, que sugeriu sua caracteristica
mielossupressora (YAHOUEDEHOU et al., 2018). Devido ao seu potencial anti-
polimerizagao, causado principalmente pelo aumento dos niveis de HbF, a HU
foi aprovada pela primeira vez em 1999 para tratamento de pacientes com
doenca falciforme (SEGAL et al., 2008; WARE et al., 2011).

A eficacia clinica da HU esta relacionada (mas nao restrita) com a indugéo
da producdo de HbF. A HU mata seletivamente as células da medula éssea e
aumenta a numero de hemacias produzindo HbF, inibindo a polimerizagao
intracelular da HbS e prevenindo o processo de falcizagdo nas hemacias,
diminuindo assim o numero de células falcizadas (MCGANN; WARE, 2015).
Hemacias com elevada concentragado HbF tém sobrevida mais longa, atenuando
assim a hemoalise (STEINBERG, 1999). Além disso, a HU aumenta os niveis de
hemoglobina total; reduz neutréfilos, mondcitos e reticulécitos; altera a
expressao de moléculas de adesao no endotélio e geragdo de NO, alteragdes
hematolégicas que diminuem o risco de vaso-oclusdo em pacientes com AF
(MCGANN; WARE, 2015; RIGANO et al., 2018; STEINBERG, 1999).

O protocolo da HU inicia-se com dose minima de 15 mg/kg/dia, seguido
do escalonamento até a Dose Maxima Tolerada (DMT) (SUS, 2018). A DMT é
definida como a maior dose capaz de promover a melhora mais proeminente no
curso clinico e laboratorial da AF, sem a ocorréncia de toxicidade hematoldgica.
A DMT nao deve exceder 35 mg/kg/dia. Os beneficios laboratoriais e clinicos da
HU mostraram-se otimizados quando dimensionados para a DMT. A maioria dos
pacientes com AF mostram um aumento significativo na concentragdo de HbF
sob DMT (MCGANN; WARE, 2015). Entretanto, tanto a indugao da HbF quanto
a DMT é variavel entre os pacientes (MCGANN; WARE, 2015; WARE et al.,
2011).

O escalonamento de dose de HU é um processo trabalhoso que requer
monitoramento de risco de citopenias, principalmente a neutropenia, e a
resposta clinica ao tratamento com HU pode demorar até seis meses apos atingir
a DMT (EVIDENCE-BASED MANAGEMENT OF SICKLE CELL DISEASE:
EXPERT PANEL, 2014, [s. d.]). Portanto, pacientes graves com indicagéo clinica
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para HU podem vivenciar um longo periodo de exposi¢ao até deduzir que o

tratamento com HU é pouco eficaz, quando for o caso.

Importante ressaltar que a HU, além de ser amplamente utilizada no
tratamento de pacientes com AF, é atualmente preconizada e disponibilizada

pelo SUS para os pacientes com indicagao clinica do tratamento.

1.5 Farmacogenética da resposta a Hidroxiurea em pacientes com AF

Os beneficios clinicos da HU no quadro clinico e hematolégico de
pacientes com AF sdo amplamente reconhecidos na literatura cientifica (SEGAL
et al., 2008; STEINBERG, 1999). Entretanto, existe variabilidade na resposta ao
tratamento entre os pacientes, tanto com relagdo a DMT quanto ao aumento da
concentragcado de HbF induzido pela HU (MCGANN; WARE, 2015; WARE et al.,
2011).

A porcentagem de HbF alcangada com a DMT de HU atinge 10-15% em
alguns pacientes, mas pode chegar a 40% em outros pacientes (WARE et al.,
2011). Além disso, enquanto alguns pacientes toleram altas doses de HU, como
30-35 mg/kg/dia, outros pacientes desenvolvem mielossupressao grave mesmo
em doses mais baixas de HU (LETTRE et al., 2008). Esses achados clinicos
sugerem que importantes diferencas na farmacocinética e farmacodinamica,
além de fatores genéticos podem contribuir para a variabilidade fenotipica da
resposta a terapia com HU (MCGANN; WARE, 2015). No entanto, o efeito de
polimorfismos genéticos no aumento dos niveis de HbF em resposta a terapia

com HU em pacientes com AF é ainda pouco compreendido.
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2. Justificativa

O estudo clinico que tem sido desenvolvido apresenta grande relevancia
clinica e potencial aplicabilidade, uma vez que se ancora em uma coorte de
pacientes pediatricos com AF que recebem tratamento em um centro de
referéncia no tratamento de doengas hematoldgicas e tem sido acompanhada
pelo grupo de pesquisa por mais de 8 anos (AR et al., 2015; BELISARIO et al.,
2015, 2016, 2017; SALES et al., 2020).

Vale ressaltar que, embora nosso estudo clinico inclua apenas pacientes
homozigotos para o alelo B° (HbSS) — gendtipo de maior gravidade clinica — por
uma questdao de homogeneizagcdo da amostra, os achados desta proposta
podem ser clinicamente relevantes para o grupo mais amplo, reconhecido como
doenca falciforme e eventualmente outras hemoglobinopatias, como a

talassemia beta, por exemplo.

A Hidroxiurea (HU) é o farmaco atualmente adotado e disponibilizado pelo
SUS para tratamento dos pacientes com AF. A HU tem varios efeitos fisiolégicos,
incluindo o aumento da expressdo de HbF (KATO et al.,, 2018). Na evolugao
clinica, a HU reduz consideravelmente as crises de dor vaso-oclusivas, episodios
de sindrome toracica aguda, necessidade de transfusdo sanguinea e a taxa de
mortalidade dos pacientes com AF (HUSAIN et al., 2017).

Apesar da comprovada eficacia da HU para o tratamento de criangas e
adultos com AF, existe uma variabilidade interindividual fenotipica substancial
em relagao a eficacia e toxicidade em reposta a HU. Tal variabilidade pode ser
devida as limitagbes de adesao ao tratamento ou de disponibilidade do farmaco,
mas também pode ser explicada por fatores genéticos (WARE et al., 2011),

razdo para a nossa abordagem relacionada a farmacogenética.

A associacdo de SNPs de BCL71A com os niveis de HbF foram
demonstradas na literatura (BHANUSHALI et al., 2015; MENZEL; THEIN, 2019;
WONKAM, 2017). Entretanto, o efeito de SNPs na variagdo da HbF em resposta

ao tratamento com HU ainda n&o é bem compreendido.

Portanto, nossa abordagem farmacogenética poderia auxiliar no manejo
dos pacientes com AF, por meio da determinacado da resposta ao farmaco em

grupos de pacientes com diferentes perfis genéticos. Isso poderia acarretar em
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maior assertividade na escolha do tratamento dos pacientes por parte dos
médicos e em reducao de gastos com o farmaco fornecido pelo SUS naqueles

pacientes que apresentam baixa eficacia ao tratamento com HU.

O protocolo de HU é realizado a partir de uma dose minima de 15
mg/kg/dia seguido do escalonamento da mesma até a DMT. O escalonamento
da dose de HU é um processo trabalhoso que requer monitoramento do risco de
citopenias, principalmente neutropenia. A resposta clinica ao tratamento com HU
pode levar até seis meses apos atingir o DMT (EVIDENCE-BASED
MANAGEMENT OF SICKLE CELL DISEASE: EXPERT PANEL, 2014, [s. d.]).
Uma vez que existe variabilidade na resposta ao tratamento com HbF nos
pacientes com AF, pacientes graves com indicagéo clinica para HU podem
vivenciar um longo tempo de exposi¢ao até deduzir que o tratamento com HU é

pouco eficaz em seu tratamento.
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3 Objetivos

Objetivo Geral:

Examinar se polimorfismos genéticos (SNPs) de genes candidatos aos
niveis de HbF, com foco em BCL711A e na regiao intergénica HBS1L-MYB
(HMIP-2), e se haplétipos formados pela combinagdo de seus alelos, séo
associados com a concentracdo de HbF e podem predizer complicacdes
hematoldgicas e clinicas, bem como a resposta ao tratamento com o farmaco

Hidroxiureia em uma coorte de pacientes pediatricos com Anemia Falciforme.

Objetivos especificos:

1. Examinar o efeito de SNPs em genes candidatos a concentragdo de HbF
basal, e sua associagao com parametros hematologicos e risco de incidéncia
de complicagdes clinicas em uma coorte de 250 pacientes pediatricos com
AF;

2. Realizar a anotagao funcional in silico dos SNPs associados com HbF para
selecionar SNPs funcionais envolvidos na regulacdo de HbF;

3. Estimar a frequéncia de haplétipos formados pela combinagao de alelos dos
SNPs funcionais e verificar se podem predizer complicagdes hematoldgicas e
desfechos clinicos na coorte de pacientes pediatricos com AF;

4. Conduzir revisdo sistematica da literatura para investigar se existem
polimorfismos genéticos que influenciam a alteragéo nos niveis de HbF em
pacientes com AF tratados com HU,;

5. Examinar o efeito de SNPs previamente associados com HbF basal ou
identificados pela revisao sistematica na resposta ao tratamento com HU na

coorte de pacientes pediatricos com AF;
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4 Materiais e Métodos

Os materiais e métodos utilizados no desenvolvimento do estudo e os
resultados serdao apresentados em formato de quatro Capitulos, constituidos
pelos artigos cientificos gerados durante o periodo de doutoramento, sejam eles

publicados ou submetidos para publicagdo em revistas cientificas indexadas.
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4.1 Capitulo 1: Identificagdo de polimorfismos genéticos associados a

HbF basal em uma coorte de pacientes pediatricos com AF

4.1.1 Determinagao da casuistica

Estudo de coorte retrospectiva envolvendo pacientes com AF
(gendtipo HbSS) diagnosticados pelo Programa de Triagem Neonatal de
Minas Gerais (PTN-MG) entre 1999-2008, que realizam acompanhamento
clinico na Fundagao Centro de Hematologia e Hemoterapia de Minas Gerais
(HEMOMINAS), localizado na cidade de Belo Horizonte (HBH). Durante esse
periodo, 472 criangcas com o perfil hemoglobinico FS ao nascimento
(gendtipos SS, S/HPFH - Persisténcia Hereditaria de Hemoglobina Fetal - ou
SB°-talassemia) foram triadas e encaminhadas para o ambulatério do HBH.

Os seguintes critérios de sele¢cdo dos participantes foram aplicados:

e Pacientes com gendtipo homozigoto para o alelo BS (HbSS) confirmado por
biologia molecular;

e Pacientes com no minimo uma determinagao da concentragao de HbF apds
5 anos de idade e antes do inicio de regime de hipertransfusao crbnica ou
terapia com HU; Resultados com menos de trés meses apos transfusao

sanguinea irregular foram descartados.

e Assinatura do Termo de Consentimento Livre e Esclarecido (TCLE) pelos
pais e do Termo de Assentimento (TA) pelas proprias criangas, quando
aplicavel.

Os seguintes critérios de exclusdo foram aplicados:

e Pacientes que vieram a o6bito por qualquer razao;

e Pacientes transferidos para acompanhamento em outros ambulatérios
durante o periodo de acompanhamento;

4.1.2 Variaveis clinicas e hematoldgicas estudadas

As seguintes variaveis laboratoriais foram analisadas:

e Concentracéo relativa de hemoglobina fetal (%)
e Concentragao total de hemoglobina (g/dL)

e Leucometria basal (10%L)
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o Contagem relativa de reticuldcitos (%)
e Contagem de plaquetas (10%L)

e Saturagéao periférica de oxigénio (SpO2, %)

Com relacdo ao valor basal de HbF, foi utilizado o resultado do ultimo
exame apos os cinco anos de idade, desprezando-se os valores apos
transfusdes sanguineas (90 dias) ou eventos clinicos significativos (crise de dor,
infeccao grave, sequestro esplénico agudo, crise aplastica e sindrome toracica
aguda). Para as criangas que entraram em regime de transfusao cronica ou que
iniciaram tratamento com hidroxiureia, foi considerado o ultimo exame até a data
anterior ao inicio das respectivas terapéuticas. A quantificacdo da concentracao
relativa total de HbF foi realizada utilizando-se o método de eletroforese de Hb

em pH alcalino ou HPLC.

Os valores de hemoglobina total, leucometria basal e contagem de
reticuldcitos foram determinados por contador eletrénico de células (Coulter
T890, Coulter, Hialeah, FL, EUA ou CELL-DYN Ruby, Abbott Laboratories, Santa
Clara, CA, USA). Para a contagem de reticulécitos, usou-se o método azul de
cresil brilhante a microscopia Optica. Esses exames sao realizados normalmente
para acompanhamento clinico dos pacientes na Fundacdo HEMOMINAS,

estando os resultados disponiveis no prontuario médico.

Para determinacdo do valor basal de cada parametro hematoldgico, foi
considerada a média de todos os valores de exames, apdés os dois anos de
idade, desprezando-se os valores de exames realizados com menos de 90 dias
apos transfusdes sanguineas ou eventos clinicos significativos (crise de dor,
infeccao grave, sequestro esplénico agudo e crise aplastica). Nas criangcas em
regime de hipertransfusdo ou sob tratamento com HU, os valores foram
considerados até a data anterior ao inicio das respectivas condutas terapéuticas.
Apenas os episodios clinicos antes do inicio do tratamento com HU ou, no
minimo 90 dias apds algum evento de transfusao irregular foram contabilizados.

Sindrome toracica aguda (STA) foi definida como um novo infiltrado
pulmonar, incluido alteragbes inflamatérias pulmonares, embolia gordurosa ou
infarto pulmonar por oclusdo microvascular ou tromboembolismo. Dor foi um

sintoma subjetivo reportado pelo paciente ou pelos cuidadores, que levaram a



40

administragdao de analgésicos/narcoticos. Episodios de infecgao (infeccdo das
vias aéreas superiores, pneumonia/STA, infeccao do trato urinario, osteomielite,
etc.) foram consideradas apenas quando reconhecidas pelo médico responsavel
pelo atendimento clinico e que demandaram hospitalizacdo. Sequestro esplénico
agudo (SEA) foi definido como aumento rapido e macigo do tamanho do bago
devido ao aprisionamento de hemacias falcizadas e outros constituintes do

sangue, causando uma queda abrupta na concentragao de hemoglobina.

4.1.3 Genotipagem dos polimorfismos genéticos

A Tabela sumariza a metodologia para genotipagem dos SNPs

estudados.



Padrao de

Polimorfismo Sequéncia do Primer Condic¢oes da PCR Concentragio  Endonuclease / clivagem da
de MgCl, RFLP
RFLP
10U  Hincll

HBBPI : 5’ GAACAGAAGTTGAGATAGAGA3’ 94°C. 5 min 1.5 mM 37°C. 1 hour CC (701);
94°C. 45 sec; 57°C. 45 CT (701 + 361
sec; 72°C. 45 sec X 35 + 340) e TT

rs10128556 : 3’ACTCAGTGGTCTTGTGGGCTS? cycles (361 + 340)
72°C. 10 min

2U BipI;37°C. 1

BCLI114 : S’ACCATGGCCTGGTCACCA3’ 95°C. 5 min 2.0 mM hour AA (698);
94°C. 45 sec; 64°C. 30 AG (698 + 568
sec; 72°C. 30 sec X 30 + 130) e (GG

1s7557939 : 3’TCCCCCCACTAGCTCAGAAATS”  cycles 568 +130)
72°C. 5 min

BCL11A4 : SACCATGGCCTGGTCACCA3Y 95°C. 5 min 2.0 mM - -
94°C. 45 sec; 64°C. 30
sec; 72°C. 30 sec X 30

rs4671393 : 3’TCCCCCCACTAGCTCAGAAATS”  cycles
72°C. 5 min

2U  Fspl; 37°C.

BCLI114 : 5’CACTCATCCCATGCACCACT3’ 95°C. 5 min 1,5 mM 1 hour TT (739);
94°C. 45 sec; 65°C. 30 TC (739 + 607
sec; 72°C. 30 sec X 30 + 132) e (CC

1s7599488 : ’TAGCTGAAGGGGGCCAAAAGS’®  cycles 607 + 132)
72°C. 5 min

HMIP2A4 : 5 GCGGTTCCCTCAGAAGACAC3’ 95°C. 5 min 2.0 mM - -
95°C. 30 sec; 61°C. 30
sec; 72°C. 30 sec X 30

rs93991737 3’ATGCTTGCCAAAGTGCTTCTGS’  cycles

rs35786788 72°C. 5 min

41

41



HMIP2B

1s9402686

HMIP2B

154895441

F: 5GTGCTCGTTGAAAATGGGGG3’

R: 3’ATACGTGGCGTGACCATGAAS’

F: SAGTTGGCCAGAGCACACTTG3’

R: 3’TCTCCCTGTCCCCAGATACTS’

95°C. 5 min

94°C. 45 sec; 65°C. 30
sec; 72°C. 30 sec X 30
cycles

72°C. 5 min

95°C. 5 min

94°C. 45 sec; 65°C. 30
sec; 72°C. 30 sec X 30
cycles

72°C. 5 min

2.0 mM

2.0 mM

5U Bsil;37°C. 1
hour

5U Rsal ; 37°C.
1 hour

GG (70 +
200);
GA (470 + 270
+200) ¢ AA
470)
AA (207 +
164);

AG (207 + 164
+102 +62) e
GG (207 + 102
+62)

42

42
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4.1.4 Aspectos éticos

O protocolo de estudo referente aos Capitulos 1, 2 e 4 foi aprovado pelos
Comités de Etica em Pesquisa da Fundacdo HEMOMINAS - instituicdo de
execugao do projeto — e da Universidade Federal de Minas Gerais - instituicdo
coparticipante (CAAE: 4204.8215.6.0000.5118; Anexo 1). Os pacientes foram
incluidos no estudo apenas mediante assinatura do TCLE pelos responsaveis e
do TA pelo proprio paciente, quando aplicavel. O Biorrepositério de amostras
vinculado ao projeto ja foi instituido e € gerenciado atendendo ao disposto nas
Resolugdes CNS 441/11 e CNS 466/12.

4.1.5 Analises estatisticas

Para as variaveis continuas com distribuicdo normal foi utilizado o teste t
de Student e o teste ANOVA para comparacdo de médias entre dois e trés
grupos, respectivamente. Para as variaveis continuas com distribuicdo nao-
normal foi utilizado o teste de Mann-Whitney ou Kruskal-Wallis para comparagao
de médias entre dois ou trés grupos, respectivamente. A distribuicdo normal ou
ndo-normal dos dados continuos foi verificada utilizando-se o teste de
Kolmogorov-Smirnov. Foram considerados como estatisticamente significativos
os testes em que a probabilidade de erro alfa foi igual ou inferior a 0,05. As
analises estatisticas foram realizadas utilizando o programa SPSS, verséo 20.0
(SPSS Inc.; Chicago, IL, USA). A taxa de incidéncia por 100 pacientes-ano, bem
como a razao dessas taxas entre os grupos comparados foi calculada utilizando
o programa OpenEpi, um programa online de estatisticas epidemioldégicas de
cédigo aberto voltado para saude publica

(https://www.openepi.com/PersonTime2/PersonTime2.htm).
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Abstract

Fetal hemoglobin (HbF) ameliorates clinical severity of sickle cell anemia (SCA). The major loci regulating HbF levels are HBB
cluster, BCL11A, and HMIP-2 (HBS1L-MYB). However, the impact of noncoding single-nucleotide polymorphisms (SNPs) in
these loci on clinical outcomes and their functional role on regulating HbF levels should be better elucidated. Therefore, we
performed comprehensive association analyses of 14 noncoding SNPs in five loci with HbF levels and with clinical outcomes in a
cohort 0f 250 children with SCA from Southeastern Brazil, and further performed functional annotation of these SNPs. We found
SNPs independently associated with HbF levels: rs4671393 in BCL11A (3-coefficient = 0.28), 1s9399137 in HMIP-2A (3-
coefficient = 0.16), and rs4895441 in HMIP-2B (3-coefficient = 0.15). Patients carrying minor (HbF-boosting) alleles for
rs1427407, 1s93979137, rs4895441, rs9402686, and rs9494145 showed reduced count of reticulocytes (p < 0.01), while those
carrying the T allele of rs9494145 showed lower white blood cell count (p = 0.002). Carriers of the minor allele for rs9402686
showed higher peripheral saturation of oxygen (p = 0.002). Patients carrying minor alleles in BCL/1A showed lower risk of
transfusion incidence rate ratio (IRR > 1.3; p < 0.0001). This effect was independent of HbF effect (p = 0.005). Carriers of minor
alleles for rs9399137 and rs9402686 showed lower risk of acute chest syndrome (IRR > 1.3; p <0.01). Carriers of the reference
allele for rs4671393 showed lower risk of infections (IRR = 1.16; p = 0.01). In conclusion, patients carrying HbF-boosting alleles
of BCL11A and HMIP-2 were associated with milder clinical phenotypes. Higher HbF concentration may underlie this effect.
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Introduction

Sickle cell anemia (SCA) is a monogenic hemoglobin disorder
caused by homozygous A-to-T transversion at codon 7 in the
HBB gene (HBB:c.20A > T, p.E6V) [1]. Pathophysiology of
SCA is characterized by multisystem damage, including
chronic hemolytic anemia, vaso-occlusion, and tissue and or-
gan damage in several degrees [2]. SCA derives directly from
the polymerization of deoxy sickle hemoglobin (HbS; a,35,),
and there is a large clinical heterogeneity in patients with SCA
[2]. Notably, fetal hemoglobin (HbF; «yY») in higher levels
ameliorates clinical outcome and hematological parameters of
SCA, since it reduces HbS concentration and inhibits copoly-
merization between hemoglobin tetramers [3, 4].
Hydroxyurea is currently used for the treatment of SCA, and
its clinical and hematological effects primarily result from
induction of HbF expression [5].

The hemoglobin expression is regulated during human de-
velopment [6]. The switch from fetal to adult hemoglobin
occurs soon after birth and higher persistent concentration of
HDF is often observed in patients with SCA compared to in-
dividuals without SCA [3]. Despite the clinical benefits of
higher HbF concentration in reducing SCA severity, the basis
for the genetic regulation of HbF production is not fully un-
derstood. The first two trans-acting /oci that seemed to control
v-chain expression were located at X-linked chromosome
(Xp22.2) and at 623, flanked by HBSIL and MYB genes
[7-9]'. Genome-wide association studies (GWAS) identi-
fied BCLI1A as able to influence HbF concentration in
healthy subjects and in patients with 3-thalassemia and sickle
cell disease (SCD) [10-12]. Notably, Xmnl site (rs7482144
SNP at ABB cluster), BCLIIA, and HBSIL-MYB intergenic
polymorphisms (designated HMIP-2) have been recognized
as the major quantitative trait loci (QTL) for HbF [10-14].

Genetic studies have confirmed the association of single-
nucleotide polymorphisms (SNPs) at HBB gene cluster,
BCLI1A, and HBS1L-MYB (HMIP-2) loci with HbF levels
in several populations [15-18]. However, their causal effects
on HbF are difficult to interpret because all of these SNPs are
located in noncoding DNA regions. The effects of some poly-
morphisms at these loci on the clinical severity of SCA have
already been demonstrated [13, 15-19]. Estimates of the rel-
ative incidence of clinical events in patients with or without
these QTL have not been determined for each clinical out-
come in SCA. Additionally, there are few studies examining
these polymorphisms in Brazilian patients [15, 19-21].

In the present study, we performed comprehensive genetic
association analyses and functional annotation of SNPs in the
major loci affecting HbF levels, namely HBBP1, OR51B5/6,
BCLI11A, and HMIP-2. We found novel associations of these
SNPs with clinical outcomes and hematological parameters
that are relevant for SCA management and confirmed the
effect of SNPs in the BCLI /A and HMIP-2 on HbF levels in

@ Springer

a cohort of patients with SCA from Minas Gerais,
Southeastern Brazil.

Materials and methods
Subjects and study design

This was a retrospective cohort study involving 250 pediatric
patients with SCA diagnosed by the Newborn Screening
Program of Minas Gerais state, Southeastern Brazil, between
1999 and 2008, and followed up at Center of Hematology and
Hemotherapy of Minas Gerais-HEMOMINAS, in Belo
Horizonte, capital of Minas Gerais. The flow chart of patient
recruitment is shown in Fig. 1.

The following eligibility criteria were applied: (1) patients
with the homozygous B° allele confirmed by molecular
methods and (2) patients with a least one determination of
HbF concentration when 5 years old or later and before starting
chronic blood transfusion or hydroxyurea. Laboratory results

554
Newborn Screening
(1999-2008)
__________ > 53 died
------- > | 33 transferred
__________ > 73
\ 4 genotype = SS
‘ 395 J
75
---------- > | HbF > 5y age or
before HU/HTX
‘ 320 ’
elligible
__________ > ‘ 5 refused }
entry
65
""""" > not found during
enroliment period

250 ’
effectively analyzed

Fig. 1 Study population flow chart. Cohort of children diagnosed by the
Newborn Screening Program of Minas Gerais state, Southeastern Brazil,
between 1999 and 2008. Dashed lines indicate patients who were
excluded from the study due to different reasons. Out of 320 eligible
patients, we were able to recruit 250 children into the study. Patients
who died (n=53) were excluded from the study because the majority
was less than 5 years old or because informed consent from parents was
impossible to be obtained; HU/HTX: hydroxyurea or hypertransfusion.
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up to 3 months after a blood transfusion were disregarded. The
following exclusion criteria were applied: (1) patients with ge-
notypes other than homozygous B° allele, (2) transference to
another blood center in Minas Gerais or in other states, (3) death
during the retrospective follow-up, and (4) patients or guardians
who refused to entry into the study.

Research Ethics Committee from the involved institutions
approved the study protocol (certification number:
4204.8215.6.0000.5118). Written informed consent was ob-
tained from every child and its guardians in accordance with
“Declarations of Helsinki” guidelines. Age appropriate assent
was also obtained. Venous blood samples were collected from
patients at clinical attendance.

Clinical and hematological data

Clinical and hematological data were retrieved from medical
records of the patients. Clinical episodes were counted before
the start of hydroxyurea or chronic transfusion therapy and at
least 90 days after a blood transfusion administration.

The definition of clinical events was based on the
guidelines published by the Comprehensive Sickle Cell
Centers [22]. Acute chest syndrome (ACS)/pneumonia is
an acute illness characterized by fever and/or respiratory
symptoms, accompanied by a pulmonary infiltrate on a
chest x-ray. Because few children had a previous x-ray
to be compared to, the adjective “new” was dropped from
the original definition. Pain is a subjective symptom re-
ported by patients/family that led to analgesic/narcotic
administration in hospital or emergency room. Episodes
of infection (upper airway infection, pneumonia/ACS, uri-
nary tract infection, osteomyelitis, etc) were only consid-
ered as those recognized by a doctor and requiring hospi-
tal admission.

Total hemoglobin concentration, white blood cell
(WBC), and platelet counts were determined using elec-
tronic cell counter (Coulter T890, Coulter, Hialeah, FL,
EUA or CELL-DYN Ruby, Abbott Laboratories, Santa
Clara, CA, USA). Quantification of HbF relative concen-
tration was performed by hemoglobin electrophoresis at
alkaline pH or high-performance liquid chromatography
(HPLC). Reticulocyte count was determined using bright
cresyl blue under optical microscopy. Pulse oximetry
measured the peripheral oxygen saturation (SpO,).
Baseline values were the average of all exams during
steady state, after 2 years of age and at least 3 months
after blood transfusion or relevant clinical events, for in-
stance, pain crisis and infection. Administration of hy-
droxyurea or chronic transfusion protocol interrupted ac-
quisition of new data to calculate baseline values.
Baseline of HbF relative concentration for each patient
was the last available test after the age of 5 years.

Genetic data

Genomic DNA extraction from venous blood sample of pa-
tients was performed using commercial kit (QIAamp, DNA
Blood Mini Kit; Qiagen; Hilden, Germany). DNA sequenc-
ing, real-time q-PCR, or restriction fragment length polymor-
phism (RFLP) methods were used to allelic discrimination of
the polymorphisms. The authors designed the primer se-
quences and standardized PCR-RFLP conditions
(Supplementary Tablel).

DNA fragments containing rs9399137, rs3578678 (HMIP-
2A), and rs4671393 (BCL11A) SNPs were sequenced by
Sanger method using ABI Prism 3730 Analyzer (Applied
Biosystems; Foster City, CA, USA). Sequences were ana-
lyzed using Bio Edit Sequence Alignment software v.7.2.
Real Time q-PCR detected rs5006884 (OR51B5/6),
rs766432, rs1427407, rs11886868 (BCLI1A), and
rs9494145 (HMIP-2B) SNPs using TagMan™ SNP
Genotyping Assay from Thermo Fisher Scientific. PCR-
RFLP with Hincll was used to genotype rs10128556
(HBBPI pseudogene).

Statistical analyses

Nominal variables were expressed by percentage and contin-
uous variables as mean and standard deviation. Incidence of
clinical events was reported by rates to 100 patient-years (pt-
yrs), with 95% confidence intervals.

Incidence rate ratio (IRR) of clinical episodes for genotype
groups was calculated on OpenEpi online software,
PersonTime2/PersonTime2 option (http://www.openepi.com/
PersonTime2/PersonTime2.htm).

Kolmogorov—Smirnov test was used to evaluate the distri-
bution of continuous variables. The unpaired ¢ test (ANOVA
for more than two groups) and Mann—Whitney U test
(Kruskal-Wallis for more than two groups) were used to com-
pare different groups for continuous variables that were nor-
mally and non-normally distributed, respectively. Univariate
association between polymorphisms and outcomes was eval-
uated using two-tailed Chi-square or Fisher’s exact test for
categorical variables.

The independent association of polymorphisms with HbF
levels was analyzed using multiple linear regression analyses.
Through the stepwise method, the covariates were removed
one by one and the final model included only those that were
statistically significant (P < 0.05). Child’s gender and age at
HbF determination were retained as covariates, since they
influence HbF levels [6, 23]. Statistical analyses were con-
ducted on SPSS 21.0 software (SPSS Inc.; Chicago, IL, USA).

Pairwise linkage disequilibrium (LD) among SNPs was
characterized by D' and > using HaploView software [24].
The Bonferroni method of correction was applied on genetic
association tests to maintain the risk of false positive outcomes
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(type I error) at a reasonable level [25]. Since many of the
SNPs studied are part of LD blocks, families of non-
independent null hypothesis were defined on the basis of the
genomic position of SNPs [25]. Once five genomic regions
were studied, namely HBBP1, ORB51B5/6, BCL11A, HMIP-
2A, and HMIP-2B, the significance level after correction was
considered as agone= 0.05/5 = 0.01.

Results
Clinical, laboratory, and genetic profile of the cohort

Out of 250 patients with SCA enrolled in this study (Fig. 1),
125 (50%) were males, with a minimum of five and a maxi-
mum of 16 years of age (mean 8.86 + 0.19). Hematological
parameters and clinical outcomes of the cohort are summa-
rized in Table 1. Baseline HbF levels were available for 240
patients enrolled in the study. The global mean (SEM) of HbF
was 13.63% (0.44) (range: 2.6-37%). HbF relative concentra-
tion was significantly higher in females compared to males (p
= 0.018). The means of HbF for each genotype group are
summarized in Supplementary Table 2.

The distribution of genotypes for all SNPs studied showed
no deviation from the Hardy-Weinberg equilibrium (HWE)
(data not shown). Genotype frequencies found in our cohort
and their respective allele frequencies for populations of The
Trans-Omics for Precision Medicine (TOPMed) Program and
for The 1000 Genomes Project are shown in Supplementary
Table 3. Different allele frequencies were found between our
cohort and data for the African population (YRI, Yoruba in
Ibadan, Nigeria) from The 1000 Genomes.

Pairwise linkage disequilibrium (LD) among the SNPs ge-
notyped in our cohort are shown in the Supplementary Fig. 1
and Supplementary Fig. 2. A high LD (D' = 1; /* = 1) was
found between nearby rs9399137 and 135786788 SNPs in
HMIP-2A (Supplementary Fig. 2). Two polymorphisms close
to rs9399137 and rs35786788 were found in the sequenced
fragments from HMIP-2A: rs7776196 (upstream of

1$9399137; MAF: G = 0.0435) and an insertion of A base plus
double C deletion (indel CC > A) between rs9399137 and
rs35786788, corresponding to rs796512567 or to the equiva-
lent rs796983051. To date, there was no allele frequency re-
ported for this indel in dbSNP. In our cohort, the frequency of
the minor allele delCCinsA was 0.224. The LD between
1s9399137/rs35786788 and indel mutation had D' = 1 and »*
=0.50.

Association of genetic variants with HbF levels

SNPs in HBBP or OR51B5/6 (rs10128556 and rs5006884,
respectively) were not found to be associated with HbF levels
(Table 2).

Except for 1s7599488, all SNPs located in BCLIIA were
significantly associated with HbF concentration. Minor alleles
of 15766432, 151427407, and rs4671393 were significantly
associated with increased HbF levels (p < 0.001). Notably,
the BCLI1A 1s4671393 explained 12% of the variation in
HbF levels in our cohort (Table 2).

Regarding HMIP-2, all minor alleles of SNPs were signif-
icantly associated with higher HbF levels, except for
1s7776196 (Table 2). The C allele for rs9337137 and the A
allele for rs35786788 (these two SNPs had D' = 1 and /* = 1)
were associated with higher HbF values (p < 0.001), and they
explain 7% of variation in HbF levels. Noteworthy, this study
is the first to report that delCCinsA (rs796512567) was asso-
ciated with higher HbF levels (p = 0.002). However, it is
located between the SNPs rs9337137 and rs35786788, and
these SNPs are in complete LD. Moreover, delCCinsA was
not found to be an independent factor in multivariate analysis.
The minor alleles for rs4895441, rs9402686, and rs9494145
were also found to be associated with increased HbF levels (p
< 0.001).

In the multivariate analysis, three SNPs remained indepen-
dently associated with HbF concentration: rs4671393 in
BCLI11A (B-coefficient = 0.28), rs9399137 in HMIP-2A (f3-
coefficient = 0.16), and rs4895441 in HMIP-2B ([3-coefficient
=0.15).

Table 1  Hematological and clinical characteristics of the studied cohort
Hematological variables® Mean (SEM) 95% CI Clinical variables® Rate per 100 patient-years 95% CI

Upper Lower Lower Upper
Hb F (%) 13.63 (0.44) 12.77 1449 Transfusion 41.4 389 44
Hb (g/dL) 7.91 (0.06) 7.80 8.03 Acute chest syndrome 26.2 24.2 28.3
WBC (IOQ/L) 15.38 (0.21) 1497 15.80 Painful episode requiring medical attention 38.5 36.1 41
Reticulocyte (%) 14.65(0.26) 14.14 15.16 Infection requiring hospitalization 50 472 529
Platelet (10°/L) 412.86 (7.03) 399.00 426.70
SpO, (%) 93.60 (0.22) 93.17 94.03

#For hematological and clinical variables, n =250, except for HbF (n =240) and SpO2 (n=220)
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Table 2 Association between genetic polymorphisms and relative concentration of fetal hemoglobin in 240 Brazilian children with SCA

Locus Position® on SNP ID Allele MAF Effect Variance explained  p value p value (group I x group
chromosome change size (%) !
Chromosome 2
BCLIIA 60490908 rs1427407  G>T 02 0309 9.6 <0.001 <0.001
BCLIIA 60491212 rs7599488 C>T 037 -0.04 0.2 0.98 0.96
BCLIIA 60492835 1s766432 A>C 022 0.267 7 <0.001 <0.001
BCLIIA 60493111 rs11886868 T>C 035 0211 45 0.003  0.004
BCLIIA 60493816 rs4671393°  G>A 0.24  0.346 12 <0.001 <0.001
BCLIIA 60494212 157557939 A>G 035 0.181 3 0.01 .007
Chromosome 6
HMIP-2A 135097850 157776196  A>G 0.1 -0009 O 0.94 0.78
HMIP-2A 135097880 159399137 T>C 0.13  0.268 72 <0.001 <0.001
HMIP-2A  135097900-1 1s796512567 delCCinsA  0.22 0.215 4.6 0.002  0.009
HMIP-2A 135097904 rs3b5786788 G>A 0.13  0.268 72 <0.001 <0.001
HMIP-2B 135105435 rs4895441° A>G 0.09 0.266 7.1 0.001  <0.001
HMIP-2B 135106679 rs9402686  G>A 0.14 0.265 7 <0.001 <0.001
HMIP-2B 135111414 rs9494145  T>C 0.13  0.246 6.1 0.001  <0.001
Chromosome 11
HBBPI 5242453 rs10128556 C>T 0.012 —0.09 0.9 - 0.89
OR51B5/6 5352021 rs5006884  C>T 0.08 0.006 0 - 0.20

Significance level was 0.05/5=0.01 after Bonferroni correction (significant values in italics)

*GRCh38.p7
® Total linkage disequilibrium (D'=1; 7% = 1)

¢ SNPs that remained independently associated with HbF at the final model of multiple linear regression

4 Group I: genotype without minor allele; group II: genotypes with minor allele in homozygosis or heterozygosis

Association of SNPs with clinical outcomes and
hematological parameters

All the SNPs found to be associated with increased HbF
levels were also associated with higher total Hb concen-
tration (p < 0.01), except for the delCCinsA. Lower retic-
ulocyte count was observed in subjects carrying at least
one minor allele for rs1427407 (p = 0.009), rs93979137
(p = 0.004), rs4895441 (p = 0.005), rs9402686 (p =
0.001), and rs9494145 (p = 0.003) (Fig. 2a). Subjects
carrying at least one minor allele for rs9494145 showed
lower WBC (p = 0.004; Fig. 2b). Additionally, SpO, was
higher in carriers of the minor allele for rs9402686 (p =
0.007; Fig. 2c). We found no associations with platelet
count (Supplementary Table 5). Considering the three
SNPs that remained significantly associated with HbF
concentration in the multivariate analysis (see above),
none of them had independent impact on total Hb concen-
tration, after adjusting for the HbF relative concentration.

Association tests between genotypes and the incidence
of clinical events are shown in Table 3. Patients carrying
BCLIIA alleles associated with lower HbF levels had a
significant higher ratio of blood transfusion per 100 pt-yrs

than those with minor alleles associated with higher HbF
levels, except for rs7599488. The highest rate ratio was
recorded for rs4671393, 1.62 (95% CI, 1.42-1.85; p =1 x
1077). This effect was independent of HbF relative con-
centration when a regression model was adjusted for the
effect of HbF (p = 0.005). Additionally, patients who
were GG homozygotes for rs4671393 showed higher risk
of infection than patients carrying at least one minor A
allele (IRR = 1.16 (1.03-1.3); p = 0.01). When adjusted
for the HbF concentration, this association was not signif-
icant anymore. No association of HMIP-2 genotypes with
transfusion incidence was detected in the present study
(Table 3).

Reference homozygous patients for rs93999137 (HMIP-
2A) and rs9402686 (HMIP-2B) exhibited risk of acute chest
syndrome 1.3 times greater than those carrying minor alleles
that enhance HbF levels (Table 3). These effects were also not
statistically independent from that asssociated with HbF
concentration.

Table 4 summarizes the association of rs4671393,
1s9399137, and rs4895441 (SNPs that remained independent-
ly associated with HbF concentration; see above) with some
clinical outcomes and hematological parameters.
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Fig. 2 Comparative boxplot of SNPs significantly associated with
hematological parameters. a Relative reticulocyte count. b White blood
cell count. ¢ Peripheral oxygen saturation. As usual, vertical bars

Discussion

The main novel findings reported here were that (1) three
SNPs were independently associated with HbF concentration
(rs4671393 in BCLI11A, 1rs9399137 in HMIP-2A, and
rs4895441 in HMIP-2B), considering SNPs as part of geno-
mic regions of high LD, and (2) HbF-boosting alleles decrease
risk of many severe clinical outcomes of SCA; most of the
effect seems to be dependent on the effect of HbF
concentration.

The SNPs in the BCLIIA and HMIP-2 explained almost
20% of the variance of HbF concentration in our cohort.
BCLI11A is a well-known silencer of the y-genes that re-
presses HbF production, as reviewed elsewhere [26].
Therefore, it is possible that BCLIIA expression is reduced
by changing motifs required for the binding of transcription
factors [27, 28]. Lowering BCLI 1A expression would lead to
an increase of HbF level, because it has already been shown
that silencing activity of BCL1IA is dose-dependent. The
SNPs 15766432, rs1427407, and rs11886868 had high effects
on the HbF concentration in our cohort ([3-coefficient = 0.26,
0.31, and 0.21, respectively), and they explained 5-10% of
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represent, from left to right, the minimum, the first quartile, the median,
the third quartile, and the maximum values

variation. In line with our findings, higher effect was also
found in Tanzanian, British and in the Cooperative Study of
Sickle Cell Disease (CSSCD) [10, 29]. The rs1427407 SNP
falls in +62 DNAse I Hypersensitive Site, an erythroid en-
hancer of BCLIIA, and overlaps a peak of GATA1 and
TALI transcription factor binding. Notably, the minor T allele
for rs1427407 disrupts the consensus sequence enriched for
GATA1 and TAL1 transcription factors [30].

Regarding the polymorphisms at HMIP-2, the SNPs
rs4895441 and 1s9397137 were independently associated with
HDF levels in the multivariate model. According to its score 1f
at RegulomeDB, 154895441 is suggested to motif match for
transcriptional factor binding, overlap with DHSs and it was
correlated with expression of HBG1 and HBG2 (genes codi-
fying y-chain of HbF) as quantitative trait locus (eQTLs),
which are genomic loci associated with variation in gene ex-
pression levels. Thus, functional annotation suggested that
rs48954441 may be a functional SNP, although its associa-
tions with HbF level are controversial [10, 19, 31-35].
Conversely, many studies confirmed the effect of rs9399137
on HbF levels [10, 16, 18, 20, 21,29, 31, 36-40]. However, its
role on regulating HbF levels is not clear. According to The
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Table 3
children with SCA

Incidence rate ratio of some clinical outcomes between genotypes of polymorphisms at major loci affecting HbF levels in 250 Brazilian

SNPs Transfusion Acute chest syndrome Pain requiring care in hospital  Infection requiring hospital
or emergency room admission
Rate ratio (I/I1)* 95%  p value Rate ratio /I)* 95% p Rate ratio (I/I)* 95% p Rate ratio (I/ID* 95% p
CI CI value CI value CI value
BCLIIA
rs1427407  1.49 (1.3-1.7) 1 x 1.12 (0.95-1.32) 0.17  0.94 (0.83-1.07) 039  1.08(0.98-1.23) 0.2
107
157599488  0.96 (0.85-1.09) 0.55 1 (0.86-1.17) 096  1.02(0.9-1.16) 0.77 099 (0.89-1.11) 0.9
1s766432 1.53 (1.34-1.75) 1x 1.13 (0.96-1.32) 0.16  0.85(0.75-0.97) 0.02  1.1(0.5-1.14) 0.13
107
rs11886868 1.3 (1.15-1.47) 2 x 1.17 (1-1.4) 0.06 0.9 (0.79-1.03) 0.11 1.12 (1-1.12) 0.06
107°
14671393 1.62 (1.42-1.85) 1 x 1.17 (1-1.37) 0.05  0.99(0.87-1.12) 085  1.16(1.03-1.3) 0.01
1077
1s7557939  1.32(1.17-1.49) 1x 1 (0.96-1.32) 096  0.86 (0.75-0.98) 0.03  1.06 (0.95-1.19) 0.29
107°
HMIP-2A
rs7776196  1.05 (0.89-1.23) 0.62 0.89 (0.73-1.09) 028  1.28(1.07-1.54) 0.008 0.98 (0.85-1.14) 0.81
rs9399137  1.13 (0.97-1.3) 0.12 1.37 (1.13-1.66) 0.001  0.99 (0.85-1.15) 091 1.17 (1.02-1.33) 0.03
1796512567 1.11 (0.98-1.3) 0.1 1.2 (1-1.4) 0.03  1.12(0.98-1.3) 009 1.13(1-1.3) 0.05
HMIP-2B
s4895441 1.01 (0.86-1.18) 0.99 0.96 (0.79-1.17) 0.74 097 (0.82-1.14) 0.72  0.86 (0.75-0.98) 0.03
rs9402686  1.05(0.92-1.2) 0.51 1.33(1.11-1.6) 0.002 1.05(0.91-1.21) 049  1.12(0.98-1.26) 0.09
1s9494145  1.14 (0.99-1.31) 0.08 1.16 (0.97-1.39) 0.12  1.1(0.95-1.3) 0.2 1.15(1-1.3) 0.04
OR51B5/6
rs5006884  1.03 (0.87-1.22) 0.78 0.78 (0.64-0.95) 0.017 0.92 (0.78-1.1) 037  0.87(0.75-1) 0.07
HBBP1
rs10128556  2.08 (0.99-4.37) 0.048 1.53 (0.68-3.41) 039  0.67 (0.43-1.04) 0.11  0.75(0.5-1.14) 0.23

*Group I: genotype without minor allele; group II: genotypes with minor allele in homozygosis or heterozygosis. Significance level was 0.05/5 = 0.01
after Bonferroni correction (significant values in italics). For comparison of observational times between Groups I and II, see Supplementary Table 4

Genotype-Tissue Expression project (GTEx) data, the minor
allele (C) of rs9399137 is associated with decreased expres-
sion of HBSIL in several tissues, but not in whole blood or
spleen, and expression of HBS/L has been associated with the
number of F-cells [14]. Moreover, SNPs associated with HbF
higher levels display positive correlation with transcription of
HBSIL and MYB [14]. It was proposed that MYB regulates
KLF1, a transcriptional factor that trans-activates BCLIIA,
binding to its promoter [26]. However, the most plausible
explanation for the association between rs9399137 with HbF
is the LD with a 3-base indel (rs66650371), itself a significant
functional motif in HMIP-2A that modulates HbF [41].

The SNP 1510128556 was not found to be associated with
HbF concentration in this study, which could be due to the low
frequency of the T minor allele (MAF = 0.01) in the present
study. Noteworthy, rs10128556 SNP has been previously as-
sociated with HbF levels and it showed high LD with
rs7482144 (Xmnl) [13], which is found at the Senegal beta
globin haplotype known by the increased HbF levels [42].

According to GTEx database, the rs10128556 SNP was cor-
related with HBG2 expression in spleen and whole blood as
eQTL. HBG2 expression increases with each copy of its minor
allele in whole blood and spleen tissues. Notably, the spleen is
used to expand the erythropoetic capacity under erythroid
stress conditions such as hypoxia or anemia [43].

We found no association of rs5006884 (ORS51B5/6) with
HbF concentration in our cohort. The SNP rs5006884 was
associated with HbF levels by GWAS in CSSCD patients
and in a replication set of black patients, but not replicated
in a cohort of patients with beta thalassemia or hemoglobin E
from Hong Kong and Thailand [44]. However, this associa-
tion has shown stronger effect in males. Therefore, since fe-
males show higher HbF levels in our cohort, the putative sex
specific regulation may be contributing to this lack of associ-
ation. However, this hypothesis remains to be tested.

The HbF-boosting alleles modified clinical outcomes and
hematological parameters in children with SCA. Reticulocyte
is a precursor of red blood cells, and reticulocytosis is a result of
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Table 4 Incidence rate ratio of some clinical outcomes and comparison of hematological variables for the three polymorphisms that were statistically
significant in the multivariate model for fetal hemoglobin in 250 Brazilian children with SCA

BCLIIA HMIP-2A HMIP-2B
SNP 1s4671393 1s9399137 1s4895441
Clinical data
Transfusion Rate ratio (I/I)*  1.62 (1.42-1.85) 1.13 (0.97-1.3) 1.01 (0.86-1.18)
p value Ix 1077 0.12 0.99
Acute chest syndrome Rate ratio (I/ID*  1.17 (1-1.37) 1.37 (1.13-1.66) 0.96 (0.79-1.17)
p value 0.05 0.001 0.74
Pain requiring care in hospital or emergency  Rate ratio (I/I)*  0.99(0.87-1.12) 0.99 (0.85-1.15) 0.97 (0.82-1.14)
room p value 0.85 0.91 0.72
Infection requiring hospital admission Rate ratio (I/ID)*  1.16 (1.03—1.3) 1.17 (1.02-1.33) 0.86 (0.75-0.98)
p value 0.01 0.03 0.03
Hematological data
Total Hb concentration (g/dL) Mean + SEM 7.7+0.1/82+0.1 7.8+£0.1/9.2+0.2 7.8+0.1/83+0.2
I710n
95570 C)I (vmy?* 7.5-7.8/8.0-8.4 7.7-1.9/7.7-8.5 7.7-1.9/7.9-8.7
p value <0.001 0.004 0.001
WBC count (x 10°/L) Mean + SEM 15.7+£0.3/15.2+04 15.6+0.3/15.3+0.5 15.7+0.3/14.9+0.6
/)y
95570 C)I y? 15.2-16.3/14.5-16.0 15.1-16.1/14.3-16.3 15.2-16.2/13.7-16.0
p value 0.286 0.135 0.074
Reticulocyte count (%) Mean + SEM 15.0+£0.3/14.5+0.5 15.1+£0.3/13.6£0.6 15.1+£0.3/13.2+0.7
/1y*
955%; C)I y? 14.2-15.6/13.6-15.4 14.5-15.7/12.4-14.8 14.6-15.7/11.8-14.7
p value 0.355 0.004 0.005
Platelet count (x 10°/L) Mean + SEM 426.2+10.7/398.7+11.1 406.5+8.2/442.3+19.5 411.9+8.5/427.0+19.1
/1y?
955%; C)I vy 405.1-447.4/376.5-420.9 390.3-422.7/403.0-481.6 395.1-428.8/388.3-465.7
p value 0.06 0.182 0.697

* Group I: genotype without minor allele; group II: genotypes with minor allele in homozygosis or heterozygosis. Significance level was 0.05/5=0.01
after Bonferroni correction (significant values in italics); mean + SEM: mean values for group I and group II + standard error of the mean; 95% CI (I/11):

95% confidence interval for the mean values of group I and group II

bone marrow compensatory activity in response to chronic he-
molytic anemia [45]. Therefore, reduction of reticulocyte count
indicates a mild hemolytic profile. Reticulocyte count was low-
er in subjects carrying minor allele of rs9399137, rs4895441,
1s9402686, rs9494145, and rs1427407. Previously, rs1427407
was also associated with lower reticulocyte count in the BABY
HUG cohort [40]. WBC and SpO2 are also relevant indicators
of the severity of sickle cell disorders. Significantly, decreased
WBC and higher SpO2 were shown to be associated with the
minor alleles of 159494145 and rs9402686.

Transfusion is a key therapy in the management of SCA for
treating and avoiding several complications of the disease
[22]. Therefore, the increased overall rate of transfusion ob-
served (> 40 per 100 pt-yrs) denotes the clinical severity of the
group of patients enrolled in this study. Notably, we found
association of all minor BCL/IA SNPs with lower risk of
transfusion. Therefore, our findings suggest that HbF-
boosting alleles at BCL11A ameliorate the clinical phenotype
of SCA. Notably, this effect was independent of HbF relative
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concentration. Noteworthy, these effects may be clinically rel-
evant for the broad spectrum of hemoglobinopathies, since
genetic studies have reported associations of the SNPs not
only with SCA [10-12].

Incidence of ACS was high considering average age of the
subjects (8.9 years old). ACS is one of the main causes of death
in Brazilian children with SCD from Minas Gerais state, ac-
cording to data of Newborn Screening Program [46]. Notably,
the minor alleles for rs9399137 and rs9402686 SNPs showed
lower incidence rate ratio for ACS in our cohort.

Painful episode incidence was almost 80 per 100 pt-yrs and
half of the events required medical care. Acute painful episode
is the most important cause of hospitalization of patients with
SCA [47]. Higher pain rates correlate with early death in pa-
tients with SCA over the age of 20 [48]. We were not able to
find that HbF-boosting alleles were associated with a reduc-
tion of painful crisis. Contradictory findings have been report-
ed [40]. The pain rate was shown to be inversely related to
HObF levels in a previous study [48]. Interestingly, the minor
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allele G for rs7776196 SNP in the HMIP-2A was the only one
associated with a lower incidence rate ratio of painful episode.
In the present study, even this SNP was not found to be asso-
ciated with HbF concentration. Although multiple testing cor-
rection was applied, a type 1 error is the most likely explana-
tion here, since there was no effect on other hematological/
clinical variable and, furthermore, functional information do
not presently justify this finding.

The use of medical records as the source of retrospective
data is one of the limitations of the present study, because data
were generated for clinical follow-up and not for research
purpose. In addition, the sample size represents slightly more
than half of the patients diagnosed by our Newborn Screening
during the period of the study. However, 30% of those patients
initially eligible had to be excluded from the study because
they did not have HbF quantification after 5 years of age or did
not have it before hydroxyurea or chronic transfusion therapy
was begun. Although this criterion is surely important to ac-
cess baseline level of HbF, it may characterize selection bias,
as far as it excludes patients with likely more severe clinical
profile, requiring adoption of these therapies before the age of
5 years. Likewise, exclusion of children who died before the
study was started may have biased the results in the same
direction. Conversely, patients who did not come for routine
care at the outpatient clinic during the period of the study most
probably represent milder forms of SCA.

In conclusion, our comprehensive genetic association anal-
yses including 14 SNPs at five main loci affecting HbF levels
demonstrated that three SNPs were independently associated
with higher HbF concentration (minor alleles of rs4671393 in
BCL11A, 1s9399137 in HMIP-2A, and rs4895441 in HMIP-
2B). HbF-boosting alleles decrease risk of many severe clin-
ical outcomes of SCA, but this effect seems to be dependent
on the association of these minor alleles with high HbF con-
centration. Because of the limitations of the present study, a
full evaluation of genetic polymorphisms as prognostic
markers would require a newborn cohort that is genetically
characterized and followed prospectively over several years.
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4.2 Capitulo 2: Haplétipos de BCL11A e HBS1L-MYB associados com

concentragao elevada de HbF na predi¢cao de desfechos clinicos da AF

A casuistica estudada neste capitulo foi retirada da casuistica descrita no
capitulo 1. Vale ressaltar que o protocolo de estudo aprovado pelos Comités de
Etica em Pesquisa da Fundagdo HEMOMINAS e da UFMG, mencionado no
capitulo anterior ja contemplam os dados e analises realizadas neste capitulo
(Anexo 1). A partir dos 250 participantes do estudo anterior, foram excluidos os

individuos aparentados, restando 220 ndo aparentados.
As variaveis clinicas, hematoloégicas e genéticas estudadas seguiram o
mesmo protocolo de determinagao e analise de dados descrito no capitulo 1.

As frequéncias dos haplotipos foram estimadas usando o pacote

Haplo.stats (versao 1.7.9; http://www.r-project.org). A fungdo haplo.em foi

utilizada para calcular estimativas de probabilidade dos haplétipos usando o
algoritmo de insergao progressiva, que progressivamente insere blocos de loci
em haplétipos de comprimentos crescentes. A fungao haplo.score foi usada para
calcular a pontuacao estatistica de cada hapldtipo para testar sua associacao
nos modelos aditivo, recessivo e dominante. O valor de significancia (p=0.05) foi
ajustado para corregao de multiplos testes, dividindo o valor p pelo numero de
haplétipos estimados na casuistica. A fungéo haplo.cc foi utilizada para calcular
a razédo de chances (Odds ratio - OR) e intervalos de confianga de 95% para
cada hapldétipo. O poder das analises foi calculado utilizando a funcéo
haplo.power.cc, que especifica os coeficientes haplotipos de haplétipo como
odds ratio (OR) e depois converte em coeficientes de regressao logistica de

acordo com log (OR).

Para ambos os tipos de testes, o poder depende da quantidade de
variagdo na caracteristica explicada pelos haplétipos ou coeficiente de
correlagdo, r’. Em vez de especificar diretamente os coeficientes do haplétipo,

calculamos o vetor de coeficientes baseados em um valor R2.

Anotacdo funcional in silico dos SNPs previamente estudados foi
realizada utilizando bancos de dados publicos: The Genotype Tissue Expression

(GTEXx; https://gtexportal.org/home/) foram acessados para verificar se os

genotipos dos SNPs correlacionam com expressao tecido-especifica, ou seja, se
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os SNPs sao eQTLs (expression Quantitative Trait Loci). Dados do Encyclopedia
of DNA Elements (ENCODE) e do RegulomeDB (http://www.requlomedb.org/)

foram acessados para a buscar por SNPs em regides regulatérias em BCL11A

e HMIP-2. Finalmente, nés usados utilizamos o navegador genémico UCSC

Genome Browser (https://genome.ucsc.edu/cgi-bin/hgTracks), que integra

multiplas fontes de dados funcionais, para buscar por regides acentuadoras
(enhancers) para os genes envolvidos na via de regulagdo da HbF proposta
(BAUER; ORKIN, 2015).

Na selecdo de SNPs para as analises de haplétipos foram priorizados
SNPs que foram independentemente — pelo desequilibrio de ligacao alélica -
associados e/ou que apresentaram caracteristicas funcionais biologicamente
compativeis com a via de regulacdo da HbF (Figura 7A e Figura 7B).
Selecionamos ainda, aqueles SNPs que apresentaram alto LD (r?0,8) com
SNPs funcionais importantes, mas que nao foram genotipados em nossa coorte.
Tendo em vista que estimativas de ancestralidade genémica mostraram maior
contribuicdo Europeia (39,7%) e Africana (47,3%) em pacientes com doencga
falciforme do estado de Minas Gerais(DA SILVA et al., 2011), nés verificamos as
medidas de LD nas populagées de CEU (Populacédo de Utah, com residentes
da Europa Ocidental e do Norte) e YRI (Populagdo de Yoruba, em Ibadan,
Nigéria), utilizando dados do The 1000 Genomes.
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Figura 7: Esquema representativo da selegdo de SNPs funcionais

(A) no intron 2 do gene BCL11A [rs1427407, rs766432 e rs4671393; Chr 2 60718043 —
67386470 (GRCh37)] e na regido intergénica (B) HMIP-2 [rs9399137, rs4895441 e rs9494145;
Chr 6 135460326 - 135432552 (GRCh37)] a partir do conjunto de SNPs previamente associados
com a concentragao de HbF (Capitulo 1). Informagbes regulatdrias na regido genémica dos SNPs
foram compilados nas trés linhas continuas. Os quadrados na parte inferior da figura mostram o
desequilibrio de ligagéo (LD) entre SNPs vizinhos, que foi calculado usando dados de gendtipo
dos Yoruba em Ibadan, Nigéria (YRI) da fase 3 de The 1000 Genomes. Os nimeros dentro dos
quadrados indicam o D' expresso como percentil. Quadrados cinza escuro indicam pares em LD
forte com escores LOD para LD 2 2, quadrados cinza claro D' < 1 com LOD = 2 e quadrados
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brancos D' < 1,0 e LOD < 2. Os asteriscos indicam SNPs funcionais (dele¢do de 3 pb e
rs9494142) que nao foram genotipados em nossa coorte, mas estdo em LD com SNPs
genotipados.
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Single nucleotide polymorphisms (SNPs) of BCL11A gene and HBS1L-MYB intergenic region (named HMIP-2) affect both fetal

hemoglobin (HbF) concentration and clinical outcomes in patients with sickle cell anemia (SCA). However, no previous study has
examined the interaction among these SNPs in the regulation of HbF. We examined whether HbF-boosting haplotypes combining
alleles of functional SNPs of BCL11A and HMIP-2 were associated with clinical outcomes and hematological parameters, and
whether they interact to regulate HbF in a cohort of Brazilian children with SCA. The minor haplotype of BCLT1A (“TCA”, an allele
combination of rs1427407, rs766432, and rs4671393) was associated with higher HbF, hemoglobin and lower reticulocytes count
compared to reference haplotype “GAG". The minor haplotype of HMIP-2 (“CGC”, an allele combination of rs9399137, rs4895441,
and rs9494145) was associated with higher HbF and hemoglobin compared to reference haplotype “TAT". Subjects carrying minor
haplotypes showed reduced rate of clinical complications compared to reference haplotypes. Non-carriers of both minor
haplotypes for BCL11A and HMIP-2 showed the lowest HbF concentration. Subjects carrying only the minor haplotype of BCL11A
showed significantly higher HbF concentration than non-carriers of any minor haplotype, which showed no significant difference
compared to subjects carrying only the minor haplotype of HMIP-2. Interestingly, subjects carrying both minor haplotypes of
BCL11A (“TCA”") and HMIP-2 (“CGC") showed significantly higher HbF levels than subjects carrying only the minor haplotype of
BCL11A. Our novel findings suggest that HbF-boosting haplotypes of BCL71A and HMIP-2 can predict clinical outcomes and may

interact to regulate HbF in patients with SCA.

Journal of Human Genetics; https://doi.org/10.1038/510038-022-01079-0

INTRODUCTION

Sickle cell anemia (SCA) is a monogenic disorder caused by the
homozygosity of a point mutation in the HBB (hemoglobin subunit
beta) gene, which produces the variant of hemoglobin S (HbS).
SCA is the most common and clinically severe form of sickle cell
disease [1], and it has a complex pathophysiology, starting with
the polymerization of an abnormal deoxy sickle hemoglobin (HbS,
ap>,) [21. Notably, the level of fetal hemoglobin (HbF, a,y,) is the
major modifier of clinical phenotypes of SCA, since HbF acts as a
potent anti-sickling agent and ameliorates the clinical severity of
SCA [3].

Genome-wide association studies (GWAS) have identified the
main loci involved in the regulation of HbF production [4-6],
namely the BCL11A gene (BAF chromatin remodeling complex
subunit BCL11A), the intergenic region located between the HBSTL
(HBS1 like translational GTPase) and MYB (MYB proto-oncogene,

transcription factor), and the globin gene cluster itself. A further
GWAS have identified single nucleotide polymorphisms (SNPs) of
BCL11A gene significantly associated with the proportion of HbF-
containing erythrocytes in individuals of African ancestry with
sickle cell disease [7]. Notably, SNPs located in the intron 2 of
BCL11A gene and in the HBSTL-MYB intergenic region (named
HMIP-2) were associated with increased HbF concentration and
with milder clinical phenotypes in pediatric patients with SCA [8].
These HbF-boosting alleles were also associated with less severe
hematological parameters and lower incidence of common clinical
episodes of SCA [9, 10]. Recently, a systematic review provided
evidence that SNPs located in the intron 2 of BCL11A affect
HbF levels in response to hydroxyurea treatment in patients
with SCA [11].

Haplotypes are the combination of alleles for different genetic
polymorphisms that occur in the same gene or chromosomal
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region and that tend to be inherited together [12]. Noteworthy,
haplotypes carry more genetic information than the analysis of
single SNPs and their use may provide higher prediction power in
genetic association studies [13-15]. For example, previous
analyses were focused on typical and atypical haplotypes
classified according to six polymorphic sites in the B-globin
cluster and their relationship with pathophysiology of SCA [16].
However, although BCLT1A and HBSIL-MYB act in the same
pathway in the regulation of HbF [3], no previous study has
examined whether they interact in the regulation of HbF. It is
possible that patients with SCA who co-inherit specific haplotypes
of BCL11A gene and HMIP-2 intergenic region may exhibit
different HbF levels, which may be associated with different
clinical outcomes in SCA.

In the present study, we examined whether haplotypes
combining HbF-boosting alleles of functional SNPs of BCLT1A
gene and HMIP-2 intergenic region are associated with hemato-
logical parameters and with the incidence of clinical outcomes in
children with SCA. Moreover, we examined whether the haplo-
types of BCL11A gene and HMIP-2 intergenic region interact in the
regulation of HbF levels.

MATERIALS AND METHODS

Subjects and study design

This study was conducted accordingly with the Declaration of Helsinki and
was approved by the Institutional Review Board from the Hemominas
Foundation and the Federal University of Minas Gerais (certification
number: 4204.8215.6.0000.5118). Written informed consent and age-
appropriate assent were obtained from every child included in the study
and from their parents/guardians.

This study involved a retrospective cohort of pediatric patients with SCA
diagnosed between 1999 and 2008 by the Newborn Screening Program of
Minas Gerais state, Southeastern Brazil, and followed up at Center of
Hematology and Hemotherapy of Minas Gerais—-HEMOMINAS, in Belo
Horizonte, capital of Minas Gerais. The patient recruitment and eligibility
criteria were previously described [8]. For the present study, we excluded
those related subjects from our cohort of 250 pediatric patients with SCA
[8] and, accordingly, we selected 220 unrelated children with SCA for the
haplotype analyses.

Hematological and clinical data

Hematological parameters and clinical outcomes were retrieved from the
medical records of the patients. The hematological parameters tested were
relative HbF concentration, total hemoglobin concentration (total Hb),
white blood cell count (WBC), reticulocytes, platelets and peripheral
oxygen saturation (Sp0O2), which were determined according to protocol
previously described by our group [8].

Clinical episodes were defined based on the guidelines from the
Comprehensive Sickle Cell Centers [17]. Acute chest syndrome (ACS)/
pneumonia was defined as an acute event characterized by fever and/or
respiratory symptoms, accompanied by a pulmonary infiltrate on a chest
x-ray. Because few children had a previous x-ray to be compared to, the
adjective “new” was dropped from the original definition. Pain was defined
as an acute episode reported by patients/family that led to analgesic/
narcotic administration in hospital or emergency room. Definition of
infection included upper airway infection, pneumonia/ACS, urinary tract
infection and osteomyelitis. The episodes of infection were only
considered as those recognized by a physician and requiring hospital
admission. Acute splenic sequestration (ASS) was defined as a tender,
rapidly enlarging, and sometimes massive spleen due to the trapping of
sickled erythrocytes and other blood constituents, which caused a
precipitous fall in Hb level.

Functional annotation of SNPs associated with HbF levels

First, we performed the identification of functional SNPs previously
associated with HbF levels. We searched for regulatory information in
the human genome according to the approach to identify “functional
SNPs”, as proposed elsewhere [18]. These authors described a scenario in
which a lead SNP associated with a phenotype in a GWAS is in strong
linkage disequilibrium (LD) with a functional SNP, which overlaps predicted
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binding motifs of transcriptional factors and DNAsel hypersensitivity peaks,
as well as is in strong LD with a third SNP that is associated with gene
expression as an expression Quantitative Trait Loci (eQTL). If neither the
lead SNP from a GWAS nor the eQTL SNP overlaps with a functional region,
then the functional SNP is more likely to be the SNP that plays a biological
role in the phenotype [18].

Next, we selected SNPs of BCL11A gene and HMIP-2 intergenic region
that explain a greater fraction of the variance in the HbF levels in our
cohort of children with SCA [8]. We performed the functional annotation of
these SNPs using publicly available databases: The Genotype Tissue
Expression (GTEx [19]; https://gtexportal.org/home/) was used to assess
whether the SNPs genotypes correlate with tissue-specific expression,
which means that the SNPs may be eQTLs. Data from The Encyclopedia of
DNA Elements (ENCODE) Project, including DNase | hypersensitivity sites
and Chromatin immunoprecipitation followed by sequencing (ChIP-seq)
peaks for transcription factor binding sites, and RegulomeDB [20] (http://
www.regulomedb.org/) were accessed to search for SNPs located within
putative regulatory regions in the BCL11A gene and the HMIP-2 intergenic
region. Finally, we searched for enhancer regions in the genes involved in
the proposed HbF regulatory pathway [3] at the UCSC Genome Browser
(https://genome.ucsc.edu/), which integrates multiple sources of
functional data.

Genetic data and haplotype association analysis

Venous blood samples were collected from patients at clinical attendance.
Genomic DNA extraction from venous blood samples of patients in our
cohort and SNP genotyping were performed as previously described [8].

The haplotypes frequencies were estimated using the Haplo.stats
package (version 1.8.9;  https:/cran.r-project.org/web/packages/
haplo.stats/). The function haplo.em computes maximum likelihood
estimates of haplotype probabilities on unrelated subjects, with linkage
phase unknown, using the progressive insertion algorithm, which
progressively inserts batches of loci into haplotypes of growing lengths,
as described in detail elsewhere [21-23]. Because linkage phase is
unknown on unrelated subjects, there may be more than one pair of
haplotypes, so posterior probabilities of pairs of haplotypes for each
subject are also computed [23]. The haplotype frequencies formed by the
combination of functional SNPs selected from the BCL11A gene and HMIP-
2 intergenic region are shown in Supplementary Tables S1 and S2. The
reference and minor haplotypes were defined as the haplotypes that
combined the wild-type alleles and minor alleles of the functional SNPs,
respectively. Regarding BCLT1A, the possible haplotypes that combined
alleles of the functional SNPs rs1427407 (G>T), rs766432 (A>C), and
rs4671393 (G > A) were: H1 (GAA); H2 (“GAG”, Reference haplotype); H3
(GCA); H4 (GCG); H5 (TAG); H6 (“TCA”, Minor haplotype); and H7 (TCG)
(Supplementary Table S1). Regarding HMIP-2, the possible haplotypes that
combined alleles of the functional SNPs rs9397137 (T>C), rs4895441
(A >G), and rs9494145 (T > C) were: H1 (CAC); H2 (CAT); H3 (“CGC”, Minor
haplotype); H4 (CGT); H5 (TAC); H6 (“TAT", Reference haplotype); H7 (TGC);
and H8 (TGT) (Supplementary Table S2).

We then tested the association of the haplotypes combining functional
SNPs of BCL11A or HMIP-2 with hematological parameters and with the
incidence of clinical outcomes. Haplotypes that had frequencies below 5%
in our cohort were excluded from the association analyses. For these
analyses, we named as “TCA+" and “TCA—" the groups of subjects that
carry and not carry the “TCA” minor haplotype of BCL11A gene,
respectively. Similarly, we named as “CGC+" and “CGC—" the groups of
subjects that carry and not carry the “CGC”" minor haplotype of HMIP-2
intergenic region, respectively.

Statistical analyses

Continuous variables were reported as mean and standard deviation.
Incidence of clinical episodes was reported by relative rates to 100 patient-
years (pt-yrs), with 95% confidence intervals. The incidence rate ratio (IRR)
of clinical episodes was calculated on OpenEpi online software,
PersonTime2/PersonTime2 option (http://www.openepi.com/
PersonTime2/PersonTime2.htm).

For continuous variables with normal distribution, Student’s t test and
ANOVA test were used to compare means between two and three groups,
respectively. The distribution of continuous variables was evaluated by
using the Kolmogorov-Smirnov test. The Mann-Whitney or Kruskal-Wallis
tests were used to compare means between two or three groups,
respectively in testing the association with continuous variables with non-
normal distribution. Cumulative incidence of ASS was estimated by using a
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Fig.1 Comparative boxplot of HbF concentration between the reference and minor haplotypes of BCL11A gene and HMIP-2 intergenic region.
A The minor TCA haplotype of BCLT1A (16.61 £ 7,56; n =73 haplotypes) showed increased HbF concentration (P = 0.0006) when compared
with reference GAG haplotype (13.28 + 6,68; n = 208). B The minor CGC haplotype of HMIP-2 (17,94 +7,91; n = 25) showed increased HbF
concentration (P = 0.003), when compared with GAG reference haplotype (13.45 + 6,88; n = 216)

Kaplan-Meier method (function: one minus survival) and the log rank test
was used to compare the incidence between haplotype groups. The tests
were considered statistically significant when the probability of an alpha
error was equal to or less than 0.05. Haplotype association tests were
performed using the SPSS software, version 21.0 (SPSS Inc.; Chicago,
IL, USA).

We compared the mean of HbF levels between minor and reference
haplotype using Student’s T test. Due to the low frequency of the minor
haplotypes in our cohort, we performed the association tests with the
hematological parameters and the incidence clinical outcomes by
comparing the subjects carrying the minor haplotypes for BCL11A gene
and HMIP-2 intergenic region with the non-carriers of these minor
haplotypes.

Pairwise LD among SNPs was calculated as D' and r? using HaploView
software version 4.2 [24], and data from the 1000 Genomes Phase 3 for
Africans (YRI, Yoruba in Ibadan, Nigeria) and Europeans (CEU, Utah
Residents with European Ancestry).

Finally, in order to examine whether the haplotypes of BCL11A gene and
HMIP-2 intergenic region interact in the regulation of HbF levels, we
compared the mean of HbF levels between the combinations of
haplotypes. Haplotype groups were defined by the presence of minor
haplotype of each locus.

RESULTS

Clinical and laboratory profile of the cohort

The present study included 220 children with SCA, 105 (47.7%)
were males. The mean age at the time of enrollment was 9.8 £ 2.9
years, with a minimum of 5.2 and a maximum of 16.1 years. The
hematological parameters and the incidence of clinical outcomes
of pediatric patients with SCA are summarized in Supplementary
Table S3. The mean of the HbF concentration was 13.5% + 6.9%,
minimum of 2.6% and maximum of 37%. The mean + standard
error of the mean (95% confidence interval, lower - upper) of
hematological parameters in the 220 children with SCA (192 for
Sp0,) were: HbF, 13.5+0.46 (%; 12.6-14.4); total hemoglobin
concentration, 7.9+0.62 (g/dL; 7.7-7.9); WBC count, 15.5+0.23
(10%/L; 15-15.9); relative reticulocyte count, 149+026 (%;
14.3-15.3); platelet count, 413.9 +7.33 (10%/L; 399.4-428.2); SpO,,
93.4+0.24 (%; 92.9-93.9). The rate per 100 patient-years (95%
confidence interval) of the clinical outcomes in the 220 children
with SCA are: transfusion, 41.8 (39.2-44.6); ACS, 25.9 (23.9-28.2);
Painful episode requiring medical attention 37.7 (35.2-40.4);
Infection requiring hospitalization 54.3 (45.1-64.8).

Functional annotation of SNPs related to HbF regulation

We selected three SNPs from both the BCL11A gene (rs1427407,
rs766432, and rs4671393) and the HMIP-2 intergenic region
(rs9399137, rs4895441, and rs9494145) based on the fraction of
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the variance on HbF levels these SNPs explain and whether they
were associated to the regulatory information in the human
genome (see Methods).

Supplementary Fig. 1A shows an overview of the approach used
to select functional SNPs in the intron 2 of BCL11A gene
[rs1427407, rs766432, and rs4671393; Chr 2 60718043-67386470
(GRCh37)], by joining those SNPs that were independently
associated with HbF levels. The intron 2 has an erythroid enhancer
for BCL11A gene, encoding a master repressor of HbF [3]. Both
rs1427407 and rs766432 SNPs lie within an open chromatin region
(+62 DNAse | hypersensitive site) and overlap with ChIP-seq peaks
of GATA1 and TAL1 transcription factor binding sites [25]. Notably,
the minor T allele for the rs1427407 SNP (T>G) disrupts a
consensus sequence [CTG(n9)] enriched for GATA1 and TAL1
transcription factors, which are more likely to binding in the
presence of G-allele in primary erythroblast samples, suggesting
that both SNPs modulate critical cis-regulatory elements [25].
Finally, the rs4671393 SNP was found to be independently
associated with HbF concentration in our cohort [8] (Supplemen-
tary Fig. 1A).

For the selection of functional SNPs in the HMIP-2 intergenic
region (rs9399137, rs4895441, and rs9494145; Chr 6
135460326-135432552 (GRCh37)] (Supplementary Fig. 1B), the
rs9399137 SNP was found to be both independently associated
with HbF levels in our cohort and in LD within the region nearby
the 3-bp deletion polymorphism [8], which has enhancer-like
activity [26]. Without the deletion, the DNA fragment enhances
the promoter activity of HBG2 gene (hemoglobin subunit gamma)
by 3.4-fold, which encodes y-globin chain of HbF. With the 3-bp
deletion, the enhancement of the HBG2 promoter activity is
increased by 5.4-fold [26]. Moreover, the rs4895441 SNP was
found to be independently associated with HbF levels in our
cohort [8], and it was found to be an eQTL for HBGT e HBG2 genes
according to RegulomeDB (score 1f). Finally, the rs9494145 SNP
was found in strong LD with rs9494142 SNP in African (D'=1 and
r? =0.53)] and European (D' =1 and r? = 0.81)] populations from
“The 1000 Genomes phase 3". Notably, the rs9494142 is located at
an enhancer for MYB gene, a site of several DNA-binding erythroid
(K562 cell line) transcriptional factors, as supported by ChIP-seq
data available in https://requlomedb.org/regulome-search?
regions=chr6%3A135431639-135431640&genome=GRCh37/
thumbnail=chip).

Haplotypes association analyses

The frequencies for the seven haplotypes of BCL11A gene and
eight haplotypes of HMIP-2 intergenic region found from the
combination of alleles from three SNPs in each locus are shown

SPRINGER NATURE


https://regulomedb.org/regulome-search?regions=chr6%3A135431639-135431640&genome=GRCh37/thumbnail=chip
https://regulomedb.org/regulome-search?regions=chr6%3A135431639-135431640&genome=GRCh37/thumbnail=chip
https://regulomedb.org/regulome-search?regions=chr6%3A135431639-135431640&genome=GRCh37/thumbnail=chip
https://regulomedb.org/regulome-search?regions=chr6%3A135431639-135431640&genome=GRCh37/thumbnail=chip

UNLYN HIONIHAS

$J113U3D UBWINY JO [euINOf

Table 1. Distribution of hematological parameters according to haplotype groups of BCL11A gene and HMIP-2 intergenic region in 220 children with sickle cell anemia

Hematological parameters

HbF (%)

Total Hb (g/dL)
WBC (10°/L)
Reticuloytes (%)
Sp0O2 (%)
Platelets (10°/L)

“TCA—"

Mean + SEM

12.01+0.5
7.6 £0.07
15.8+0.2
153+0.3
93.2+0.2
421.3+93

BCL11A haplotypes

95% ClI
11.03-12.99
74-7.7
15.2-16.3
14.7-16.0
92.6-93.7
402.9-439.8

Data are expressed as mean values + standard error of the mean
Cl Confidence interval, HbF Fetal hemoglobin, SpO, peripheral oxygen saturation, WBC white blood cell count
?Statistically significant p values are highlighted in bold

Mean = SEM
16.61 £0.88
83+0.1
15.1£04
13.9+04
93.9+0.3
4089+ 14.0

“TCA—" (non-carriers of “TCA” haplotype): n = 147; “TCA+" (carriers of “TCA” haplotype): n =73
“CGC—" (non-carriers of “CGC" haplotype): n = 195; “CGC+" (carriers of “CGC" haplotype): n = 25

”TCA-‘r"

95% Cl
14.85-18.38
8.1-8.5
14.3-16.0
13.0-14.8
93.1-94.6
380.9-437.0

p value®

<0.001
<0.001
0.182
0.010
0.155
0457

HMIP-2 haplotypes

“CGC—"

Mean + SEM
12.97 £0.47
7.7 £0.06
15.6+£0.2
14.9+0.2
93.3+0.2
4108+7.9

“CGC+"

95% Cl Mean + SEM 95% Cl
12.04-13.9 17.94 +1.58 14.68-21.21
7.6-7.9 83+0.2 7.8-8.7
15.1-16.1 15.1+£0.6 13.7-16.5
14.4-15.5 14.2+0.7 12.7-15.8
92.8-93.8 94.1+04 93.1-95.0
395.2-426.5 461.8 +26.5 406.9-516.8

p value®

0.001
0.005
0.379
0.211
0.44
0.117

Table 2. Incidence rates per 100 person-year and incidence rate ratios of clinical outcomes according to haplotype groups of BCL11A gene and HMIP-2 intergenic region in 220 children with sickle

cell anemia

Clinical outcomes

Transfusion
ACS

Pain
Infection

“TCA—" (non-carriers of “TCA” haplotype): n = 147; “TCA+" (carriers of “TCA” haplotype): n =73
“CGC—" (non-carriers of “CGC” haplotype): n = 195; “CGC+" (carriers of “CGC" haplotype): n = 25

BCL11A haplotypes

“TCA—"

IITCA+II

Incidence rate per 100 person-year

(95% CI)

47.5 (43.9-51.2)
27.6 (24.9-30.5)
36.6 (33.5-39.9)
54.1 (50.3-58.1)

31.2 (27.3-35.5)
229 (19.6-26.7)
39.9 (35.5-44.8)
43.3 (38.7-48.3)

IRR (“TCA—/TCA+")

1.52 (1.31-1.77)
1.2 (1.0-1.44)
0.92 (0.8-1.06)
1.25 (1.10-1.42)

ACS Acute chest syndrome, C/ Confidence interval, IRR Incidence Rate Ratio
2Statistically significant p values are highlighted in bold

p value®

<0.001
0.043
0.235
0.001

HMIP-2 haplotypes

“CGC—"

“CGC+"

Incidence rate per 100 person-year

(95% ClI)

43 (40.10-46.0)
27.3 (25.0-29.8)
38.9 (36.1-41.8)
52.0 (48.8-55.3)

33.3 (26.7-41.2)
16.3 (11.7-22.0)
29.5 (23.2-36.9)
38.8 (31.5-47.1)

IRR (“CGC—/CGC+")

1.30 (1.03-1.61)
1.70 (1.22-2.30)
1.32 (1.04-1.67)
1.34 (1.10-1.65)

p value®

0.021
0.001
0.018
0.003
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Fig. 2 Cumulative incidence of acute splenic sequestration (ASS) according to haplotype groups of BCL11A gene and HMIP-2 intergenic
region. A The cumulative incidence of ASS was higher (P=0.012) in children who were non-carriers of “TCA” haplotype (light grey; 46.9%, SE
4.3%) than in those carrying the “TCA” haplotype (dark grey; 29.4%, SE 5.5%). B There was no difference in the cumulative incidence of ASS

between haplotype groups of HMIP-2 (P = 0.58)

in Supplementary Tables S1 and S2. We compared the average
of HbF concentration between the minor and reference
haplotypes for both BCL11A and HMIP-2 (Fig. 1). The total
number of haplotypes was calculated as twice the number of
homozygous subjects plus the number of heterozygotes
subjects for each haplotype. The minor haplotypes for both
the BCL11A gene (16.61 +7.56; n = 73 haplotypes) and the HMIP-
2 intergenic region (17.94+7.91; n=25 haplotypes) showed
increased HbF concentration when compared to the respective
reference haplotypes (BCL11A: 13.28 + 6.68; n = 208 haplotypes;
P=0.0006, Fig. 1A) and (HMIP-2: 13.45+6.88; n =216 haplo-
types; P=0.003; Fig. 1B).

We further compared the average of the relative HbF
concentration between carriers of one or two copies of the minor
BCL11A haplotype (referred as “TCA+") with those non-carriers
(“TCA—"; Table 1). Children carrying “TCA+" showed increased
HbF concentration when compared to those “TCA—" (12.0% vs.
16.6%; P < 0.001). Similarly, we compared the average of relative
HbF concentration between carriers of one or two copies of the
minor HMIP-2 haplotype (refereed as “CGC+") with those non-
carriers (“CGC—"; Table 1). Children carrying “CGC+" showed
increased HbF concentration when compared to “CGC—" (13.0%
vs. 17.9 %; P =0.001).

The average of hematological parameters in the haplotype
groups of BCL11A gene and HMIP-2 intergenic region are shown in
Table 1. Children with SCA carrying one or two copies of the minor
haplotype of BCLT1A gene (“TCA+") showed higher total Hb
concentration (8.3 g/dl vs. 7.6 g/dL; P<0.001) and lower relative
reticulocyte count (13.9% vs. 15.3%; P=0.01) as compared to
subjects not carrying this minor haplotype (“TCA—"). Moreover,
children with SCA carrying one or two copies of the minor
haplotypes of HMIP-2 intergenic region (“CGC+") showed higher
total Hb concentration when compared to subjects not carrying
this minor haplotype (“CGC—") (8.3 g/dl vs. 7.7 g/dL; P <0.005).
There was no difference in the WBC, platelet count and SpO2
between haplotype groups of BCL11A gene or HMIP-2 intergenic
region.

Table 2 shows the comparison of the incidence of clinical
outcomes between haplotype groups of BCL11A gene and HMIP-2
intergenic region. The red cell transfusion incidence per 100 pt/yrs
was higher in subjects not carrying the minor haplotype of BCL11A
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gene (“TCA-") than in those subjects carrying one or two copies

of the minor haplotype (“TCA+") [IRR=152 (1.31-1.77);
P<0.001)]. Moreover, the incidence of ACS [IRR=1.20
(1.00-1.44); P<0.043)] and infection [IRR=1.25 (1.10-1.42);

P<0.001)] were higher in children with SCA carrying the
haplotype “TCA—" than in those subjects carrying the haplotype
“TCA+". Finally, children with SCA carrying the haplotype “TCA—"
showed higher cumulative incidence of ASS than those subjects
carrying the haplotype “TCA+" (P =0.012; Fig. 2A).

The risk of transfusion [IRR=1.30 (1.03-1.61); P<0.021)], ACS
[IRR=1.70 (1.22-2.30); P = 0.001)], pain crisis [IRR = 1.32 (1.04-1.67);
P=0.018)] and infection [IRR=1.34 (1.10-1.65); P <0.003)] were
higher in children with SCA who were non-carriers of the minor
haplotype of HMIP-2 intergenic region (“CGC—") than in those
subjects carrying one or two copies of minor haplotypes (“CGC+").
There was no difference in cumulative incidence of ASS when
compared the haplotype groups of HMIP-2 intergenic region
(P=0.58; Fig. 2B).

Children with SCA who were non-carriers of minor haplotypes for
both BCL11A gene and HMIP-2 intergenic region showed the lowest
mean (+ SEM) value of HbF level (“TCA—/CGC—"; 11.99 + 0.51; Fig. 3).
Subjects carrying only the minor haplotype of BCL11A gene showed
significantly higher mean HbF value (“TCA4/CGC—"; 15.29 +0.95;
P=0.002; Fig. 3) than non-carriers of minor haplotypes for BCL11A
and HMIP-2. However, regarding the HMIP-2 intergenic region, there
was no significant difference in HbF mean concentration between
those children with SCA carrying only the minor haplotype of HMIP-2
(“TCA—/CGC+" =12.27 £ 1.98) and non-carriers of minor haplotypes
for both BCL11A and HMIP-2 (P =0.77). Interestingly, children with
SCA carrying both minor haplotypes of BCLT1A gene and HMIP-2
intergenic region showed the highest mean HbF concentration
(“TCA+/CGCH+"; 21.73 £ 1.71), which was significantly higher than all
other haplotype groups taken together (P < 0.01; Fig. 3).

DISCUSSION

We reported here the main novel findings. First, HbF-boosting
haplotypes formed by minor alleles of functional SNPs of BCL11A
gene and HMIP-2 intergenic region were associated with less
severe hematological phenotypes and lower incidence of clinical
complications in children with SCA. Second, these HbF-boosting
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Fig.3 Comparative boxplot of HbF concentration between combina-
tions of the haplotype groups of BCL11A and HMIP-2. AThe mean HbF
concentration (£SEM) among non-carriers of minor haplotypes (“TCA-
CGC—") was 11.99 £ 0.51. The mean HbF concentration among those
carrying only minor haplotype of BCL11A (“TCA+/CGC—") was
15.29£0.95 while among those carrying only minor haplotype of
HMIP-2 (“TCA—/CGC+") was 12.27 +£1.98. Patients carrying both
minor haplotype of BCL11A and HMIP-2 (“TCA+/CGC+") showed
the highest mean HbF concentration (21.73+1.71). The asterisks
indicate statistically significant differences between haplotype groups

haplotypes of both BCLT11A and HMIP-2 may interact to regulate
HbF levels in children with SCA.

HbF is the predominant fraction of hemoglobins during the
fetal life due to its high affinity for oxygen. It consists of two alpha
and two gamma chains, the latter encoded by y-globin genes
(HBG1 and HBG2) in the B-globin gene cluster [27]. Noteworthy,
the HbF concentration vary among patients with SCA and among
erythrocytes of each individual [1]. HbF prevents HbS from
polymerizing in situations of low oxygenation and, therefore, is
considered an important modifier of the clinical course of patients
with SCA [28]. With the partial inhibition of polymerization, the
events of vaso-occlusion, as well as hemolytic anemia are reduced,
which alleviates the complications of SCA [29].

BCL11A directly acts on the B-globin cluster, thereby inhibiting
the expression of y-globin genes (HBGT and HBG2) and reducing
HbF production at the expense of adult hemoglobin. The intron 2
of BCLT1A is a key locus in HbF regulation since it harbors
functional elements linked to its repressive function [3]. Poly-
morphisms overlapping functional elements at intron 2 of BCL11A
disrupt conserved sequences and affect the repression of y-globin
genes, thereby increasing HbF production [27, 30]. Similarly, the
intergenic region located between HBSTL and MYB genes (HMIP-2)
harbors functional elements linked to the regulation of HBS1L and
MYB expression [26, 27]. MYB is a transcription factor acting as an
upstream regulator in the HbF regulation pathway. Polymorph-
isms located at HMIP-2 are associated with the expression of both
MYB and y-globin genes [3]. Noteworthy, the functional annota-
tion and the selection of SNPs for haplotype analyses in the
present study capture a wide extension of both the intron 2 of
BCL11A (Chr 2 60718043-67386470 (GRCh37) and the HMIP-2
intergenic region (Chr 6 135460326-135432552 (GRCh37) (Sup-
plementary Fig. 1).

Vaso-occlusive episodes and chronic hemolysis are the main
pathophysiological features that underlie the clinical manifesta-
tions in SCA, with consequences that result in a systemic disease
that can affect any organ [31]. This study is the first to show that
HbF-boosting haplotypes of both BCL1TA gene and HMIP-2
intergenic region are related to less severity in children with
SCA, with reduction of some vaso-occlusive and hemolytic
complications, such as pain and ACS. Vaso-occlusion is a process
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by which normal tissue perfusion is precluded by sickle
erythrocytes [32]. Obstruction might first occur in the small
post-capillary venules by sickle cells and their adhesion to the
vascular endothelium, with the subsequent accumulation of dense
sickled erythrocytes, leukocytes, and platelets [1]. Sickle cell pain
crises are critical vaso-occlusive complications, causing hospitali-
zation in almost 95% of cases [33], harming the quality of
patients’ life.

Beyond the first year of life, acute episodes of pain are the main
symptoms of SCA [34, 35]. Such episodes of pain most commonly
occur in the extremities, chest, abdomen, and back and result
from vaso-occlusive episodes with ischemia-reperfusion injury
[1, 35]. Among patients with hemoglobinopathies, the number,
severity and frequency of painful episodes are quite variable [36].
On average, subjects with HbSC and HbS-B* thalassemia have half
the number of painful episodes compared with patients with SCA.
Painful episodes, which last from hours to many days, usually
occur with little warning and a clear precipitating event is often
not found. No useful laboratory test can tell if a painful episode is
occurring and the patient history is the best clue [1]. Mutations in
the HBG disrupting binding of major repressors of HbF (BCLT11A
and ZBTB7A) were highlighted as genetic predictors to vaso-
occlusive complications, among the risk factors recently reviewed
[30, 37]. Here, we did not find association between HbF-boosting
haplotypes of BCL11A gene and the incidence of pain crisis.
However, we found that subjects carrying the HbF-boosting
haplotype of HMIP-2 intergenic region (“CGC") had low incidence
of pain crisis.

It is clinically relevant to note that episodes of pain crisis
precede ACS in 10-20% of cases [1]. ACS is a typical example of
organ injury in sickle cell disease and a major cause of
hospitalization and death among patients [1]. The risk of ACS
was also significantly lower in subjects carrying HbF-boosting
haplotypes of BCL11A gene (“TCA”) or HMIP-2 intergenic region
("CGC").

High reticulocyte count is the most important predictor of acute
cerebral ischemia and high-risk transcranial Doppler in a newborn
cohort, as reported by our group of researchers [38]. In the present
study, we showed that subjects carrying HbF-boosting haplotypes
of BCL11A gene (“TCA”) had lower reticulocyte count. In addition,
subjects carrying the HbF-boosting haplotypes of BCL11A gene
(“TCA") or HMIP-2 intergenic region (“CGC") had lower incidence of
transfusion because the ongoing hemolytic process may have
been reduced.

The primary causes of death before 10 years of age in patients
with SCA include infections and ASS [31]. The loss of spleen
function increases the susceptibility of children with SCA to
bacterial infection, which is notably reduced by penicillin
prophylaxis and immunization. Once again, we found that
children with SCA carrying the HbF-boosting haplotypes of
BCL11A gene (“TCA”") or HMIP-2 intergenic region (“CGC") had
lower incidence risk of infections. Moreover, we observed that
children with SCA carrying the HbF-boosting haplotype of BCL11A
gene (“TCA") had a lower cumulative incidence of ASS, which
suggests that this haplotype might be a genetic predictor of ASS.

We have previously reported that HbF-boosting alleles of SNPs
in the BCL11A gene and HMIP-2 intergenic region were associated
with increased HbF levels and milder hematological parameters in
children with SCA [8]. In the present study, while the haplotype
analyses showed significant associations with HbF levels (Table 1),
they did not improve the strength of associations with HbF levels
found when compared to those previously reported in our
analysis of single SNPs [8]. Noteworthy, we show here that
haplotype analyses we were able to capture associations with
reduced risk of clinical complications in children with SCA that
were not found in our analysis of single SNPs [8]. Our findings are
in agreement with previous studies showing that the use of
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Fig. 4 Proposed scheme of HbF regulation by interaction between BCL11A gene and HMIP-2 intergenic region based on the combination of
alleles of the HbF-boosting haplotypes. BCL11A is a key repressor of y-globin genes, decreasing HbF production in the switching to adult
hemoglobin. KLF1 activates BCL11A gene and its expression is in turn activated by MYB. Inheritance of minor alleles overlapping functional
elements in the intron 2 of BCL11A can disrupt conserved sequence and decreases the repression of y-globin, increasing HbF production.
Minor alleles of HMIP-2 can decrease MYB gene expression. Inheritance of minor alleles of HMIP-2 by itself seems not to be able to increase
HbF production. Co-inheritance of minor alleles of BCLT11A and HMIP-2 seems to act synergistically increasing even more HbF production

haplotypes may provide higher prediction power in genetic
association studies [13-15].

In this study, we combined haplotypes formed by functional
SNPs from intron 2 of BCL11A gene and HMIP-2 intergenic region
that are associated with increased HbF concentration. We found
that children with SCA carrying only the HbF-boosting haplotype
of HMIP-2 intergenic region did not show HbF levels higher than
those subjects not carrying none of these HbF-boosting haplo-
types. However, children carrying both HbF-boosting haplotype of
BCL11A gene and HMIP-2 intergenic region showed higher HbF
levels than those carrying only the HbF-boosting of BCL11A gene.
These findings suggest that wild-type alleles of functional SNPs of
BCL11A gene can display epistatic effect on HbF-boosting alleles
of HMIP-2 intergenic region, while in the co-inheritance minor
alleles of HMIP-2 intergenic region can exhibit synergism with
minor alleles of BCLT1A gene in decreasing the repression of y-
globin genes, as proposed in the Fig. 4. It makes biological sense,
since polymorphisms of HMIP-2 intergenic region seem to act in
the HbF regulation pathway by affecting MYB gene expression.
MYB is upstream in the HbF regulation, while BCL11A acts directly
on B-globin cluster [3]. Nevertheless, this hypothesis needs to be
confirmed by further experimental assays.

Interestingly, an allelic score combining alleles of a BCLTTA
(rs11886868) with alleles of HMIP intergenic region (rs9399137 or
9389369) was previously proposed [39]. The results showed that
HbF levels in patients is more elevated the higher is the number of
HbF-boosting alleles (ranging from zero to 4 alleles), while the rate
of clinical complications of the disease is lower (priapism, elevated
tricuspid regurgitation velocity, leg ulcer, osteonecrosis and
stroke). These findings suggest that the co-inheritance of minor
alleles of BCL11A gene and HMIP-2 intergenic region may have a
synergistic effect on HbF concentration, thereby extending the
clinical benefit to the patient.
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Additionally, other factors may influence the effect of these
alleles, including alpha-thalassemia deletion status. Another HbF-
boosting allele combination score calculated ranging from zero to
six minor alleles for the SNPs rs1427407 (BCL11A gene),
rs28384513 (HMIP-2 intergenic region) and Xmnl, rs7482144
(HBB gene) was tested in a study of Senegalese adults and
children with SCA [40]. A positive impact of the score was
observed only in patients without alpha-thalassemia deletion, who
showed reduced rate of vaso-occlusive crises, lower leukocyte
count and C-reactive protein level. Conversely, the combination of
alpha thalassemia homozygotes (—3.7 kb) with at least 3 HbF-
boosting alleles had a higher rate of vaso-occlusive crises.
Moreover, age at first vaso-occlusive crisis was delayed in patients
with one or more alpha-thalassemia deletions and at least two
HbF-boosting alleles.

It is important to note the limitations of the present study. The
haplotype analysis was partially impaired by the small number of
homozygote subjects for the HbF-boosting haplotypes (n =7 for
the “TCA” haplotype of BCL11A gene and n=3 for the “CGC"
haplotype of HMIP-2 intergenic region). Therefore, we had to
merge subjects who were homozygotes and heterozygotes for the
minor haplotypes. Although there may be differences in clinical
phenotypes between children who are homozygotes and hetero-
zygotes to the HbF-boosting haplotypes of BCL11A gene and the
HMIP-2 intergenic region, we were not able to evaluate them
separately due to the relatively small sample size in our study. In
addition, it should be clear that other SNPs in the intron 2 of
BCL11A gene and the HMIP-2 intergenic region may account for
the variance on HbF levels, which were not examined in the
present study. For example, the SNP rs9494142 of HMIP-2 is a
widely replicated HbF modifier variant [41, 42].

In conclusion, we found that HbF-boosting haplotypes formed
by the minor alleles for the functional SNPs of BCL11A gene and
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HMIP-2 intergenic region were associated with less severe
hematological parameters and reduced rate of clinical complica-
tions in pediatric patients with SCA, and these HbF-boosting
haplotypes of BCL11A gene and HMIP-2 intergenic region may
interact to regulate HbF levels in children with SCA. Our novel
findings suggest that the identified HbF-boosting haplotypes of
BCL11A gene and HMIP-2 intergenic region may constitute a
useful tool to predict clinical severity of SCA.
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4.3 Capitulo 3: Revisao sistematica da literatura

Revisdo sistematica da literatura foi conduzida para identificar
polimorfismos genéticos associados a alteragdo nos niveis de HbF em pacientes
com AF tratados com HU.

A reviséao sistematica foi conduzida de acordo com o Cochrane Handbook
for Systematic Reviews of Interventions. A estratégia de busca foi definida com
base na pergunta PECO: Participantes (P) = Pacientes com AF (gendtipo HbSS)
tratados com HU; Exposicéo (E) = Alelos menos frequentes dos polimorfismos
genéticos candidatos; Controle (C) = Alelos mais frequentes dos polimorfismos
genéticos candidatos Desfechos (O) = Nivel de HbF. As buscas foram realizadas
nas bases de dados EMBASE, Medline/PubMed, Cochrane, CINAHL, Scopus, e
Web of Science e literatura cinzenta. A qualidade dos estudos foi avaliada

seguindo a abordagem do Instituto Joanna Briggs para a sintese de evidéncias.

As etapas de selecéo e extracdo de dados dos estudos primarios foram
realizadas de forma independente pela doutoranda Ms.C Rahyssa Rodrigues
Sales e pela entdo mestranda deste Programa de Pés-graduacao em Genética,
Ms.C Barbara Lisboa Nogueira. As divergéncias foram resolvidas pela Dr.
Jéssica Abdo Gongalves Tosatti, entdo doutoranda do Programa de Poés-
Graduacao em Analises Clinicas e Toxicologicas da Faculdade de Farmacia da
UFMG.

A partir do conjunto de genes encontrados na revisdo sistematica que
possuiam polimorfismos associados a resposta da HbF em pacientes com AF
tratados com HU, foi realizada analise de enriquecimento de vias biologicas
utilizando o software online Enrich (XIE et al., 2021) e a base de dados do
Reactome Pathway Knowledgebase (JASSAL et al., 2020).



'." frontiers

in Pharmacology

SYSTEMATIC REVIEW
published: 21 January 2022
doi: 10.3389/fphar.2021.779497

OPEN ACCESS

Edited by:
Elena Garcia-Martin,
University of Extremadura, Spain

Reviewed by:

Cheryl D. Cropp,

Samford University, United States
Guolian Kang,

St. Jude Children’s Research Hospital,
United States

*Correspondence:
Rahyssa Rodrigues Sales
rahyssar.sales@gmail.com
Marcelo Rizzatti Luizon
mrluizon@ufmg.br

tThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Pharmacogenetics and
Pharmacogenomics,

a section of the journal
Frontiers in Pharmacology

Received: 18 September 2021
Accepted: 31 December 2021
Published: 21 January 2022

Citation:

Sales RR, Nogueira BL, Tosatti JAG,
Gomes KB and Luizon MR (2022) Do
Genetic Polymorphisms Affect Fetal
Hemoglobin (HbF) Levels in Patients
With Sickle Cell Anemia Treated With
Hydroxyurea? A Systematic Review
and Pathway Analysis.

Front. Pharmacol. 12:779497.

doi: 10.3389/fohar.2021.779497

®

Check for
updates

Do Genetic Polymorphisms Affect
Fetal Hemoglobin (HbF) Levels in
Patients With Sickle Cell Anemia
Treated With Hydroxyurea? A
Systematic Review and Pathway
Analysis

Rahyssa Rodrigues Sales'*, Barbara Lisboa Nogueira'?, Jéssica Abdo Goncalves Tosatti?,
Karina Braga Gomes? and Marcelo Rizzatti Luizon >*

"Graduate Program in Genetics, Institute of Biological Sciences, Federal University of Minas Gerais, Belo Horizonte, Brazi,
2Department of Clinical and Toxicological Analyzes, Faculty of Pharmacy, Federal University of Minas Gerais, Belo Horizonte,
Brazil, ®Department of Genetics, Ecology and Evolution, Institute of Biological Sciences, Federal University of Minas Gerais, Belo
Horizonte, Brazil

Hydroxyurea has long been used for the treatment of sickle cell anemia (SCA), and its
clinical effectiveness is related to the induction of fetal hemoglobin (HoF), a major modifier
of SCA phenotypes. However, there is substantial variability in response to hydroxyurea
among patients with SCA. While some patients show an increase in HbF levels and an
ameliorated clinical condition under low doses of hydroxyurea, other patients present a
poor effect or even develop toxicity. However, the effects of genetic polymorphisms on
increasing HbF levels in response to hydroxyurea in patients with SCA (Hb SS) have been
less explored. Therefore, we performed a systematic review to assess whether single-
nucleotide polymorphisms (SNPs) affect HbF levels in patients with SCA treated with
hydroxyurea. Moreover, we performed pathway analysis using the set of genes with SNPs
found to be associated with changes in HoF levels in response to hydroxyurea among the
included studies. The systematic literature search was conducted on Medline/PubMed,
EMBASE, Cochrane Central Register of Controlled Trials, Cumulative Index to Nursing and
Allied Health Literature (CINAHL), Scopus, and Web of Science. Seven cohort studies were
included following our inclusion and exclusion criteria. From the 728 genetic
polymorphisms examined in the included studies, 50 different SNPs of 17 genes were
found to be associated with HoF changes in patients with SCA treated with hydroxyurea,
which are known to affect baseline HoF but are not restricted to them. Enrichment analysis
of this gene set revealed reactome pathways with the lowest adjusted p-values and highest
combined scores related to VEGF ligand—-receptor interactions (R-HSA-194313; R-HSA-
195399) and the urea cycle (R-HSA-70635). Pharmacogenetic studies of response to
hydroxyurea therapy in patients with SCA are still scarce and markedly heterogeneous
regarding candidate genes and SNPs examined for association with HbF changes and
outcomes, suggesting that further studies are needed. The reviewed findings highlighted
that similar to baseline HbF, changes in HoF levels upon hydroxyurea therapy are likely to
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be regulated by multiple loci. There is evidence that SNPs in intron 2 of BCL11A affect HoF
changes in response to hydroxyurea therapy, a potential application that might improve the

clinical management of SCA.

Systematic Review Registration:

(https://www.crd.york.ac.uk/prospero/display_

record.php?RecordID=208790).

Keywords: BCL11A gene, fetal hemoglobin (HbF), genetic polymorphisms, hydroxyurea (HU) therapy, pathway
analysis, pharmacogenetics, sickle cell anemia (SCA), systematic review

INTRODUCTION

Sickle cell anemia (SCA) is a global health problem, and
approximately 300,000 infants are born with SCA every year
(Azar and Wong, 2017). SCA is defined as a monogenic
hemoglobin disorder caused by homozygosis for A-to-T
transversion at codon 7 (c.20A > T, p.E7V) in the hemoglobin
subunit beta (HBB) gene (den Dunnen and Antonarakis, 2000;
Steinberg, 2008). The pathophysiology of SCA is directly related to
polymerization of deoxygenated hemoglobin (HbS; a2S2), leading
to a cascade of pathologic events including erythrocyte sickling,
vaso-occlusion, and hemolysis (Kato et al., 2018). It is important to
note that higher levels of fetal hemoglobin (HbF; a2y2) ameliorate
clinical outcomes and hematological parameters of SCA, since it
reduces HbS concentration and inhibit copolymerization between
hemoglobin tetramers (Kato et al, 2018). Notably, higher
persistent HbF concentration is often observed in patients with
SCA than in subjects without SCA (Lettre and Bauer, 2016).

Hydroxyurea (HU) was approved by the U.S. Food and Drug
Administration for the treatment of adults with severe SCA in
1998, and it has been associated with improved survival for both
adults and children with SCA, as reviewed elsewhere (McGann
and Ware, 2015). The clinical effectiveness of HU is related to the
induction of the production of HbF, but it is not restricted to it.
HU selectively kills cells in the bone marrow and increases the
number of erythroblasts producing HbF, which inhibits the
intracellular polymerization of HbS and prevents the sickling
process in erythrocytes, thereby decreasing the number of sickled
cells (McGann and Ware, 2015). Erythrocytes with high HbF
have longer survival, thereby attenuating hemolysis (Steinberg,
1999). Furthermore, HU increases the hemoglobin levels; reduces
neutrophils, monocytes, and reticulocytes; and alters the
expression of adhesion molecules in the endothelium and the
generation of nitric oxide. These hematological changes decrease
the risk of vaso-occlusion in patients with SCA (Steinberg, 1999;
McGann and Ware, 2015; Rigano et al., 2018).

Because HU has dose-related effects, the laboratory and clinical
benefits of HU were shown to be optimized when dimensioned for
the maximum tolerated dose (MTD). Almost all patients with SCA
show a significant increase in HbF concentration at the MTD
(McGann and Ware, 2015). The American Society of
Hematology guideline panel suggests HU therapy with at least
20 mg/kg/day at a fixed dose or the MTD (DeBaun et al., 2020).
However, there is substantial interpatient variability both in the
MTD itself and in the percentage of HbF (% HbF) achieved (Ware
et al,, 2011; McGann and Ware, 2015). For example, the % HbF

achieved with the MTD of HU reaches 10-15% in some patients, but
it can reach 40% in other patients (Ware et al., 2011). Moreover,
while some patients tolerate high HU doses, such as 30-35 mg/kg/
day, others develop severe myelosuppression even at lower doses
(Lettre et al,, 2008). These findings suggest that important individual
differences on pharmacokinetics and pharmacodynamics, and
genetic factors contribute to the phenotypic variability in both
the dosing and response to HU therapy (McGann and Ware,
2015). However, the effect of genetic polymorphisms on
increasing HbF levels in response to HU therapy in patients with
SCA has been less explored.

Therefore, the aim of the present study was to perform a
systematic review to assess whether genetic polymorphisms affect
HDF levels in patients with SCA treated with HU. In addition, we
performed pathway analysis using the set of genes which had
single-nucleotide polymorphisms (SNPs) that were found to be
associated with changes in HbF levels in response to HU therapy
among the studies included in the systematic review.

MATERIALS AND METHODS

This study was conducted according to the Cochrane Handbook for
Systematic Reviews of Interventions (Higgins et al., 2020), and the
results were reported in accordance with the Meta-analysis Of
Observational Studies in Epidemiology (MOOSE) checklist
(Stroup et al, 2000). The protocol of the current study was
registered on the International Prospective Register of Systematic
Reviews [PROSPERO (CRD42020208790); https://www.crd.york.
ac.uk/prospero/display_record.php?RecordID=208790].

Search Strategy

The search strategy was defined based on the PECO question:
Participants (P) = Sickle cell anemia patients (HbSS); Exposition
(E) = Minor alleles; Control (C) = Major alleles of genetic
polymorphisms and; Outcomes (O) = Fetal hemoglobin levels.
A literature review was conducted by searching the electronic
databases EMBASE, Medline/PubMed (Medical Literature
Analysis and Retrieve System Online), Cochrane Central
Register of Controlled Trials (CENTRAL), Cumulative Index
to Nursing and Allied Health Literature (CINAHL), Scopus,
and Web of Science (WoS) to identify studies published until
July 2021. The initial search included the Medical Subject
Headings (MeSH) entry terms: “Anemia, Sickle Cell”; and
“Hydroxyurea”; and “Polymorphism, Genetic” or “Amplified
Fragment Length Polymorphism Analysis” or “Polymorphism,
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Single Nucleotide,” or “Polymorphism, Restriction Fragment
Length”; and “Fetal Hemoglobin,” which were then included
for a high-sensitivity search strategy in Medline/PubMed
(Supplementary Table S1).

The same terms were used to search for gray literature and
conference proceedings. The reference lists of included articles
were also checked to identify additional relevant citations. All
potentially eligible studies were considered for review, regardless
of the language and publication date.

Inclusion and Exclusion Criteria

The inclusion criteria were restricted to studies that described the
pharmacogenetics of response to HU therapy in patients with
SCA measured by HbF levels (primary outcome). We included
only cohort studies that examined patients with the SS genotype,
with a minimum age of three y at the time of HU initiation and
with a minimum period of six months of HU therapy.

We excluded studies that did not differentiate patients with
SCA from patients with another sickle cell disease (SCD), studies
that focused on haplotypes and not on individualized SNPs, and
studies that did not examine whether SNPs affect HbF levels in
patients with SCA treated with HU. Review articles, conference
proceedings, case reports, and commentary studies were also
excluded.

Study Selection and Data Extraction
Initially, the studies retrieved from the databases were input into a
single elg@ctronic library, and duplicates were excluded using
EndNote software. Two reviewers (RR.S. and B.LN.)
independently analyzed the titles and abstracts of the articles
retrieved, reviewed the full text of the published articles, and used
a standard data extraction protocol. Any disagreements between
the two reviewers were resolved by a third reviewer (J.LA.G.T.).
The extracted data from selected studies included study
design, country, sample size, follow-up duration, median/mean
age of participants, gender of patients, eligibility criteria, median/
mean of HU dose, changes in HbF levels after HU therapy, genes,
and polymorphisms associated with the primary outcome. The
associated genes found in the included studies were used for
pathway analysis.

Assessment of Bias Across Studies

The quality assessment of included studies was carried out
independently by two reviewers (RR.S. and B.LN.), following the
approach of the Joanna Briggs Institute for the synthesis of evidence
(Moola et al., 2020), and any disparity between the two reviewers was
resolved by a third reviewer (J.A.G.T.). The approach indicates the
application of critical assessment tools used in systematic reviews, in
which the checklist for cohort studies is applied (Moola et al., 2020).
The instrument is structured around eleven questions, in which the
selected studies were evaluated: 1) the two groups were similar and
recruited from the same population; 2) how they were similarly
measured to designate exposed and unexposed groups as people; 3)
exposure was measured in a valid and reliable manner; 4)
confounding factors have been identified; 5) the instrument was
created to deal with confounding factors; 6) the groups were free of
the outcome at the beginning of the study; 7) the results were

Pharmacogenomics of Hydroxyurea: SNPs and HbF Levels

Records identified through Additional records identified
database searching through other sources
(n=1597) (n=0)

| |

Records after duplicates removed
(n=1101)

Records excluded
(n=1085)
Records screened
(n=16)

Full-text articles assessed
for eligibility Already included (n=1)
(n=16) Insufficient number of patients
with SCA (n=1)
Did not relate genetic
to fetal
hemoglobin levels (n=3)
Did not differentiate SCA patients
from SCD patients (n=4)

W)

Screening

)

Eligibility

)

Studies included in
qualitative synthesis
(n=7)

Included

FIGURE 1 | Flow diagram of the literature search and the study selection

for this systematic review of published articles related to the effect of genetic
polymorphisms on HbF levels in patients with SCA (Hb SS) treated with
hydroxyurea.

measured in a valid and reliable way; 8) the follow-up time was
reported and long enough for the results to occur; 9) the follow-up
was complete and, if not, whether the reasons for the loss of follow-
up were obtained and explored; (10) the instrument was used to deal
with incomplete follow-up; and 11) statistical statistics was applied.
The answer options for signaling questions are 1) yes, 2) no, 3)
unclear, and 4) not applicable (Moola et al., 2020).

Gene Set Enrichment Analysis and Pathway
Analysis

After the data extraction, we manually curated the genes which had
SNPs that were found to be associated with changes in HbF levels
in patients with SCA treated with HU among the seven studies
included in the systematic review (listed in Table 2). Next, we
interrogated this gene set for significant well-curated signaling
pathways obtained from the Reactome Pathway Knowledgebase
(Jassal et al., 2020). The pathways found were sorted both by the
adjusted p-values ranking <0.05, which were calculated using a
Benjamini-Hochberg method (Benjamini and Hochberg, 1995),
and the combined scores according to the gene set enrichment
analysis web server Enrichr (Kuleshov et al., 2016; Xie et al., 2021).

RESULTS

Study Selection

We identified 1,597 records in the initial search (Figure 1). After
the exclusion of duplicates, 1,101 articles were selected for title
and abstract analyses. Of these, 1,085 articles were subsequently
excluded due to the following reasons (as stated before in the
“exclusion criteria”): 1) studies that focused on haplotypes rather
than individualized SNPs; 2) studies that did not differentiate
patients with SCA from patients with another SCD; or 3) studies
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TABLE 1 | Characteristics of the seven cohort studies included in the systematic review, which examined the effects of genetic polymorphisms on fetal hemoglobin (HbF)

levels in patients with SCA treated with hydroxyurea (HU).

Author, Sample Average Gender Dose
data; (n) age (years)* (M/F) of HU
country (mean =
SD;
mg/kg/
day)
Friedrisch et al. 111 21 + 14 (from 38/62 23+7.6
(2016); Brazil 4 to 54)
Ware et al. (2011); 88 96+48 57/31 239+ 5.1
United States
Aleluia et al. (2017); 42 152 + 111 70/71 15 (47.6%)
Brazil 20 (23.8)
25
(26.2%)
Green et al. (2013); 38 125+ 49 57/60 253 £ 3.0
United States
Kumkhaek et al. 32 Not informed Not Not
(2008); United States informed informed
Sheehan et al. (2014); Discovery 104 £ 4.5 Not 251 +£45
United States cohort (171) informed
Validation 81+40 Not 271 +4.3
cohort (130) informed
Ma et al. (2007); 137 Not informed Not Not
United States informed informed

Time HbF changes HbF Number Multiple
of follow-up measurement of genes test
on HU (SNPs) correction
therapy studied
(months)
Minimum A MTD HbF Capillary 3 (6) Not applied
of 6 (%)? electrophoresis
Minimum A MTD HbF HPLC Not Applied
of 6 (%)P informed
(331)
Mean of Not informed HPLC 3 (6) Not applied
134 £9.7
Minimum A HbF (%)° HPLC 9 (20) Applied
of 6
Minimum A HOF (% and  HPLC 1(20) Not applied
of 8 g/di°
Minimum AMTD HbF (%) HPLC Whole Unclear
of 6 ®: Final HoF exome
Minimum AMTD HbF (%) HPLC 24 (25) Unclear
of 6 ®: Final HoF
Minimum A HbF (% and  Alkali denaturation 29 (320) Not applied
of 21 g/di)?

Abbreviations: HbF, fetal hemoglobin; M, male; F, female. All selected studies were part of cohort studies.

*age at the time of hydroxyurea initiation.
**dose (case percentage).

A(AHbF = MTD HbF—baseline HbF).
P(AHbF = final HbF—baseline HHF).
°(AHbF = maximum HbF—baseline HbHF).

that did not focus on SNPs related to HbF levels in patients with
SCA treated with HU. Subsequently, 16 full-text articles were
thoroughly assessed for inclusion. Following review, nine articles
were removed due to the following reasons (Figure 1): One
cohort study had an insufficient number of patients with SCA
(Sclafani et al., 2016). Three studies did not assess whether the
SNPs affected HbF levels (Italia et al., 2010; Zhu et al., 2017;
Yahouedehou et al., 2020). Four studies did not differentiate
patients with SCA from patients with SCD (Borg et al., 2012;
Gravia et al., 2016; Chondrou et al.,, 2017; Elalfy et al., 2017). One
study was part of an oral session and their results were later
published in an original article already included in this systematic
review (Wyszynski et al., 2004). Finally, seven cohort studies were
included in this systematic review (Ma et al., 2007; Kumkhaek
et al., 2008; Ware et al., 2011; Green et al,, 2013; Sheehan et al,,
2014; Friedrisch et al., 2016; Aleluia et al., 2017) (Figure 1).

Characteristics of the Included Studies

Out of the seven included studies, five studies had data from the
United States and two studies had data from Brazil. Sample size in
the included studies ranged from 42 to 174 patients with SCA.
The publication date ranged from 2007 to 2018, and the sample
mean age ranged from 8.1 to 21 y. The mean dose of HU ranged
from 19 to 27.1 + 4.3 mg/kg/day. The mean duration of treatment
with HU ranged from 13.4 to 102 months (Table 1). Two studies
calculated the change in HbF levels for each patient from baseline

to the MTD (delta HbF) (Ware et al., 2011; Friedrisch et al., 2016),
while other four studies used the increment in HbF after
treatment with HU (final HbF) (Ma et al., 2007; Kumkhaek
et al.,, 2008; Green et al., 2013; Sheehan et al.,, 2014), and one
study calculated from the baseline to maximum HbF during
treatment with HU (Aleluia et al., 2017).

Overall, 728 genetic polymorphisms were assessed for their
association with changes in HbF levels in patients with SCA
under treatment with HU, and 11 candidate genes were the most
examined in the seven included studies. Four studies examined
BCLIIA and the HBSIL-MYB intergenic region (Ware et al,
2011; Green et al., 2013; Sheehan et al., 2014; Friedrisch et al,,
20165 Aleluia et al., 2017). Three studies focused on arginase 1 and
2 (ARGI and ARG2) genes (Ma et al., 2007; Ware et al., 2011;
Green et al., 2013). Two studies evaluated the secretion-associated
Ras-related GTPase 1A (SARIA) gene (Ma et al.,, 2007; Green
et al., 2013). Two studies examined the XmnI gene (Ware et al.,
2011; Friedrisch et al., 2016). The Fms-related receptor tyrosine
kinase 1 (FLT1), hydroxyacid oxidase 2 (HA O 2), nitric oxide
synthase 1 (NOSI), and olfactory receptor family 51 subfamily B
member 5 and 6 (OR51B5/6), genes were mentioned only once by
two studies (Ma et al., 2007; Aleluia et al., 2017).

Regarding the quality assessment according to the Joanna
Briggs Institute checklist (Supplementary Table S2), one of the
seven articles answered affirmative in all the 11 questions. Five
studies responded affirmative to ten out of the 11 questions. One
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study answered affirmative to six out of the 11 questions, while
three of the questions were negative and two were not applicable.

Pharmacogenetics of Response to HU

Therapy in Patients With SCA

Among the included studies, a cohort study involving 137 adult
African-Americans with SCA from the Multicenter Study of
Hydroxyurea in Patients With Sickle Cell Anemia (MSH)
examined the association of 320 tagging SNPs from 29
candidate genes with changes in HbF concentrations
(measured by %, g/dL and F-cell count) after two years of HU
treatment (Ma et al., 2007). Candidate genes were involved in the
regulation of DNA transcription, cell proliferation/
differentiation, and drug metabolism functions. The daily dose
of HU started at 15 mg/kg and increased by 5 mg/kg each week up
to the MTD, which means 35mg/kg, unless toxicity was
established. The authors found 17 SNPs to be associated with
% HbF change and 20 SNPs to be associated with change of
absolute HbF (g/dl), most of them being located in introns or
untranslated genomic regions. The SNPs found to be associated
with the higher mean of squared were rs2182008 in the FLT1 gene
and rs10483801 in the ARG2 gene, which is involved in the
metabolism of HU. This MSH cohort study performed analysis
with age, sex, and f3-globin haplotypes as covariates and showed
several SNPs in other genes as predictors for HbF response. In the
random forest algorithm, the SNP rs21822998 in FLTI and the
SNP rs9376173 in the phosphodiesterase 7B (PDE7B) gene had a
higher mean of squared residuals as predictors for % HbF and
absolute HbF, respectively (Ma et al., 2007).

The hypothesis for a later pharmacogenetic study (Kumkhaek
et al., 2008) was supported by an experimental study on the
molecular mechanisms underlying the increase in HbF levels
induced by HU (Tang et al, 2005). The authors searched for
differential gene expression in human adult erythroid cells and
identified a small guanosine triphosphate (GTP)-binding protein,
whose secretion is associated with Ras-related (SAR) protein, as a
specific gene induced by HU. SAR was shown to play a key role in
y-globin (HBG) gene induction by promoting cell apoptosis and
G1/S-phase arrest by the reduction of PI3K and extracellular
signal-regulated kinase phosphorylation and increasing p21 and
GATA-binding protein 2 expression (Tang et al., 2005). From these
experimental findings, variations of the SARIA gene were
hypothesized to explain differences in individual responses to
HU treatment (Kumkhaek et al., 2008). The authors tested
whether 20 variants in the upstream promoter region, exon 1,
and intron 1 of SARIA were associated with HbF changes in
response to HU compared to baseline in 32 adults with SCA from
the Sickle Cell Pulmonary Hypertension Screening Study,
prospectively followed up during twoy of HU therapy. The SNP
15231099 was found to be associated with the change in % HbF, and
the SNPs rs2310991, rs76901216, rs76901216, and rs4282891 were
found to be associated with the change in absolute HbF (g/dl). The
intronic SNP rs4282891 showed stronger association, which is
phylogenetically conserved in vertebrates (Kumkhaek et al., 2008).

The Hydroxyurea Study of Long-Term Effects (HUSTLE) was a
prospective clinical trial for pediatric patients with SCA receiving

Pharmacogenomics of Hydroxyurea: SNPs and HbF Levels

HU designed to understand the interpatient variability in the
responses and toxicities to HU (Ware et al.,, 2011). A candidate
gene study was conducted to carry out pharmacogenetic analyses
for the HU end points of % HbF and the MTD. The dose
administrated in patients who were included before beginning
HU therapy (new cohort; n = 88) started with 15 mg/kg/day, and it
was escalated every eight weeks to a maximum dose of 30 mg/kg/
day or the MTD, with careful monitoring of blood counts every
two weeks. If hematologic toxicity occurred twice at the same dose,
the MTD was set at 2.5mg/kg below the toxic dose.
Pharmacogenetic analyses included 331 SNPs in candidate genes
that were selected based on their presumed pharmacogenetic and
pharmacodynamic effects of HU. The ARGI rs175999586 and
ARG?2 152295644 SNPs were associated with the change in % HbF
between baseline and MTD. The SNP rs1427407 of the BCL11A
gene was associated with the MTD, but none was associated with
the MTD after adjustment for baseline % HbF (Ware et al., 2011).

The association of several SNPs with HbF levels induced by
HU was also examined in a multi-site observational study of 117
pediatric patients (5-21y), which was mainly composed of SCA
patients (93% of HbSS and 7% of SP0-thalassemia) (Green et al.,
2013). SNPs of BCL11A, HBSIL-MYB, HBB, hemoglobin subunit
beta (HBE), OR51B6, glucagon-like peptide 2 receptor (GLP2R),
SARIA, ARGI, and ARG2 genes, which were reported as
associated with baseline HbF levels, were also examined for
their association with HbF under HU therapy (“maximum
HbF” and “delta HDbF,” from baseline to maximum). Clinical
indications for HU therapy were comparable across sites (nearly
all for repetitive painful crises and/or acute chest episodes) at least
for six months. Stable dosing was reached at three months or near
maximal dose by absolute neutrophil count criteria, excluding
data from subjects on less than 20 mg/kg/day, even for dose-
limiting toxicity. The SNPs of BCLIIA (rs766432, rs11886868,
rs4671393, and rs7557939), HBE (rs7130110), and GLP2R
(rs12103880) were associated with maximum HbF under HU.
Only the SNP rs7130110 of HBE was associated with delta (A)
HbF (Green et al., 2013).

A cohort composed of 171 patients from the HUSTLE study
and 51 patients from the Stroke with Transfusions Changing to
Hydroxyurea (SWiTCH) (called “discovery”) was examined to
identify genetic predictors of HbF response to HU, with focus on
protein coding regions (Shechan et al., 2014). Whole-exome
sequencing was performed in two prospective pediatric
cohorts with robust HbF phenotype data and a standardized
dose escalation regimen to the MTD, which were genotyped for
SNPs of BCLI1A (rs1427407, rs4671393, rs11886868, and
rs7599488) and HBSIL-MYB (rs9399137 and rs9402686). HbF
responses to HU were measured by maximum % HbF at the MTD
(“final HbF”) or the change in % HbF from baseline to final
(“delta HbF”). The patients had baseline HbF measured after
three y of age. The HU therapy initiated with 20 mg/kg, and then
dose was escalated to mild myelosuppression. The average age of
the patients at the time of HU initiation was 104 + 4.5y.
However, they found no associations of BCLIIA or HBSIL-
MYB variants with HbF response. Whole-exome sequencing
identified 13 and 12 variants associated with final HbF and
delta HbF (p-value < 5 x 107%), respectively. Although these
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associations did not achieve the genome-wide significance level
(p-value < 1.3 x 107°), they did provide suggestive signals
(Sheehan et al., 2014). By using functional prediction methods,
the authors identified that 13 variants associated with HbF
response to HU were predicted to introduce an amino acid
change, inducing damage in the protein structure or function
(Sheehan et al.,, 2014). These 13 variants were then genotyped in a
validated cohort composed of 130 unrelated children with SCA
receiving HU at Texas Children’s Hospital Hematology Center
for at least six months prior to the MTD. One variant (P840R;
rs61743453) in the spalt-like transcription factor 2 (SALL2) gene
was associated with higher delta HbF and with final HbF in the
discovery and the validated cohorts, respectively. A meta-analysis
combining the discovery and validation cohorts (# = 301) found
that the P840R variant was associated with both delta HbF (p =
8.30 x 10%) and final HbF (p=1.48x 107%) (Sheehan et al., 2014).

A cohort of 121 patients with SCA under regular HU therapy
for at least six months at the Sickle Cell Center of the Clinical
Hospital from Porto Alegre (Southern Brazil) was examined for
the effect of genetic variants at the major loci modifier of baseline
HbF on HU-induced HbF levels (Friedrisch et al., 2016). Patients
who received any other drugs stimulating HbF (e.g,
erythropoietin) or blood transfusion within three months prior
to the study were excluded. HbF measurements were obtained
before HU (baseline HbF) and at the MTD (MTD HbF), and the
change from baseline to the MTD (delta HbF) was calculated for
each patient. The association tests were performed by linear
regression analyses adjusted for age at start HU, gender, and
absolute neutrophil count at MTD. SNPs of hemoglobin subunit
gamma 2 (HBG2) (rs7482144), BCL11A (rs1427407, rs4671393,
and rs11886868), and HBSIL-MYB (rs9399137 and rs9402686)
were assessed, and patients with variations in SNPs of BCL11A
had a favorable probability of producing more HbFs in response
to HU treatment (Friedrisch et al., 2016).

A cross-sectional study of 141 patients with SCA, including 99
patients under HU treatment, followed up at the Sickle cell Disease
Reference Center in Itabuna (Northeastern Brazil) was examined
for the role of HBB haplotypes and SNPs at quantitative trait loci
(QTL) associated with baseline HbF in regulating HbF response to
HU (Aleluia et al., 2017). HbF measures were not performed in
patients with clinical manifestations of vaso-occlusive crisis or
transfusions in the last three months. Patients were genotyped for
[3°-globin gene cluster haplotypes and SNPs of BCL11A (rs6732518
and rs766432), HBSIL-MYB (rs11759553 and rs3595442), and
OR51B5/6 (rs4910755 and rs7483122). Almost 48% of the
patients received 15 mg/kg/day, while 23.8% received 20 mg/kg/
day and 26.2% received 25 mg/kg/day. The only patient who
received the maximum dose of 35mg/kg/day was excluded
from the analysis. Multiple linear regression analysis adjusted
for gender and age were used to investigate the association of
SNPs with HbF induction, and the authors concluded that
homozygous subjects for the minor allele of rs766432 of
BCL11IA had higher increases in HbF (Aleluia et al., 2017).

In summary, seven studies involving patients with SCA treated
with HU identified 50 SNPs of 17 different genes to be associated
with HbF changes from baseline to HU (Table 2; Figure 2). Five
out of the seven included studies examined SNPs of BCL11A, of

Pharmacogenomics of Hydroxyurea: SNPs and HbF Levels

which four (80%) found SNPs to be associated with HbF changes
(Ware et al,, 2011; Green et al., 2013; Friedrisch et al., 2016;
Aleluia et al., 2017). These studies confirmed the associations of
the BCL11A SNPs rs1427407 (Ware et al., 2011; Friedrisch et al.,
2016), rs4671393, rs11886868 (Green et al., 2013; Friedrisch et al.,
2016), rs766432 (Green et al., 2013; Aleluia et al., 2017), and
17557939 (Green et al., 2013). In addition, two studies found
associations for SNPs of ARGI (rs17599586, rs2781667, and
rs1799586) and ARG2 (rs2246012, rs2295644, rs10483801, and
rs10483802) (Ma et al., 2007; Ware et al,, 2011). Among them,
only the SNP 151799586 of ARG1 was found to be associated with
HDF changes in the two studies (Ma et al., 2007; Ware et al., 2011).

Gene Set Enrichment Analysis and Pathway
Analysis

Reactome pathways were obtained from the enrichment analysis
using the set of genes that had SNPs found to be associated with
changes on HbF levels in patients with SCA under HU therapy
(Figure 3; Supplementary Table S3). The reactome pathways
with both lowest adjusted p-values and highest combined scores
were related to VEGF binding, namely, “VEGF ligand-receptor
interactions” (R-HSA-194313; adjusted p-value = 0.0002847;
combined score = 4,826.43) and “VEGF binds to VEGFR
leading to receptor dimerization” (R-HSA-195399; adjusted
p-value = 0.0002847; and combined score = 4,826.43).
Moreover, we obtained the reactome pathway “urea cycle”
(R-HSA-70635; adjusted p-value = 0.0003048; combined score
=3,461.84)] (Figure 3; Supplementary Table S3). The reactome
pathway “nitric oxide stimulates guanylate cyclase” (R-HSA-
392154; Figure 3) ranked fourth but with a lower combined
score (200.68; p-value = 0.02105; Supplementary Table S3).

DISCUSSION

Genetic variability in response to HU therapy is scarcely explored,
despite almost 50 y of HU use and 30 y of the treatment of patients
with SCA (Ware et al., 2011). Notably, the literature regarding the
effects of genetic polymorphisms on HbF levels in patients with
SCA (Hb SS) treated with HU is remarkably scarce. In this
systematic review, only seven studies met the inclusion criteria.

Importantly, patient-specific factors, including age, concomitant
diseases, diet, and genetic factors, contribute to the interindividual
variability in drug efficacy and risk of adverse reactions, and genetic
polymorphisms explain around 20-30% of the interindividual
variability in drug response (Lauschke et al.,, 2017). Indeed, the
knowledge of how genetic variation contributes to variation in drug
response has been expanded (Gong et al., 2021), and guidelines for
the clinical implementation of pharmacogenetics have been
published (Relling et al., 2020).

Single-Nucleotide Polymorphisms and HbF
Modulation

As expected, some genes previously associated with baseline HbF
and known for acting in the HbF regulation pathway were found
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TABLE 2| Genes and chromosomes for the 50 different SNPs found to be associated with changes on HbF [described as delta (A) % HbF, A HoF (g/dl), maximum tolerated
dose (MTD) % HbF, or maximum HbF] in response to hydroxyurea therapy in the seven cohort studies included in the systematic review. *“The SNP rs17599586 of ARG 1

and three SNPs of BCL71A (rs1427407, rs46713983, and rs11886868) were found to be associated by two different cohort studies.

Gene Chromosome SNP
ARG1 6 517599586
ARG1 6 rs2781667
ARG1 6 517599586
ARG2 14 rs2246012
ARG2 14 rs2295644
ARG2 14 rs10483801
ARG2 14 rs10483802
ASS 9 rs7860909
ASS 9 rs10793902
ASS 9 rs10901080
ASS 9 rs543048
BCL11A 2 rs766432
BCL11A 2 rs1427407
BCL11A 2 “rs4671393
BCL11A 2 “rs11886868
BCL11A 2 rs766432
BCL11A 2 “rs11886868
BCL11A 2 54671393
BCL11A 2 rs7557939
BCL11A 2 51427407
FIGF X rs6632521
FLT1 13 rs9319428
FLT1 13 rs2182008
FLT1 13 rs3751395
FLT1 13 rs8002446
FLT1 13 rs2387634
GLP2R 17 rs12103880
HAO2 1 rs10494225
HBE 1 rs7130110
MAP3K5 6 rs9376230
MAP3K5 6 rs9483947
NOS1 12 rs7309163
NOS1 12 rs816361
NOS1 12 rs7977109
NOS2A 17 rs1137933
NOS2A 17 rs944725
PDE7B 6 rs2327669
PDE7B 6 rs11154849
PDE7B 6 rs9376173
PDE7B 6 rs1480642
PDE7B 6 rs487278
PIR X rs2071182
SALL2 14 rs61743453
SAR1 10 rs2310991
SAR1 10 rs76901216
SAR1 10 rs76901220
SART 10 rs4282891
TOX 8 rs2693430
TOX 8 rs826729
TOX 8 rs765587
TOX 8 rs9693712
TOX 8 rs172652
TOX 8 rs380620
TOX 8 rs12155519

HbF response Reference
A % HbF; A HoF (g/dL) Ma et al. (2007)
A % HoF; A HbF (g/dL) Ma et al. (2007)
A % HoF Ware et al. (2011)
A HbF (g/dl) Ma et al. (2007)
A % HoF Ware et al. (2011)
A % HbF; A HoF (g/dl) Ma et al. (2007)
A % HoF; A HbF (g/d) Ma et al. (2007)
A % HbF; A HbF (g/dl) Ma et al. (2007)
A % HbF Ma et al. (2007)
A % HoF Ma et al. (2007)
A HbF (g/dI) Ma et al. (2007)
A % HoF Aleluia et al. (2017)
MTD % HbF; A % HbF Friedrisch et al. (2016)
MTD % HbF Friedrisch et al. (2016)
MTD % HbF; A % HbF Friedrisch et al. (2016)
Maximum HbF Green et al. (2013)
Maximum HbF Green et al. (2013)
Maximum HbF Green et al. (2013)
Maximum HbF Green et al. (2013)
MTD, mg/kg Ware et al. (2011)
A % HoF Ma et al. (2007)
A % HbF; A HbF (g/dl) Ma et al. (2007)
A % HoF; A HbF (g/dI) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
A % HoF; A HbF (g/dI) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
Maximum HbF Green et al. (2013)
A % HoF Ma et al. (2007)
Maximum HbF; A % HbF Green et al. (2013)
A % HoF Ma et al. (2007)
A % HbF Ma et al. (2007)
A HbF (g/dI) Ma et al. (2007)
A % HoF Ma et al. (2007)
A % HobF; A HbF (g/dL) Ma et al. (2007)
A % HoF Ma et al. (2007)
A % HbF Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)
A % HoF Sheehan et al. (2014)
A % HoF; A HbF (g9/)) Kumkhaek et al. (2008)
A HbF (g/dl) Kumkhaek et al. (2008)
A HbF (g/dl) Kumkhaek et al. (2008)
A HbF (g/dl) Kumkhaek et al. (2008)
A HbF (g/dl) Ma et al. (2007)
A % HoF Ma et al. (2007)
A % HoF; A HbF (g/dI) Ma et al. (2007)
A % HbF; A HbF (g/dI) Ma et al. (2007)
A % HbF Ma et al. (2007)
A % HbF; A HbF (g/dI) Ma et al. (2007)
A HbF (g/dl) Ma et al. (2007)

to be associated with HbF changes in response to HU therapy in
the included studies. There is evidence that SNPs of intron 2 of
BCLI1A affect HbF changes in patients with SCA treated with
HU. Five out of the seven included studies examined the role of
the three main QTLs associated with baseline HbF levels:

BCL11A, Xmnl, and HBSIL-MYB intergenic region (Ware
et al,, 2011; Green et al,, 2013; Sheehan et al., 2014; Friedrisch
et al,, 2016; Aleluia et al., 2017). Noteworthy, BCL11A is a
negative regulator of HbF expression. Subjects with variation
in any of the established SNPs of BCL11A are known to have
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FIGURE 2 | Overlapping genes with SNPs associated with changes on HbF levels in the included studies involving patients with SCA (Hb SS) under HU therapy.
BCL11A, ARG1, and ARG2 genes showed overlap between included studies. Upset plot showing the total number of genes with SNPs found to be associated with
changes on HbF levels identified in each study (horizontal bars), and the number of genes exclusive to one study or shared by different studies (vertical bars). Black dots
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FIGURE 3| Reactome pathways obtained from enrichment analysis of the set of genes with SNPs found to be associated with HoF changes in patients with SCA
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treated with hydroxyurea. Pathways are ordered from top to bottom according to the lowest adjusted p-values, and light red bars indicate adjusted p-values < 0.001.

decreased BCL11A expression, which results in increased HbF
production (Lettre et al., 2008; Bauer et al., 2013). HBSIL-MYB
genes are expressed in the erythroid precursor cells (Lettre et al.,
2008; Bauer et al., 2013). HBSIL encodes a protein with apparent
GTP-binding activity and is involved in a variety of cellular
processes, while MYB encodes a transcription factor for
erythroid differentiation in hematopoiesis (Thein et al., 2007).
The HBSIL-MYB intergenic region is known to contain several
common QTLs associated with HbF levels and a long-range

Four out of five studies that examined SNPs of BCL11A found
associations with HbF response (Ware et al., 2011; Green et al.,
2013; Sheehan et al., 2014; Friedrisch et al., 2016). These SNPs
(rs1427407, rs4671393, rs11886868, rs766432, and rs7557939)
are located in intron 2 of BCLLIA, which is a region marked by
functional elements. These SNPs are located nearby several
DNase hypersensitive sites, which indicate a genomic region of
open chromatin. Noteworthy, the critical SNP rs1427407 (G > T)

erythroid enhancer that regulates
chromatin looping (Stadhouders et al,

Xmnl restriction site at -158 position of the HBG gene is
associated with an increased expression of y-globin and higher
HDF production (Sripichai and Fucharoen, 2016). Together, they
account for approximately 20-50% of the variation in HbF levels
in patients with SCA and (-thalassemia, and even in healthy

adults (Galarneau et al., 2010).

MYB

falls within a +62 DNase I hypersensitive site, an erythroid
enhancer of BCLIIA, and overlaps a peak of GATAl and
TAL1 transcription factor-binding sites. Notably, the minor
T-allele for the SNP rs1427407 disrupts the G nucleotide of a
consensus sequence [CTG (n9)] enriched for GATA1 and TALLI
transcription factors. GATA1- and TAL1-binding sites are more
frequent in the G-allele than T-allele in the primary erythroblast
samples (Bauer et al., 2013). In agreement with our findings
regarding the effect of SNPs of BCL11A on HbF response, a recent

expression by
2014). Finally, the
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functional in vitro study based on gene editing comparative
analysis showed that BCLIIA is the most clinically relevant
approach focused on HbF resurgence (Lamsfus-Calle et al,
2020). This functional information supports the effect of
BCL1IA SNPs on baseline HbF, but the way it affects the
response to HU remains to be elucidated. Biological network
analysis integrating effects of HU on gene expression in erythroid
precursors could highlight pathways involved in this process.

The Xmnl variant in the HBBPI gene was also examined. One
study found the SNP rs7482144 to be associated only with an
increase in baseline HbF (Ware et al., 2011) but not with HbF
changes to HU, while other studies excluded this SNP because it
had a very low allele frequency (0.45%, only one heterozygous
subject) in a Brazilian cohort (Friedrisch et al., 2016).

The SNPs rs9399137 and rs9402686 are located in the HBSIL-
MYB intergenic region but were not found to be associated with
the increase in HbF in two included studies (Sheehan et al., 2014;
Friedrisch et al., 2016). SARIA, a gene belonging to the small
GTPase superfamily that encodes a GTP-binding protein called
SARI1A, has been reported to be associated with HBG expression.
The SNP rs2310991 of SARIA was associated with the change in
absolute HbF concentration (Kumkhaek et al., 2008). Conversely,
other studies found no association of rs2310991 with
posttreatment HbF levels (Kumkhaek et al., 2008; Green et al,,
2013).

Our findings may potentially guide the selection of candidate
gene regulatory sequences within these genomic regions to be
validated by in vitro functional assays in cells treated with HU,
such as luciferase reporter assays. Further studies may examine
whether the variation in these SNPs would affect the activity of
the gene regulatory element, such as an enhancer or a silencer.
Therefore, the present findings can contribute to guide further
functional studies, which may advance the research focused on
genomics of HbF changes in response to HU therapy.

Signaling Pathways Underlying HbF
Changes in Response to HU Therapy

Pathway analysis using genes with SNPs found to be associated
with HbF changes in patients with SCA treated with HU in the
included studies revealed pathways underlying HbF changes in
response to HU. For example, we found enrichment of the
reactome pathway “urea cycle” (R-HAS-70635; Figure 3),
which is directly related to arginine (Friebe and Koesling,
2003). Indeed, cytosolic arginase 1 is a canonical enzyme of
the urea cycle. Arginase 2 was described to play a role in the
regulation of the urea cycle arginine metabolism and in
downregulation of nitric oxide synthesis (Mori, 2007).
Arginase isoforms encoded by ARGI and ARG2 genes were
also related to the increase in HbF levels induced by HU
(Ware et al., 2011). The SNPs rs175999586 and rs2295644 of
ARGI and ARG2 were associated with the changes in HDbF,
respectively. Notably, rs2295644 has been implicated in kidney
disease, so it could affect the renal clearance of HU and possibly
the dose of the MTD (Ware et al., 2011). Another ARG2 SNP
(rs10483801) was also associated with the absolute HbF change
(Ma et al., 2007).

Pharmacogenomics of Hydroxyurea: SNPs and HbF Levels

We also found the enrichment of the reactome pathway “nitric
oxide stimulates guanylate cyclase” (R-HSA-392154; Figure 3).
Noteworthy, HU was suggested to act as a nitric oxide donor in
patients with SCA (King, 2004). Nitric oxide is synthetized from
L-arginine, stimulates vasodilatation of the endothelium and
disaggregation of platelet aggregates, and inhibits platelet
activation, an important modulator of SCA pathophysiology
(Radomski et al, 1987). Moreover, HU was shown to
modulate the nitric oxide signaling pathway in erythrocytes,
rheology of erythrocytes, and oxidative stress through its
effects on HbF and possibly on nitric oxide bioavailability
(Nader et al., 2018).

A complex regulatory environment determines the HbF
concentration in the blood, as well as chromosome
remodeling, transcription factors, erythropoiesis modulation,
gene regulatory elements linked to the pB-globin gene
cluster, and the kinetics of erythroid cell differentiation
and differential red cell survival (Ma et al, 2007).
Therefore, there is a large opportunity for the genetic
modulation of HbF production. Consistent with this
complex regulation apparatus, even with the restricted
number of studies, our systematic review suggests that
there is huge heterogeneity in genetic elements modulating
the HbF levels in response to HU treatment. Unfortunately,
some genetic associations with HbF response have not been
reproduced by other studies, and further investigations are
needed to conclude their use in predicting HbF response
to HU.

Dosing and monitoring regimens of HU have yet to be
determined (Ware, 2010). The best results from treatment
with HU are found when the dose is escalated to the MTD,
improving laboratory variables and reducing clinical
complications. The dose escalation of HU is a labored process
that requires risk monitoring of cytopenias, mainly neutropenia,
and the clinical response to treatment with HU may take up to
six months after reaching the MTD (NIH US, 2014). Therefore,
severe patients with clinical recommendation for HU might have
to experience a long exposure time until deducing that the
treatment with HU is ineffective. Therefore, the prediction of
HDbF induction in response to treatment with HU by using SNPs
in the intron 2 of BCLIIA gene may have potential clinical
applicability in the management of SCA.

The induction of HbF is a powerful mechanism of action of
HU. However, since several other mechanisms of actions are
known, further research is needed to conclude whether such
SNPs are able to predict a subgroup of patients as “responders” to
HU. Noteworthy, these SNPs were previously associated with
increased baseline HbF levels, milder hematological parameters,
and lower risk of clinical complications (Sales et al, 2020).
Interestingly, not all these associations were dependent on
HbE. Therefore, future studies should evaluate if the SNPs
located in intron 2 of the BCLIIA gene are also able to
distinguish patients who show a reduced rate of clinical
complications when treated with HU from those patients who
do not show this reduction. This evidence is of huge importance
to assess the cost-effectiveness of the use of pharmacogenetic tests
for these SNPs in the SCA management.
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Some studies do not meet the inclusion criteria of this review
due to the different genotypes of the study subjects (Borg et al.,
2012; Chondrou et al., 2017; Elalfy et al., 2017). They involve
other B-type hemoglobinopathies, and known differences in their
hematological parameter could bias the review. However, these
studies highlight specific points regarding pathways related to the
HDbF regulation. Two studies suggested that KFLI expression and
the SNP rs3191333 of KFLI play a role in the HbF regulation and
are biomarkers of HU response in S-type hemoglobinopathies. It
makes biological sense, since KLF1 regulates BCL11A expression
and the y- to -globin gene switching (Zhou et al., 2010). Further
studies can confirm their influence in HU therapy in patients with
SCA (Hb SS).

Another study suggests that the vascular endothelial growth
factor (VEGFA) gene is a biomarker in p-type
hemoglobinopathies severity and efficacy of HU therapy
(Chondrou et al., 2017). These findings are in agreement with
a study included in this systematic review that found SNPs in the
FLTI gene, encoding VEGF receptor 1, associated with HbF
changes by HU therapy in Hb SS patients (Ma et al., 2007).
Interestingly, we found enrichment of two reactome pathways
related to VEGF ligand-receptor interactions (R-HSA-194313
and R-HSA-195399; Figure 3). The binding of VEGF ligands to
VEGEFR receptors in the cell membrane triggers intracellular
signaling cascades, which results in proliferation, survival,
migration, and increased permeability of vascular endothelial
cells (Matsumoto and Mugishima, 2006). It is important to
SCA pathophysiology, since endothelial dysfunction plays a
key role in sickle cell vasculopathy, as reviewed elsewhere
(Wood et al., 2008).

Our systematic review highlighted the role of SNPs on HbF
induction upon HU therapy. However, it is important to note
that this is one of the several mechanisms underlying response
to HU. Indeed, a previous systematic review reported on the
molecular mechanisms of HbF induction by HU in SCD (Pule
et al,, 2015). The reviewed findings pointed out three main
pathways: epigenetic modifications, signaling pathways
involving HU-mediated response, and posttranscriptional
pathways, focusing on regulation by small non-coding
RNAs (miRNAs). In this context, several miRNAs were
identified as differentially expressed in patients with SCD
under HU treatment, most of them being functionally
related to genes known to regulate HbF, including BCL11A
(Mnika et al., 2019). Notably, an experimental study showed
that downregulation of BCLI1A, MYB, and KLFI induces y-
globin expression by miRNA-mediated mechanisms, and
miR-26b directly interacted with the 3’-untranslated region
of MYB (Pule et al., 2016). Since miRNAs have been associated
with a multitude of regulatory mechanisms, their functions
may add to the complex mechanisms underlying response
to HU.

In summary, the regulation of HbF involves both cis- and
trans-regulatory elements, which interact in a complex
network. HU promotes the induction of HbF, and the
mechanisms by which it interacts with genetic modifiers of
HDbF affecting drug response are not fully understood. In this
context, SNPs located within gene regulatory elements can have

Pharmacogenomics of Hydroxyurea: SNPs and HbF Levels

a major effect on differences in drug response (Luizon and
Ahituv, 2015). A proposed schematic diagram to HbF
regulation in response to HU is shown in Figure 4,
including the functional findings of genes found in this
systematic review as candidates to modify the HbF response
to HU in patients with SCA.

Confounding Factors

The first clinical manifestations of SCA appear along with the
replacement of HbS by HbF (Rumaney et al., 2014). After 10y,
age is no longer an indicator of red cell deformability in patients
with SCA; instead, this hemorheological parameter is mainly
affected by the level of HBF, sex, and HU treatment (Thein et al.,
2007).

The level of HbF is the best predictor of clinical severity of
SCA (Wonkam et al., 2014). However, there is no threshold or
value that characterizes the high and low baseline HbF levels
for response to HU treatment. It was established that subjects
who start with baseline HbF values between 5 and 10% can
have a 2- to 3-fold HbF increase, whereas subjects with very
low baseline HbF can have a 10-fold increase after treatment
with HU (Wonkam et al., 2014). In the MSH cohort study, the
baseline HbF was not predictive to HbF response to HU. On
the other hand, baseline HbF was found as a predictor of the
direction of association to % HbF at MTD (Ware et al., 2011).
However, the change in HbF outcome in patients with SCA
treated with HU was largely heterogeneous among the seven
included studies, which examined different HbF outcomes in
response to HU. Changes in HbF upon HU therapy was
calculated as absolute HbF (g/dl), % HbF, and F-cell count
from baseline until the MTD or a defined time of therapy
(about 2 y). Although the % HbF and the amount of F cells are
highly correlated, some patients with high levels of HbF
develop severe complications of SCA probably due to the
heterogeneous distribution of HbF among erythrocytes
(Khandros et al., 2020). The number of F cells with
polymer-inhibiting concentrations of HbF is likely to be a
more accurate predictor of clinical benefits of HU therapy than
HbF levels. However, the distribution of HbF among F cells is
often unavailable, mainly in health centers of least developed
countries. Using HbF under the MTD to calculate delta HbF
probably provides the maximum level that the patient can
achieve.

Patients with SCA experience several acute clinical events
involving pronounced changes in hematological parameters
(Novelli and Gladwin, 2016). Moreover, they commonly
receive blood transfusion for treating and avoid a range of
complications, which introduces biases on evaluating the
association with hematological variables, including HbF.
However, three of the seven included studies did not
describe whether strategies were used to deal with these
established confounding factors, which introduces bias in
our analyses and constitute a limitation of this systematic
review.

Although clinical experience of HU therapy for patients with
SCA has been related for more than 25y, there is still much
questioning about the pharmacokinetics, pharmacodynamics,
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FIGURE 4 | Schematic diagram showing HoF regulation in response to HU, an HoF-inducing drug. BCL71A is a master repressor of gamma genes. The erythroid
transcription factor KLF1 activates the transcription of BCL11A by binding to its promoter region. The expression of KLF1 is possibly regulated by MYB. The HBSTL-
MYB intergenic region contains several trait-associated common genetic variations and a distal enhancer of MYB, promoting long-range transcription regulation by
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and pharmacogenetics of HU (Ware et al, 2011). To better
understand the interpatient variability, polymorphisms in
genes encoding drug-metabolizing enzymes and solute
transporters were recently examined to learn their role in HU
bioavailability and metabolism (Yahouedehou et al., 2020). The
authors found evidence for the involvement of enzymes of the
CYP450 family and catalases in the metabolism of HU, and the
association between urea transporter-B (UTB) and response to
HU in erythroid cells. SNPs in the CYP2D6 (rs3892097), CAT
(rs7943316 and rs1001179), and SLCI4AI (rs2298720) genes
were found to be linked to reduced metabolism or the
elimination of HU, which may increase its therapeutic effects
in patients with SCA (Yahouedehou et al., 2020). Unfortunately,
this study did not examine the association between the SNPs with
HbF response to HU, and thus, it was not included in the
systematic review.

There was great heterogeneity in the patients’ age in the
included studies. For example, one study examined patients
aged 4-54y (mean 21 * 14y) (Friedrisch et al, 2016). The
average age of initiation of HU was 9.6 + 4.8y in another
study (Ware et al., 2011).

The present study has layers of complexity linked to the
multifactorial characteristic of the disease. The heterogeneity
of HU dose, patient age, HbF outcomes in response to HU,
and candidate genes brought limitations to the search and
contributed to the result being only seven included studies.
These findings highlight that the pharmacogenetics of
response to HU in patients with SCA is a fertile field for
further investigations.

CONCLUSION

The literature about the pharmacogenetics of response to HU
therapy in patients with SCA is highly heterogeneous regarding
the chosen candidate genes and SNPs examined for the possible
association with changes in HbF levels, and regarding the HbF
outcomes measured during HU therapy. Nevertheless, the findings
of the studies included in this systematic review point out two main
conclusions. First, as well as the baseline HbF, changes in HbF levels
in response to HU therapy are likely to be regulated by genetic
variations on multiple loci. Second, there is evidence that SNPs
located in intron 2 of the BCLIIA gene affect HbF changes in
patients with SCA treated with HU. However, further studies are
needed to test whether such SNPs may also predict the success of the
treatment in ameliorating other hematological parameters and
reducing the incidence of clinical complications.
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4.4 Capitulo 4: Farmacogenética da HU na AF

A casuistica do estudo foi selecionada a partir da coorte de pacientes com
AF descrita por Sales, 2020 (SALES et al.,, 2020). Assim como descrito no
Capitulo 1, os dados e analises realizadas neste capitulo ja estdo contemplado
no protocolo de estudo aprovado pelos comités de ética das instituicbes
envolvidas (Anexo 1). A partir da coorte de 250 pacientes com AF, foram
selecionados os que iniciaram tratamento com HU durante o periodo de

acompanhamento da coorte e que atendem aos seguintes critérios de inclusao:
Critérios de incluséo:

e Pacientes que iniciaram tratamento com HU até 31/12/2018;

e Pacientes que possuem determinagao da concentracédo basal de HbF antes
do tratamento com HU com minimo de 90 dias apds evento de transfusao ou
eventos clinicos significativos (quando for o caso);

e Pacientes que possuem determinacdo da concentragdo de HbF apds
periodo minimo de seis meses de tratamento com HU e com, no minimo, 90
dias ap0s evento de transfusdo ou eventos clinicos significativos (quando for
0 caso);

Critérios de exclusao

e Pacientes que iniciaram regime de hipertransfusao crénica antes do inicio do
tratamento com HU;

e Pacientes que tiveram o tratamento com HU suspenso por um periodo
superior a 90 dias durante o acompanhamento;

e Pacientes que possuiam em seu prontuario médico relatos de falta de
adesdo ao tratamento com HU;

e Pacientes que nao possuem descricao detalhada no prontuario médico das
doses de HU administradas durante o periodo de tratamento;

A partir da aplicagdo dos critérios de inclusdo/exclusdo, foram
selecionados 110 pacientes em tratamento com HU. O numero absoluto de
pacientes excluidos com base nos critérios esta descrito no Fluxograma de

selecao de pacientes (Figura 8).



250 pacientes

v

178 pacientes

v
110 pacientes
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72 pacientes que nio estavam em uso de HU

28 pacientes em regime de HTx

20 pacientes que tiveram o tratamento
com HU suspenso por um periodo
superior a 90 dias.

13 pacientes que nfio possuem
determinacdo da concentragio de HbF

7 pacientes que nfo possuem descrigdo
das doses de HU administradas durante
o periodo de tratamento

Figura 8: Fluxograma de seleg&o de pacientes tratados com HU de acordo com os critérios
estabelecidos

A quantificagao da concentragéo relativa total de HbF foi realizada utilizando-

se 0 mesmo método descrito no Capitulo 1. Para determinagdo da HbF basal foi

considerado o resultado do Ultimo exame apds os cinco anos de idade,

desprezando-se os valores apos transfusdes sanguineas (90 dias) ou eventos

clinicos significativos (crise de dor, infec¢ao grave, sequestro esplénico agudo, crise

aplastica e sindrome toracica aguda).

A HbF final foi determinada pelo ultimo exame de quantificagao realizado

durante o periodo de acompanhamento (minimo de 6 meses), a depender da

disponibilidade de dados no prontuario juntamente.
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Para determinacéo da alteragdo na concentragcdo de HbF da basal para a
final foi calculado o DeltaHbF (AHbF), que corresponde a subtragéo do valor de HbF
Final pelo valor da HbF basal.

Para determinacao da dose de HU foi coletada a data de inicio do tratamento
com HU, assim como, a dose inicial e 0 peso do paciente. Por se tratarem de
criangas em fase de desenvolvimento o peso foi criteriosamente registrado de
acordo com sua redugao ou aumento e observada ou realizada corre¢cao de dose
(mg/kg/dia), quando necessario. Por essa razdo e também porque o protocolo de
tratamento com HU é preconizado para AF com escalonamento de dose até a Dose
Maxima Tolerada (DMT), a dose média de cada paciente foi calculada como média
ponderada pelo tempo de cada dose.

Durante o periodo de acompanhamento dos pacientes, as doses e o tempo
permanecido em cada uma delas foram registrados (Figura 8). Periodos de
interrupcao de fornecimento da dose de HU pelo SUS e/ou desabastecimento da
Farmacia de Minas do estado ocorreram durante o acompanhamento o que,
consequentemente, acarretou a perda de adesao de alguns pacientes. Portanto, os
pacientes que interromperam o tratamento com HU por trés meses ou mais foram
excluidos do estudo.

O protocolo de tratamento com HU, a concentragao relativa total de HbF
e a ocorréncia de eventos de neutropenia e transfusdo sanguinea durante o
tratamento foram coletados dos prontuarios médicos dos pacientes. Neutropenia

foi definida como contagem de neutrdfilos inferior a 2.000/nm3.
A genotipagem dos SNPs testados foi descrita no Capitulo 1.

Para avaliacdo da associacdo independente dos SNPs com o aumento
da HbF (Delta HbF), foi usada analise de regresséo linear multipla seguindo o
método stepwise. As variaveis genéticas foram retiradas a cada rodada, em
ordem decrescente do valor de significancia. As covariaveis género, idade, dose,
periodo de tratamento e HbF basal foram mantidas até o final da analise, pois
sao caracteristicas inerentes aos pacientes ou que tem seu impacto comprovado
no desfecho. Foram considerados como estatisticamente significativos os testes

em que a probabilidade de erro alfa foi igual ou inferior a 0,05.



TITLE PAGE

Baseline fetal hemoglobin and single nucleotide polymorphisms of
BCL11A gene predict HbF changes in children with sickle cell anemia

treated with Hydroxyurea

Rahyssa Rodrigues Sales ', Barbara Lisboa Nogueira !, André Rolim Belisario 2,

Marcos Borato Viana 3, Marcelo Rizzatti Luizon 4*

' Programa de Poés-Graduagdo em Genética, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 31270-
901, Brazil.

2 Centro de Tecidos Bioldgicos de Minas Gerais, Fundagdo Hemominas, Lagoa
Santa, Minas Gerais, 33400-000, Brazil.

3 Faculdade de Medicina/NUPAD, Universidade Federal de Minas Gerais, Belo
Horizonte, Minas Gerais, 30130-100, Brazil.

4 Departamento de Genética, Ecologia e Evolugéo, Instituto de Ciéncias
Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais,
31270-901, Brazil.

*Corresponding author:

Please find below the links to the Authors’ ORCID:

Rahyssa Rodrigues Sales: https://orcid.org/0000-0001-8197-850X
Barbara Lisboa Nogueira: https://orcid.org/0000-0002-4090-1546
André Rolim Belisario: https://orcid.org/0000-0003-0166-4258
Marcos Borato Viana: https://orcid.org/0000-0001-9665-2115
Marcelo Rizzatti Luizon:  https://orcid.org/0000-0002-8331-3525



https://orcid.org/0000-0001-8197-850X
https://orcid.org/0000-0002-4090-1546
https://orcid.org/0000-0003-0166-4258
https://orcid.org/0000-0001-9665-2115
https://orcid.org/0000-0002-8331-3525

Abstract

Increased fetal hemoglobin (HbF) levels reduces clinical severity of sickle cell
anemia (SCA). Hydroxyurea (HU) is used for the treatment of SCA, and its clinical
effectiveness is related but not restricted to induction of HbF. Notably, there is
variability in the response to HU therapy among SCA patients. However, the
effect of single genetic polymorphisms (SNPs) on HU-induced HbF changes in
patients with SCA remains is not fully understood. Here, we characterized the
time of follow-up of HU therapy and HbF changes from baseline to final HbF
(AHbF%) in a retrospective cohort of 110 children with SCA (HbSS) treated with
HU. Next, we examined whether SNPs of BCL711A gene and HBS1L-MYB
intergenic region (named HMIP-2) can predict HbF changes, and their
association with the risk of transfusion and neutropenia. Multiple linear regression
model adjusted by age, gender, HU dosage and time of follow-up identified
baseline HbF (p=0.002; B-coefficient=0.277) and the minor alleles of rs7599488
(T; p=0.011; B-coefficient=0.236), rs766432 (C; p= 0.002; p-coefficient=-0.439)
and rs4671393 (A; p=0.003; B-coefficient=0.416) SNPs of BCL711A as
independent predictors for AHbF%. Subjects carrying minor allele of rs4671393
[AG + AA: 13.9 (9.0 — 20.5) per 100 patient-years], exhibited higher risk [IRR =
0.51 (95% CI 0.28-0.92); p = 0.03] of transfusion compared to the subjects
homozygous for the reference allele [GG: 7.1 (4.3 — 10.9) per 100 patient-years].
Patients who did not had neutropenia showed a significant higher AHbF% (p =
0.034). In conclusion, our findings suggests that baseline HbF and SNPs of
BCL11A are predictors of HU response in children with SCA.

Key-words: BCL11A gene; fetal hemoglobin; hydroxyurea; pharmacogenetics;

single nucleotide polymorphisms; sickle cell anemia.



Introduction

Sickle cell anemia (SCA) is a monogenic hemoglobin disorder which
express a wide spectrum of clinical phenotypes’. Despite seven decades since
the discovery of the causative molecular mechanisms of SCA, to mitigate its high

morbidity and mortality remains a challenge?3.

Fetal hemoglobin (HbF) is a major main predictor of clinical severity of
SCA, displaying protective effect on several clinical outcomes, as reviewed
elsewhere*. Genome wide association studies (GWAS) identified several single
nucleotide polymorphisms (SNPs) associated with HbF levels in SCA and
highlighted the cluster of beta globin genes, the BCL11A gene and the HBS1L-

MYB intergenic region as three main loci involved in the HbF regulation®-°.

Hydroxyurea (HU) is a HbF-inducer drug used to treat SCA, which reduces
morbidity and mortality of patients with SCA'. HU ameliorates the hematological
and clinical outcomes of SCA by affecting HbF expression, but it is not restricted
to these effects'’. In the bone marrow, HU selectively kills the cells increasing the
number of erythroblasts with high HbF expression, thereby reducing the number
of circulating sickled cells'?. High HbF levels increases the erythroblasts survival
decreasing hemolysis. HU also increases the levels of total hemoglobin and
reduces neutrophils, monocytes and reticulocytes. In the endothelium, HU alters
the expression of adhesion molecules and the nitric oxide generation, thereby
attenuating endothelium dysfunction'®. Taken together, these hematological

changes decrease the risk of vaso-occlusion complications related to SCA.

Notably, there is substantially interindividual variability on response and
toxicity to HU among patients with SCA. While some patients achieved 10-15%
in HbF changes, others achieve 40%'4. In addition, while some patients tolerate
the higher HU doses (30-35 mg/kg/day), others develop severe
myelosuppression even at low doses’®. A recent systematic review focusing on
HbF response to HU therapy in patients with SCA highlighted the scarce and
heterogeneous literature regarding candidate genes and SNPs, HU dose, patient
age, and HbF outcomes in response to HU'®. Notably, there is evidence that
SNPs located in intron 2 of BCL11A gene affect HbF changes in patients with
SCA treated with HU'S. However, further studies are needed to examine whether



such SNPs may predict the success of HU therapy in ameliorating other

hematological parameters and reducing the incidence of clinical complications.

In this study, we first characterized the time of follow-up of HU therapy,
along with the HbF changes from baseline to final HbF in a cohort of pediatric
patients with SCA treated with HU. Next, we examined the effects of the BCL171A
and HMIP-2 SNPs on baseline HbF and HbF changes upon HU therapy. Finally,
we examined whether these SNPs are associated with the incidence risk of

transfusion and neutropenia in this cohort.

Materials and Methods

This retrospective cohort study involves Brazilian pediatric patients with
SCA (HbSS) treated with HU recruited from the Center of Hematology and
Hemotherapy of Minas Gerais (HEMOMINAS), in Belo Horizonte, capital of Minas
Gerais, Southeastern Brazil. The 110 children who started HU therapy until
December/2018 were selected from the 250 children enrolled according to

eligibility criteria described in a previous study’®..

The study protocol is in accordance with Declaration of Helsinki and was
approved by the Institutional Review Board from the HEMOMINAS (certification
number: 4204.8215.6.0000.5118). Written informed consent were obtained from

every child and parents/guardians.

HbF relative concentrations were determined by using hemoglobin
electrophoresis in alkaline pH or high-performance liquid chromatography
(HPLC). Baseline HbF relative concentration for each patient was the last
available test after the age of 5 years and before HU therapy. Measurements
performed until ninety days after blood transfusion or relevant clinical events (pain
crisis, infection requiring hospitalization, acute splenic sequestration, aplastic
crises or acute chest syndrome) were not considered. Children who started
regular hypertransfusion therapy before or during the HU therapy was excluded
from the study or had their follow-up time ended immediately before the
hypertransfusion therapy start. Final HbF was defined as the last HbF
measurement after a minimal of 6 months of HU therapy. The delta (AHbF%) was

calculated subtracting baseline HbF value from the Final HbF value.



The HU dosage was calculated as time weighted average in mg/kg/day.
Children who had interruption of HU therapy for a minimal of three months were
excluded from the study or had their follow-up time ended immediately before the
interruption. Neutropenia was defined as a neutrophil count <2000/nm?3. Genomic
DNA extracted from the venous blood samples of patients and the SNP

genotyping were performed as previously described’®.

The mean of HbF relative concentration was compared by univariate linear
regression. A multiple linear regression model was constructed to identify a set
of genetic predictors of HbF changes (AHbF%) among the candidate SNPs. The
model was adjusted by age, gender, HU dosage, time of follow-up and baseline
HbF. Genetic variables (SNPs genotype groups) were included as covariates.
Through the stepwise method, the covariates were removed one by one and the
final model included only those that were statistically significant (P < 0.05).
Statistical analyses were conducted on SPSS 21.0 software (SPSS Inc.;
Chicago, IL, USA).

The incidence of clinical outcomes was reported by relative rates to 10
patient-years (pt-yrs), with 95% confidence intervals. The incidence rate ratio
(IRR) of clinical outcomes between genotype groups was compared using
OpenEpi online software, PersonTime2/PersonTime2 option
(http://www.openepi.com/PersonTime2/PersonTime2.htm) by Fisher's Exact
Test. The tests were considered statistically significant when the probability of an

alpha error was equal to or less than 0.05.


http://www.openepi.com/PersonTime2/PersonTime2.htm

Results

From the 110 children with SCA in HU therapy enrolled from HEMOMINAS
Foundation, 59 (53.6%) were females. Table 1 shows the data related to HU
therapy in the cohort. Figure 1A shows the time of follow-up for each subject
treated with HU as a timeline graph. Figure 1B shows the changes on HbF
relative concentration from baseline to minimal of six months of HU therapy for

each subject, which was the basis for the calculation of delta HbF% (AHbF%).

Table 1. Hydroxyurea treatment in a cohort of 110 pediatric patients with SCA.

Cohort characteristics Mean X 95% Cl
standart error Upper Lower
Age (start; years) 10,01+ 2,8 9,3 10,4
Age (final; years) 14,2 + 3,1 13,3 17,2
Time of follow-up (years) 4,2+2.03 1401,3 16811
HU dosage (mg/kg/day) 244+44 23,6 25,3
Baseline HbF (%) 12,1 +£6,0 10,9 13,2
Final HbF (%) 18,91+ 8,7 17,3 20,6
Delta HbF (%) 6,88 + 8,2 53 8,4

Table 2 summarizes the association tests between baseline HbF, final
HbF (after minimal of six month of HU therapy) and the AHbF % with the candidate
SNPs of BCL11A and HMIP-2 as well as the respective B-coefficient. The minor
alleles of the rs1427407 (T; p = 0.001), rs766432 (C; p = 0.030) and rs4671393
(A; p=0.003) SNPs of BCL11A gene and the minor alleles of the rs4895441 (G;
p = .008), rs9402686 (A; p = 0.004) and the rs9494145 (C; p = 0.026) SNPs of
HMIP-2 were associated with increased baseline HbF relative concentration.
There was no SNP associated with final HbF relative concentration, but the
rs9399137 showed a marginally significative p-value (0.061). The minor alleles
of the rs1427407 (p = 0.037) and the rs7599488 (p = 0.001) were associated with
increased AHbF %, while the minor allele of rs766432 (p = 0.006) was associated
with reduced AHbF%. The allele and genotype frequencies of the SNPs are
described on the Supplementary Table 1.
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Figure 1. A) Follow-up time of each pediatric patient of the cohort of 110 patients
with SCA treated with HU. B) HbF changes of each pediatric patient of the cohort.



Table 2. Association tests between SNPs and baseline, final and delta HbF in
the cohort of 110 patients with SCA treated with HU

Baseline Final Delta
Locus, Genotype
HbF B HbF B HbF B
SNPs (alleles) groups

p-value p-value p-value
BCL11A
rs1427407 (G>T) GGxGT+TT 0.001 0.306 0.795 0.025 0.037 -0.199
rs7599488 (C>T) CCxCT+TT 0.603 -0.050 0.009 0.247 0.001 0.301
rs766432 (A>C) AAxAC + CC 0.030 0.207 0.303 -0.099 0.006 -0.258
rs11886868 (T>C) TTxTC +CC 0.052 0.186  0.421 0.077 0.563 -0.056
rs4671393 (G>A) GG x GA +AA 0.003 0.281 0.206 0.122 0.416 -0.078
rs7557939 (A>G) AA X AG + GG 0.091 0.162 0.659 0.043 0.436 -0.075
HMIP-2
rs9399137 (T>C) TTxTC+CC 0.088 0.163 0.061 0.179 0.469 0.070
rs4895441 (A>G) AA X AG + GG 0.008 0.250 0.114 0.151 0.808 -0.023
rs9402686 (G>A) GG xGA + AA 0.004 0.078 0.169 0.162 0.811 -0.023
rs9494145 (T>C) TTxTC+CC 0.026 0.212 0.598 0.051 0.287 -0.102

Table 3. Multiple linear regression adjusted model of delta HbF primary endopoint
in the cohort of 110 patients with SCA treated with HU

. Explained
Covariates B variance (%) p-value
Constant - 0.082
Age -0.248 6.0 0.007
Gender 0.078 0.6 0.358
HU dosage 0.027 - 0.763
Time of follow-up -0.212 4.4 0.013
Baseline HbF -0.277 7.6 0.002
BCL11A rs7599488  0.236 55 0.011
BCL11A rs766432 -0.439 19.3 0.002

BCL11Ars4671393  0.416 17.3 0.003




From all the candidate SNPs, the multiple linear regression model
adjusted by age, gender, HU dosage and time of HU therapy identified baseline
HbF (p = 0.002), and the SNPs rs7599488 (p = 0.011), rs766432 (p = 0.002) and
rs4671393 (A; p = 0.003) of BCL11A gene as independent predictors for AHbF%.
The minor alleles of rs7599488 (T) and rs4671393 (A) were associated with
increased AHbF%, while the increase baseline HbF and the minor allele of
rs766432 (C) was associated with reduced AHbF% as independent variables.
The final model, the B-coefficient and the explained variance for each predictor is
showed in Table 3.

The incidence rate per 100 patient-years of transfusion and neutropenia
per genotype of the SNPs is described in Supplementary Table 2. Association
tests between genotypes and these clinical outcomes as well as the incidence
rate ratio of subjects carrying minor alleles compared to reference homozygous
are shown in Table 4. Notably, subjects carrying the minor allele of the BCL11A
SNP rs4671393 [AG + AA: 13.9 (9.0 — 20.5) per 100 patient-years], an allele
independently associated with increased AHbF%, exhibited higher risk of
transfusion [IRR = 0.51 (0.28 — 0.92); p = 0.03] as compared to the subjects
homozygous for the reference allele [GG: 7.1 (4.3 — 10.9) per 100 patient-years].
There was a marginally significant association (p = 0.07) of the minor allele of
rs1427407 SNP [GT + TT: 7.6 (3.6 — 14.0) versus GG: 14.5 (10.7 — 19.2) per 100
patient-years] with a lower risk of neutropenia. Additionally, a significantly higher
AHbF was found in children who did not experienced neutropenia (Mann-Whitney
U test; p = 0.34) (Figure 2).



Table 4. Incidence rate ratio (IRR) of transfusion and neutropenia per 10 patients-
year according to SNP genotype in the cohort of 110 patients with SCA treated
with HU

SNPs Transfusion Neutropenia
Rate Ratio (I/ll)*  p-value Rate Ratio (I/ll)* p-value
95% ClI 95% ClI

BCL11A

rs1427407 0.66 (0.36-1.19) 0.22 1.91 (0.97-3.78)  0.07
rs7599488 0.81 (0.44-1.5) 0.62 0.72 (0.42-1.25) 0.29
rs766432 0.66 (0.37-1.19) 0.22 1.39 (0.78-2.48) 0.32
rs11886868 1.31 (0.73-2.35) 0.44 0.82 (0.49-1.40) 0.55
rs4671393 0.51 (0.28-0.92) 0.03 1.42 (0.82-2.48) 0.26
rs7557939 1.40 (0.78-2.51) 0.32 0.70 (0.41-1.21) 0.20
HMIP-2

rs9399137 1.08 (0.50-2.32) >0.99 0.67(0.37-1.20) 0.23
rs4895441 0.58 (0.28-1.21) 0.22 0.56 (0.30-1.05) 0.11
rs9402686 9.73 (7.10-13.02) 0.47 0.63 (0.36-1.09) 0.13
rs9494145 1.01 (0.49-2.11) 0.99 1.26 0.95-1.62) 0.22

* Group |: genotype without minor allele; Group Il: genotypes with minor allele in
homozygosis or heterozygosis. Abbreviations: Cl, Confidence Interval.
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Figure 2. Distribution of AHbF according to neutropenia occurrence in the cohort
of 110 children with SCA treated with HU. A significantly higher AHbF was found
in children who did not experienced neutropenia (Mann-Whitney U test; p = 0.34).
Average points: 59.17(Yes) and 44.20 (No).

DISCUSSION

The main novel findings reported here were that (1) The SNPs rs7599488,
rs766432 and rs4671393 of intron 2 of BCL11A gene were identified as predictors
of HbF changes upon HU therapy in a multiple linear regression analysis adjusted
for age, gender, HU dosage, time of follow-up and baseline HbF in a Brazilian
cohort of pediatric patients with SCA; (2) Subjects carrying minor allele of
rs4671393 of BCL11A exhibited significantly higher risk of transfusion incidence

as compared to the subjects homozygous for the reference alleles.

This is a well-characterized cohort of pediatric patients with SCA from
Minas Gerais state, Southeastern Brazil, which has been followed up for more
than a decade’®2°. The SNPs have been previously examined for percentage of
explained variance in baseline HbF, and for their association with hematologic
parameters and clinical outcomes’®. In the present study, our focus was on a
subcohort of children with SCA treated with HU who had retrieved reliable data



from the medical records about the time of follow-up of HU therapy, along with
the HbF changes from baseline to final HbF upon HU therapy. Noteworthy, this
subcohort is strictly composed by pediatric patients with 5-18 years, as opposed
to the other two cohorts among the seven cohorts studies included in a recent
systematic review '°. Our primary endpoint is delta HbF, from baseline to final
HbF after a minimum of six months of uninterrupted HU therapy. The dose of HU
was carefully retrieved and adjusted by the weight (even when there was no
weight adjustment by physicians) since the cohort is composed by pediatric
patients in growth phase. Moreover, the dose was adjusted by the time of each
dose since the HU because the dose escalation int the protocol of HU therapy.
We also retrieved the incidence of neutropenia and transfusion episodes during

HU therapy analyzed as secondary endpoints of the retrospective study.

Three SNPs (rs1427407, rs7599488 and rs766432) of the BCL11A gene
were associated with AHbF% in the univariate analyses. After adjusting by
baseline HbF, the rs1427407 SNP did not reached significance level and the
rs7599488, rs766432 and rs4671393 SNPs were found as predictor of AHbF%
in a model adjusted by age, gender, dose of HU, time of therapy and baseline
HbF. These results corroborate findings from a recent systematic review of seven
cohort studies which raised the evidence that SNPs in the intron 2 of BCL11A
influences the HbF response in patients with SCA upon HU therapy™.

The SNP rs1427407 was found to be associated with HbF% under
maximum tolerated dose (MTD) and with AHbF% in a cohort of 111 Brazilian
adults and children with SCA treated for a minimum of six months with an average
dose of 23 mg/kg/day of HU?'. Similarly, rs1427407 was also found to be
associated with HbF% under MTD in a cohort of children with SCA from United
States treated for a minimum of 6 months with about 24 mg/kg/day of HU'4. From
the functional perspective, the SNP rs1427407 is a critical cis-regulatory element
of the intron 2 of BCL11A. It falls in an erythroid enhancer of BCL11A (+62 DNAse
| Hypersensitive Site) and disrupt a consensus sequence [CTG(n9)] enriched for
GATA1 and TAL1 transcription factor binding??, which are indeed more frequent
in the G-allele than T-allele in the sample of primary erythroblasts?2. Therefore,
lack of association of rs1427407 SNPs with AHbF % after adjustments can be due



to the lower frequency of its minor allele (T allele) compared to the other
associated SNPs of BCL11A.

The rs7599488 and rs766432 SNPs of the BCL11A were identified as
predictor of HbF changes corroborating previous finding of a cohort of children
with SCA treated for a minimum of six months with an average dose of 25
mg/kg/day of HU?3. We found the minor allele of rs7599488 (T allele) to be
associated with lower baseline HbF and higher AHbF%, the same direction
observed by Green et al., even that the association with baseline HbF has not
reached the level of significance?®. However, while we found the minor allele of
rs766432 to be associated with lower AHbF%, Green et al. found it to be
associated with higher AHbF%.

The minor allele (A allele) of rs4671393 SNP of the BCL11A was identified
as predictor of increased AHbF% in our smaller cohort, which is corroborated by
previous findings?3. This SNPs was also identified as a predictor of baseline HbF
in the larger cohort of Brazilian children with SCA from Minas Gerais state before

the starting HU therapy®.

There is no association between SNPs of HMIP-2 and AHbF% in our
cohort. This results is agreement with the previous systematic review which did
not found evidence that HMI-2 influences the HbF changes in patients with SCA
upon HU therapy’®.

Notably, subjects carrying the A allele of the SNP rs4671393 of BCL11A
gene showed significant higher risk of transfusion incidence than non-carriers of
the A allele, which was associated with higher AHbF % in the adjusted multivariate
model. However, the HU therapy reduces the transfusion frequency in sickle cell
patients, as reviewed elsewhere?*. In addition, the same A allele was previously
associated with higher baseline HbF, lower risk of transfusion (independent of
HbF effect) and infections per 100 patients-year in the larger cohort untreated
with HU'®. This could be a type Il error, or maybe the protective effect of A allele

on transfusion is hidden by HU.

The HU displays a myelosuppressive effect, selectively killing cells of the
bone marrow?. In children, myelotoxicity has been characterized as a

hemoglobin level lower than 5 g/dL or when there is a 20% reduction compared



to the basal hemoglobin concentration, neutrophils lower than 2.0 x 109L,
reticulocyte count lower than 80 x 10%L and platelets less than 80 x 10°/L.
Subjects carrying the minor T allele of the SNP rs1427404 of BCL11A showed
higher incidence of neutropenia per 10 patients-year than non-carriers of the T
allele, but it did not reach the significance level (p = 0,07). Probably, we had no
sampling power to find the association. The T allele of the SNP rs1427404 was
previously found to be associated with higher baseline HbF, lower reticulocyte
count and lower risk of transfusion'®. Here, we reported its association with higher
baseline and delta HbF. Maybe, non-carriers of the T allele (GG genotype) show
more severe SCA due to low HbF, thereby requiring more frequent dose
advancement attempts and increasing the neutropenia frequency. Indeed,
patients with SCA who did had neutropenia showed a significant lower AHbF%

that may have been caused by dose retreat as response to neutropenia.

Several confounding factors contributing to interindividual variability in
response to HU in patients with SCA and may introducing bias in analyzing the
effect of SNPs on HbF changes: (1) The daily dose of HU is a critical aspect of
the treatment: once HU is a myelosuppressive drug, cytopenia is an expected
effect, which needs to be carefully monitored. Therefore, dose adjustment can be
difficult in some patients and advance and retreat of doses are frequent; (2) The
adherence to the treatment protocol. The HU is provided in capsules containing
500 mg, which usually need to be diluted in water to adjust the daily dose for
children to ingest only a fraction of the solute; (3) The access to HU is still an
important barrier for many patients. In Brazil, HU is provided by the public health
system but there may be temporary interruption of supply. Therefore, to mitigate
the bias caused by these real-world limitations in our observational study, we
properly addressed these factors during the patient’s follow-up and adjusted for

them in the multivariate analyses.

Other limitations should be taken into account when analyzing the results
of this study. The use of medical records as the source of retrospective data is
one of the limitations, because the data were generated for clinical follow-up and
not for research purpose. Moreover, the limited sample size may have resulted

in type | error.



In conclusion, our findings suggests that baseline HbF and of SNPs of

BCL11A gene are predictors of HU response in pediatric patients with SCA.
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Supplementary Material

Supplementary Table 1. Genotype frequencies in the cohort of 110 patients with SCA

BCL11A
Chromosome-
2 position

60490908
60491212
60492835
60493111
60493816

60494212
HMIP-2

Chromosome-

6 position
135097880
135105435
135106679

135111414

Allele
SNP ID chang
e
rs1427407 G>T
1s7599488 C>T
15766432 A>C
rs11886868 >C
154671393 G>A
rs7557939 A>G
Allele
SNP ID chang
e
1s9399137 T>C
154895441 A>G
1s9402686 G>A
159494145 T>C

* MAF, Minor Allele Frequency;

** Absolute number;

MAF*

0,2
0,373
0,223
0,341
0,241

0,341

MAF*

0,095
0,064
0,123

0,1

*** HWE, Hardy-Weinberg Equilibrium (p > 0,05).

Genotype
groups**

GG (72);
GT+TT (38)
CC (46);
CT+TT (64)
AA (67);
AC+CC (43)
TT (47);
TC+CC (63)
GG (64);
GA+AA (46)
AA (46);
AG+GG (64)

Genotype
groups®*

TT (89);
TC+CC (21)
AA (96);
AG+GG (14)
GG (83);
GA+AA (27)
TT (88);
TC+CC (22)

HWE***

0,4676
0,3393
0,9194
0,9478
0,8945

0,6224

HWE ***

0,6967
1,0
0,3242

0,6232



Supplementary Table 2. Incidence rate of genotype groups in the cohort of 110
patients with SCA

SNPs

Transfusion

Neutropenia

Group I

Group 11

Group I

Group 11

BCL11A4

1s1427407

0.85 (0.56-1.22)

1.29 (0.75-2.07)

1.45 (1.07-1.92)

1.76 (0.36-1.40)

1s7599488

0.86 (0.49-1.39)

1.05 (0.70-1.51)

1.02 (0.61-1.59)

1.41 (1.01-1.93)

1s766432

0.83 (0.53-1.22)

1.25 (0.76-1.93)

1.39 (1.00-1.88)

1.00 (0.57-1.62)

rs11886868

1.12 (0.71-1.68)

0.85 (0.54-1.30)

1.12 (0.71-1.68)

1.36 (0.95-1.89)

rs4671393

0.71 (0.43-1.09)

1.93 (0.90-2.05)

1.42 (1.01-1.93)

0.99 (0.59-1.58)

rs7557939

1.16 (0.73-1.75)

0.83 (0.52-1.26)

1.01 (0.62-1.56)

1.44 (1.02-1.97)

HMIP-2

rs9399137

0.99 (0.70-1.36)

0.92 (0.39-1.80)

1.15 (0.83-1.54)

1.71 (0.96-2.83)

rs4895441

0.89 (0.63-1.23)

1.53 (0.70-2.90)

1.14 (0.83-1.50)

2.04 (1.05-1.50)

159402686

1.05 (0.74-1.44)

0.74 (0.32-1.45)

1.10 (0.78-1.51)

1.75 (1.05-2.74)

159494145

0.98 (0.68-1.35)

0.96 (0.44-1.83)

1.14 (0.82-1.54)

1.71 (0.98-2.78)

Abbreviations: * Group I: genotype without minor allele; Group II: genotypes with minor allele
in homozygosis or heterozygosis.
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5 Discussao

A hemoglobina fetal (HbF) é a fracdo predominante de hemoglobinas
durante a vida fetal, devido a sua alta afinidade pelo oxigénio (SANKARAN et al.,
2008). A HbF é composta pelas cadeias alfa e gama, sendo a cadeia gama
codificada pelos genes da y-globina (HBG1 e HBG2) no agrupamento de genes
da B-globina (SANKARAN et al., 2008). Importante destacar que a concentragéo
de HbF varia entre os pacientes com anemia falciforme (AF) e entre os eritrocitos
de cada individuo (STEINBERG, 2008). A HbF inibe a polimerizagdo da HbS em
situacbes de baixa oxigenagdo e, portanto, € considerada um importante
modificador da evolugéo clinica de pacientes com AF (LETTRE; BAUER, 2016b).
de vaso-oclusédo, bem como a anemia hemolitica sdo reduzidos, o que ameniza
as complicagdes da AF (STEINBERG, 2005).

BCL11A, uma proteina dedo de zinco, se liga diretamente no
agrupamento de genes da [-globina, inibindo a expressao dos genes y-globina
e consequentemente a produgao de HbF, concomitantemente ao aumento da
expressédo da hemoglobina adulta (BAUER; ORKIN, 2015). O intron 2 do gene
BCL11A é um locus chave na regulacdo de HbF, pois abriga elementos
funcionais ligados a sua fungdo como repressor (BAUER et al., 2013).
Polimorfismos que sobrepbde elementos funcionais no intron 2 de BCL711A
abolem sequéncias conservadas que afetam a expressdo de BCL11A e,
consequentemente, dos genes y-globina, aumentando assim a produgao de HbF
(MARTYN et al., 2018; MENZEL; THEIN, 2019). De forma semelhante, a regiao
intergénica localizada entre os genes HBS1L e MYB (HMIP-2) abriga elementos
funcionais ligados a regulagcdo da expressao dos mesmos (FARRELL et al.,
2011; MENZEL; THEIN, 2019). MYB é um fator de transcricdo que atua como

um trans regulador na via de regulagao da HbF.

Neste trabalho, nds examinamos os efeitos de polimorfismos genéticos na
concentragcédo de HbF, parametros hematoldgicos e na incidéncia de desfechos
clinicos em uma coorte de 250 pacientes pediatricos com AF do estado de Minas
Gerais, acompanhadas pelo Hemocentro de Belo Horizonte, Fundacao
Hemominas. O Capitulo 1 compreende as analises de associacdo de

polimorfismos genéticos individuais, no qual observamos SNPs do gene BCL11A
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e da regido intergénica HMIP-2 associados a concentracdo elevada de HbF,
parametros hematolégicos menos severos e a menor incidéncia de

complicagdes clinicas nestes pacientes pediatricos com AF (SALES et al., 2020).

No Capitulo 2 (artigo submetido para publicagdo) reportamos os
resultados das analises de haplétipos formados pela combinagéo de alelos dos
SNPs funcionais na mesma coorte de pacientes pediatricos com AF, mas
excluindo os 30 individuos aparentados (n= 220). Por carregar mais informacéao
genética, as analises de hapldotipos fornecem maior poder de predicdo em
estudos de associacao genética (CLARK, 2004; MORRIS; KAPLAN, 2002;
SCHAID, 2004).

De fato, nas analises de haplétipos foram observadas mais associacoes
significativas com desfechos clinicos da AF, quando comparamos as analises de
SNPs individuais. NOs observamos que haplotipos formados por SNPs
funcionais do gene BCL11A (“TCA”, que combina os alelos menos frequentes de
rs1427407, rs766432 e rs4671393, respectivamente) e da regido intergénica
HMIP-2 (“CGC”, que combina alelos menos frequentes de rs9399137,
rs4895441, e rs9494145, respectivamente) foram associados com todos os
desfechos clinicos examinados, sendo eles, necessidade de transfusédo
sanguinea, sindrome toracica aguda, dor, infeccéo e ainda sequestro esplénico
agudo. Por outro lado, quanto aos paradmetros hematoldgicos, as analises de
haplétipos ndo capturaram associagdes de SNPs de HMIP-2 com contagem de
reticuldcitos, leucdécitos ou saturagao periférica de oxigénio, como observado na
analise de SNPs individuais (SALES et al., 2020).

Ao combinarmos haplétipos formados por SNPs funcionais do intron 2 do
gene BCL11A e da regido intergénica HMIP-2 que estdo associados ao aumento
da concentragcédo de HbF, nds observamos que criangas com AF portadoras do
haplétipo “CGC” de HMIP-2, mas nao do haplétipo “TCA” de BCL11A
apresentaram concentracdo média de HbF semelhante aqueles individuos que
ndo carregam nenhum desses haplotipos. Por sua vez, portadoras dos
haplétipos “TCA” de BCL11A e “CGC” de HMIP-2 apresentaram concentragao
de HbF significativamente maior quando comparados aqueles individuos que
nao carregam nenhum desses haplotipos. No entanto, criangas com AF
portadoras tanto do haplétipo “TCA” de BCL11A quanto do haplétipo “CGC” de



107

HMIP-2 apresentaram niveis de HbF mais elevados do que aquelas que
carregavam apenas o haplotipo “TCA” de BCL11A. Esses achados sugerem que
os alelos ancestrais dos SNPs de BCL11A podem exibir efeito epistatico nos
alelos alterados de HMIP-2 na regulacdo da HbF. Na co-herancga, os alelos
menos frequentes de BCL11A e HMIP-2 podem ter efeito sinérgico. A hipoétese
de interagao entre estes loci pode ter sentido bioldgico, pois polimorfismos da
regiao HMIP-2 parecem atuar na via de regulagéo da HbF afetando a expressao
do gene MYB, um fator de transcrigdo que regula a expressao de BCL11A que,
por sua vez, reprime a expressao dos genes y-globina e reduz substancialmente
a concentracado de HbF (BAUER; ORKIN, 2015). Todavia, outros estudos com

ensaios experimentais sao necessarios para confirmar essa hipotese.

Os efeitos dos SNPs/haplétipos de BCL11A e HMIP-2 na incidéncia de
complicagdes clinicas da AF podem ser consequéncia da concentragéo elevada
de HbF, que foi observada nos pacientes portadores dos alelos menos
frequentes dos SNPs analisados. Todavia, no Capitulo 1, observamos que a
associacao dos SNPs de BCL11A com a incidéncia de transfus&o sanguinea foi
independente da HbF (SALES et al., 2020). Diferentes elementos regulatérios
foram caracterizados na grande regido entre os genes HBST1L e MYB, em
sobreposigcao com SNPs associados com HbF (FARRELL et al., 2011; MENZEL;
THEIN, 2019). Portanto, haplétipos formados por SNPs distais de HMIP-2
capturam maior informagédo genética desta regido intergénica. O mesmo pode
ser dito de BCL11A, pois apesar dos SNPs associados com HbF estarem mais
restritos ao intron 2 do gene, trata-se de uma regido extensa contendo
assinaturas funcionais e um acentuador eritréide que afeta a expressao de
BCL11A, e, consequentemente o nivel de HbF (BAUER et al., 2013).
Experimentos funcionais alelo-especificos mostraram alteragdes sutis na ligagcao
de fatores de transcricao, expressao de BCL11A e nivel de HbF (BAUER et al.,
2013).

Nés também examinamos o efeito de SNPs de BCL11A e HMIP-2 sobre
a concentragdo de HbF em pacientes com AF tratados com hidroxiureia (HU),
farmaco amplamente usado no tratamento da AF que aumenta a concentragao
de HbF, dentre outros efeitos. Para isso, selecionamos um subgrupo de 110

pacientes tratados com HU inclusos na coorte de pacientes pediatricos com AF
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que vinha sendo acompanhada pela Fundagdao Hemominas. O desenho do
estudo também foi retrospectivo e o acompanhamento de cada paciente foi
iniciado a partir da data de inicio do tratamento com HU. Concomitantemente ao
estudo clinico, nés conduzimos uma Revisao Sistematica da literatura, no intuito
de identificar possiveis lacunas na literatura em que nosso estudo clinico

pudesse ajudar a elucidar.

A Reviséao Sistematica (Capitulo 3) foi estruturada para avaliar a influéncia
de polimorfismos genéticos na alteragdo dos niveis de HbF em pacientes com
HU (criangas ou adultos) tratados com HU. Foram incluidos na revisdo sete
estudos observacionais de coorte de pacientes com AF (gendtipo SS) maiores
que 3 anos de idade e que receberam tratamento com HU pelo periodo minimo
de seis meses. Ao todo, 50 polimorfismos de 17 genes foram encontrados como
associados ao aumento da concentracao de HbF em pacientes tratados com HU
(SALES et al., 2021). Na analise de sobreposicdo dos genes associados,
BCL11A, arginase 1 (ARG1) e arginase 2 (ARG2) foram identificados com
associacao replicada no conjunto dos sete estudos de coorte inclusos. SNPs do
intron 2 do gene BCL11A tiveram associagao replicada na maioria dos estudos
inclusos. Nossa Revisao Sistematica forneceu evidéncia de que tais SNPs
podem influenciar a resposta da HbF em pacientes com AF tratados com HU
(SALES et al., 2021).

A partir do conjunto de genes que tiveram SNPs associados a resposta
da HbF nos pacientes tratados com HU, realizamos analise de enriquecimento
de vias biolégicas usando o banco de dados do Reactome (The Reactome
Pathway Knowledgebase). Noés encontramos enriquecimento para vias
relacionadas ao Fator de Crescimento Vascular Endotelial (VEGF; “interacao
ligante-receptor de VEGF” e “ligacdo VEGF-VEGFR?”), para a via “ciclo da ureia”
e via “Oxido nitrico estimulando guanilato ciclase”. Arginase 1 e arginase 2
catalisam a hidrdlise da arginina para produzir ornitina e uréia. A arginase 1
citosolica € a enzima candnica do ciclo da uréia. A arginase 2 é mitocondrial,
mas também catalisa a produgdo de ureia a partir da arginina e pode ter papel
substancial em pacientes sem a arginase 1 (MOLECULAR MEDICINE, 2001). A
arginase plasmatica € intrinsecamente relacionada a produgdo de oxido nitrico
(POTOKA; GLADWIN, 2015).
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Importante reconhecer que nossas analises de vias s&o limitadas pela
disponibilidade dos estudos inclusos na Revisao Sistematica que examinaram a
influéncia de SNPs na resposta ao tratamento com HU em pacientes com AF
(SALES et al.,, 2021). Nesse contexto, anadlises mais abrangentes poderao
elucidar as multiplas vias moleculares de acdo da HU, que por fim levam ao

aumento da expressao da HbF.

A Revisao Sistematica também apontou algumas lacunas e limitagdes na
literatura da area. Em primeiro lugar, os estudos que avaliaram o efeito dos SNPs
sobre a HbF de pacientes com AF tratados com HU s&o bastante heterogéneos,
0 que levou ao numero limitado de sete estudos que atenderam aos critérios de
inclusédo (FRIEDRISCH et al., 2016; GREEN et al., 2013; KUMKHAEK et al.,
2008; MA et al., 2007; MM et al., 2017; SHEEHAN et al., 2014; WARE et al.,
2011). Notadamente, existe heterogeneidade no protocolo da terapia com HU,
na dose e escalonamento para dose maxima tolerada (DMT), na idade dos
pacientes, nos genes candidatos examinados, no tratamento estatistico dos
fatores de confusao e, principalmente, nos desfechos de HbF examinados como
delta (A) % HbF, A HbF (g/dl), DMT, % HbF, ou HbF maxima (SALES et al.,
2021). Portanto, o efeito de polimorfismos genéticos no aumento dos niveis de

HbF em resposta a HU em pacientes com AF ainda precisa ser explorado.

O Capitulo 4 reporta os resultados do estudo clinico envolvendo um
subgrupo de 110 pacientes pediatricos com AF tratados com HU acompanhados
pela Fundagdo Hemominas. Até o momento, nés examinamos a associagao de
SNPs do gene BCL11A e da regiao intergénica HMIP-2 com alteragao nos niveis
de HbF basal, HbF induzida pela HU e na incidéncia de transfuséo e neutropenia

neste subgrupo.

Trés SNPs do intron 2 do gene BCL711A (rs766432, rs7599488 e
rs4671393) foram identificados como preditores da variagao na concentragao de
HbF em resposta ao tratamento com HU nos pacientes pediatricos com AF.
Esses dados foram gerados a partir de um modelo de regressao linear multipla
ajustado pela idade, género, tempo de tratamento, dose de HU e HbF basal. Nao
houve associacdo dos SNPs da regiao intergénica HMIP-2 com a alteracao da

concentracao de HbF nestes pacientes pediatricos com AF tratados com HU. Os



110

achados de associagcao corroboram os resultados da Revisdo Sistematica
(SALES et al., 2021).

A inducao de HbF é um poderoso mecanismo de acdo de HU. No entanto,
uma vez que varios outros mecanismos de agdo sao conhecidos, estudos
adicionais sao necessarios para examinar se os SNPs de BCL11A sao capazes

de identificar subgrupos de resposta clinica ao tratamento com HU.

O alelo A do SNP rs4671393 do gene BCL11A foi associado com maior
incidéncia de transfusdo. Todavia, as analises de associagdo com a incidéncia
de complicagbes clinicas (até o momento neutropenia e transfusdo) séao
preliminares, tendo em vista que temos previsdo de expansao do tempo de
acompanhamento da coorte, 0 que contribuira para a produgcao de dados mais

acurados do acompanhamento clinico da coorte.

Trata-se de uma coorte bem caracterizada de pacientes pediatricos com
AF do estado de Minas Gerais, sudeste do Brasil, que tem sido acompanhada
pelo grupo de pesquisa por mais de uma década (AR et al., 2015; BELISARIO
etal., 2015, 2016, 2017, 2017; SALES et al., 2020). Os SNPs foram previamente
examinados quanto a porcentagem de variancia explicada de HbF basal(SALES
et al., 2020). A dose de HU foi cuidadosamente coletada e, quando necessario
ajustada pelo peso mesmo quando o ajuste nao foi descrito pelo médico no
prontuario. Além disso, a dose foi ajustada pelo tempo de cada dose de HU
devido ao seu protocolo de escalonamento de dose. Adicionalmente, os
principais fatores de confusdo observados foram levados em consideragcao nas
analises de associagao por meio da construgao de um modelo de regressao

multivariada.

Entretanto, € importante destacar as principais limitacbes do estudo.
Primeiro, devido ao desenho observacional e retrospectivo do estudo, todos os
dados hematoldgicos e clinicos da coorte foram coletados dos prontuarios
médicos dos pacientes. Esses dados nao foram gerados para os fins propostos
na pesquisa, podendo configurar viés de informacéo. Adicionalmente, o tamanho
amostral ndo foi determinado pelo calculo formal de tamanho amostral, mas pela
disponibilidade de acesso e/ou consentimento dos pacientes pediatricos com AF
e seus responsaveis. Ainda, pode ter havido perda de seguimento diferenciada

por conta de transferéncias para outros centros de acompanhamento, ébito, e
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encaminhamentos por complicagdes clinicas graves ou para transplante de
medula 6ssea. Essas limitagdes sao aplicaveis tanto ao estudo dos pacientes
nao tratados quanto ao estudo dos pacientes tratados com HU. Uma limitacéo
especifica do acompanhamento dos pacientes pediatricos com AF tratados com
HU é a falta da averiguacao da adesao dos pacientes ao tratamento com HU,
devido a coleta retrospectiva dos dados.
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Conclusoes

SNPs do gene BCL11A e da regi&o intergénica HBS1L-MYB (HMIP-2)
parecem exercer efeito na concentracdo basal de HbF em pacientes
pediatricos com AF, com alta variancia explicada.

SNPs de BCL11A e de HMIP-2 foram associados a parametros
hematoldgicos menos severos e a menor incidéncia de complicagdes
clinicas nos pacientes pediatricos com AF, seja de forma dependente ou
independente da HbF.

Haplétipos formados pela combinagao de alelos de SNPs funcionais de
BCL11A e de HMIP-2 parecem ser melhores preditores das complicagdes
clinicas que os SNPs individuais nos pacientes pediatricos com AF.

A Revisado Sistematica forneceu evidéncia de que SNPs do intron 2 do
gene BCL11A podem influenciar a resposta da HbF em pacientes com AF
tratados com HU

SNPs de BCL11A podem predizer a resposta da HbF ao tratamento com
HU em pacientes pediatricos com AF, o que nio foi observado para os
SNPs da regiao intergénica HMIP-2.

Parece existir associagdao de SNP de BCL71A com a necessidade de

transfusdo sanguinea nos pacientes pediatricos com AF tratados com HU.
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