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RESUMO

Frequéncias de polimorfismos nos genes que codificam enzimas metabolizadoras de
farmacos variam consideravelmente entre diferentes grupos étnicos. Em populagdes
miscigenadas como as latino-americanas, o conhecimento de caracteristicas
farmacogenéticas de diferentes grupos étnicos pode ser relevante para a implementacdo
de estratégias terapéuticas adaptadas a eles. O objetivo desta tese ¢ verificar a
ancestralidade e a frequéncia das variantes de interesse farmacogenético em populagdes
latino-americanas, visando esclarecer os padrdes destas frequéncias na América Latina. A
partir de dois estudos de miscigenacdo em populagdes brasileiras inseridas no projeto
EPIGEN, concluimos que as coortes do Sudeste/Sul sdo predominantemente europeias
(do norte Europeu/Oriente Médio) e menos africanas (do centro-leste da Africa),
enquanto a coorte do Nordeste possui prevaléncia de ancestralidade africana (do centro-
oeste da Africa) e menos europeia (da Peninsula Ibérica). Além disso, encontramos que
ha correlacdo entre ancestralidade gendmica e etnia autodeclarada em brasileiros. Para a
caracterizacdo de frequéncias das principais variantes de interesse farmacogenético em
populagdes mundiais, apresentamos trés revisdes sistematicas considerando genes
CYP2D6, CYP2C9 e CYP2CIl9 constatando que existem padroes mundiais na
distribuicdo de frequéncias alélicas. No contexto da América Latina, apresentamos uma
revisdo sistematica de 121 biomarcadores farmacogenéticos no Brasil, verificando que
padrdes nesta populacio sdo complexos. Além disso, apresentamos um estudo com dados
originais da Rede Iberoamericana de Farmacogenética, particularmente na Costa Rica,
mostrando uma correlagdo significativa entre ancestralidade gendmica e CYPs em trés
populacdes deste pais. Adicionalmente, a partir de um estudo de admixture mapping que
associa ancestralidade amerindia com risco aumentado para recidiva em leucemia
linfoide aguda devido a dois SNPs, verificamos que esta regido gendmica esta
diferenciada em populagdes latino-americanas, especialmente em nativos. Portanto, em
um contexto populacional e epidemiologico, as informagdes de cor/raga e ancestralidade
genOmica sdo informativas para inferéncias farmacogenéticas. No entanto, para aplicacdo
clinica da farmacogenética em latino-americanos, a genotipagem individualizada deve ser

realizada pois a resposta ndo pode ser predita pela ancestralidade.
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ABSTRACT

Polymorphism frequencies in genes coding for drug metabolizing enzymes vary among
distinct ethnic groups. In admixed populations, such as Latin Americans, the knowledge
of pharmacogenetic characteristics for distinct Latin American ethnic groups may be
relevant for the implementation of therapeutic strategies adapted to them. The goal of this
dissertation is to verify the ancestry and the frequency of pharmacogenetic variants in
Latin American populations, aiming to clarify frequency patterns in Latin America. In
two admixture studies using Brazilian populations comprising EPIGEN project we
concluded that Southeast/South cohorts are predominantly Europeans (from North
Europe/Middle East) and less Africans (from Center-East Africa), whereas Northeast
cohort is prevalently African (from Center-West Africa) and less European (from Iberic
Peninsula). Further, we found a correlation between genomic and self-reported ancestry
in Brazilians. To characterize frequencies of the main variants from worldwide
populations, we presented three systematic reviews considering CYP2D6, CYP2C9 and
CYP2C19 genes, concluding that there are worldwide patterns in allele frequencies
distributions. In a Latin American context, we showed in a systematic review using 121
pharmacogenetic biomarkers that patterns in this population are complicated due to its
complex demographic history. Moreover, we presented an article using original data from
the Iberoamerican Pharmacogenetics Network, particularly in Costa Rica, showing a
significant correlation between genomic ancestry and CYPs in three populations from
this country. Furthermore, from an admixture mapping study which associated Native
American ancestry with increased risk of acute lymphoblastic leukemia relapse due to
two SNPs, we verified that this genomic region is differentiated in Latin American
populations, especially Native Americans. So, in a population and epidemiologic context,
self-reported and genomic ancestry are informative to pharmacogenetic inferences.
However, pharmacogenetic clinical implementation in Latin Americans must be
performed by individual genotyping because drug response cannot be predicted by

ancestry.
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INTRODUCAO

As populacdes atuais da América Latina sdo o resultado de varias contribuicoes
bioldgicas e culturais de populagdes parentais ao longo do tempo. Os trés maiores grupos
populacionais que contribuiram com esta ancestralidade diversa foram europeus,
africanos e amerindios. Por isso, as populagdes da América Latina podem ser
consideradas como tri-hibridas. Outras contribuicdes menores, com grupos parentais
como leste-asiaticos por exemplo, também ocorreram ao longo do tempo e torna a
histéria da América Latina mais complexa (Salzano & Bortolini 2002; Galanter et al.
2012).

As contribui¢des de populagdes parentais ao longo do tempo sdo uma forma de
fluxo génico entre populacdes que estiveram isoladas por um longo periodo de tempo.
Este processo ¢ denominado miscigenacdo, e a populacao hibrida ¢ chamada miscigenada
(Tarazona-Santos et al. 2007).

Cada individuo, sendo parte de populacdes miscigenadas ou ndo, possui uma etnia
autodeclarada. Um individuo pode se autodeclarar de uma determinada etnia de acordo
com caracteristicas fenotipicas e culturais. De acordo com o Instituto Brasileiro de
Geografia e Estatistica (IBGE), por exemplo, no Brasil temos classificagdes de cor ou
raca definidas como Branca, Preta, Parda, Amarela ou Indigena (IBGE n.d.). A cor ou
raca autodeclarada individual é aquela em que o proprio individuo se enquadra em uma
destas categorias. Dessa forma, a cor/raca autodeclarada populacional seria a propor¢ao
de um conjunto de individuos autodeclarados da mesma cor ou raga; por exemplo, a
populagdo brasileira possui 47,5% Brancos, 43,4% Pardos, 7,5% Pretos, 1,1% Amarelos
e 0,4% Indigenas (IBGE 2010).

Entretanto, para elucidar os processos de miscigenagdo sem o viés fenotipico e
cultural, a origem ancestral de determinadas populagdes pode ser determinada pela
genética, com a produg¢do e analise de dados de DNA. Os dados genéticos das populagdes
miscigenadas sdo comparados com dados de populacdes parentais, com auxilio de
analises estatisticas, assim, pode-se inferir padroes de migracdo e acasalamento dessas
populacdes. Apesar de por vezes haver uma associagdo, a ancestralidade gendmica nao
estd sempre correlacionada com a etnia autodeclarada, especialmente em populagdes com

alto indice de miscigenacdo (Pena et al. 2011; Lima-Costa et al. 2015)
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Os estudos tradicionais de inferéncias de ancestralidade gendmica costumavam
enfocar apenas a miscigenagdo populacional. Atualmente, a disponibilidade de um maior
nimero de marcadores genotipados com custos razodveis permite o estudo da
miscigenacdo de cada individuo, cuja distribuicdo ¢ informativa em relagdo ndo
unicamente a quantidade de miscigenag¢do, mas a sua dindmica, ou seja, como ocorreu o
processo de miscigenagdo no tempo.

Existem varios tipos de marcadores moleculares utilizados para estimar a
miscigenagdo individual. Eles podem ser classificados quanto a sua localizagdo:
Cromossomos autossomicos (heranga biparental), DNA mitocondrial e Cromossomo Y
(heranga uniparental); e também quanto a natureza molecular: Microssatélites (repetigdes
em tandem de sequéncias de nucleotideos), Indels (polimorfismos de inser¢do e delecao)
e SNPs (Single Nucleotide Polymorphisms — variagdo em um unico nucleotideo de
DNA).

Os SNPs sdao os marcadores mais prevalentes do genoma (Anon 2003).
Atualmente eles sdo vastamente utilizados em estudos genéticos pois hd um grande
nimero ja caracterizado e disponivel em grandes bancos de dados, como o Projeto
Internacional Hapmap (The International HapMap Consortium, 2010, www.hapmap.org),
1000 Genomes (http://www.1000genomes.org/) e dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/). A disponibilidade de milhdes de SNPs nestes
bancos de dados permite uma maior proximidade a ancestralidade real dos individuos
inclusive no nivel de cromossomos (Via et al. 2009).

Podemos encontrar estudos com estimativas de miscigenagdo populacionais,
individuais e ao longo dos cromossomos, assim como por continentes, regides
subcontinentais e populagdes. Todas essas estimativas possuem erros embutidos, pois €
complicado obter amostras das populacdes parentais genuinamente representativas de
uma populagdo, regido ou do mundo (Cavalli-Sforza 1998), além do erro amostral e das
diferengas entre as frequéncias no momento da amostragem e aquelas no passado nas
populagdes parentais e hibridas devido a deriva genética (flutuacdo aleatoria ao acaso das
frequéncias alélicas).

Para estimar as ancestralidades populacionais, individuais e ao longo de

cromossomos, hd duas principais abordagens de inferéncia:
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A primeira abordagem diz respeito a andlise de marcadores informativos de
ancestralidade (AIMs). AIMs sdo marcadores com frequéncias alélicas altamente
diferenciadas entre populagdes parentais, e por isso sdo considerados informativos para
estimar a ancestralidade de individuos miscigenados (Yaeger, Avila-Bront, et al. 2008;
Galanter et al. 2012). Estes marcadores existem porque o isolamento geografico
prolongado de uma populacdo gera diferengas em suas frequéncias alélicas quando
comparada a outras populacdes. Isso ocorre por deriva genética e mutacdes exclusivas
daquela populagdo, que pode gerar alelos especificos na mesma.

Se um namero suficiente de AIMs for caracterizado, podemos inferir a
ancestralidade em niveis de resolucdo refinados, como individual e ao longo de
cromossomos, nao apenas populacional. O nimero de AIMs necessarios para inferir
ancestralidade com um determinado nivel de acuridcia ¢ menor que o numero de
marcadores selecionados ao acaso, o que facilita e diminui o custo das andlises
(Rosenberg et al. 2002; Galanter et al. 2012).

AlIMs utilizados em populagdes latino-americanas para estimar as ancestralidades
no nivel continental visam minimizar a heterogeneidade intracontinental e aumentar a
diferenga intercontinental (Galanter et al. 2012). Por isso, em estudos com AIMs
esperamos sempre que as frequéncias alélicas dentro de cada grupo parental sejam
semelhantes e entre as populacdes sejam diferentes.

Para populagdes latino-americanas especificamente, ndo ha um unico conjunto de
marcadores 6timos, porque a informatividade dos marcadores depende da combinagdo
das frequéncias alélicas das populagdes parentais e da propor¢do de miscigenacao nessas
populacdes (Pfaff et al. 2004). Marcadores razoavelmente bons para latino-americanos
sdo, entdo, aqueles que mostram uma frequéncia alélica bastante divergente entre
populacdes africanas, europeias e amerindias.

A segunda abordagem diz respeito aos marcadores genome-wide. A
disponibilidade de milhdes de SNPs em bancos de dados publicos ¢ resultado do
decréscimo exponencial no custo da genotipagens devido as novas tecnologias de arrays
e next-generation sequencing (NGS). Com estes dados, ¢ possivel inferir a ancestralidade
individual, populacional e cromossomica se uma grande densidade de SNPs estiver

disponivel para as amostras de interesse. A ancestralidade individual e populacional ¢
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inferida da mesma forma que a analise com AIMs, no entanto com uma maior quantidade
de marcadores que ndo sdo necessariamente AIMs, pois a densidade genome-wide possui
SNPs diferenciados que naturalmente separam os componentes parentais de
ancestralidade.

A miscigenacdo individual pode ser calculada pelo método de Maximum
Likelihood (ML). O método de ML ¢ um procedimento estatistico amplamente utilizado
em diversas areas bioldgicas. Ele consiste em escolher um modelo probabilistico
apropriado para ser atribuido aos dados observados, e em estimar os pardmetros desse
modelo, o que ¢ feito com a técnica de Expectation Maximization (EM) (Do & Batzoglou
2008). No caso de estimativas de ancestralidade individual, este modelo (ML+EM)
considera variaveis demograficas, como a adequacdo ao Equilibrio de Hardy-Weinberg
nas frequéncias alélicas das populagdes parentais (K) que deram origem a populacdo
estudada (Wollstein & Lao 2015). Quando o nimero de marcadores e de amostras ¢
amplo, em geral proveniente de NGS, o método de ML, além de ser acrescido do
algoritmo EM, ndo considera o desequilibrio de ligacdo, o que otimiza a velocidade
computacional. Um exemplo desta adaptacdo ¢ o programa ADMIXTURE (Alexander et
al. 2009), utilizado para calcular a miscigenacdo individual em todos os trabalhos
contidos nesta tese.

A ancestralidade cromossdmica pode ser feita a partir de uma alta densidade de
SNPs, que normalmente ¢ alcancada apenas com abordagem genome-wide. A alta
densidade de SNPs disponivel em cada um dos cromossomos permite que se faca a
inferéncia de componentes parentais de ancestralidade em trechos cromossdmicos
especificos. Esta abordagem ¢ especialmente util quando se trata de populagdes
miscigenadas e se deseja saber a ancestralidade de um gene ou trecho de cromossomo
especifico, que pode ndo coincidir com a ancestralidade individual pelo fato de um
individuo miscigenado ser um mosaico dos componentes de suas populacdes parentais.

A ancestralidade é um fator determinante em muitas areas de interesse clinico,
como por exemplo maior suscetibilidade ao cancer em pessoas de ancestralidade europeia
(Fejerman et al. 2010), maior predisposi¢gdo a asma em individuos com alta
ancestralidade africana (Flores et al. 2012) e variabilidade em resposta clinica a firmacos

em individuos de diferentes etnias (Limdi et al. 2015).
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A resposta clinica a farmacos varia entre individuos devido a fatores como dieta,
patologias, idade, sexo e genética. O estudo das variantes genéticas que influenciam a
resposta a medicamentos ¢ denominado farmacogenética, e, mais especificamente, a
farmacogenética populacional analisa diferencas populacionais dessas variantes genéticas
e sua relacdo com resposta a farmacos.

A variabilidade interindividual na resposta a terapias medicamentosas implica em
respostas clinicas reduzidas ou incidéncia aumentada de reagdes adversas aos
medicamentos. Diferencas de concentracdo nos niveis plasmaticos de farmacos e sub-
produtos do seu metabolismo variam entre individuos apos a ingestdo da mesma dose de
um farmaco.

O metabolismo de eliminagao dos farmacos ocorre por sistemas enzimaticos. Esta
atividade enzimatica influi ndo s6 em farmacos, mas também em substincias que se
ingerem nos alimentos, que por sua natureza lipofilica sdo dificeis de eliminar do
organismo. Da mesma forma, estas enzimas também sdo determinantes no metabolismo
de substancias enddgenas.

As reagdes que realizam a eliminacdo de farmacos podem ser compostas por duas
fases consecutivas. O objetivo da fase I consiste em aumentar a polaridade do fairmaco e a
fase Il agrega um composto organico que facilite ainda mais sua eliminagao.

Embora os polimorfismos genéticos de varias enzimas metabolizadoras de
farmacos tenham sido descritos, o processo oxidativo da fase I mediado por enzimas do
complexo citocromo p-450 (CYP) parece ser um dos passos mais importantes para
muitos medicamentos clinicamente relevantes. E por isso que os polimorfismos genéticos
das enzimas CYP foram extensivamente estudados nas ultimas décadas (Fricke-Galindo
et al. 2015; LLerena et al. 2014; Céspedes-Garro et al. 2015). Um grande niimero desses
CYPs foi descrito (atualmente mais de 50), e dividido em numerosas familias. Muitos
CYPs sdo sujeitos a polimorfismos genéticos com consequéncias funcionais
(http://www.cypalleles.ki.se). As principais enzimas humanas CYP responsaveis por
catalisar a biotransformacdo de farmacos sdo membros das familias CYP1, CYP2, e
CYP3. Dessas enzimas, CYP1A2, CYP2C9, CYP2C19, CYP2D6, ¢ CYP3A4 sao
conhecidas por serem responsaveis por mais de 90% das oxidagdes que sdo clinicamente

relevantes para terapias medicamentosas humanas (Shimada et al. 1994). CYP2D6 ¢ a
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maior determinante de concentracdo plasmatica de vérios medicamentos clinicamente
importantes, como beta-bloqueadores, antidepressivos e nerurolépticos (Llerena et al.
1993; Dorado et al. 2006). CYP2C9 ¢ importante no metabolismo de medicamentos
como varfarina, tolbutamida, fenitoina, diclofenaco, losartan, fluoxetina e amitriptilina
(Dorado et al. 2003). O polimorfismo genético de CYP2C19 ¢ de importancia clinica
porque ela catalisa o metabolismo de vérios firmacos importantes como omeprazol,
clopidogrel, amitriptilina, clomipramina, diazepam, entre outros (Bertilsson 1995).

Para a farmacoterapia individualizada, a habilidade de prever a resposta ao
tratamento a partir do conhecimento do genétipo, permitiria maximizar as chances de
encontrar um farmaco e uma dose adequados para cada paciente. Essa personaliza¢do
poderia maximizar a relacdo eficicia/reacdes adversas, oferecendo economia no tempo e
custo do tratamento e substancialmente melhorando o prognostico do paciente a longo
prazo. Em suma, a farmacogenética pode ser util na melhora da relacdo risco/beneficio de
medicamentos, permitindo a prevengao de reagdes adversas ou falhas terapéuticas.

A prevaléncia de polimorfismos nos genes que codificam enzimas
metabolizadoras de fArmacos varia consideravelmente entre diferentes grupos étnicos (Li,
Lou, et al. 2014; Ramos et al. 2014) e isso faz com que a resposta clinica destes grupos
seja variavel. Por isso, um dos grandes desafios para se alcancar a farmacoterapia
individualizada ¢ o fato de que o desenvolvimento de firmacos ¢ realizado
principalmente em populacdes com ancestralidade europeia, mas populacdes de outras
origens também fazem uso destes medicamentos. Por isso, populagdes de outras etnias,
especialmente as miscigenadas, podem ser suscetiveis a falhas terapéuticas ou reagdes
adversas a estes medicamentos.

A heterogeneidade genética ¢ evidente entre latino-americanos. O conhecimento
de caracteristicas farmacogenéticas de diferentes grupos étnicos em latino-americanos
pode ser muito relevante para a implementacdo de estratégias terapéuticas adaptadas a
eles. A farmacogenética, em um enfoque populacional, permite o desenvolvimento de
recomendacdes regionais de medicamentos de acordo com fatores étnicos e culturais de
cada local.

O fato de que estudos para o desenvolvimento de farmacos seja realizado

majoritariamente em populacdes de ancestralidade europeia faz com que populagdes da
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América Latina, com sua ancestralidade complexa, sejam mais vulneraveis a falhas
terapéuticas ou reagdes adversas. Dados para estas populacdes ainda sdo escassos pois
estes individuos sdo normalmente negligenciados em estudos de farmacologia, genética e
farmacogenética. Por isso, novos dados farmacogenéticos e de ancestralidade para latino-
americanos devem ser gerados e os dados ja publicados devem ser concatenados para que
se extraia o maior nivel de informagao existente.

Portanto, o objetivo geral desta tese ¢ verificar a ancestralidade e a frequéncia das
variantes de interesse farmacogenético de populacdes latino-americanas, visando
esclarecer se ha padrdes de frequéncias de gendtipos e fenotipos farmacogenéticos nestas

populagdes.

Esta tese esté estruturada em trés capitulos de acordo aos objetivos propostos.
Capitulo 1: Ancestralidade no Brasil e na América Latina.
Possui como objetivo inferir a ancestralidade gendmica de diferentes populagdes e sua
relacio com etnia autodeclarada, explorando diferentes usos dos estudos de
ancestralidade em estudos biomédicos.

Objetivo 1.1: Inferir a ancestralidade populacional, individual e cromossdmica de
trés coortes brasileiras em uma abordagem genome-wide (artigo publicado);

Objetivo 1.2: Utilizar a ancestralidade individual e populacional genome-wide da
coorte de Bambui e verificar se hd correlacio com a etnia autodeclarada (artigo

publicado);

Capitulo 2: Farmacogenética populacional e ancestralidade.
Possui como objetivo verificar as frequéncias alélicas e fenotipicas dos principais genes
farmacogenéticos em diferentes etnias e regides mundiais, através de revisdes
sistematicas.

Objetivo 2.1: Realizar uma revisdo sistematica de frequéncias alélicas, fenotipos
preditos e fendtipos metabolicos por grupos étnicos e regides mundiais em voluntarios

sadios para os genes CYP2D6, CYP2C9 e CYP2C19 (artigos publicados);
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Objetivo 2.2: Realizar uma revisdo sistematica de frequéncias alélicas, fenotipos
preditos e fenotipos metabolicos por grupos étnicos e regides do Brasil (primeira autoria -

a ser submetido).

Capitulo 3: Farmacogenética de genes especificos e ancestralidade.
O objetivo ¢, com dados originais, avaliar os padrdes de ancestralidade e correlaciona-los
com gendtipos de interesse farmacogenético em populagdes latino-americanas.

Objetivo 3.1: Correlacionar a ancestralidade individual continental inferida por
AIMs com a frequéncia dos alelos e fendtipos preditos dos genes CYP2D6, CYP2C9 e
CYP2C19 em populacdes da Costa Rica (artigo aceito - primeira autoria compartilhada);

Objetivo 3.2: Verificar a frequéncia de alelos e fenotipos preditos dos genes
CYP2D6, CYP2C9 e CYP2C19 em nativos peruanos, peruanos miscigenados e brasileiros
miscigenados (dados ndo publicados);

Objetivo 3.3: Identificar o padrao de genoétipos e haplotipos dos genes PDE4B e
MYTIL previamente correlacionados com ancestralidade amerindia e recidiva de
leucemia linfoide aguda (LLA) em populagdes de nativos brasileiros e peruanos e

miscigenados brasileiros e peruanos (primeira autoria - a ser submetido).
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CAPITULO 1 - Ancestralidade no Brasil e na América Latina

Origin and dynamics of admixture in Brazilians and its effect on the pattern of

deleterious mutations

O consorcio EPIGEN-Brasil € um projeto de genética epidemiolédgica financiado
pelo Ministério da Saude Brasileiro que envolve cinco centros de pesquisa: Fundacdo
Oswaldo Cruz de Belo Horizonte, Universidade Federal de Pelotas, Universidade Federal
de Minas Gerais, Universidade Federal da Bahia e Universidade de Sdo Paulo. O objetivo
do projeto ¢ inferir a estrutura populacional e a ancestralidade gendmica de 3 coortes
brasileiras de base populacional: coorte de criangas de Salvador (Projeto SCAALA com
n=1.309; (Barreto et al. 2006)), coorte de idosos de Bambui (n=1.442; (Lima-Costa et al.
2011)) e coorte de nascidos vivos de Pelotas (n=3.736; (Barros et al. 2006)), além de
realizar estudos de associac¢do de varredura gendmica (GWAS: Genome Wide Association
Studies) para uma série de desfechos de interesse biomédico que incluem asma, doenga
de Chagas, doencgas cardiovasculares, doengas psiquidtricas e outras, para as quais
existem dados longitudinais. Para isso foi realizada a genotipagem de aproximadamente
4,3 milhdes de SNPs (Illumina HumanOmni5 array) para 265 individuos e a genotipagem
de aproximadamente 2,3 milhdes de SNPs (Illumina HumanOmni2.5 array) para 6.487
individuos, além do sequenciamento do genoma completo em alta resolucao (cobertura
média de 42x) de 30 brasileiros, sendo 10 de cada coorte.

Esse grande e miscigenado conjunto de dados permite fazer ainda inferéncia da
dindmica do processo demografico de mistura em diferentes regides do Brasil bem como
avaliar o tempo ¢ o modo como mutacdes clinicamente relevantes chegaram ao Brasil.
Além disso, possiveis regides afetadas pela selecdo natural pos-colombiana podem
também ser identificadas a partir do excesso ou déficit de ancestralidade europeia,
africana ou nativo-americana.

No artigo a seguir, publicado na revista PNAS (Kehdy et al. 2015), nosso grupo de
pesquisa realizou andlises com os dados mencionados visando elucidar a dindmica da
miscigenagdo brasileira a nivel continental e subcontinental. Na primeira etapa do
projeto, antes de meu estagio sanduiche, fui responsavel pelas inferéncias de

ancestralidade individual em nosso grupo de pesquisa, utilizando a metodologia
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implementada no software ADMIXTURE (Alexander et al. 2009). Esta metodologia
consiste na adequacdo das populagdes miscigenadas ao Equilibrio de Hardy-Weinberg
nas frequéncias alélicas das populagdes parentais (K) que deram origem a populacdo
miscigenada estudada (Wollstein & Lao 2015). Neste trabalho, realizei o primeiro
conjunto de andlises de ancestralidade, identificando componentes continentais e
subcontinentais de ancestralidade.

Com as analises de ancestralidade continental, nds verificamos que a coorte de
Salvador ¢ a que possui maior ancestralidade africana (50,8%), seguido de 42,9% de
ancestralidade europeia e 6,4% de ancestralidade amerindia. A coorte de Bambui
apresentou 78,5% de ancestralidade europeia, 14,7% de africana e 6,7% de amerindia,
enquanto a coorte de Pelotas possui 76,1% de ancestralidade europeia, 15,9% de africana
e 8% de amerindia. Portanto, as coortes do Sudeste/Sul sdo predominantemente
europeias, enquanto a coorte do Nordeste apresentou uma prevaléncia de ancestralidade
africana.

As andlises de ancestralidade subcontinental mostraram que a ancestralidade
europeia no Sudeste e Sul do Brasil ¢ originada de uma regido mais ampla, incluindo o
norte Europeu e Oriente Médio. Em Salvador, a origem europeia ¢ mais restrita a
Peninsula Ibérica. Entretanto, a imigracdo europeia massiva € a migracdo interna de
descendentes de africanos no Brasil ndo aboliu dois componentes de ancestralidade
africana na estrutura genética dos brasileiros: um associado a populagdes
Yoruba/Mandenka nao-Bantu (oeste africano), mais evidente na populag¢do de Salvador, e
um associado a populagdes do centro-leste da Africa/Bantu, mais presente no Sudeste/Sul
do Brasil. Portanto, estes resultados ampliam nosso conhecimento da estrutura genética

da diaspora africana.
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While South Americans are underrepresented in human genomic
diversity studies, Brazil has been a classical model for population
genetics studies on admixture. We present the results of the EPIGEN
Brazil Initiative, the most comprehensive up-to-date genomic anal-
ysis of any Latin-American population. A population-based genome-
wide analysis of 6,487 individuals was performed in the context of
worldwide genomic diversity to elucidate how ancestry, kinship,
and inbreeding interact in three populations with different histories
from the Northeast (African ancestry: 50%), Southeast, and South
(both with European ancestry >70%) of Brazil. We showed that
ancestry-positive assortative mating permeated Brazilian history.
We traced European ancestry in the Southeast/South to a wider
European/Middle Eastern region with respect to the Northeast,
where ancestry seems restricted to Iberia. By developing an approx-
imate Bayesian computation framework, we infer more recent Eu-
ropean immigration to the Southeast/South than to the Northeast.
Also, the observed low Native-American ancestry (6-8%) was
mostly introduced in different regions of Brazil soon after the
European Conquest. We broadened our understanding of the Af-
rican diaspora, the major destination of which was Brazil, by
revealing that Brazilians display two within-Africa ancestry com-
ponents: one associated with non-Bantu/western Africans (more
evident in the Northeast and African Americans) and one associ-
ated with Bantu/eastern Africans (more present in the Southeast/
South). Furthermore, the whole-genome analysis of 30 individuals
(42-fold deep coverage) shows that continental admixture rather
than local post-Columbian history is the main and complex deter-
minant of the individual amount of deleterious genotypes.

Latin America | population genetics | Salvador SCAALA |
Bambui Cohort Study of Ageing | Pelotas Birth Cohort Study

Latin Americans, who are classical models of the effects of
admixture in human populations (1, 2), remain underrepre-
sented in studies of human genomic diversity, notwithstanding re-
cent studies (3, 4). Indeed, no large genome-wide study on
admixed South Americans has been conducted so far. Brazil is

www.pnas.org/cgi/doi/10.1073/pnas.1504447112

the largest and most populous Latin-American country. Its over
200 million inhabitants are the product of post-Columbian
admixture between Amerindians, Europeans colonizers or
immigrants, and African slaves (1). Interestingly, Brazil was the
destiny of nearly 40% of the African diaspora, receiving seven
times more slaves than the United States (nearly 4 million vs.
600,000).

Here, we present results of the EPIGEN Brazil Initiative (https://
epigen.grude.ufmg.br), the most comprehensive up-to-date genomic
analysis of a Latin-American population. We genotyped nearly
2.2 million SNPs in 6,487 admixed individuals from three
population-based cohorts from different regions with distinct
demographic and socioeconomic backgrounds and sequenced
the whole genome of 30 individuals from these populations at an
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Significance

The EPIGEN Brazil Project is the largest Latin-American initia-
tive to study the genomic diversity of admixed populations and
its effect on phenotypes. We studied 6,487 Brazilians from
three population-based cohorts with different geographic and
demographic backgrounds. We identified ancestry components
of these populations at a previously unmatched geographic
resolution. We broadened our understanding of the African
diaspora, the principal destination of which was Brazil, by re-
vealing an African ancestry component that likely derives from
the slave trade from Bantu/eastern African populations. In the
context of the current debate about how the pattern of dele-
terious mutations varies between Africans and Europeans, we
use whole-genome data to show that continental admixture is
the main and complex determinant of the amount of delete-
rious genotypes in admixed individuals.

average deep coverage of 42x (Fig. 1B and SI Appendix, sections
1, 2, and 8). By leveraging on a population-based approach,
we (i) identified and quantified ancestry components of three
representative Brazilian populations at a previously unmatched
geographic resolution; (if) developed an approximate Bayesian
computation (ABC) approach and inferred aspects of the admixture
dynamics in Northeastern, Southeastern, and Southern Brazil;
(iii ) elucidated how aspects of the ancestry-related social history of
Brazilians influenced their genetic structure; and (iv) studied how
admixture, kinship, and inbreeding interact and shape the pattern
of putative deleterious mutations in an admixed population.

Results and Discussion

Populations, Continental Ancestry, and Population Structure. We
studied the following three population-based cohorts (Fig. 1B).
(i) SCAALA (Social Changes, Asthma and Allergy in Latin America
Program) (5) (1,309 individuals) from Salvador, a coastal city
with 2.7 million inhabitants in Northeastern Brazil that harbors
the most conspicuous demographic and cultural African contri-
bution (6). We inferred (7) that this population has the largest
African ancestry (50.8%; SE = 0.35) among the EPIGEN
populations, with 42.9% (SE = 0.35) and 6.4% (SE = 0.09) of

Fig. 1. Continental admixture and kinship
analysis of the EPIGEN Brazil populations.
(A) Kinship coefficient for each pair of individuals
and the probability that they share zero identity
by descent (IBD) alleles (IBD = 0). Horizontal lines
represent a kinship coefficient threshold used to
consider individuals as relatives. (B) Brazilian
regions, the studied populations, and their con-
tinental individual ancestry bar plots. N repre- oo Pros80=0)
sents the numbers of EPIGEN individuals in the i

Original Dataset (including relatives; detailed in
SI Appendix, section 6). (C) PCA representation,
including worldwide populations and the EPIGEN
populations, using only unrelated individuals
(Dataset U; explained in S/ Appendix, section 6).
The three graphics derive from the same analysis
and are different only for the plotting of the
EPIGEN individuals. AP, admixed population;
ASW, Americans of African ancestry in USA;
CEU, Utah residents with Northern and Western
European ancestry; CLM, Colombians from
Medellin, Colombia; EAFR, east Africa; FIN,
Finnish in Finland; French B, Basque; GBR, Brit-
ish in England and Scotland; IBS, Iberian pop-
ulation in Spain; LWK, Luhya in Webuye, Kenya;
ME, Middle East; MXL/MEX, Mexican ancestry
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European and Amerindian ancestries, respectively. Notably, this
African ancestry is lower than that usually observed in African
Americans (8, 9). (i) The Bambui Aging Cohort Study (10),
ongoing in the homonymous city of ~15,000 inhabitants, in the
inland of Southeastern Brazil (1,442 individuals who were 82%
of the residents older than 60 y old at the baseline year). We
estimated that Bambui has 78.5% (SE = 0.4) of European,
14.7% (SE = 0.4) of African, and 6.7% (SE = 0.1) of Amerindian
ancestries. (iii) The 1982 Pelotas Birth Cohort Study (11) (3,736
individuals; 99% of all births in the city at the baseline year).
Pelotas is a city in Southern Brazil with 214,000 inhabitants.
Ancestry in Pelotas is 76.1% (SE = 0.33) European, 15.9% (SE =
0.3) African, and 8% (SE = 0.08) Amerindian.

By comparing autosomal mtDNA and X-chromosome di-
versity, we found across the three populations the signature of a
historical pattern of sex-biased preferential mating between
males with predominant European ancestry and women with
predominant African or Amerindian ancestry (12) (S Appendix,
sections 6.6 and 6.9, Fig. S12, and Table S18). We determined
(13) that individuals from Salvador and Pelotas were, with few
exceptions, unrelated and have low consanguinity (Fig. 14 and S
Appendix, Figs. S1 and S2). Conversely, the Bambui cohort has
the highest family structure and inbreeding [Fig. 14 and SI Ap-
pendix, section 4.1 (discussion about the age structure of this
cohort) and Figs. S1 and S2]. Bambui includes several families
with more than five related individuals showing at least one
second-degree (or closer) relative. Bambui mean inbreeding
coefficient (0.010; SE = 0.0008) (SI Appendix, Fig. S2) is com-
parable with estimates observed in populations with 15-25% of
consanguineous marriages from India (14). Interestingly, in-
breeding in Bambui was correlated with European ancestry
(Pspearman = 0.20; P < 107'%). These higher inbreeding and kin-
ship structures are consistent with Bambui being the smallest and
the most isolated of the EPIGEN populations.

Continental genomic ancestry in Latin America (and specifi-
cally, in Brazil) is correlated with a set of phenotypes, such as
skin color and self-reported ethnicity, and social and cultural
features, such as socioeconomic status (15-17). We observed a
positive correlation across the three EPIGEN populations be-
tween SNP-specific Africans/Europeans Fsr (a measurement
of informativeness of ancestry) and SNP-specific Fir (a mea-
surement of departure from Hardy—Weinberg equilibrium)
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(81 Appendix, Fig. S3). This finding indicates that, after five
centuries of admixture, Brazilians still preferentially mate with
individuals with similar ancestry (and its correlated morpholog-
ical phenotypes and socioeconomic characteristics), a trend also
observed in Mexicans and Puerto Ricans (18). Interestingly, the
highest correlations were found in Pelotas and Bambui, consis-
tent with their higher proportion of individuals with a clearly
predominant ancestry (European or African) compared with Salvador
(Fig. 1 B and C). Conversely, in Salvador, despite its highest
mean African ancestry, individuals are more admixed (Fig. 1 B
and C), probably because of a combination of a longer history of
admixture (see below) and the lower and more homogeneous
socioeconomic status of this cohort (5).

Three outcomes illustrate how population subdivision and in-
breeding (both partly ancestry-dependent) interact to shape pop-
ulation structure in admixed populations with different sizes (S
Appendix, Figs. S1 and S3). First, Bambui (the smallest city) has
the strongest departure from Hardy—Weinberg equilibrium
(Frr =0.016; SE = 0.00003) because of both inbreeding (Fis =
0.010; SE = 0.0008) and ancestry-based population subdivision
(prrrrsT = 0.18; P < 10’"’). Second, Pelotas (a medium-sized
city; Fir = 0.012; SE = 0.00002) has negligible inbreeding (Fis =
—0.001; SE = 0.0002) but the strongest ancestry-based pop-
ulation subdivision (pgrr.psT = 0.38; P < 10_16). Third, the large
city of Salvador shows the lowest inbreeding and ancestry-based
population subdivision (Fir = —0.003; SE = 0.00002; Fs =
—0.001; SE = 0.0003; pprr.pst = 0.08; P < 107'9).

Overall, the EPIGEN populations studied by a population-based
approach exemplify how ancestry, kinship, and inbreeding may be
differently structured in small (Bambui), medium (Pelotas), and
large (Salvador) admixed Latin-American populations. These pop-
ulations fairly represent the three most populated Brazilian regions
(Northeast, Southeast, and South) with their geographic distribution
and continental ancestry (Fig. 1) and are good examples of the
Latin-American genetic diversity with their ethnic diversity.

Differences in Admixture Dynamics. We estimated the continental
origin of each allele for each SNP along each chromosome of the
EPIGEN individuals (19) (SI Appendix, section 6.7) and calculated
the lengths of chromosome segments of continuous specific ancestry
(CSSA) (Fig. 24), with distribution that informs how admixture
occurred over time. By leveraging on the model by Liang and
Nielsen (20) of CSSA, we developed an ABC framework to infer
admixture dynamics (S Appendix, section 6.8). We simulated CSSA
distributions generated by a demographic history of three pulses of
trihybrid admixture that occurred 18-16, 12-10, and 6-4 generations
ago, conditioning on the observed current admixture proportions of
each of the EPIGEN populations. This demographic model con-
ciliates statistical complexity and the real history of admixture. We
inferred the posterior distributions of nine parameters m,, p, where

m is the proportion of immigrant individuals entering in the
admixed population from the n ancestral population (African,
European, or Native-American ancestry) in the P admixture pulse.

Interestingly, ABC results (Fig. 2B) show that the observed low
Native-American ancestry was mostly introduced in different regions
of Brazil soon after the European Conquest of the Americas, which
is consistent with the posterior depletion of the Native-American
population in Brazil. Also, we inferred a predominantly earlier Eu-
ropean colonization in the Northeast (Salvador) vs. a more recent
immigration in Southeastern and Southern Brazil (Bambui and
Pelotas), consistent with historical records (brasil500anos.ibge.gov.bry).
Conversely, African admixture showed a decreasing temporal trend
shared by the three EPIGEN populations (21). Complementary
explanations are continuous local immigration into the admixed
populations from communities with high African ancestry
already settled in Brazil [for example, quilombos (i.e., Afro-
Brazilian slave-derived communities in Brazil) (22)].

Dissecting European Ancestry. To dissect the ancestry of Brazilians at
a subcontinental level, we applied (i) the ADMIXTURE method (7)
by increasing the number of ancestral clusters (K) that explains the
observed genetic structure (S Appendix, Figs. S4 and S5) and (ii) the
Principal Component Analysis (PCA) (23) (Figs. 1C and 3 B and D
and SI Appendix, Fig. S6). To study biogeographic ancestry, we ex-
cluded sets of relatives that could affect our inferences at the within-
continent level (24). We developed a method based on complex
networks to reduce the relatedness of the analyzed individuals by
minimizing the number of excluded individuals (SI Appendix, section
6.1). Using this method, we created the Dataset Unrelated (Dataset
U), including 5,825 Brazilians, 1,780 worldwide individuals, and no
pair of individuals closer than second-degree relatives. Hereafter,
PCA and ADMIXTURE results are relative to Dataset U.

Brazil received several immigration waves from diverse Eu-
ropean origins during the last five centuries (brasil500anos.ibge.
gov.br/): Portuguese (the first colonizers), who also arrived in
large numbers during the last 150 y; Italians (mostly to the South
and Southeast); and Germans (mostly to the South). In our PCA
representation (Fig. 3B), the European component of the genomes
of most Brazilians is similar to individuals from the Iberian Penin-
sula and neighboring regions. The resemblance in within-European
ancestry of individuals from Pelotas (South) and Bambui (South-
east) to central North Europeans and Middle Easters, respectively
(Fig. 3B), reflects a geographically wider European ancestry of these
two populations with respect to Salvador. Considering the total
European ancestry estimated by ADMIXTURE, we inferred a
higher proportion of North European-associated ancestry in Pelotas
(40.2%) than in Bambui (35.8%) and Salvador (36.7%; P < 107'%;
Wilcoxon tests) (Fig. 34, red cluster in K = 7). We confirmed these
results by analyzing a reduced number of SNPs with a larger set of

Fig. 2. Distributions of lengths of chromosomal
segments of (A) CSSA and (B) admixture dynamics
inferences estimated for three EPIGEN Brazilian
populations. (A) CSSA lengths were distributed in
50 equally spaced bins per population. Red, blue,
and green dots represent a European, an African,
and a Native-American CSSA, respectively. (B) We
inferred the posterior densities of the proportions

of immigrants (with respect to the admixed pop-
ulation) from each origin, and we show their 90%
highest posterior density (HPD) intervals. Inferences
are based on a model of three pulses of admixture
(vertical axis) simulated based on the model of CSSAs
evolution by Liang and Nielsen (20). Inferences are
based on approximate Bayesian computation. An-

cestry color codes are red for European, blue for Af-
rican, and green for Native American.
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Fig. 3. European and African ancestry clusters in the Brazilian populations. We
show (A and C) relevant ADMIXTURE individual ancestry bar plots and (B and D)
plots of principal components (PCs) that dissect ancestry within (A and B)
Europe and (C and D) Africa. We performed the analyses using Dataset U
(unrelated Brazilians and worldwide individuals). We only plot individuals from
relevant ancestral populations. Complete ADMIXTURE and PCA results are
represented in S/ Appendlix, section 6 and Figs. S4-56. Black ellipses in B show
some individuals from Pelotas (Southern Brazil) clustering with northern Euro-
pean individuals toward the top and individuals from Bambui (Southeastern
Brazil) clustering with Middle Eastern individuals toward the bottom. AP,
admixed population; ASW, Americans of African ancestry in USA; CEU, Utah
residents with Northern and Western European ancestry; CLM, Colombians
from Medellin, Colombia; EAFR, east Africa; FIN, Finnish in Finland; French B,
Basque; GBR, British in England and Scotland; IBS, Iberian population in Spain;
LWK, Luhya in Webuye, Kenya; ME, Middle East; MXL/MEX, Mexican ancestry
from Los Angeles; N., (North) Italian; NAT, Native American; NE, northeast;
NEUR, north Europe; PUR, Puerto Ricans from Puerto Rico; S, south; SE, south-
east; SEUR, south Europe; TSI, Toscani in Italia; YRI, Yoruba in Ibadan, Nigeira;
WAFR, west Africa.

European individuals and populations (25, 26) (SI Appendix,
section 6.2).

Brazil, the Main Destination of the African Diaspora. African slaves
arrived to Brazil during four centuries, whereas most arrivals to the
United States occurred along two centuries, and the geographic and
ethnic origin of Brazilian slaves differ from Caribbeans and African
Americans (27). In fact, the Portuguese Crown imported slaves to
Brazil from western and central west Africa (the two are the major
sources of the slave trade to all of the Americas) as well as
Mozambique. We detected two within-Africa ancestry clusters in
the current Brazilian population (Fig. 3C, K = 9 and SI Appendix,
section 6.3): one associated with the Yoruba/Mandenka non-Bantu
western populations (Fig. 3C, blue) and one associated with the
Luhya/HGDP (Human Genome Diversity Project) Bantu pop-
ulations from eastern Africa (Fig. 3C, mustard). Interestingly, the
proportions of these ancestry clusters, which are present across all
of the analyzed African and Latin-American populations, differ
across them. The blue cluster in Fig. 3C predominates in African
Americans and in Salvador, accounting for 83% and 75% of the
total African ancestry, respectively (against 17% and 25%, re-
spectively, of the mustard cluster in Fig. 3C) (SI Appendix, Table
$17). Comparatively, the mustard cluster in Fig. 3C is more evident

40f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1504447112

in Southeastern and Southern Brazil (36% and 44% of African
ancestry in Bambui and Pelotas, respectively). These results are
consistent with the fact that a large proportion of Yoruba slaves
arrived in Salvador, whereas the Mozambican Bantu slaves dis-
embarked primarily in Rio de Janeiro in Southeastern Brazil (21).
These results show for the first time, to our knowledge, that the
genetic structure of Latin Americans reflects a more diversified
origin of the African diaspora into the continent. Interestingly, the
two within-African ancestry clusters in the Brazilian populations
(showing an average Fsr of 0.02) are characterized by 3,318 SNPs,
with the 10% top Fsr values higher than 0.06, and include 38 SNPs
that are hits of genome-wide association studies (SI Appendix, sec-
tion 7 and Table S25).

Pattern of Deleterious Variants: Effect of Continental Admixture,
Kinship, and Inbreeding. Based on whole-genome data from 30
individuals (10 from each of three EPIGEN populations), we
identified putative deleterious nonsynonymous variants (28) (S/
Appendix, section 8). There are recent interest in and apparently
conflicting results on whether Europeans have proportionally
more deleterious variants in homozygosis than Africans (29-32).
Lohmueller et al. (29) explained these differences as an effect of
the Out of Africa bottleneck on current non-African populations.
Out of Africa would have enhanced the effect of genetic drift
and attenuated the effect of purifying natural selection, pre-
venting, in many instances, the extinction of (mostly weakly)
deleterious variants in non-Africans.

We investigated how European ancestry shapes the amount
of deleterious variants in homozygosis (a more likely genotype
for common/weakly deleterious variants) and heterozygosis in
admixed Latin-American individuals. We observed three pat-
terns (Fig. 4). (/) Considering all (i.e., weakly and highly) dele-
terious variants, for a class of individuals with high European
ancestry (>65%; from Bambui and Pelotas), the individual
number of deleterious variants in homozygosis is correlated with
European ancestry, but importantly, this correlation is not ob-
served among individuals with intermediate European ancestry
(from Salvador) (Fig. 44). (ii) The individual number of dele-
terious variants (both all and rare classes) in heterozygosis (Fig. 4
B and D) decreases linearly with European ancestry, regardless
the cohort of origin. This result is also observed for rare dele-
terious variants in homozygosis, although the pattern is not very
clear in this case (Fig. 4C). (iii) There are no differences in the
amount of deleterious variants between individuals from Bambui
and Pelotas. These populations have similar continental admixture
proportions and dynamics, but different post-Columbian population
sizes and histories of isolation, assortative mating, kinship structure,
and inbreeding. Taken together, our results are consistent with the
results and evolutionary scenario proposed by Lohmueller et al.
(29) and Lohmueller (31), and suggest that, in Latin-American
populations, the main determinant of the amount of deleteri-
ous variants is the history of continental admixture, although in a
more complex fashion than previously thought (pattern i). Com-
paratively, the role of local demographic history seems less relevant.

Conclusion

A thread of historical facts has modeled the genetic structure of
Brazilians. Our population-based and fine-scale analyses revealed
novel aspects of the genetic structure of Brazilians. In 1870, blacks
were the major ethnic group in Brazil (21), but this scenario
changed after the arrival of nearly 4 million Europeans during the
second one-half of the 19th century and the first one-half of the
20th century. This immigration wave was encouraged by Brazilian
officials as a way of “whiting” the population (33), and it trans-
formed Brazil into a predominantly white country, particularly in
the Southeast and South. Consistently, (i) we observed that larger
chromosomal segments of continuous European ancestry in the
southeast/south are the signature of this recent European immi-
gration, and (7) we traced the European ancestry in the Southeast/
South of Brazil to a wider geographical region (including central
northern Europe and the Middle East) than in Salvador (more
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Fig. 4. Individual numbers of genotypes with nonsynonymous deleterious
variants in homozygosis and heterozygosis vs. European ancestry based on
the whole-genome sequence (42x) of 30 individuals (10 from each pop-
ulation): Salvador (Northeast; brown), Bambui (Southeast; cyan), and Pelotas
(South; gray). Deleterious variants were identified using CONDEL (28) and
corrected for the bias reported by Simons et al. (30). Spearman correlation
between European ancestry and the number of all deleterious variants in
homozygosis for Bambui and Pelotas individuals was 0.57 (P = 0.009). The
numbers of genotypes considering all deleterious variants in homozygosis or
heterozygosis are in A and B, respectively, and considering only rare dele-
terious variants are in C (in homozygosis) and D (in heterozygosis). SNVs,
single nucleotide variants.

restricted to the Iberian Peninsula). However, neither this massive
immigration nor the internal migration of black Brazilians have
concealed two components of their African ancestry from the
genetic structure of Brazilians: one associated with the Yoruba/
Mandenka non-Bantu populations, which is more evident in the
Northeast (Salvador), and one associated with central east African/
Bantu populations, which is more present in the Southeast/South.
This result broadens our understanding of the genetic structure of
the African diaspora. Furthermore, we showed that positive assor-
tative mating by ancestry is a social factor that permeates the
demographic history of Brazilians and also, shapes their genetic
structure, with implications for the design of genetic association
studies in admixed populations. For instance, because mating by
ancestry produces Hardy-Weinberg disequilibrium, filtering SNPs
for genome-wide association studies based on the Hardy—Weinberg
equilibrium conceals real aspects of the genetic structure of these
populations. Finally, in Latin-American populations, the history of
continental admixture rather than local demographic history is the
main determinant of the burden of deleterious variants, although in
a more complex fashion than previously thought. We speculate that
future studies on populations from Northern Brazil (including large
cities, such as Manaus, next to the Amazon forest) or the Central-
West may reveal larger and different dynamics of Amerindian
ancestry. Also, fine-scale studies on large urban centers from the
Southeast and South of Brazil, such as Rio de Janeiro or Sao
Paulo, that have been the destination of migrants from all over the
country during the last decades, may show an even more diversified
origin of Brazilians, including Japanese ancestry components, for
instance, that we did not identify in our study. The EPIGEN Brazil
initiative is currently conducting studies to clarify how the genetic
variation and admixture interact with environmental and social
factors to shape the susceptibility to complex phenotypes and dis-
eases in the Brazilian populations.

Methods

Genotyping and Data Curation. Genotyping was performed by the Illumina
facility using the HumanOmni2.5-8v1 array for 6,504 individuals and the
HumanOmni5-4v1 array for 270 individuals (90 randomly selected from each
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cohort). After that, we performed quality control analysis of the data using
Genome Studio (lllumina), PLINK (34), GLU (code.google.com/p/glu-genetics/),
Eigenstrat (35), and in-house scripts. This study was approved by the Brazilian
National Research Ethics Committee (CONEP, resolution 15895).

Whole-Genome Sequencing and Functional Annotation. We randomly selected
10 individuals from each of the three EPIGEN populations. The Illumina facility
performed whole-genome sequencing of these individuals from paired-end
libraries using the Hiseq 2000 Illumina platform. CASAVA v.1.9 modules were
used to align reads and call SNPs and small INDELs (insertion or deletion of
bases). Each genome was sequenced, on average, 42 times, with the following
quality control parameters: 128 Gb (Gigabase) of passing filter aligned to
the reference genome (HumanNCBI37_UCSC), 82% of bases with data quality
(QScore) >30, 96% of non-N reference bases with a coverage >10x, a
HumanOmni5 array agreement of 99.53%, and a HumanOmni2.5 array
agreement of 99.27%. Functional annotation was performed with ANNOVAR
(August 2013 release) with the refGene v.hg19_20131113 reference database in
April of 2014. The nonsynonymous variants were predicted to be deleterious
using CONDEL v2.0 (cutoff = 0.522) (28), which calculates a consensus score based
on MutationAssessor (36) and FatHMM (37). These results were corrected for the
bias reported in the work by Simons et al. (30), which evidenced that, when the
human reference allele is the derived one, methods that infer deleterious vari-
ants tend to underestimate its deleterious effect (S/ Appendix, section 8).

Relatedness and Inbreeding Analysis. We estimated the kinship coefficients for
each possible pair of individuals from each of the EPIGEN populations using the
method implemented in the Relatedness Estimation in Admixed Populations
(REAP) software (13). It estimates kinship coefficients solely based on genetic
data, taking into account the individual ancestry proportion from K parental
populations and the K parental populations allele frequencies per each SNP. For
these analyses, we calculated individual ancestry proportion and K parental
populations allele frequencies per each SNP using the ADMIXTURE software (7)
in unsupervised mode assuming three parental populations (K = 3). Inbreeding
coefficients were also estimated for each individual using REAP. We repre-
sented families by networks, which were defined as groups of individuals
(vertices) linked by kinship coefficient higher than 0.1 (edges).

F Statistics. The Fs statistic for each population is estimated as the average of the
REAP inbreeding coefficients across individuals. For each SNP i and each pop-
ulation, we estimated the departure from Hardy-Weinberg equilibrium as Firgy =
(He; — Ho))/He;, where Ho; and He; are the observed and the expected hetero-
zygosities under Hardy-Weinberg equilibrium for the SNP i, respectively. We
estimated the population Fir by averaging Firg; across SNPs. We estimated the Fsr
for each SNP between the YRI and CEU populations using the R package hierfstat
(38). The correlation between YRI vs. CEU Fsr and Fir values for each SNP was
calculated by the Spearman’s rank correlation-p using the R cor.test function.

Population Structure Analyses. To study population structure, we applied (/) the
ADMIXTURE method (7), increasing the number of ancestral clusters (K) that
explains the observed genetic structure from K = 3, and (ii) PCA (35) (Figs. 1C
and 3 and S/ Appendix, section 6 and Figs. S4-56). To study biogeographic
ancestry, we have to exclude sets of relatives that could affect our inferences at
within-continental level (24). We conceived and applied a method based on
complex networks to reduce the relatedness of the analyzed individuals by
minimizing the number of excluded individuals (S/ Appendix, section 6.1). Ap-
plying this method, we created Dataset U, with 5,825 Brazilians, 1,780
worldwide individuals, and no pairs of individuals closer than second-degree
relatives (REAP kinship coefficient >0.10) (S/ Appendix, Table S13). We per-
formed ADMIXTURE analyses with both the Original Dataset and Dataset U (S/
Appendix, section 6 and Figs. S4 and S5).

PCA and ADMIXTURE analyses were performed with integrated datasets
comprising the three cohort-specific EPIGEN working datasets and the public
datasets populations described in S/ Appendix, section 5. For the PCA and
ADMIXTURE analyses, we used the SNPs shared by all of these populations,
comprising a total of 8,267 samples and 331,790 autosomal SNPs (called the
Original Dataset).

Analyses with X-chromosome data used only female samples from the
Original Dataset. To perform such analyses, we integrated genotype data of
shared SNPs from the X chromosome of EPIGEN female samples (from all
three cohorts) and the X chromosome of female samples from the public
datasets populations described in S/ Appendix, section 5. This data in-
tegration yielded genotyping data with 5,792 SNPs for 4,192 females.

Local Ancestry Analyses. We inferred chromosome local ancestry using the
PCAdmix software (19) and ~2 million SNPs shared by EPIGEN (Original
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Dataset) and the 1000 Genomes Project (SI Appendix, section 5.2). Consid-
ering our SNPs density, we defined a window length of 100 SNPs following
the work by Moreno-Estrada et al. (27). PCAdmix infers the ancestry of each
window. Local ancestry inferences were performed after linked markers (~* >
0.99) were pruned to avoid ancestry misestimating caused by overfitting (4). We
considered only the windows in which ancestry was inferred by the forward-
backward algorithm with a posterior probability >0.90.

After local ancestry inferences, we calculated the lengths of the chromosomal
segments of CSSA for each haplotype from each chromosome from each in-
dividual. The distribution of CSSA length was organized in 50 equally spaced bins
defined in centimorgans and plotted for each population (Fig. 2A4).

For the local ancestry analyses, we used phased data from the 1000 Genomes
Project populations YRI and LWK (Africans) as well as CEU, FIN, GBR, TSI, and IBS
(Europeans), Native-American populations Ashaninka and Shimaa [from the
Tarazona-Santos group LDGH (Laboratory of Human Genetic Diversity) dataset],
and the three EPIGEN populations (Original Dataset). The SHAPEIT software (39)
was used to generate phased datasets.

We estimated admixture dynamics parameters using ABC. We used the
model by Liang and Nielsen (20) to simulate CSSA distributions generated
by a demographic history of three pulses of trihybrid admixture occurring
18-16, 12-10, and 6-4 recent generations ago conditioned on the observed
admixture proportions of the EPIGEN populations. We inferred the posterior
distributions of nine parameters m, » (S Appendix, section 6.8).
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Lineage Markers Haplogroups Inferences. We performed mtDNA haplogroup
assignments using HaploGrep (40), a web tool based on Phylotree (build 16)
for mtDNAhaplogroup assignment. For Y-chromosome data, we infer-
red haplogroups using an automated approach called AMY tree (41). For
Y-chromosome haplogroups, we considered the Karafet tree (42) and
more recent studies to describe additional subhaplogroups. By these
means, an updated tree was considered based on the information given by
The International Society of Genetic Genealogy (ISOGG version 9.43; www.
isogg.org).
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Genomic ancestry and ethnoracial self-classification based on 5,871 community-

dwelling Brazilians (The Epigen Initiative)

Ainda como resultado das andlises de ancestralidade individual que realizei no
projeto EPIGEN, outro artigo, publicado na revista Scientific Reports (Lima-Costa et al.
2015), foi publicado.

Existem controvérsias na literatura quanto a correlagdo entre ancestralidade
gendmica e cor/raga autodeclarada em brasileiros. Com uma abordagem genome-wide
(370.539 SNPs) em 5.851 individuos das trés coortes do EPIGEN (Bambui, Salvador e
Pelotas), neste trabalho identificamos que hé correlacdo entre ancestralidade gendmica e
etnia autodeclarada em brasileiros, e que individuos de Salvador tendem a se autodeclarar
brancos mesmo com alta ancestralidade africana, o que sugere que fatores ndo biologicos

também influenciam na autodeclaragao.

31



SCIENTIFIC 028
REPLIRTS X

SUBJECT AREAS:

POPULATION
GENETICS

EPIDEMIOLOGY

Received
21 October 2014

Accepted
6 March 2015

Published
27 April 2015

Correspondence and
requests for materials
should be addressed to
M.F.LC. (lima-costa@

cpgrr.fiocruz.br)

* A comprehensive list
of authors and
affiliations appear at
the end of the paper

Genomic ancestry and ethnoracial
self-classification based on 5,871
community-dwelling Brazilians
(The Epigen Initiative)

M. Fernanda Lima-Costa', Laura C. Rodrigues?, Mauricio L. Barreto®, Mateus Gouveia®, Bernardo L. Horta®,
Juliana Mambrini', Fernanda S. G. Kehdy*, Alexandre Pereira®, Fernanda Rodrigues-Soares?,
Cesar G. Victora®, Eduardo Tarazona-Santos* & Epigen-Brazil group*

"Fundagdo Oswaldo Cruz, Instituto de Pesquisas Rene Rachou, Belo Horizonte, Brazil, 2London School of Hygiene and Tropical
Medicine, Department of Infectious Disease Epidemiology, London, UK, 2Universidade Federal da Bahia, Instituto de Saide
Coletiva, Salvador, Brazil, “Universidade Federal de Minas Gerais, Instituto de Ciéncias Biolégicas, Belo Horizonte, Brazil,
SUniversidade Federal de Pelotas, Programa de Pés Graduagdo em Epidemiologia, Pelotas, Brazil, ®Universidade de Séo Paulo,
Instituto do Coracdo, Séo Paulo, Brazil.

Brazil never had segregation laws defining membership of an ethnoracial group. Thus, the composition
of the Brazilian population is mixed, and its ethnoracial classification is complex. Previous studies
showed conflicting results on the correlation between genome ancestry and ethnoracial classification in
Brazilians. We used 370,539 Single Nucleotide Polymorphisms to quantify this correlation in 5,851
community-dwelling individuals in the South (Pelotas), Southeast (Bambui) and Northeast (Salvador)
Brazil. European ancestry was predominant in Pelotas and Bambui (median= 85.3% and 83.8%,
respectively). African ancestry was highest in Salvador (median = 50.5%). The strength of the association
between the phenotype and median proportion of African ancestry varied largely across populations, with
pseudo R’ values of 0.50 in Pelotas, 0.22 in Bambui and 0.13 in Salvador. The continuous proportion of
African genomic ancestry showed a significant S-shape positive association with self-reported Blacks in the
three sites, and the reverse trend was found for self reported Whites, with most consistent classifications in
the extremes of the high and low proportion of African ancestry. In self-classified Mixed individuals, the
predicted probability of having African ancestry was bell-shaped. Our results support the view that
ethnoracial self-classification is affected by both genome ancestry and non-biological factors.

originated from three main ancestral roots: African, European and Native American, the latter constituting

the autochthonous population. Colonization was predominantly Portuguese. The slave trade of Africans to
Brazil was the oldest, the longest-running and the largest in the Americas. Early European colonizers and their
descendants brought an estimated of 3.6 million African slaves, seven times more than their counterparts in the
United States’.

Brazil never had segregation laws defining who should belong to an ethnoracial group, as the United States and
South Africa had. This was probably a result of the Brazilian elite decision to “whiten” the Brazilian population
through miscegenation rather than impose segregation; and ethnoracial classification was left to individual
perception®. As a consequence, the composition of the Brazilian population is more mixed, and its ethnoracial
classification is more complex and fluid than in those countries where segregation was imposed by law?. This was
to such a degree that it has been questioned whether — and how - ethnoracial classification in Brazil correlates
with genomic ancestry. Previous genome studies based on up to a hundred informative markers showed con-
flicting results on this correlation®*.

The Brazilian census adopts a classification based on ethnoracial self-classification with five groups: White,
Mixed (“pardo” in official Portuguese), Black, Yellow (Asian) and Indigenous (Native American), the latter two
representing less than 1% of the total population'. People who self-report as Whites predominate in the South and
Southeast, and as Mixed and/or Black in the North and Northeast'. Persons self-reporting as Black and Mixed are

B razil is the 5™ most populous nation in the world, with about 200 million inhabitants'. Its population
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more likely to have lower income and education®'!, to report
experiencing discrimination'"'?, and have more negative health-
related outcomes'>*"”. The most plausible explanation for these
disparities is the cumulative effect of the lack of social policies to
support individuals of African origin and their descendants since the
abolition of slavery in 1888'%. To some extent, recent affirmative
action in Brazil, mostly based on ethnoracial self-classification, is
supported by this theoretical framework. Thus, the debate over
whether ethnoracial self-classification correlates with ancestry has
scientific and policy implications.

The Epigen-Brazil initiative is based on three well-defined
ongoing population-based cohorts from Brazil’s South",
Southeast®® and Northeast*'. We used 370,539 Single Nucleotide
Polymorphisms (SNPs) to quantify the association between like-
lihood of self-classification as White, Mixed and Black and gen-
ome-wide based individual proportions of African, European and
Native American ancestry in 5,851 participants of these cohorts.

Results

The study included 3,533 individuals from Pelotas (South), 1,442
from Bambui (Southeast), and 876 from Salvador (Northeast).
Self-reported as White predominated in Pelotas (77.5%) and
Bambui (60.6%), while self-reported as Black (43.4%) and Mixed
(49.3%) predominated in Salvador. The Pelotas and the Bambui
cohort populations had predominant European ancestry (median=
85.3% and 83.8%, respectively), while African ancestry was the high-
est in Salvador (median = 50.5%). Native American ancestry was
little and relatively uniform in the three sites (~ 5-6%) (Table 1).

Median African, European and Native American individual
ancestry across ethnoracial categories are shown in 12 panels in
Figure 1. In the joint analysis of the 3 cohorts, as well as within each
cohort population, there was a significant increase on the median
African ancestry from people self-reporting as White to Mixed and
then to Black (p<<0.001 in Mann Whitney test for differences across
ethnoracial categories); median European ancestry decreased in
the opposite direction, as expected. It is of note, however, that the
distribution of African and European ancestry across ethnoracial
categories showed more overlapping in Salvador than in the other
sites. With regards to Native American ancestry, there was no clear
pattern: in Pelotas, persons self-reported as Mixed and Black had
significant higher median of Native American ancestry than
Whites; in Bambui, only persons self-reporting as Mixed showed
higher level of Native ancestry, while in Salvador this was true only
for persons self-reporting as White.

Ethnoracial self-classification as White, Mixed and Black in each
cohort, by quartiles of individual African ancestry are shown in
Table 2. Self-reporting as Black were more likely at the highest quart-
ile of African ancestry in Pelotas (83.8%), Bambui (100.0%) and

Salvador (97.2%). In contrast, we found a stronger likelyhood of self
reporting as White at the highest quartile of African ancestry in
Salvador (60.0%) relative to Pelotas (0.7%) and Bambui (0.8%).
Results of the quantile regression anlysis showed that the strength
of the association between the phenotype and African ancestry varied
largely across the 3 sites, with pseudo R* values of 0.50 in Pelotas,
0.22 in Bambui and 0.13 in Salvador in the analysis comparing those
above/bellow median of African ancestry. The differences across
populations remained in the analyses comparing those above/below
the 0.75 percentile of African ancestry (pseudo R*> = 0.64, 0.32 and
0.13, respectively).

The joint analysis and the analysis by cohort population of the
predicted probabilities of self-reporting as Black, Mixed and White
along the African ancestry continuum are shown in Figure 2. African
genomic ancestry showed an S-shape positive association with self-
reporting as Black, which was consistent in all populations, whereas
the reverse was observed for self-reporting as White. In the joint
analysis, as well as for each cohort separately, these trends were
statistically significant (p<<0.001 in Walds test). The probability of
self-reporting as Black increased sharply as the proportion of African
ancestry reached about 20% in Pelotas and 40% in Bambui. The
probability of self-reporting as White decreased sharply as the pro-
portion of African ancestry reached about 10%-20% in these two
populations. These increase/decrease were smoother in Salvador
than in the other two sites. Self-classified Mixed individuals showed
a bell-shaped predicted probability of having African ancestry in all
sites.

Discussion
This is the first large community-based multicenter study to invest-
igate the association between individual proportions of genome-wide
based African, European and Native American ancestries and like-
lihood of ethnoracial self-classification in Brazil. The key findings
are: first, the association between the phenotype and genome ances-
try was statistically significant, but the strength of the association
varied largely across populations; second: the association between
Black and White self-classification with ancestry was most consistent
in the extremes of the high and low proportion of African ancestry.

We confirmed previous historical and genetics reports of the
largest African ancestry observed in Northeastern, as well as
predominant European ancestry in Southeastern and Southern
Brazil**”**, Furthermore, the contribution by Native Americans to
the studied individuals was consistently small in the three sites. This
is also in agreement with genetic reports indicating that Native
American ancestry is higher in the North-West Brazil (Amazonia),
a region that was not considered in our analysis’.

In order to examine whether - and how — ethnoracial classification
correlates with genomic ancestry, we used three different methods of

Table 1 | Ethnoracial self-classification and median individual proportion of African, European and Native American ancestries in all
participants and by cohort population (Epigen-Brazil). (*) P <0.001 for differences across population. Mixed is “pardo’ in official
Portuguese.
Cohort population
Pelotas (South) Bambui (Southeast) Salvador (Northeast) All
N= 3,533 N=1,442 N=876 N=5,851

Ethnoracial classification, %
Black 16.6 2.5 493 * 18.1
Mixed (““pardo”’)! 5.8 36.9 43.3 19.1
White 77.5 60.6 7.4 62.9
Genomic ancestry, median (interquartile range)
African 6.6 (3.816.3) 9.6 (4.817.5) 50.5 (40.9-60.4) * 9.2 (4.5,33.8)
European 85.3 (72.891.0) 83.8 (74.291.2) 42.4(33.7-52.3) * 82.1(57.1,90.1)
Native American 6.3 (3.89.6) 5.4(2.8-8.4) 5.8 (4.27.8) * 6.0(3.7,9.0)
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Figure 1 | Box plot contrasting ethnoracial self-classification (White, Mixed and Black) to median individual proportion of genomic African,
European and Native American ancestries in all participants, and by cohort population (The Epigen Initiative). Mixed is “pardo” in official Portuguese.
(*) p <0,001 for comparisons between each ethnoracial category to White.
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Table 2 | Ethnoracial self-classification by quartiles of individual African ancestry, and by cohort population (Epigen-Brazil). B (95% Cl):
coeficient and 95% confidence intervals estimated by quantile regression. (*) p<0.01; (**) p<0.001. Mixed is “pardo” in official
Portuguese.
Quartiles
Total Lowest 2 3rd Highest B (95% Cl) B (95% Cl)
N N(%) N (%) N (%) N (%) (median regression model) (0.75 regression model)
Pelotas (South)
White 2739 41.1 39.2 19.0 0.7 1.0 1.0
Mixed ("“pardo”)’ 206 3.4 53 58.7 32.5 0.21(0.20. 0.23) ** 0.30(0.28,0.31) **
Black 588 07 1.4 141 83.8 0.48 (0.47, 0.49) ** 0.55 (0.54, 0.56) **
Pseudo R? = 0.50 Pseudo R? = 0.64
Bambui (Southest)
White 874 33.4 30.2 35.6 0.8 1.0 1.0
Mixed (“pardo”’) 532 6.4 19.7 59.2 14.7 0.09 (0.08. 10.3) ** 0.15(0.13,0.16) **
Black 36 0 0 0 100.0 0.70(0.66, 0.74) ** 0.73(0.68, 0.79) **
Pseudo R? = 0.22 Pseudo R? = 0.32
Salvador (Northeast)
White 65 0 1.5 5 60.0 1.0 1.0
Mixed (“pardo’)! 379 0 0 19.8 80.2 0.07(0.03, 11.5) * 0.09 (0.05, 0.13) **
Black 432 0 0 2.8 97.2 0.19(0.15, 0.23) ** 0.21(0.17,0.25) **
PseudoR? = 0.13 PseudoR?2 = 0.13

analyses. The first (a population measure), aimed at assessing how etho-
noracial self-classification varied by medians of African, European and
Native American ancestry. The other two methods, based on individual
level measures, aimed at comparing the likelihood of the self-classifica-
tion at the same levels of African ancestry across populations, as well as
assessing how the relationship between ethnoracial self-classification
changed along the proportion of genomic African ancestry continuum.
Our results showed statistically significant associations between ancestry
and the phenotype both at population and individual levels. However,
the extent of overlap of individual proportions of each ancestry across
ethnoracial groups was more evident in the Salvador population relative
to the other sites. The association between Black and White self-iden-
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Figure 2 | Predicted probability of ethnoracial self-classification as Black,
Mixed and White along the genomic proportion of African ancestry
continuum in all participants, and by cohort population (Epigen-Brazil).
Mixed is “pardo” in official Portuguese.

tification with African ancestry continuum scale was S shape in all sites,
but smoother in the Salvador population. Further, those who self-iden-
tified as Mixed tended to show intermediate proportions of African
ancestry in all studied populations. This is in agreement with sociological
and demographic conceptions that Mixed (“pardo” in official
Portuguese) comprises multiple terms of popular discourse denoting
ethnoracial admixture in Brazil*.

Previous sociological studies have suggested that ethnoracial self-
classification in Brazil may tend to avoid nonwhite, and especially
Black, categories since these were often associated with negative
characteristics®. They suggest that miscegenation tends to shift self-
reporting towards White, while segregation — as in the United State —
would tend to shift self-reporting towards Black®. Our results indi-
cate that avoidance of Black category may not be generalizable for the
Brazilian population. In the current study, this effect appears to
happen only in individuals from Salvador, where persons at the high-
est proportion of African ancestry were more likely to call themselves
White relative to their counterparts from Pelotas and Bambui.

This study has strengths and limitations. Strengths include the very
large number of SNPs used and the use of large community-based
samples from different regions of eastern Brazil, as well as the fact that,
the same set of reference populations (representing European, African,
and Native American individuals) have been used in analyzing the
three cohorts; thus, the inferred admixture ratios are comparable
among the studied populations. Although the Pelotas and Bambui
cohorts are representative of the general population of their respective
areas, in the eligible age groups, the cohort in Salvador oversampled
individuals living in poor environments; thus, although there is good
internal consistency, the results cannot be interpreted as representing
the whole population of this city.

Summarizing, our results respond to three main sociological ques-
tions’ that were not answered yet. They are: first, ethnoracial self-
classification in Brazilians is certainly not random with respect
to genome individual ancestry; second, the association between
ethnoracial self-classification and genome based ancestry is not
linear, with most consistent associations in the extremes of the
African ancestry continuum scale; third, a tendency to whitening
ethnoracial self-identification was found in persons from Salvador
(where African ancestry is more common), but not in persons from
the remaining two sites (where European ancestry predominates). Our
results provides support to the view that ethnoracial self-classification
is affected by both genomic ancestry and non-biological factors.
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Methods

Cohort designs and ethnoracial self-classification. The 1982 Pelotas birth cohort
study was conducted in Pelotas, a city in Brazil’s extreme South, near the Uruguay
border, with 214 000 urban inhabitants in 1982. Throughout 1982, the three
maternity hospitals in the city were visited daily and births were recorded,
corresponding to 99.2% of all births in the city. The 5,914 live-born infants whose
families lived in the urban area constituted the original cohort. At age of 23 years,
3,736 participants categorized themselves according to the five ethnoracial categories
used by the Brazilian census', as previously described. The Native American and
yellow categories (67 and 64 individuals, respectively) were excluded from the current
analyses. Further details are shown in a previous publication'.

The Bambui cohort study of ageing is ongoing in Bambui, a city of approximately
15,000 inhabitants, in Minas Gerais State in Southeast Brazil. The population eligible
for the cohort study consisted of all residents aged 60 years and over on 1 January
1997, who were identified from a complete census in the city. Of a total of 1,742 older
residents, 1,606 constituted the original cohort. At baseline, 1,442 participants cate-
gorized themselves into the above mentioned ethnoracial groups', according to
standard photographs of Brazilians; no individuals categorized themselves as
Amerindian or yellow. Further details of the Bambui study can be seen elsewhere™.

The Salvador-SCAALA project is a longitudinal study involving a sample of 1,445
children aged 4-11 years in 2005, living in Salvador, a city of 2.7 million inhabitants in
Northeast Brazil. The population is part of an earlier observational study that eval-
uated the impact of sanitation on diarrhea in 24 small sentinel-areas selected to
represent the population without sanitation in Salvador. In the 2013 follow-up, 879
participants categorized themselves according to the previous mentioned ethnoracial
groups' and were included in the present analysis; in the same way as in Bambui, no
individuals categorized themselves as Amerindian or yellow in Salvador.

Further details can be seen elsewhere®'.

Genotyping and external parental populations. The Epigen-Brazil participants
were genotyped by the Illumina facility (San Diego, California) using the Omni 2.5M
array. We performed the unsupervised tri hybrid (k=3) ADMIXTURE analyses
based on 370,539 SNPs shared by samples from the HapMap Project, the Human
Genome Diversity Project (HGDP)**** and the Epigen-Brazil study population. As
external panels, we used the following HapMap samples: 266 Africans (176 Yoruba in
Ibadan, Nigeria [YRI] and 90 Luhya in Webuye, Kenya [LWK]), 262 Europeans (174
Utah residents with Northern and Western European ancestry [CEU] and 88 from
Toscans from Italy [TSI]), 170 admixed individuals (77 Mexicans from Los Angeles,
California [MEX] and 83 Afro-African from Southwest USA [ASW]), and 93 Native
Americans from the HGDP (25 Pima, 22 Karitiana, 25 Maya and 21 Surui). The same
set of reference populations was used in analyzing the three cohorts.

Family structure. To assess the familial structure, we estimated kinship coefficients for
each possible pair of individuals from each cohort, using the method implemented in
the REAP software (Related Estimation in Admixed Populations)?®. This method was
specifically developed to obtain accurate estimations of kinship coefficients in admixed
populations, solely using genetic data and without using pedigree information. We
considered a pair of individuals as related if the estimated kinship coefficient between
them was = 0.1. This cutoff includes second- degree relatives such as a person’s uncle/
aunt, nephew/niece, grandparent/grandchild or half- sibling, and any closer pair of
relatives. Based on this cut-off, we identified set of related individuals (i.e. families) and
assigned to each individual a categorical variable that represent his/her family. Because
Pelotas and Salvador showed very few families, we decided to exclude related
individuals (defined on the basis of the above mentioned cut-off). Therefore, 72 persons
from Pelotas and 3 from Salvador were excluded from this analysis because they were
related. The Bambui cohort participants showed an important family structure (885
were related), so excluding them would lead to loss of power and possibly a degree of
selection bias, so we opted for keeping related individuals, and undertaking sensitivity
analysis to assess the influence of family structure on our results.

Statistical analyses. To take into account the differences across populations, we
stratified analyses into the three study areas. To estimate the contribution from
Africans, Europeans and Native Americans to the Epigen individuals we used the
ADMIXTURE software®. We assumed three clusters to mimic the three main
components of Brazilian ancestry, and used an unsupervised mode in order to allow
the program to identify clusters corresponding to the ancestral populations solely
from the genetic structure of our dataset. ADMIXTURE performs a model-based
maximum-likelihood estimate of individual ancestry proportions, using an algorithm
based on a sequential quadratic programming for block updates, coupled with a novel
quasi-Newton acceleration of convergence.

Because the distribution of ancestry proportions was asymmetric, we calculated
medians instead of means. Pearson’s chi-square test was used to assess statistical
significance among frequencies, and Kruskal-Wallis rank test or Mann-Whitney test
were used to assess statistical significance of differences among medians, respectively.
We compared likelihood of individual self-ethnoracial classification at the same level
of African ancestry. We examined this by examining proportions of White, Mixed
and Black self-classification by quartiles of African ancestry, calculated for the
population as a whole, including the people from the 3 cohorts. Quantile (median and
0.75) regression was used to estimate the strength of these associations™.

To quantify how the relationship between ethnoracial self-classification changed along
the proportion of genomic African ancestry continuum, we fitted a multinomial logistic
regression for the joint analysis of the three populations, adjusted for the cohort effect, and

plotted the predicted probabilities for the outcome. Similar analyses were performed
separated for each cohort population. A generalized Hosmer-Lemenshow goodness-of-fit
test was use to assess the adequacy of the above mentioned multinomial models*”

For the Bambui cohort, we did a sensitivity analyses to assess the influence of familial
structure on our results. We verified this by examining the previous mentioned unadjusted
multinomial models relative to a model containing a random effect term for adjustments
for family structure®, and verified that this did not affect our results (not shown). Thus, our
analysis were based on all Bambui cohort participants, irrespective of kinship.

The analyses were carried out for pooled men and women, given that in all
populations sex showed no statistically significant associations with either ethnoracial
classification or genetic ancestry. Furthermore, we excluded age from our analyses for
two reasons: first, age distributions were homogeneous in the Pelotas and Salvador
cohorts (23 years and 12-22 years, respectively); and, second, age showed no sig-
nificant associations with ethnoracial self-classification, as well as with genomic
ancestry, in the Bambui cohort population, whose age ranged from 60 to 95 years.

Statistical analyses were conducted using STATA 13.0 statistical software (Stata
Corporation, College Station, Texas). All p-values were 2-tailed (alpha = 0.05).

Ethics assessment. The Epigen protocol was approved by Brazil’s national research
ethics committee (CONEP, resolution number 15895, Brasilia). The research has
been conducted according to the principles expressed in the Declaration of Helsinki.
Participants signed an informed consent form and authorized their genotyping.
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Outras aplicacoes das inferéncias de ancestralidade em estudos biomédicos

Estudos de ancestralidade gendmica possuem aplicagdes em estudos biomédicos.
Foram verificados especialmente trés tipos de aplicacdes.

A primeira aplicacdo consistiu em determinar um painel minimo de AIMs para
realizar a analise de ancestralidade continental com o menor nimero de marcadores
possivel com a mesma qualidade de uma abordagem genome-wide (Santos et al. 2015).
Esta andlise ¢ importante para que ndo se necessite utilizar uma densidade extremamente
alta de SNPs (portanto alto custo) para fazer uma inferéncia robusta de ancestralidade.
Portanto, neste trabalho, também parte do consoércio EPIGEN-Brasil, realizei as anélises
de ancestralidade individual com quatro grupos candidatos de AIMs, concluindo que a
estimativa mais proxima da abordagem genome-wide foi composta por 192 AIMs (Anexo
A).

E conhecido que a ancestralidade pode atuar como varidvel confundidora em
estudos epidemioldgicos (Tarazona-Santos et al. 2007; Pereira et al. 2012). Em qualquer
estudo caso-controle, o primeiro passo ¢ realizar uma amostragem da populacdo, onde
casos e controles devem ser da mesma populagdo, para que a amostragem seja
etnicamente homogénea. Se houver uma amostragem etnicamente diferente entre casos e
controles, e houver uma maior prevaléncia da doenca na populacdo de casos amostrada,
pode haver uma associagdo estatistica espuria, pois individuos com a ancestralidade da
populacdo onde a doenca for mais comum podem estar super-representados na
amostragem de casos e qualquer alelo mais comum nesta populacdo pode apresentar
correlacdo estatistica com a doenca, mesmo sem ser um alelo de suscetibilidade.
Portanto, em todos os estudos de associacdo, o primeiro passo deve ser estimar a
ancestralidade dos individuos amostrados, para verificar se casos e controles sdo
etnicamente diferentes e evitar este problema de associagdo esptria ou controlar o efeito
das diferencas de ancestralidade entre casos e controles, especialmente em populagdes
miscigenadas.

Portanto, a segunda aplicacdo foi utilizar a ancestralidade individual como
potencial varidvel confundidora em estudos de genética epidemioldgica. Especificamente,
em um trabalho que participei realizando as andlises de ancestralidade, foram utilizados

87 AIMs para estimar a ancestralidade individual de populacdes de nativos peruanos e
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miscigenados peruanos a fim de ser um cofator na andlise de associagdo de genes
candidatos a susceptibilidade ao cancer gastrico (Zamudio et al. 2015, Anexo B).

A terceira aplicacdo consiste em estudos de farmacogenética, onde variantes
alélicas de interesse clinico relacionadas a resposta a farmacos podem ser relacionadas a

ancestralidade. Esta aplicagdo foi avaliada nos capitulos seguintes desta tese.
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CAPITULO 2 - Farmacogenética populacional e ancestralidade

Interethnic variability of CYP2D6 alleles and of predicted and measured metabolic

phenotypes across world populations

Este capitulo da tese foi desenvolvido no contexto de atividades da Rede
Iberoamericana  de  Farmacogenética vy  Farmacogenomica  (RIBEF -
http://www.ribef.com/), que consiste em uma colaboracdo de 41 grupos de pesquisa ao
longo da América Latina e Peninsula Ibérica. O fundador e coordenador desta rede (Dr.
Adrian Llerena) foi pesquisador visitante da Universidade Federal de Minas Gerais pelo
programa Ciéncia sem Fronteiras e meu orientador no exterior, e colabora ativamente
com nosso grupo de pesquisa (Rodeiro et al. 2012; LLerena et al. 2014). O Consorcio
CEIBA (Consorcio Europeu Iberoamericano de Farmacogenética) ¢ um dos componentes
da RIBEF, cujo objetivo principal ¢ estudar a variabilidade inter-étnica dos genétipos e
fenotipos mais relevantes de genes envolvidos no metabolismo de farmacos como os do
citocromo p-450 (CYP2D6, CYP2C9, CYP2C19) e outros biomarcadores em populagdes
mundiais, especialmente em latino-americanos e europeus da Peninsula Ibérica. Os
trabalhos envolvidos nos Capitulo 2 e 3 desta tese (exceto o manuscrito sobre leucemia
linfoide aguda) sdo resultado da colaboragdo do nosso grupo de pesquisa com o consorcio
CEIBA da RIBEF.

A RIBEF complementa os esforcos da Rede Brasileira de Farmacogenética
(REFARGEN - http://www.refargen.org.br/), um consoércio de grupos de pesquisa
brasileiros criado em 2004 com o objetivo de estudar farmacogenética com impacto na
satde de populagdes (Suarez-Kurtz 2004).

As revisdes sistematicas sdo de grande importidncia para a sumarizagdo de
respostas a perguntas cientificas e resolucao de controvérsias na literatura. Este tipo de
revisdo, diferente das revisdes simples de literatura, possui uma pergunta clara e uma
metodologia sistematica, seguindo as etapas de um artigo original, eliminando o viés
subjetivo de escolha de literatura (Khan et al. 2003). Além disso, as revisdes sistematicas
geralmente esgotam as fontes da literatura sobre um determinado tema, de acordo com
critérios de busca, de inclusdo e de exclusdo dos artigos, que devem ser previamente

estabelecidos. Dessa forma, a RIBEF possui uma iniciativa de realizacdo de revisdes
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sistematicas mundiais com trés genes de grande importancia farmacogenética: CYP2D6,
CYP2CY9 e CYP2CI)9.

Na publicagdo a seguir (LLerena et al. 2014), referente ao gene CYP2D6, realizei,
juntamente com a entdo doutoranda Maria Eugenia G. Naranjo, as etapas de busca,
analises, interpretagdo dos resultados e escrita do manuscrito, bem como as fases de
submissdo e revisdo do artigo. Além desta publicagdo, duas outras revisdes foram
publicadas seguindo a mesma metodologia, porém utilizando os genes CYP2CY9 e
CYP2C19 (Céspedes-Garro et al. 2015; Fricke-Galindo et al. 2015). Nestes dois artigos
contribui com a busca, analises ¢ revisao do texto final (Anexos A e B). Estas
publicacdes foram realizadas no periodo de meu doutorado sanduiche no laboratério do

Dr. LLerena (CICAB), Badajoz, Espanha, sede da RIBEF.
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Introduction: The frequency of CYP2D6 alleles, related to either a lack of or
increased enzymatic activity, which may lead to poor metabolism (PM) or
ultrarapid metabolism (UM), can vary across ethnic groups and hence across
geographic regions.

Areas covered: Worldwide original research papers on CYP2D6 allelic
frequencies, metabolic phenotype frequencies measured with a probe drug,
and/or genotype frequencies that studied > 50 healthy volunteers, were
included in analyses to describe the distributions of alleles, phenotypes pre-
dicted from genotypes (predicted poor metabolizers [gPMs], predicted ultra-
rapid metabolizers [gUMs]) and metabolic phenotypes (mPMs, mUMs) across
ethnic groups and geographic regions. The analysis included 44,572 individu-
als studied in 172 original research papers.

Expert opinion: As of today, Africa and Asia are under-represented in this
area relative to the total number of their inhabitants, so that further studies
in these regions are warranted. The CYP2D6%*4 allele frequency was higher in
Caucasians, CYP2D6*10 in East Asians, CYP2D6*41 and duplication/multiplica-
tion of active alleles in Middle Easterns, CYP2D6*17 in Black Africans and
CYP2D6*29 in African Americans, than in other ethnic groups. Overall, gPMs
and mPMs are more frequent among Caucasians, and gUMs among Middle East-
erns and Ethiopians. However, mUMs could not be evaluated because only two
studies were found presenting this information. Further studies including
mUMs are thus warranted. There is a correspondence between gPMs and
mPMs, but the few studies of mUMs meant that their relationship with gUMs
could not be demonstrated. Finally, evolutionary aspects of the CYP2D6 allele
distribution appear to support the Great Human Expansion model.

Keywords: CYP2D6, CYP2D6*4, CYP2D6*10, CYP2DG6*17, CYP2D6*29, CYP2D6*41,

ethnicity, poor metabolizers, population pharmacogenetics, ultrarapid metabolizers
Expert Opin. Drug Metab. Toxicol. (2014) 10(11):1569-1583

1. Introduction

CYP2D6 is a drug-metabolizing enzyme of the CYP superfamily involved in the
metabolism of around 25% of the drugs commonly used in clinical practice [1].
The CYP2D6 gene is polymorphic, with over 100 allelic variants described to
date 2. Some CYP2DG6 variants such as CYP2DG6*3, *4, *5 or *G are related to
lack of protein activity or synthesis. CYP2D6*10, *17, *29 or *41 are associated
with reduced enzyme activity, whereas the duplication/multiplication of active
alleles (CYP2D6*I1xN, *2xN) is related to increased activity [3].

10.1517/17425255.2014.964204 © 2014 Informa UK, Ltd. ISSN 1742-5255, e-ISSN 1744-7607 1569
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Article highlights.

o CYP2D6 research on healthy voluteers is under-
represented in Africa and Asia in relation to the total
number of their inhabitants.

o CYP2D6*4 is more frequent in Europe and Caucasians,
CYP2D6*10 in Asia and East Asians, CYP2D6*17 and
*29 in Africa and Black populations, CYP2D6*41 and
multiplications in Middle East populations.

* gPMs and mPMs are more frequent in Europe and
Caucasians.

e The highest frequency of gUMs is found in Middle
Easterns and Ethiopians.

This box summarizes key points contained in the article.

Subjects who have null enzyme activity are denominated
poor metabolizers (PMs), whereas individuals with increased
activity are called ultrarapid metabolizers (UMs). These two
metabolic conditions can be evaluated either by verifying the
individual genotype, and based on the functional characteris-
tics of each allele, thereby predicting the enzyme hydroxylation
capacity (predicted poor metabolizers [gPMs] and predicted
ultrarapid metabolizers [gUMs]), or by calculating the
metabolic phenotype (mPMs and mUMs) after measuring a
substrate test drug/metabolite’s concentrations in urine or
plasma [4].

Clinically, PM and UM phenotypes are particularly rele-
vant because they may have either increased susceptibility
to adverse drug reactions or a lack of response to treat-
ment [5,6]. PMs have no appreciable activity and may present
more adverse events when they are treated with CYP2D6
substrates [7-9]. Conversely, CYP2D6 UMs exhibit increased
metabolism and have been related to variability in treatment
response and susceptibility to disease. For example, UMs are
reported to be more likely to not respond to antidepres-
sants [6]. In regard to suicide, in some European populations,
UMs are more frequent among those who complete it [10],
present a lifetime history of suicide attempts [11], or make a
severe suicide attempt [12], although further studies are
needed in order to confirm these findings. Moreover,
CYP2D6 UMs have also been associated with fatal exposure
to morphine (the active metabolite of codeine) in children
treated with codeine [13,14].

Previous studies have demonstrated that CYP2DG6 allele fre-
quencies and metabolic phenotypes vary among world popula-
tions [15]. For instance, CYP2D6*10 has been found with a high
frequency in Asian populations, whereas CYP2D6*17 and *29
are more frequent in Africans, and CYP2D6*4 in Europeans
[16,17].

The aim of the present study was to evaluate the variability
of the CYP2DG6 allele, the phenotype predicted from geno-
type, and the measured metabolic phenotype frequencies in
healthy volunteers across ethnic groups and main geographi-
cal territories. Some evolutionary aspects of the CYP2D6
allele distribution are also discussed.

2. Review methods

A PubMed literature review was conducted using the terms
‘CYP2D6’ and the names of the different countries and con-
tinents, one by one. The phenotype search was done with the
terms ‘CYP2D6’ and the probe drugs dextromethorphan,
debrisoquine, sparteine, metoprolol, codeine and tamoxifen.
The inclusion criteria were: i) CYP2D6 allelic frequencies or
measured metabolic phenotypes were reported; ii) the evalu-
ated subjects were healthy volunteers, that is, controls or
patients from case-control studies were excluded; and iii) at
least 50 individuals were studied with some exceptions in
accordance with previous methods [18]. All articles with one
or more CYP2DG6 alleles were included in the review.

Finally, 172 original research papers were selected and
classified by: i) geographic region; and ii) ethnic group. Six
major geographic regions were considered: Africa, America,
Asia, Europe, Oceania and the Middle East. The ethnic
groups were classified following previous methods [18] with
some modifications (Table 1): Caucasians were divided into
American Caucasian, Scandinavian, Central European, Slav
and Mediterranean South-European; Americans were divided
into Native American and American Admixed; Africans were
divided into North African, Black African and African
Admixed. Australian Caucasians and Circumpolar popula-
tions (Eskimo plus Lapps from Finland) were added. South
Asian, East Asian, African American and Middle Eastern
were not subdivided as in previous work [18].

The CYP2D6 allelic, predicted phenotype and measured
metabolic phenotype frequencies of each geographic region
and ethnic group were calculated. In order to calculate the phe-
notype predicted from genotype frequencies, the individuals
with zero active CYP2DG6 alleles were classified as gPMs and
those with more than two active CYP2D6 alleles as gUMs, in
accordance with a previous method [19-21]. Furthermore, some
papers presented CYP2D6 measured metabolic phenotypes
based on more than one probe drug. In these cases, only
one result was taken. The choice was made according to the reli-
ability of the drug for the evaluation of the enzyme hydroxyl-
ation capacity (debrisoquine=dextromethorphan>sparteine
>metoprolol) (221, followed by the highest number of individu-
als tested for each drug.

The CYP2D6 allelic, predicted phenotype and measured
metabolic phenotype frequencies of each geographic region
and ethnic group were compared by a chi-squared test with
Yate’s correction using GraphPad Software [23]. The compar-
isons were made between the allelic, predicted phenotype
and measured metabolic phenotype frequencies of each geo-
graphic region and ethnic group versus a weighted average
of the allelic frequencies of the remaining groups. To calculate
the weighted average, the number of subjects studied was
taken into account. Moreover, the correlation between
CYP2D6 gPMs and mPMs were analyzed using SPSS Base
19.0 (SPSS Inc., Chicago, IL).

1570 Expert Opin. Drug Metab. Toxicol. (2014) 10(11)
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Figure 1. Main CYP2D6 alleles in different geographic regions. Number of subjects studied (n).

This methodological approach has some limitations. In
some cases, the single nucleotide polymorphism (SNP) stud-
ied for the CYP2D6 alleles differed from one study to
another. For example, CYP2D6*2 is identified as 2850C>T
plus 4180G>C in some papers and as -1584C>G in others
(2425]. However, in the present review, the CYP2DG6 allele
results from the original papers are used independently of
the genotyped SNPs. Moreover, the CYP2D6*I frequency
can vary depending on the number of genotyped SNPs
because this allele is estimated by the absence of other
CYP2D6 polymorphisms. For this reason, the CYP2D6*1
frequency is not calculated in the present review.

In summary, the paper analyses the frequencies that have
been reported as to date of CYP2D6 alleles, phenotypes
predicted from genotype and measured metabolic phenotypes
by ethnic group and geographic region.

3. CYP2D6 studies across the world
population

CYP2DG6 has been studied in a total of 44,572 healthy volun-
teers (6.35 x 107 % of the world population), of whom
39.42% were Europeans, 24.05% Asians, 23.27% Americans,
6.65% Africans, 5.49% Middle Easterns and 1.12% Oceanians.
Specifically, CYP2D6 alleles were studied in 24,915 subjects,
the CYP2D6 phenotype predicted from genotype was evaluated
in 16,478 subjects and the CYP2D6 metabolic phenotype mea-
sured with a probe drug was evaluated in 23,925 subjects.
Taking into account the population of each geographic
region [26], current knowledge about CYP2DG6’s world distri-
bution seems to be based on an over-representation of
European and American subjects. On the contrary, the Afri-
can and Asian populations are under-represented, which sug-
gests that additional studies in these populations are needed.

4. CYP2D6 allele variability across ethnic and
geographic groups

It is of note that globally, apart from the CYP2D6*1 allele,
CYP2D6*2 is the predominant allele (19.93%), followed by
CYP2D6*10 (19.05%) and CYP2D6*4 (11.32%). Major
CYP2D6 allelic variants by geographic region and ethnic
group are shown in Figure 1 and Table 1, respectively.

By ethnic group, the CYP2D6*4 allele frequency was
found to be higher in Caucasians than in the rest (p <
0.001), with the highest being in Scandinavians (26.29%).
CYP2D6*10 presented the highest frequency in East Asians
(45.00%, p < 0.001). CYP2D6*41 was found to be more pre-
dominant in Middle Easterns (16.66%), followed by South
Asians (13.50%) and some Caucasian populations (American
Caucasians, Central Europeans and Mediterranean-South
Europeans; p < 0.001). CYP2D6*17 was more frequent in
Black Africans (22.36%) followed by African Americans
(17.62%) and African Admixed (12.63%, p < 0.001), whereas
CYP2D6*29 was more frequent in African Americans
(7.45%, p < 0.001) and African Admixed (4.55%, p = 0.02)
than in other ethnic groups. The duplication/multiplication
of active alleles was higher in Middle Easterns (6.72%), Black
Africans  (5.80%) and Mediterranean-South Europeans
(3.85%, p < 0.001) than in the rest.

A previous study (18] described CYP2D6 allele variability
among diverse ethnic groups. However, that review used orig-
inal papers containing not only healthy volunteers but also
patients and controls from clinical studies. In order to avoid
a potential population selection bias, only randomized healthy
volunteers from original papers were included in the present
study because a health condition or a selection criterion could
both be related to some genetic condition, which could bias
the CYP2D6 frequencies [10,1227]. Some differences in fre-
quency values were found when comparing the present with
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Table 2. Frequencies of CYP2D6 phenotypes predicted from genotype and phenotypes from probe drug

measurements in the different ethnic groups.

Ethnic group Predicted phenotype Metabolic phenotype Ref.
N gPMs gUMs N mPMs mUMs
n (%) n (%) n (%) n (%)
Black North African - - - 906 23 - [131]
(2.54)
Black African 718 7 43 1842 78 - [25,28,34,35,42-44,132-140]
(1.24) (6.74) (4.23)
African 664 14 22 861 37 1 [24,29,45-48,141-144]
American (2.11) (4.10) (4.30) (0.97)
Middle Middle 1780 38 121 816 19 - [49-52,54-57,145-153]
Eastern Eastern (2.13) (10.54) (2.33)
Asian South Asian 1328 18 4 1329 50 3 [29,58,59,78,80,149,154-161]
(1.36) (2.40) (3.76) (1.8)
East Asian 2051 5 28 1913 16 - [61,68,72,75-77,162-173]
(0.26) (2.20) (0.84)
Native Native 239 1 0 100 0 - [81,145,174]
Oceanian (0.42) (0.00) (0.00)
Circumpolar 90 3 - 407 15 - [83,175,176]
populations (3.33) (3.69)
Native 1339 53 76 588 18 - [16,84-93,177]
American* (3.96) (7.67) (3.06)
Admixed American 2322 61 51 1441 71 3 [20,86,87,91-93,95-104,178]
Admixed (2.63) (3.34) (4.93) (1.15)
African 99 3 4 - - - [105]
Admixed (3.03) (4.04)
Caucasian Australian - - - 100 6 - [179]
Caucasian (6.00)
American 905 52 26 1568 111 7 [20,24,45,46,48,101,106,
Caucasian (5.75) (4.33) (7.08) (5.34) 141,144,159,171,180]
Scandinavian 921 80 - 2685 194 - [107-109,176,181-186]
(8.69) (7.23)
Central 1330 84 12 5717 465 - [110-116,172,187-194]
European (6.32) (2.12) (8.13)
Mediterranean 1165 55 62 2666 143 - [22,119-123,195-203]
South- (4.72) (5.82) (5.36)
European
Slavs 1527 97 26 986 82 - [124-130,204,205]
(6.35) (3.65) (8.32)

N: Total number of individuals studied for predicted or metabolic phenotype. The number of studied subjects differ in gPMs, gUMs, mPMs and mUMs; n: Number of
individuals for each phenotype and geographic localization; Empty cells: data not available.

“Original research papers with N < 50 were included for Native Americans.

gPMs: Genotype poor metabolizers; gUMs: Genotype ultrarapid metabolism; mPMs: Metabolic phenotypes poor metabolizers; mUMs: Metabolic phenotypes

ultrarapid metabolism.

the previous study (18], for example, CYP2D6*41 in Black
Africans and African Americans, or duplications/multiplica-
tions of CYP2D6 in Oceania. These differences could be
due to the inclusion of just articles with > 50 healthy volun-
teers and/or the calculation of the weighted average by using
another method.

By geographic region, CYP2D6*4 (related to lack of enzyme
activity) was higher in Europe (19.70%) than in other geo-
graphic groups (p < 0.001). Regarding alleles with decreased
enzyme activity, CYP2D6*10 was found to be more predomi-
nant in Asia (39.96%, p < 0.001) than in the rest, and
CYP2DG6*41 presented the highest frequency in the Middle
East (18.23%) followed by Europe (8.84%; p < 0.001).

CYP2D6*17 and *29 were Commoner in Africa (20.92 and
4.45%, respectively) and America (3.95 and 2.24%, respec-
tively) than in other geographic regions (p < 0.001). However,
the duplication/multiplication of active alleles (related to

increased enzyme activity) was more frequent in the Middle
East (6.40%, p < 0.001) and Africa (5.25%, p < 0.001).

5. Variability of the CYP2D6 phenotype
predicted from genotype across ethnic and
geographic groups

Table 2 shows the frequencies of gPMs and gUMs among
different ethnic groups. The gPMs were more frequent in
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Table 3. Frequencies of CYP2D6 phenotypes predicted from genotype and phenotypes from probe drug

measurements in the different geographic regions.

Continent  Predicted phenotype from genotype Phenotype from probe drugs Ref.
N N gPMs gPMs N gUMs gUMs N N mPMs mPMs N mUMs mUMs
n (%) n (%) n (%) n (%)
Africa 817 663 10 737 47 2748 2748 101 - - [25,28,34,35,42-44,105,
(1.51) (6.38) (3.68) 132-140]
America 5737 5737 201 4071 201 4980 4918 265 663 14 [20,24,45,46,46,47,57,83,89-91,
(3.50) (4.94) (5.39) (2.11)  94,98,99,101,103,
106,144,159,171,177,178,180]
Europe 4943 4943 316 2343 100 12,257 12,257 893 - - [107-111,113-116,119-130,172,
(6.39) (4.27) (7.29) 175,176,181-205]
Oceania 239 239 1 239 0 200 200 6 - - [81,174,179]
(0.42) (0.00) (3.00)
Middle 1530 1530 25 898 99 816 816 19 - - [49-52,54-56,145-153]
East (1.63) (11.02) (2.33)
Asia 3212 3212 18 1272 28 2924 2924 44 - - [58,59,61,68,72,75-78,80,149,
(0.56) (2.20) (1.50) 154-173]
Total 16478 16,324 571 9560 475 23,925 23,863 1328 663 14
world (3.50) (4.97) (5.57) 2.11)

N: Total number of individuals studied in each group and/or each phenotype; n: Number of individuals for each phenotype and geographic localization; Empty

cells: data not available.

gPMs: Genotype poor metabolizers; gUMs: Genotype ultrarapid metabolism; mPMs: Metabolic phenotypes poor metabolizers; mUMs: Metabolic phenotypes

ultrarapid metabolism.

Caucasians (p < 0.001), especially Scandinavians (8.69%) and
the gUMs in Middle Eastern populations (10.54%, p <
0.001). It is of note that, among all the populations, Ethiopians
presented the highest gUM frequency (28.7%, [28]). Moreover,
gPMs showed the lowest frequency in East Asians (0.26%,
p < 0.001) and no gUMs were detected in Native Oceanians.

As shown in Table 3 concerning geographic regions, Europe
(6.52%, p < 0.001) presented the highest frequency of gPMs,
whereas gUMs were more frequent in the Middle East region
(10.54%, p < 0.001). Conversely, the lowest frequencies of
gPMs were found in Oceania (0.42%) and Asia (0.54%,
p < 0.001), and gUMs were absent in Oceania and presented
a low frequency in Asia (2.30%, p < 0.001).

6. Variability of the CYP2D6 measured
metabolic phenotype across ethnic and
geographic groups

Table 2 shows the mPM and mUM frequencies by ethnic group.
Caucasian populations, except Mediterranean South-Euro-
peans, showed the highest frequency of mPMs (6.00 - 8.13%,
p < 0.001), while the lowest frequency was found in East Asians
(0.84%, p < 0.001) and they were absent in Native Oceanians.
The mUM frequencies were only available for a few populations
(African American, American Admixed, American Caucasian
and South Asian) and varied from 0.97% in African-Americans
to 5.34% in American Caucasians.

As shown in Table 3, by geographic region, the mPMs were
more frequent in Europe (7.29%, p < 0.001), and the lowest

frequency was found in Asia (1.50%, p < 0.001). The mUM
frequency was only available for the American continents,
with a frequency of 2.11%.

7. Relationship between the

CYP2D6 phenotype predicted from genotype
and the CYP2D6 measured metabolic
phenotype

There is a correspondence between gPMs and mPMs. Figure 2
shows the correlation between the frequencies of CYP2D6
gPMs and mPMs by ethnic group (r = 0.869, p < 0.001)
and by geographic region (r = 0.936, p = 0.0006). The correla-
tion for UMs could not be analyzed because the mUM
frequency was only available for two ethnic groups from
America [20,29].

A gPM, or those carrying zero CYP2DG6 active alleles, will
produce a non-functional protein, and will always be identified
as mPMs in phenotyping studies with probe drugs. However,
the genotype will not always predict the phenotype for other
individuals. For example, some predicted extensive metaboliz-
ers (gEMs) may be phenotypically PMs due to interaction
with other CYP2DG6 substrates or inhibitors (endobiotic or
xenobiotic). Similarly, this discordance appears when identify-
ing mUMs by the use of genetic methods [2029]. These differen-
ces between gUMs and mUMs can be due to CYP2D6 alleles
that are not studied, or to epigenetic, environmental or endog-
enous factors.
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Figure 2. Relationship between the CYP2D6 PMs extrapolated from genotype (gPMs) data and CYP2D6 PM phenotype from
probe drugs (mPMs) in different ethnic groups (A) and geographic regions (B).

PM: Poor metabolizers.

8. CYP2D6 and human evolutionary history

The global distribution of CYP2DG6 alleles has been shaped by
the complex demographic history of the human species (30.
The Great Human Expansion model (30] describes the peo-
pling of the world as a series of founder effects, accompanied
by some major bottlenecks such as those of the Out-of-Africa
(40 - 60 thousand years ago) and the Peopling of the
Americas. Of course, subsequent demographic events (bottle-
necks and migration) have also contributed to shaping the
allele distribution of CYP2D6. In general, the worldwide pat-
tern of genetic diversity of CYP2D6 is similar to that observed

for most of the human genome [16], where most diversity is
observed within the various human populations. This state-
ment does not preclude that some alleles do have a peculiar
and interesting geographic distribution that is potentially rel-
evant pharmacogenetically and clinically.

Although most CYP2D6 alleles are shared by most of the
world’s populations, it is possible to recognize geographical gra-
dients in the distributions of some alleles [16] and to identify
alleles that show high frequencies in specific geographic regions.
Some combinations of evolutionary factors may have contrib-
uted to determining the high frequencies of these alleles in
certain regions of the world. For instance, the Out-of-Africa
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bottleneck has determined large differences in the frequencies of
alleles of several genes between Africans and non-Africans. Also,
differentiated patterns of some alleles in some genes may be the
product of the first colonization of different geographic regions
by modern humans. In a process of geographic population
expansion, specifically in the front wave of the expansion,
some rare alleles/haplotypes (termed ‘surfing’ alleles) may by
chance become particularly common 311.

CYP2DG6 is an enzyme that, throughout our human evolu-
tionary history, has detoxified different compounds in the diet
of human populations living in different environments. Given
this role, natural selection may have played a part in determin-
ing the frequencies of certain alleles in different populations as
a way to improve the enzyme’s detoxifying properties. In this
context, it is intriguing that alleles which present particularly
high frequencies in specific regions, such as CYP2D6*17 in
Africa, CYP2D6*41 in the Middle East, CYP2D6*4 in
Europe and CYP2D6*10 in East Asia, have a reduced or
null enzymatic activity. There is evidence that changes in
diet related to the transition from a hunter-gatherer economy
to an agriculture-based economy have led to an increase of
alleles with slower rates of metabolism [321. Moreover, based
on the capability of CYP2D6 to detoxify alkaloids and to
increase the availability of potental foods, it has been
proposed that multiplications of CYP2DG6 active alleles were
a product of natural selection in north-east Africa 1. How-
ever, additional signatures of the action of natural selection
on the pattern of genetic diversity of CYP2D6 have yet to
be found, and finding them would probably require a more
thorough sampling of populations, and re-sequencing or
long-range haplotype data that includes the flanking regions
of CYP2De6.

9. Conclusion

In conclusion, relative to the distribution of the world’s popu-
lation, CYP2DG6 research on healthy volunteers has an over-
representation of subjects from Europe and America. There is
a variability of CYP2DG6 allelic frequencies across geographic
and ethnic groups: CYP2DG6*10 is more frequent in Asia and
in East Asians, CYP2D6*17 and *29 in Africa and in Black
populations, and CYP2D6*4 in Europe and in Caucasians.
In Middle Eastern populations, CYP2D6*41 and duplica-
tions/multiplications of the CYP2DG6 active gene have the
highest frequencies. The high frequency of geno- and pheno-
typically PMs in Europe and in Caucasian populations is con-
firmed. The highest frequency of gUMs is found in Middle
Eastern populations and Ethiopians. The correlation analysis
showed that the gPM frequencies corresponded to the mPM
frequencies. However, further studies concerning the mUM
phenotype in healthy volunteers are warranted. Finally, in the
light of these data, natural selection may have played a role
in determining the high frequencies of some CYP2D6 alleles
in different populations and geographic regions.

10. Expert opinion

This study has confirmed the high variability of CYP2D6 by
updating and summarizing the frequencies of alleles, of pheno-
types predicted from genotypes and of measured metabolic phe-
notypes across different geographic regions and ethnic groups.

An uneven distribution of CYP2D6 studies around the world
has become clear in this review. Europe and America have been
extensively studied, especially their Caucasian populations. We
found only a few studies for the African continent, however.
Further studies with a greater number of individuals represent-
ing the vast genetic diversity of Africans are needed to clarify the
CYP2D6 peculiarities of the different ethnic groups contained
in this continent, especially among ‘Black Africans’ [33].

The mPMs and gPMs are more frequent in Caucasians,
which agrees with the higher CYP2D6*4 frequency in those
populations. The highest frequency of gUMs was found in
Middle Eastern populations, and, interestingly, this frequency
is also high in Ethiopia, whereas it is lower in other African
regions [25,34,35]. Ethiopia is one of the African countries near-
est to the Middle East, and a constant gene flow between these
regions has been extensively documented in population genet-
ics studies [36], so that the high frequency of gUMs may be a
characteristic not only of the Middle East, but also of the sur-
rounding region as well.

Concerning CYP2D6 mUMs, only two studies in healthy
volunteers evaluated their frequencies in Latino American
populations [2029]. One of these studies found that only
40% of the mUMs were predicted from gUMs [20]. A possible
reason could be the absence of a defined antimode that clearly
separates mUMs from the rest of the mEMs. Thus, a thresh-
old or cut-off point should be soundly established and
standardized to characterize the mUM phenotype with differ-
ent probe drugs, such as for MRdebrisoquin < 0.1 [20,37] or
MRdextromethorphan < 0.0003 [29]. Also, genetic analyses
should be improved by taking into account factors other
than gene duplication/multiplication. For example, recently
we found that the presence of the -1584G allele in the pro-
moter region of the CYP2DG6 gene was related to a high
CYP2D6 hydroxylation capacity (38].

The observed variability, in particular the frequencies of
gPMs and mPMs and of gUMs and mUMs, can have clinical
implications when patients are treated with drugs metabolized
by CYP2DG6, such as aripiprazole, codeine, haloperidol, met-
oprolol, nortriptyline or thioridazine. Indeed, the FDA and
European Medicines Agency (EMA) have included pharma-
cogenetic information in the labeling of some drugs, recom-
mending a lower dosage in PM patients being treated with
them. They have also restricted the use of codeine in UM chil-
dren. Therefore, pharmacogenetic programs could be devel-
oped especially for ethnic groups or regions in which there
is an increased frequency of PMs or UMs, as is the case for
the Middle East or Ethiopia where the frequency of gUMs
is the highest.
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A more systematic and rigorous interpretation of the diversity
of CYP2DG6 in the context of human evolutionary history is still
pending. This would allow clarification of the roles of bottle-
necks, human migrations, admixture and natural selection in
the current distribution of CYP2D6 alleles. Another task pend-
ing is to integrate the information regarding the distribution
and phenotypic effect of CYP2D6 diversity with information
derived from current genome sequencing initatives, such as
the 1000 Genomes Project [39], the NHLBI GO Exome
Sequencing Project 40}, and such functional genomics initia-
tives as the ENCODE Project [41). Caution is required to avoid
confounding CYP2D6 regions with highly similar sequences
such as those of the CYP2D7 and CYP2D8 genes.

In summary, studies of CYP2DG6 genetic polymorphism are
under-represented in African and Asian populations. The high-
est PM frequency is found in Caucasians, whereas gUMs are
more frequent in Middle Easterns and Ethiopians. This infor-
mation could be useful for Drug Regulatory Agencies to apply
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Genetic structure of pharmacogenetic biomarkers in Brazil inferred from a systematic

review and population-based cohorts: a RIBEF/EPIGEN-Brazil initiative

Além das revisdes mundiais dos genes CYP2D6, CYP2C9 e CYP2CI9, a
iniciativa de revisdes sistematicas da RIBEF incluiu também revisdes divididas por
regides da América Latina englobando os biomarcadores de interesse farmacogenético de
acordo a recomendacdes da Food and Drug Administration (FDA) e European Medicines
Agency (EMA). Duas revisdes com esta metodologia foram publicadas: sobre o México
(Fricke-Galindo et al. 2016) e sobre a América Central (Céspedes-Garro et al. 2014);
nesta Gltima me enquadro como autora consorciada (Anexo C).

Nosso grupo de pesquisa, através da iniciativa da RIBEF, foi convidado a publicar
na Drug Metabolism and Personalized Medicine uma revisdo sistematica sobre
farmacogenética no Brasil. Este trabalho consiste em recalcular as frequéncias alélicas,
genotipicas e fenotipicas de todos os estudos realizados com voluntérios sadios no Brasil
utilizando os 121 biomarcadores da FDA e EMA. Neste estudo, fiquei responsavel por
organizar todos os passos da metodologia sistemadtica e realizar a busca, coleta de dados,
andlise dos dados e escrita do manuscrito. Coordenei o trabalho de duas alunas de
Iniciacdo Cientifica, Julia Sampaio e Poliana Andrade, que participaram das etapas de
busca e andlise de dados, e juntas realizamos a discussdo de diferentes etapas do trabalho.
Adicionalmente fizemos andlises com os dados do projeto Epigen e o manuscrito foi

submetido a The Pharmacogenomics Journal.
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Abstract (215 words, max 250)

We present allele frequencies involving 39 pharmacogenetic biomarkers studied in
Brazil, and their distribution on self-reported race/color categories that: (1) involve a
mix of perceptions about ancestry, morphological traits and cultural/identity issues,
being social constructs pervasively used in Brazilian society and medical studies; (2)
are associated with disparities in access to health services, as well as in their
representation in genetic studies and (3), as we report here, explain a larger portion of
the variance of pharmaco-allele frequencies than geography. We integrated a
systematic review of studies on healthy volunteers (years 1968-2017) and the analysis
of allele frequencies on three population-based cohorts from northeast, southeast and
south, the most populated regions of Brazil. Cross-validation of results from these
both approaches suggest that, despite methodological heterogeneity of the 120 studies
conducted on 51,747 healthy volunteers, allele frequencies estimates from systematic
review are reliable. We report differences in allele frequencies between color
categories that persist despite the homogenizing effect of >500 years of admixture.
Among clinically relevant variants: CYP2C9*2 (null), CYP3A5*3 (defective),
SCLO1B1-rs4149056(C) and VKORC1-rs9923231(A) are more frequent in Whites
than in Blacks. Brazilian Native Americans show lower frequencies of CYP2C9*2,
CYP2C19*17 (increased activity), and higher of SCLOIB1-rs4149056(C) than other
Brazilian populations. We present the most current and informative database of

pharmaco-allele frequencies in Brazilian healthy volunteers.
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other categories, while Browns present intermediate African and European ancestry
respect to Blacks and Whites?. Also, Black and Mixed people are more likely to have
lower income and education and more negative health-related outcomes’. Most

biomedical studies use the IBGE classification as a proxy of biogeographic ancestry.

Brazilian admixed populations present predominant European and African ancestries,
typically with <10% of Native American ancestry'’. Importantly, self-reported Black
or White individuals are also admixed, with different proportions of continental
ancestry’. Because in the admixed Brazilian population mating is not ancestry-
independent, but characterized by a degree of ancestry-based assortative mating that
maintain a population structure', a relevant question is: for which pharmacogenetic
variants do we observe significant differences in allele frequencies between color
classes, notwithstanding the homogenizing effect of more than 500 years of

admixture?

The US Food and Drug Administration (FDA) and the European Medicines Agency
(EMA) recognize 121 pharmacogenetic biomarkers!'®!! (Table S1, Supplementary
Information: Regulatory Agencies Documents List). In some instances, such as the
risk of carriers of the HLA-B*1502 allele to develop Steven Johnson syndrome when
treated with antiepileptic agents, the FDA and EMA have released alerts regarding
population differences in the frequency of this allele in Europeans, African and Asian
descendants. Brazilian regulatory agencies (Agéncia Nacional de Vigilancia
Sanitaria, ANVISA, www.portal.anvisa.gov.br and Agéncia Nacional de Saude
Suplementar, ANS, www.ans.gov.br) have issued pharmacogenetic recommendations

for only 15 of the 121 FDA/EMA biomarkers: ABCG2, BCR-ABL, BRAF, CFTR,
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EGFR, ERBB2, Coagulation Factor V, G6PD, KRAS, POLG, SLCOI1BI1, TP53 as
well as the enzymes CYP2C19, UGT1A1 and TPMT, which define well established

Clinically Actionable Genotypes (CAG, in sensu Van Driest et al. 2014)'2.

The aim of this study is to estimate allele frequencies of pharmacogenetic biomarkers,
as well as predicted and metabolic phenotypes in Brazilians, considering the effects of
geography and color categories. We performed a systematic review of studies on
healthy volunteers, as a part of an international effort of the Iberoamerican Network

)13,14

of Pharmacogenetics (RIBEF, http://www.ribef.com We complement the

systematic review with data on 55 pharmacogenetic SNPs genotyped in three
population-based cohorts from the northeast, southeast and south of Brazil studied by
the EPIGEN-Brazil Initiative! (https://epigen.grude.ufmg.br). Our analysis
supplements the efforts of the REFARGEN (Brazilian Pharmacogenomics Network,

www.refargen.org), a nationwide consortium of Brazilian research groups'>.

Materials and Methods

Systematic review

The literature search on Pubmed (updated to April 2017) combined “Brazil” with
each of the biomarkers listed in Table S1, which were extracted from FDA and EMA

1617 and the Pharmacogenomics Knowledgebase!®, as previously

regulatory reports
reported'. Another search was performed using the term “Brazil” combined with
each of the following probe drugs: debrisoquine, sparteine, metoprolol,

dextromethorphan, mephenytoin, omeprazole, tolbutamide, losartan, diclofenac,

isoniazid and caffeine.
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Studies included in the review should have reported allele, genotype or phenotype
frequencies in Brazilian healthy volunteers for at least one of the biomarkers listed in
Table S1. Controls from case-control studies were excluded because they are selected
to match characteristics of cases, not being necessarily representative of the general
population. Studies using tumor cells were not considered for this review. To avoid
redundancies, from a set of articles using the same samples, we only considered the
article presenting the highest number of individuals studied for a specific allele.

Figure 2 summarizes the search and inclusion criteria.

Articles comprising G6PD were considered even if they presented only frequencies
for the enzymatic test, which is the standard procedure to evaluate the deficiency for
this enzyme, reflecting the genetic condition'®. The review for HLA-A and HLA-B
were restricted to the alleles with pharmacogenetic relevance according to Whirl-
Carrillo et al.'. The frequencies of wild-type variants are typically estimated as 1
minus the sum of the frequencies of the other studied polymorphisms. However, the
tested polymorphisms may vary across different studies. Thus, wild-type allele

frequencies are not presented in this review.

The predicted phenotype was inferred from genotypes for CYP2D6, CYP2CY,

CYP2C19, CYP3A5 and NAT?2 as detailed in the Supplementary Information.

To calculate the allele, genotype and phenotype frequencies for the regions and color
categories, the average of the frequencies, weighted for sample size, were calculated.

We considered alleles as rare or common, if their average frequencies were <5% or

. o . . . 2
>5%, respectively. For a pairwise comparison of the color categories and regions, a
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test was performed. P-values <0.05 were considered statistically significant.

Integration with EPIGEN-Brazil data

EPIGEN-Brazil genotyped 6,487 individuals from three population-based cohorts,
using the Illumina-Omni 2.5M SNPs array'. Twenty-two of the 39 pharmacogenetic
biomarkers considered in this review were also included in the EPIGEN-Brazil
dataset, encompassing 55 pharmaco-alleles from Table S1, which were analyzed for
this article. We estimated allele frequencies for these SNPs in the south (Pelotas,
n=3,736), southeast (Bambui, n=1,442) and northeast (Salvador, n=1,309) cohorts and
stratifying by self-reported color for each cohort: Whites, Mixed, Blacks and Not
Informed. For 28 of the 55 shared pharmaco-alleles, Spearman’s correlation was
estimated between the allele frequencies of the cohorts and those estimated by the
systematic review. To verify the effect of color and geographical region on the
variance of the allelic frequencies of the 55 pharmacogenetic variants in the EPIGEN-

Brazil cohorts, a multivariate distance matrix regression (MDMR) ?° was performed.

Results

We found 120 articles published between 1968 and 2016 including 51,747 healthy
volunteers. Only 39 (32%) out of the 121 biomarkers searched were examined (Table
S1). The most studied biomarker (considering the number of articles) was the deletion
of GSTM1 (24 articles) and in terms of number of studied individuals is G6PD
(18,751 individuals), followed by GSTM1 (7,874 individuals). Intensive agriculture is
one of the most important economic activities in Brazil, and most of GSTM1 studies

analyze subjects exposed to organophosphate pesticides, which are toxic to humans,
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mutagenic agents, and are detoxified by GSTMI in individuals that are not

homozygous for its deletion?!.

Only eleven out of the 120 articles presented biogeographic ancestry data of
individuals inferred from genetic markers**3. Only five studies presented measured
metabolic phenotype data, one study for CYP2D6** and four studies for CYP2C193*
37 which is critical from a clinical perspective because frequently, predicted gUM are
not real ultra-rapid metabolizers, as many factors such as diseases, diet, life style or

other concomitant medications may affect the metabolic phenotype®.

Allele frequencies estimated from a systematic review and from population-based
cohorts provide complementary information. For 33 genes, our systematic review
allowed to summarize data from more than one study on specific alleles (Table S1),
and to compare frequencies across color and geographic categories, or to increase
sample sizes, rendering frequency estimates more accurate, even if methodological
heterogeneity among studies may be a caveat. On the other hand, population-based
cohorts that include thousands of individuals (such as the EPIGEN-Brazil cohorts)
provide more accurate estimates of allele frequencies in a specific population,
particularly for rare alleles (Table S3). The use of both approaches allowed to cross-
validate allele frequencies estimates. The high correlation observed for the 28
pharmacogenetic allele frequencies shared by both approaches (Figure S1, correlation
coefficients always >0.90) suggests that our systematic review provides accurate
estimates of allele frequencies in Brazilian color categories. In addition, the MDMR
(multivariate distance matrix regression) on the population-based cohort data showed

that in Brazil, for pharmacogenetic alleles, color explains (2.82%, estimated as a
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pseudoR2 by MDMR) approximately four times more of the genetic variance than
geographic region (0.65%). The fact that together, these two factors have an omnibus
effect (5.16%), that is greater than the sum of individual effects suggests that
interaction of color and geography explains part of the variance (1-2%) of allele
frequencies for pharmaco-alleles (Table S4). This finding is consistent with the
following results from the systematic review: 50.4% (316 out of 627) versus 21.5%
(69 out of 321) of allele frequency comparisons between color categories and regions,

respectively, were significantly different.

Here in the Main Text we summarize the most relevant results involving differences
in clinically relevant allele frequencies between White and Black Brazilians, as well
as alleles associated with Native American ancestry. The entire set of allele
frequencies based on the systematic review for all the 39 studied biomarkers is
presented in Tables S5-S8. Table S9 shows the allele frequencies that significantly
differ between geographic regions when color categories were not considered. In
addition to EPIGEN-Brazil cohorts allele frequencies (Table S3), the African,
European and Native American ancestries estimated for the EPIGEN-Brazil cohorts,
stratified by color categories are in Table S10, confirming that self-reported Black
and White populations are admixed. Table 1 summarizes the allele frequencies that fit
at least one of the following conditions: (1) significantly differ in one color category
respect to all the others, (2) define Clinically Actionable Genotypes (CAGs), or (3)

significantly differ between Whites and Blacks.

Pharmacogenetic biomarkers and differences between Blacks and Whites
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We report differences in allele frequencies between color categories that persist
despite the homogenizing effect of >500 years of admixture (Table 1 and S3), that is
not completely ancestry-independent, but characterized by a degree of a persistent
ancestry-based assortative mating in Brazilian populations'. In particular:

(1) CYP2D6, CYP2C9, and CYP3AS5 are among the most relevant Phase I drug-
metabolizing enzymes (DMEs) and some of their alleles present significant
differences between Whites and Blacks (Table 1). CYP345 presents CAGs for the
immunosuppressive tacrolimus, used after organ transplantation. Indeed, the Clinical
Pharmacogenetics Implementation Consortium (CPIC) guidelines for tacrolimus
recommends to increase the initial dose by 1.5-2 times in patients who are
intermediate or extensive metabolizers'?. In Brazil, the sum of frequencies of CYP3A45
gIM and gEM are 34% for Whites and 65% for Blacks (Table S6).

(2) Among Phase II enzymes (involved in conjugation reactions that inactivates
excreted metabolites), White Brazilians show higher frequencies than Blacks for the
common allele UGTI1A1*93 (associated with irinotecan toxicity in cancer patients®®)
and the deletion of GSTM1.

(3) SLCOIBI encodes a transporter protein (OATP1B1) that is involved in cellular
influx of endogenous and xenobiotic substances, such as statins. White Brazilians
have higher frequencies than Blacks for the common allele SLCOIBI 521T>C
(rs4149056, which in homozygosis is a CAG for simvastatin toxicity).

(4) VKORCTI is an enzyme that activates vitamin K, a cofactor for blood coagulation,
and is used as target of the anticoagulant warfarin. Allele -1639 G>A (1rs9923231)
reduces gene expression and lead to fewer functional copies of VKORC1 enzyme™.
Consequently, carriers of this polymorphism require lower doses of the considered

therapeutic dose of warfarin (because they present fewer enzymes). If these
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individuals are treated with normal dose regimen, warfarin blood levels will increase
and induce potential hemorrhagic events. This allele is a biomarker for the
prescription of a lower dose of warfarin®!, and, combined with -5723T>G
(rs2884737), both are associated with individual European genomic ancestry in
admixed individuals®? (Table 1).

(5) Red blood cells with G6PD deficiency become more susceptible to oxidative
stress when exposed to oxidant drugs*’, and individuals with G6PD deficiency show
hemolytic anemia when treated with the antimalarial primaquine. As G6PD is on the
X chromosome, males are hemizygous; whereas women, due to X inactivation, may
be mosaics of cells expressing normal and deficient alleles. Whites have a lower
frequency of G6PD deficiency than Mixed and Blacks (>10%)** (Table S8),

consistent with a previous review in Latin American populations*.

Biomarkers in Brazilian Native Americans

Twenty-six of the 39 genes studied in Brazilians have been tested in at least one
Native American population. Native American populations are typically tested for
fewer alleles than Whites/Mixed/Black populations, and the number of studies per
gene is lower in Native Americans (Table S5-S8). Importantly, Native Americans are
composed by small groups that are scattered across Brazil, and their allele frequencies
may be severely affected by genetic drift*’. Therefore, allele frequencies reported in a
specific study may not be representative of all Brazilian Native Americans. CYP2C9
metabolizes drugs such as the oral anticoagulant warfarin and the antidepressant
fluoxetine, and the frequency of the warfarin clinically actionable phenotype gPM is
low (< 3%) for all color categories, matching frequencies in worldwide populations*®

(Table 2). Notably, the genotyping of 222 Native Americans did not reveal any
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CYP2C9 gPM individual, reflecting the low frequencies of the defective alleles *2
and *3 in this population. The following clinically relevant alleles are more common
in Brazilian Native Americans than in other color categories (Table 1, Supplementary
Tables S5-S8): ABCBI 3435C>T (50%, defective transport of digitalis derivatives
such as digoxin), SCLOIBI 521T>C (28%, CAG for simvastatin toxicity) and
SCLOIBI1 89595T>C (26%). The following clinically relevant alleles are less
common in Native Americans than in other ethnic groups: decreasing activity
CYP2C9*2 (rare in Native Americans and common elsewhere), increasing activity
CYP2C19*17 (11%), NAT2*13 (21%), deletion of GSTM1 (25%), deletion of GSTT!
(19%) and CCRS5 D32 (0.1%). For both genders, and differently from Whites, Mixed
and Blacks, no Native American individual was found to be G6PD deficient (n =
153)*, corroborating previous research®, which is important because the Amazon
region, where several individuals with Native American ancestry are settled, presents

a high incidence of malaria®'.

Discussion
We analyzed pharmacogenetic biomarkers in Brazilians integrating two approaches:

13,14,38; and

(1) a systematic review of the literature following the RIBEF methodology
(2) the analysis of allele frequencies from the three largest Brazilian population-based
cohorts. Population-based cohorts are rarely studied in pharmacogenetic studies and,
in this case, provide robust allele frequency estimates from the three most populated
Brazilian regions: south (Pelotas), southeast (Bambui) and northeast (Salvador). A
limitation of the EPIGEN-Brazil dataset is that pharmacogenetic variants are poorly
represented in the generalist Illumina-Omni2.5 array. Only 22 of the 39

pharmacogenetic biomarkers considered are included in the EPIGEN-Brazil dataset,
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encompassing 55 pharmaco-alleles. Important pharmacogenes such as CYP2D6, are
not represented and some ethno-specific variants such as CYP2C9*5, *6, *8, *11

were not tested as a part of the EPIGEN-Brazil cohorts.

In this systematic review, there are methodological issues shared with other
pharmacogenetic systematic reviews: (1) Articles that used alternative names for
some of the included biomarkers may have been missed. Here we used the RIBEF
methodology that only uses the most commonly used biomarker name. (2) There is
heterogeneity in ethnic classification. Although IBGE uses a specific self-reported
individual racial classification, pharmacogenetics and population genetics studies vary
in their operational definitions of individuals and populations. For most studies, the
IBGE color categories (or synonyms) are followed, but for many studies, there are no
explicit statements that color assignment was obtained via individual self-reporting.
(3) Frequently, only allele frequencies but not genotype frequencies are reported,
preventing prediction of phenotype frequencies. (4) There is heterogeneity in the
methods used to genotype different markers. More importantly, the unambiguous rs

nomenclature for SNPs (http://www.ncbi.nlm.nih.gov/snp) is not always followed in

pharmacogenetic studies. In this review, we made a special effort to track the rs code
for the variants that defined pharmacogenetic alleles and to consistently match the
classical pharmacogenetics nomenclature with the rs nomenclature across the text,
tables and supplementary information (Table S2). Moreover, while several pharmaco-
alleles are defined by a single SNP, others are haplotypes defined by a combination of
SNP alleles in linkage disequilibrium (Table S2), adding an additional layer of
heterogeneity because different research groups may genotype different number or

combinations of these SNPs to define these haplotypes. Despite the heterogeneity in
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ethnic classification, genotyping methods and pharmaco-alleles operational
definitions, the very high correlation of allele frequencies obtained in this systematic
review and those obtained from the population-based cohorts suggests that pharmaco-
allele frequencies, estimated in the present study from 120 articles published since
1968, are currently the most complete source of this type of information for the

Brazilian populations.

Although most pharmacogenetic studies still use color categories as a proxy for
ancestry, during the last few years, both the REFARGEN and RIBEF initiatives®”->
have used genetic markers to infer the biogeographic ancestry of Latin American
individuals. Genomic-based inferences treat ancestry as a quantitative variable, being
more objective, informative and accurate than color categories, which are affected by
semantic differences within and among regions’. While we recommend to use
ancestry informative markers to infer individual biogeographic ancestry in
pharmacogenetic studies, the use of color categories is also informative in different
contexts, notwithstanding some criticisms’->*. Here we use race/color categories as a
social construct that is pervasively and historically used in Brazil and other countries
such as the US, and that is correlated with biogeographic ancestry and morphological
traits’*. In terms of population genetics theory, both EPIGEN-Brazil and systematic
review data show that color categories influence the variance of pharmaco-allele
frequencies more than geographic regions (which would correspond to a geographical
definition of populations, Table S4), supporting the decision of stratifying allele
frequencies by color categories for this review. This approach has conceptual and
methodological advantages over alternative approaches that ignore race/color

categories, enabling the use of data from a plethora of studies, as well as to focus on
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populations such as Black Brazilians, which are associated with disparities in access

to health services and are under-represented in genetic studies.

In conclusion, by combining a literature systematic review and studying the largest
Brazilian population-based cohorts, we generated the most current and informative
database of pharmaco-allele frequencies in Brazilian healthy volunteers. Although we
identified methodological issues that might affect the integration of different
pharmacogenetic studies, our combined approach and posterior cross-validation show
that, despite heterogeneity in ethnic classification, genotyping methods and
pharmaco-allele definitions, a literature systematic review in a country such as Brazil,
accurately estimate allele frequencies. There is a need of studies that actually measure
functional and metabolic phenotypes. Although the introduction of biogeographic
ancestry using genomic data is a welcomed trend in pharmacogenetics, the use of
color categories is informative. We found that color categories are four times more
determinant of the variance of pharmaco-allele frequencies than geographic regions.
Therefore, presenting data stratified by race/color categories allows to focus on
populations such as Black Brazilians, that have worse access to health services and
are under-represented in genetic studies, thereby making pharmacogenetics more

inclusive.
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Figure legends

Figure 1. Self-reported race/color distribution in major geographical regions of Brazil
and in the entire country. Data from Brazilian Institute of Geography and Statistics
(IBGE, https://sidra.ibge.gov.br/Tabela/136). Color is the Portuguese word used by
IBGE for self-reported racial categories.

Figure 2. Prisma flowchart of the methodology for articles searching and inclusion
criteria. Exclusion of duplicates: if an article was included more than once because it
was found in more than one biomarker search, only one copy was maintained.
Exclusion of duplicated samples: Only one of two or more articles using the same

samples was included.
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Table 1. Pharmaco-allele frequencies that fit at least one of the following conditions:

(1) significantly differ in one color category respect to all the others (in bold), (2)
define Clinically Actionable Genotypes (CAGs, Van Driest et al. (2014)'2, denoted by
the D<1 symbol), or (3) significantly differ between Whites and Blacks (underlined).

Allele Allele frequencies
Gene and allele SNPdb Native Asian
code White® | Mixed | Black?® .
American | descendant
Phase I Drug Metabolizing Enzymes
CYP2D6*4 haplotype® - 0.16 0.12 0.10 - -
CYP2D6*2 haplotype 0.24 0.24 0.17 - -
CYP2D6*174 haplotype - 0.02 0.06 0.11 - -
CYP2D6*294 haplotype - 0.01 0.04 0.06 - -
CYP2D6*414 haplotype 0.08 0.02 0.01 - -
CYP2C9*24 X rs1799853 T 0.12 0.09 0.07 0.03 0.00
CYP2C9*34 haplotype 0.05 0.05 0.03 0.01 0.04
CYP2C19%22 X haplotype - 0.15 0.14 0.16 0.11 0.27
CYP2C19*%32 X rs4986893 A 0.00 0.00 0.00 0.00 0.14
cyr2c19*1771 haplotype - 0.18 0.19 0.20 0.11 -
CYP2B6*5 rs3211371 T 0.21 0.14 0.13 - -
CYP2B6*6+4 haplotype - 0.30 0.30 0.37 - -
CYP2B6*9 haplotype - 0.39 0.33 0.46 - -
CYP345*34 X haplotype - 0.79 0.64 0.50 - -
CYP345*%6o 1510264272 T 0.01 0.04 0.09 - -
CYP345*74 rs41303343 | insA 0.01 0.03 0.07 - -
CYP344*1B rs2740574 C 0.10 - 0.38 - -
CYP2E1*5B haplotype - 0.08 0.08 0.06 0.19 -
CYP1A1*24 rs4646903 G 0.15 - 0.30 0.11 -
CYP2C8*2." rs11572103 A 0.03 0.06 0.11 0.01 -
CYP2C8*3.". haplotype - 0.13 0.08 0.06 0.00 -
Phase II Drug Metabolizing Enzymes
NAT2*64 rs1799930 A 0.27 0.29 0.24 0.12 -
NAT2*12 rs1208 G 0.44 0.46 0.32 0.44 -
NAT2*13 rs1041983 T 0.33 0.39 0.41 0.21 -
NAT2*14J rs1801279 A 0.02 0.02 0.07 0.01 -
UGTIA1*36 T rs8175347 | [TA]s | 0.01 - 0.06 0 -
UGTI1A1*60 rs4124874 G 0.52 0.57 0.67 - -
UGTI1A41*93 rs10929302 A 0.22 0.21 0.11 - -
GSTTldeletedo - 0.21 0.23 0.26 0.19 -
GSTPI lle rs1695 0.69 - 0.62 0.60 -
GSTPI Vali 51695 031 - 0.38 0.40 -
GSTM1 deletion - - 0.53 0.44 0.34 0.25 -
Transporters
ABCBI/MDRI 3435C>T | 151045642 G 0.44 0.38 0.33 0.51 -
ABCBI/MDRI rs2032582 | C/T 0.42 0.32 0.23 - -
2677G>T/A
ABCBI/MDRI 1236 C>T | rs1128503 G 0.40 0.35 0.31 - -
SLCA4 S - - - - - 0.75 -
SCLOIBI 3884>G 1s2306283 G 0.50 0.59 0.65 - -
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SCLOIBI 521T>C X 154149056 C 0.14 0.14 0.09 0.28 -
SCLOIBI 89595T>C rs4363657 C 0.15 0.18 0.11 0.26 -
Other biomarkers

HLA-A*0201 - - - - - 0.04 -
VKORCI H2 haplotype - 0.24 0.23 0.08 - -
VKORC -1639G>A rs9923231 | A/G/T | 0.46 0.38 0.24 0.39 0.88
3673G>A DA

VKORCI -5723T>G 152884737 C 0.25 0.13 0.13 - 0.003
5808T>G

VKORCI 6853G>C rs8050894 | G/T 0.40 0.39 0.36 - 0.88
VKORCI 9104G>A 157294 T 0.38 0.37 0.38 - 0.12
LDLR A - - 0.47 0.39 0.27 - -
LDLR B - 0.53 0.61 0.73 - -
CFTR KM19%*2 - - - - - 0.04 -
MTHFR 677 C>T rs1801133 A 0.31 0.24 0.23 - -
MTHFR 12984>C (1286 | rs1801131 G 0.29 0.22 0.17 - -
A>C)

MTHFR 1317T>C rs4846051 A 0.96 0.88 0.68 - -
CCR5 D32 rs333 Indel 0.07 0.06 0.03 0.001 0.00
ProteinC 16414>G - - 0.38 - 0.42 0.77 -
ProteinC 1476A>G - - 0.40 - 0.41 0.15 -
SOD 247T7>G rs4880 G - - 0.49 0.32 -
GNB3 825C>T rs5443 T 0.35 0.49 0.61 - -
eTP53 rs1042522 C 0.31 - 0.52 0.15 -
BstUI*A1(Arg72Pro)

TP53 16bp*A2 - - 0.12 - 0.24 0.00 -
TP53 Mspl*A1 - - 0.10 - 0.23 0.01 -

J Decreased activity allele

T Increased activity allele

& Null activity allele

.. Decreased in vitro activity

D4 These alleles define Clinically Actionable Genotypes according to Van Driest et al. (2014)'2,
y yp g
& pharmaco-allele defined by a set of SNPs in linkage disequilibrium that form a haplotype. SNPs defining the

haplotype are in Table S3.

27

84




Table 2. Predicted and measured phenotype frequencies in Brazilian population.

CYP2D6 predicted phenotype

Population gPM gIM gEM gUM References
. n 327 327 327 327 2
White £ 003 0.05 0.88 0.04
. n 336 336 336 336 2
Mixed f 003 0.06 0.88 0.03
n 324 324 324 324 2
Black £ 002 0.10 0.83 0.05
CYP2D6 measured phenotype
Population mPM mIM mEM mUM References
n 8 8 8 8
hit 34
White f 0.00 0.00 1.00 0.00
CYP2CY predicted phenotype
Population gPM gIM gEM  References
. n 744 744 744 s
White f 003 0.27 0.7
. n 431 431 431 3155
Mixed £ 0.02 0.22 0.76
n 194 194 194 3155
Black f 003 0.15 0.82
. . n 222 222 222 31.56
Native American ¢ 0 01 0.9
64 64 64
Asian descendants rfl 0 0.0 0.98 37
CYP2C19 predicted phenotype
Population gPM gEM gUM  References
White n 101 101 101 2658
f 0.01 0.94 0.05
Black n 87 87 87 s
f 0.03 0.97 0
Asian descendants n 59 59 59 57
f 0.22 0.78 0
CYP2C19 measured phenotype
Population mPM mEM mUM  References
White n 9 9 9 36
f 0 1 0
Not informed n 28 28 28 343537
f 0.07 0.93 0
CYP3AS5 predicted phenotype
Population gPM gIM gEM  References
White n 498 498 498 242658
f 0.66 0.30 0.04
Mixed n 703 703 703 24.26
f 044 0.46 0.10
Black n 491 491 491 242658
f 0.36 0.45 0.20
NAT?2 predicted phenotype
Population Slow Intermediate Rapid References
. n 136 136 136 50
White f 06 0.35 0.05
. n 107 107 107 59
Mixed f_ 055 0.38 0.07
n 118 118 118 59
Black f 047 0.45 0.08
Native American n 88 88 88 59
f 0.51 0.44 0.05
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Methodological details

Definition of predicted phenotypes

Carriers of two inactive CYP2D6, CYP2C9, CYP2CI19 or CYP3A5 alleles or
CYP2C9*2/*2, *2/*3 or *3/*3 were classified as predicted poor metabolizers (gPMs)(1—
5), while individuals with more than two CYP2D6 active copies or CYP2CI19*1/*17 or
*17/%17 genotypes were classified as predicted ultra-rapid metabolizers (gUMs)(3). For
CYP2D6, CYP2C9 and CYP3AS5, genotypes containing one normal allele and one reduced
or null activity allele were grouped as predicted intermediate metabolizers (gIMs).
Individuals with two copies of normal activity CYP alleles were predicted as extensive
metabolizers (gEMs). Individuals with two NAT?2 alleles related with decreased activity

were classified as predicted slow acetilators (gSAs)(6).

Statistical analysis details

. . . 2 .
To compare the color categories and regions pairwise, ¥ test was performed using

chisq.test R function.
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The Spearman correlation (for non-parametric data) was estimated between EPIGEN-
Brazil cohorts allele frequencies and those estimated by the systematic review, using the

R cor.test (method="spearman") function.

The Multivariate Distance Matrix Regression (MDMR) was performed using mdmr

function from R MDMR-package applied to a (1-IBS) distance matrix (7).

MDMR is a two-step approach that consists of i) to compute the distance between all pairs of
individuals with respect to Y variables of interest and construct a NXN matrix (D) whose elements
reflect these distances; and ii) to test the association between predictors (X)and D by
decomposing the sums of squares of the distance matrix into a portion attributable to regression
to X and a portion due to residual. For this analysis, the genetic distance was based on IBS
(Identical by State) allele sharing information across 5934 individuals from EPIGEN-
Brazil initiative (Whites, Mixed and Blacks from Salvador, Bambui and Pelotas cohorts)
genotyped for 55 pharmacogenetics variants. From IBS information a (1-IBS) distance
matrix (5934 X 5934) was constructed using PLINK software and the association
between individuals Color and geographic region that they were from and the distance
matrix was performed using mdmr function from R MDMR package (https://cran.r-

project.org/web/packages/MDMR /vignettes/mdmr-vignette.html).
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Figure S1. Scatterplot of allele frequencies of 28 pharmacogenetics variants estimated in
the systematic review and in three Brazilian population-based cohorts, stratified by Color

categories.
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Table S1. Pharmacogenetic biomarkers searched in this study according to the European

Medicines Agency,

the Food and Drug Administration and the Pharmacogenomics

Knowledgebase CPIC gene/drug pairs. Adapted from Fricke-Galindo et al (2016) (1).
Biomarkers in bold are those with sufficient data and analyzed in this study. Ns = Number of

studies.
Biomarker Name Ns | Biomarker Name Ns
ATP binding cassette subfamily B S ) )
ABCBI member 1 4 FDPS farnesyl diphosphate synthase 0
ATP binding cassette subfamily C FIPILI- .
ABCCI nember 1 0 PDGFRA FIP1L1/PDGFRA fusion gene 0
ABCC2 ATP binding cassette subfamily C FLOTI flotillin I
member 2 0 0
ATP binding cassette subfamily C . o ) )
ABCC4 member 4 0 G6PD glucose-6-phosphate dehydrogenase 9
ATP binding cassette subfamily G
* -
ABCG2 member 2 (Junior blood group) 0 GGCX gamma-glutamyl carboxylase 0
ABL2 ABL proto-oncogene 2, non-receptor GNB3 G protein subunit beta 3
tyrosine kinase 0 4
ADD] adducin 1 GRIK4 glutamate ionotropic re:ceptor kainate type
0 subunit 4
ADORA2A adenosine A2a receptor 0 GSTAI glutathione S-transferase alpha 1
ADRBI1 adrenoceptor beta 1 1 GSTM1 glutathione S-transferase mu 1 24
ADRB2 adrenoceptor beta 2 0 GSTP1 glutathione S-transferase pi 1 7
anaplastic lymphoma receptor .
ALK tyrosine kinase 0 GSTT1 glutathione S-transferase theta 1 19
ANKK1 ankyrin repeat a@d kinase domain HERG1  human ether-a-go-go related gene 1
containing 1 0 0
ASL argininosuccinate lyase o HILA-A major histocompatibility complex, class I, s
ASS1 argininosuccinate synthase 1 0 HLA-B major histocompatibility complex, class I, 3
5-aminoimidazole-4-carboxamide
ATIC ribonucleotide formyltransferase/IMP HMGCR  3-hydroxy-3-methylglutaryl-CoA reductase
cyclohydrolase
BCR-ABL* BCR/ABL fusion gene HPRTI hypoxanthine phosphoribosyltransferase 1
B-Raf proto-oncogene, .
* E - x
BRAF serine/threonine kinase HTR24 5-hydroxytryptamine receptor 24
BTG3 BTG family member 3 HTR2C 5-hydroxytryptamine receptor 2C
Cllorf65 chromosome 11 (;p;n reading frame o IFNL3 interferon, lambda 3 o
CACNB2 calczum \'/oltage—ga{ed channel IL2RA interleukin 2 receptor subunit alpha
auxiliary subunit beta 2
CALU Calumenin ITPA inosine triphosphatase
CBR3 carbonyl reductase 3 KRAS* kirsten rat sarcoma viral oncogene
0 homolog 0
C-C motif chemokine receptor 5 s .
CCRS5 (gene/pseudogene) LDLR low density lipoprotein receptor
CESI carboxylesterase 1 LTC4S leukotriene C4 synthase
CFTR* cystic fibrosis transmembrane MS441 membrane spanning 4-domains A1
conductance regulator 4 0
KIT proto-oncogene receptor tyrosine methylenetetrahydrofolate reductase
CKIT kinase 0 MTHFR (NAD(P)H) 11
COAGULATION , hyltetrahydrofolate-h Y
FII coagulation factor IT 1 MTRR methyltransferase reductas 5
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COAGULATION coagulation factor V

NAGS N-acetylglutamate synthase

FV* 2
N-acetyltransferase 1 (arylamine N-
COL2241 collagen type XXII alpha 1 0 NATI acetyliransferase)
N-acetyltransferase 2 (arylamine N-
COMT catechol-O-methyltransferase 5 NAT2 acetyltransferase)
CcC0oQ2 coenzyme Q2, polyprenyltransferase OPRM1 opioid receptor, mu 1
CPS1 carbamoyl-phosphate synthase 1 orc ornithine carbamoyltransferase
CRHRI corticotropin releasing hormone PDGFRA platelet derived growth factor receptor
receptor 1 0 alpha
CRHR2 corticotropin releasing hormone PDGFRB  platelet derived growth factor receptor beta
receptor 2
CYB5RI cytochrome b5 reductase 1 PGR progesterone receptor
CYB5R2 cytochrome b5 reductase 2 0 11;11;?{4,:1 PML/RARA fusion gene
CYB5R3 cytochrome b5 reductase 3 0 POLG* polymerase (Di\lfl/‘;)u;gl;ltmm% catalytic
PROTEIN protein C, inactivator of coagulation
CYB5R4 cytochrome b5 reductase 4 0 P factors Va and VIila
cytochrome P450 family 1 subfamily .
CYPIAI A member 1 3 RYRI ryanodine receptor 1
CYPIA2 cytochrome P450 family 1 subfamily SCN14 sodium voltage—gate.d channel alpha
A member 2 2 subunit 1
CYP247PI cytochrome P450 family 2 subfamily A SERPINCI serpin peptidase Ainhibitor, clade C
member 7 pseudogene 1 0 (antithrombin), member 1
CYP2B6 cytochrome P450 family 2 subfamily SLC2241 solute carrier family 22 member |
B member 6 1
CYP2C19* cytochrome P40 family 2 subfamily SLC2242 solute carrier family 22 member 2
C member 19 10
CYP2C8 cytochrome P450 family 2 subfamily SLC2246 solute carrier family 22 member 6
C member 8 3
CYP2CY cytochrome P450 family 2 subfamily SLC6A4 solute carrier family 6 member 4
C member 9 6
CYP2D6 cytochrome P450 family 2 subfamily SLCOIRI* solute carrier organic anion transporter
D member 6 5 family member 1B1
CYP2E] cytochrome P450 family 2 subfamily SLCO2BI solute carrier organic anion transporter
E member 1 5 family member 2B1
CYP344 cytochrome P450 family 3 subfamily SOD2 superoxide dismutase 2, mitochondrial
A member 4 2
CYP345 cytochrome P450 family 3 subfamily SULTIAI sulfotransferase family 14 member 1
A member 5 4 : -
CYP4F2 cytochrome P430 family 4 subfamily F TMEM43 transmembrane protein 43
member 2 0
del (5q) chromosome 5q deletion INFRSFs wmor necrosis factor receptor superfamily
member 8
DPYD dihydropyrimidine dehydrogenase TP53* tumor protein p53
DRDI dopamine receptor D1 TPMT* hiopurine S-methyltransferase
DRD2 dopamine receptor D2 UGTIAL* UDP glucuronosyltransferase family 1
1 member Al
. UDP glucuronosyltransferase family 1
EGF epidermal growth factor 0 UGT144 member Ad
. UDP glucuronosyltransferase family 2
* > N N
EGFR epidermal growth factor receptor UGT2BIS5 member BLS
EPHXI epoxide hydrolase 1 UMPS uridine monophosphate synthetase
ERBB2* erb-b2 receptor tyrosine kinase 2 VKORCI1 vitamin K epoxide re.ductase complex
0 subunit 1
ERCCI excision repair cross-complementation XRCCI X-ray repair co.mplementmg defective
group 1 0 repair in Chinese hamster cells 1
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ESRI estrogen receptor 1 0 YEATS4 YEATS domain containing 4

FCGR34 Fc fragment of IgG receptor Illa 0

Biomarkers signed with * have recommendations for pharmacogenetics testing issued by
Brazilian regulatory agencies.
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Table S2. Pharmacogenetic alleles and rs correspondence following PharmGKB.

CYP2D6
*2 rs1058164-G rs16947-A rs1135840-G
*3 rs35742686-
delT
*4 rs1065852-A 1s28371703-T 1s28371704-C s28371705- 1s1058164-G  1s3892097-T rs1135840-G
C
*9 1s5030656-
delCTT
*10 rs1065852-A rs1058164-G rs1135840-G
*]7  1528371706-A rs1058164-G rs16947-A rs1135840-G
*29  1561736512-T rs1058164-G rs16947-A rs59421388-T  rs1135840-G
*35 1s769258-T 151058164-G 1s16947-A rs1135840-G
1rs28735595-C rs28624811-A  rs28633410-T rs1080995-G rs1080996-T 1rs74644586- 1s76312385-G
%41 C
1s75276289-G 1rs28695233-G rs1081000-C rs1058164-G rs16947-A rs28371725-T rs1135840-G
CYP2CY
*2 rs1799853-T
*3 rs1057910-C
*5  rs28371686-G
*6 rs9332131-
delA
*8 rs7900194-A
*J1  1s28371685-T
CYP2C19
*) rs4244285-A 1512769205-R
*3 rs4986893-A
*]7  1512248560-T rs11188072-T rs3758581-G rs17885098-T
CYP2B6
*2 rs8192709-T
*5 rs3211371-T
*6 rs3745274-T 1s2279343-G
*9 rs3745274-T rs8192719-T
CYP3A45
*] rs55817950-G rs28383468-G 1rs28383469- 1s72552791-T 1s776746-T 1$56244447- rs56411402-T
del A
1rs10264272-C 1rs28383479-C rs41303343- 1rs28365083- 1rs41279854- 1rs28365085- rs15524-G
del G A A
*3 1s776746-C rs15524-A
*6 1s10264272-T
*7 rs41303343-
insA
CYP3A44
*IB 1s2740574-C
*20 1567666821-
insT
CYP2E1
*] 15s2070676-C 1s72559710-G 1s55897648-G  rs6413419-G  rs3813867-G rs2031920-C
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*5B

rs3813867-C

rs2031920-T

CYPIAI
*24 154646903-G
*2C  r151048943-C
*3 rs1800031-G
*4 rs1799814-T
CYP142
152069514-G 1s35694136-T 1rs2069526-T rs12720461- 15762551-C rs56160784- 1s72547511-C
rs138652540-C  rs72547512-G = 1872547513-C rsl78§l 157- 1s35796837- r556256455- 1s2472304-G
H4 1s72547515-G 1s72547516-A  1s149928755-C r5558§9066— r5561(C);7638— rs283g‘9424— rs144148965-
1s45486893-C 1s72547517-G  1s143193369-C rs2470G890-T ¢ ¢ ¢
*]C  152069514-A
*1F rs762551-A
*1K  152069526-G 1512720461-T 1s762551-A
*IM 152069526-T 1s12720461-C rs762551-A
CYP2C8
*2  r1s11572103-A
*3  r1s11572080-T rs10509681-C
*4 151058930-C
NAT2
%5 rs1801280-C
*6 151799930-A
*7 rs1799931-A
*11 rs1799929-T
*]2 151208-G
*13 rs1041983-T
*14 rs1801279-A
TPMT
238G>C  r1s1800462-G
460G>A4 rs1800460-T
7194>G rs1142345-C
146T>C  r1572552740-G
5394>T  r1s75543815-A
UGTIAl
*28 rs8175347-
[TA]7
*36 1s8175347-
[TA]5
*37 1s8175347-
[TA]8
*60 1s4124874-G
*93  1310929302-A
GSTPI
Val 151695-G
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ABCBI/MDR1

1s3213619-G

1291>C
1236C>T  r151128503-G
3435C>T  rs1045642-G
2677G>T/A  152032582-C/T
SLCOI1B1
3884>G 1s2306283-G
463C>4  1511045819-A
521T>C 154149056-C
89595T>C 1s4363657-C
VKORCI1
1s7196161-G 1s17880887-G 1s17881535-C 1s9923231-T 1s2884737-C
H2 1s17708472-G 1s9934438-A 1s8050894-G 1s2359612-A 1s7294-C
1s7196161-A 1s17880887-G 1s17881535-C 1s9923231-C 1s2884737-A
H7 1s17708472-G 159934438-G 1s8050894-C 1s2359612-G 1s7294-T
1s7196161-A rs17880887-T rs17881535-C 1s9923231-C 1s2884737-A
H8 rs17708472-G 1s9934438-G rs8050894-C 1s2359612-G 1s7294-T
1s7196161-A rs17880887-T rs17881535-G 1$9923231-C 1s2884737-A
HY rs17708472-A 1s9934438-G rs8050894-C 1s2359612-G 1s7294-C
3673G>A4 1639G>A 1$9923231-
A/G/T
5723T>G 1s2884737-C
6853G>C  r158050894-G/T
9104G>A 1s7294-T
CFTR
DF508 rs113993960- 1s199826652-
delCTT delTCT
ADRB2
Argl6Gly rs1042713-A
GIn27Glu  1s1042714-C/T
Thri64lle rs1800888-T
CCRS5
D32 rs333-indel
coMT
Met 1s4680-A
F2
20210G>4  1s1799963-A
F5
Arg506Gin 1s6025-C
GNB3
825C>T 1s5443-T
814G>A 155442-A
MTHFR
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677C>T  1s1801133-A
12864>C rs1801131-G
1317T>C  154846051-A
MTRR
664>G 1s1801394-G
SOD2
47T>C 1s4880-G
TP53
BstUI*A1 1s1042522-C
(Arg72Pro)
R337H 1s9894946-T
XRCCI
Arg194Trp 151799782-A
Gin399A4rg 1s25487-C

99

12



Table S3. Allele frequencies of pharmacogenetic markers in EPIGEN-Brazil population-
based cohorts (stratified by Color/Race). The Table is a Supplementary Table available as
a .txt file in the Journal website.
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Table S4. MDMR summary table. Estimate of the effect of Geographic regions and
Color on the genetic background distances using 55 pharmacogenetics variants in three

population based cohorts from EPIGEN Brazil initiative.

Omnibus Effect

Geographic Region

Color

Statistic df Pseudo R2 p-value
0.05446 4 0.0516 < le-20
0.00685 2 0.0065  <1e-20
002971 2 0.0282  <1e-20

Note: Genetic distances are based on (1-IBS) allele-sharing information ((1-IBS) matrix) across 5,934

individuals from EPIGEN Brazil initiative.

Omnibus effect, effect of all predictors (Geographic region and Color) on distance matrix; df, numerator
degrees of freedom for the corresponding effect; Pseudo R2, size of the corresponding effect on the
distance matrix.

Table S5. CYP2D6, CYP2C9 and CYP2CI9 allele and phenotype frequencies in Brazilian
populations. Bold values represent significant interethnic difference (p<0.01). n = number of
individuals tested for each allele, f = frequency. Wild type alleles are not presented in this table.

CYP2D6 alleles
Population 2 %30 P *50 x99l *1pl =174 =29, *35  *4]} MultiplicationT References
White n 431 342 546 342 342 342 342 342 89 (8-10)
f 024 0.01 0.16 0.01 0.15 0.02 0.01 0.04 0.08
Mixed n 440 350 440 350 350 350 350 350 90 (8,10)
f 021 0.01 0.12 0.01 0.12 0.06 0.04 0.03  0.02
Black n 431 342 627 342 342 342 342 342 89 (8-10)
f 0.17 0.01 0.10 0.01 0.12 0.11 0.06 0.02  0.01
. 1 n 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020
Diverse 1n
f 021 0.01 0.09 0.05 0.01 0.02 0.06 0.03 0.03_ 0.05 0.01
CYP2D6 predicted phenotype CYP2D6 measured phenotype
Population gPM gIM gEM gUM References Population mPM mIM mEM mUM References
White n 327 327 327 327 an White n 8 8 8 8 (12)
f 0.03 0.05 0.88 0.04 f 000 0.00 1.00 _ 0.00
Mixed n 336 336 336 336 an
f 0.03 0.06 0.88 0.03
Black n 324 324 324 324 an
f 0.02 0.10 0.83 0.05
CYP2(9 alleles CYP2C9 predicted phenotype
Population 2l *3l *50 =*6@ +*8l =11l References | Population gPM gIM gEM References
White n 1086 1086 342 342 (1,8,13) White n 744 744 744 (1,13)
14
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f 012 0.05 0 0.01 f 0.03 0.27 0.70
Mixed n 781 781 594 94 1813 Mixed n 431 431 431 (L13)
f 0.09 0.05 0 0 f 0.02 0.22 0.76
Black n 536 536 342 342 (1,8,13) Black n 194 194 194 (1,13)
f 0.07 0.03 0.01 0.01 f 0.03 0.15 0.82
Native n 312 312 90 90 90 90 (1,14) Native n 222 222 222 )
American  § 003 001 0 0 004 0 i American ¢ 000 0.10 0.90
Asian n 64 64 (s) Asian n 64 64 64 (1s)
descendants £ 0.00 0.04 descendants f 0.00 0.02 0.98
CYP2C19 alleles CYP2C19 predicted phenotype
Population 2@ *3¢ *177 References | Population gPM gEM ¢UM References
White n 1058 434 966 (8,16-18) White n 101 101 101 (16,17)
f 0.15 0 0.18 f 0.01 0.94 0.05
Mixed n 665 350 665 (8.18) Black n 87 87 87 (16)
f 0.14 0 0.19 f 0.03 0.97 0
Black n 528 429 441 (8,16,18) Asian n 59 59 59 (15)
f 016 0 020 descendants ¢ .32 0.78 0
Native n 272 90 273 (14,18) CYP2C19 measured phenotype
American f 011 0 0.1 ’ Population mPM mEM mUM References
Asian n 59 59 . n 9 9 9
descendants ¢ 27 ¢.14 1 White f 0 1 0 an
Not informed " 9 12,1920y | . Not no 28 28 28 (12,19,20)
f 039 informed ¢ 907 0.93 0
{ Decreased activity allele
T Increased activity allele
& Null activity allele
Alleles without symbols are normal activity
! Diverse refers to more than one ethnicities together, not separated by the original articles
Table S6. Other CYP allele (and phenotype when available) frequencies in Brazilian populations.
n = number of individuals tested for each allele, f = frequency. Wild type alleles are not presented
in this table.
CYP2B6 alleles
Population *2 *5 6, *9 References
. n 342 342 342 342
White f  0.07 0.21 030 0.39 ®)
. n 350 350 350 350
Mixed ¢ 010 004 030 033 ®
n 342 342 342 342
Black ¢+ 008 013 037 046 ®
CYP3A5 alleles
Population n  *3) %60  *7| References
. n 840 742 650
White ¢ 079 001  0.01 (.8.16.21)
. n 757 646 646
Mixed ¢ 064 004 0.3 (58.21)
n 833 734 647
Black ¢ 950 0.0 0.7 >:816.21)
CYP3AS5 predicted phenotype
Population »n gPM gIM gEM References
White n 498 498 498 (5,16,21)
15
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f 0.66 0.30 0.04
. n 703 703 703
Mixed ¢ 044 046 0.10 .21
n 491 491 491
Black f 036 045 020 (5.16221)
CYP3A4 alleles
Population n *IB  *200 References
. n 92 92
White £ 010 001 (16)
n 87 87
Black ¢ 438 o001 (16)
Not n 201 87
informed f 0.14 0.01 (22)
CYP2EI alleles
Population n  *5B *6 References
. n 472 151
White t 008 008 (9,23,24)
. n 149 63
Mixed £ 008 008 (23,24)
n 271 75
Black f 006 0.07 24)
Native n 190
American f 0.19 (25)
. n 114 114
Admixed £ 016 010 (26)
CYPIAI alleles
Population n  *24  *2C *3 *4 References
. n 115
White £ 015 )
n 196
Black £ 030 )
Native n 190 190
American f 0.11 0.21 25)
Not n 189 195 190 @7
informed f 0.16 0.00 0.04
CYP1A2 alleles
Population n *IC{ *IFT *IKl *IM References
. n 92 92
White ¢ 0.68  0.00 (16)
n 87 87
Black £ 064 0.0l (16)
Not n 196 190 186 @7)
informed f 0.17 0.28 0.50
CYP2CS8 alleles
Population n  *2.. *3.. *4., References
. n 342 342 342
White ¢ 003 013 0.04 ®
. n 350 350 350
Mixed ¢+ 906 008 0.04 ®)
n 342 342 342
Black f 011 006 0.02 ®)
Native n 90 90 90 (14)
American f 0.01 0.00 0.00

{ Decreased activity allele

T Increased activity allele

< Null activity allele

.. Decreased in vitro activity

Alleles without symbols are of normal activity
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Table S7. Phase II biomarkers frequencies (allele and predicted phenotype, when available). n =
number of individuals tested for each allele, f = frequency.

NAT?2 alleles

Population g x5l *6l *7l *11 *12 *13 *14] rsI1495741 References
] n 136 164 164 164 164 136 164 136
White f 0.45 027 0.06 0.42 044 033 002 020 (28.29)
. n 107 107 107 107 107 107 107 105
Mixed f 0.40 0.29 0.03 0.36 046 039 002 026 (28)
n 118 243 243 242 243 118 243 101
Black f 0.32 0.24 0.12 0.36 032 041 007 036 (28.29)
Native n 117 205 235 235 118 201 88 118 81 (25 30)
American  f 034 039 0.08 0.23 0.49 026 021 001 038
NAT2 - predicted phenotype
Population Slow Intermediate Rapid References
] n 136 136 136
White f 060 035 0.05 (28)
. n 107 107 107
Mixed f 055 038 0.07 28)
n 118 118 118
Black f 047 0.45 0.08 28)
Native n 88 88 88 28)
American f 0.51 0.44 0.05
TPMT
Population 238G>C)  460G>Al  719A>Gl 146T>Cl 539A>T! References
i n 423 423 423 oal
ite f 0002 0.01 0.01 @30
Mixed n 350 350 350 .
xe f 001 0.01 0.04 ®
n 342 342 342
Black f 00l 0.01 0.02 ®
. m 200 200 200
Diverse f 00l 0.05 0.04 (32)
. n 406 406 406 202 202
Notinformed ) 0.02 0.01 0.00 0.00 (133)
UGTIAI
Population *28) *367 *37) *60 *93 References
) n 71 71 71 89 89
White f 032 0.01 0.01 0.52 0.22 (1034
. n 90 90
Mixed § 057 021 (10)
n 54 54 54 89 89
Black f 041 0.06 0.01 0.67 0.11 (1034)
Native n 32 32 32
American f 0.33 0 0 Gy
. n 177
Not informed § 0.25 (34)
GSTMI
Population Present Deleted *A *B References
) n 17% 1796 220 220
White f 047 0.53 0.59 0.41 (9,23,35-40)
Mixed n 427 427 71 71 (23,36,37,40)
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f 0.56 0.44 0.66 0.34
Black n 1140 1140 62 62 (9,35-38,40—
f 0.66 0.34 0.73 0.27 42)
Native n 360 360
American  f 0.75 0.25 (25,35,38,42)
. n 443 443
River-dwellers . 0.64 0.36 (43,44)
Not Informed ™ 2000 2000 (26,27,35,45—
f 058 0.40 53)
. m 1571 1571
Diverset 49 0.51 (3941.42)
GSTM1 *4 and *B frequencies are given considering only individuals with “Present” genotypes.
GSTTI
Population Present Deletedd References
. n 1161 1161 (9,35,36,38—
White f 079 021 40)
Mixed n 343 343 36.40
xe f 077 0.23 (36:40)
n 973 973 (9,35,36,38,40
Black ,35,36,38,
ac f 074 0.26 )
Native n 360 360
American f 0.81 0.19 (25,35,38,42)
River-dwellers 443 443 (43,44)
f 0.60 0.40
n 1666 1666 (26,27,35,45,4
Not Informed P 0.80 0.20 7-49,51,52)
. n 1571 1571
Diverse ¢ 0.75 0.25 (39,41,42)
GSTPI
Population Ile Vall References
Whit n 147 147 9.38
e f 069 031 ©-38)
n 336 336
Black 9,38)
f 0.62 0.38
Native n 238 238
American 0.60 0.40 (38,54)
. n 409 409
River-dwellers ¢ 0.57 043 (43,44)
n 407 407
Not Informed ¢ 072 0.28 (45,47,54)

{ Decreased activity allele

T Increased activity allele

& Null activity allele

.. Decreased in vitro activity

Alleles without symbols are of normal activity

! Diverse refers to more than one ethnicity together, not separated by the original articles
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Table S9 Allele frequencies by Brazilian regions. Only the frequencies that vary significantly among

regions are shown.

Genes/Regions North  Northeast Center Southeast  South Significant References
g N) (NE) West (CW) (SE) S) differences
ABCBI1
2677 G>T/A  0.376 0.356 0.286 0.264 N-SE, N-S, NE-S (18,55,60)
3435 C>T  0.447 0.357 N-S
CYP1A41 9.2527)
*2A  0.808 0.246 N-S
CYP2CY
gEM 0.792 0.984 SE-S (1,13,15)
gIM 0.192 0.016 SE-S
CYP2C19 (15,16,18)
*2 0.104 0.183 SE-S
CYP2D6 (10,11)
*41 0.079 0.044 NE-SE
GNB3 (75,107,108)
C825T 0.482 0.334 SE -S
GSTP1 (9,38,43-45,47,54)
Val  0.401 0.318 N-S
CYP2E1
CW-S, CW-SE, (9,23-25)
*SB  0.019 0.216 0.078 0.069 CW-N
CYP3A45
*3  0.686 0.611 N-SE (5,16,21)
*7 0.010 0.048 0.049 N-S, N-SE
GSTMI CW-NE, CW-SE
CW.N, SENE, §B.  (9:25:2735,36,38-51)
Deletion  0.663 0.687 0.559 0.511 0.573 N, SE-S, S-NE
GSTTI1
CW-SE, CW-S, (9,25,27,35,36,38-45,47—
NE-SE, NE-S, N- 49,51)
Deletion  0.339 0.248 0.257 0.215 0.196 SE, N-S
HLA-A (63.65)
*0201 0.271 0.109 0.241 CW-N, CW-SE
MTHFR (48,76,77,79,82,89—
C677T  0.407 0.251 0.320 N-NE, SE-NE 92,123)
SLCOIB1 (55)
388A>G  0.524 0.617 0.628 N-SE, N-S
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Table S10. African, European and Native American ancestry estimated in three Brazilian
population-based cohorts from EPIGEN-Brazil initiative, stratified by color categories.

Salvador (NE)
Whites (N=71) Mixed (N=581) Blacks (N=238)
Ancestry African European Natl.v ¢ African European Natl.v ¢ African European Natl.v ¢
American American American
Average 0.360 0.570 0.070 0.482 0.456 0.061 0.600 0.348 0.052
Median 0.352 0.567 0.063 0.490 0.451 0.056 0.607 0.341 0.051
IQR 0.168 0.170 0.050 0.175 0.168 0.037 0.180 0.153 0.035
Bambui (SE)
Whites (N=874) Mixed (N=532) Blacks (N=36)
Ancestry African European Aii?i‘:;n African European Alljlz:'li‘::m African European Ai::'li‘::m
Average 0.087 0.863 0.051 0.194 0.730 0.076 0.735 0.222 0.043
Median 0.068 0.879 0.043 0.158 0.760 0.073 0.764 0.187 0.038
IQR 0.079 0.121 0.050 0.174 0.184 0.053 0.295 0.227 0.050
Pelotas (S)
‘Whites (N=2794) Mixed (N=209) Blacks (N=602)
Ancestry African European Natl.v ¢ African European Natl.v ¢ African European Natl.v ¢
American American American
Average 0.068 0.864 0.068 0.276 0.627 0.097 0.514 0.407 0.079
Median 0.052 0.879 0.060 0.264 0.627 0.086 0.532 0.383 0.072
IQR 0.049 0.098 0.056 0.213 0.222 0.071 0.227 0.201 0.058
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CAPITULO 3 — Farmacogenética e ancestralidade na América Latina

Os estudos apresentados neste capitulo consistem em analises de dados originais de
genoétipos de interesse farmacogenético e ancestralidade continental. As andlises destes dados serdo

completadas e submetidas para publicagdo.

Ancestralidade e farmacogenética de CYPs no Brasil e Peru (dados nao publicados)

A RIBEF, como uma grande rede de colaboragdo internacional, possui dados de genotipos
de CYP2D6, CYP2C9 e CYP2(C9 para voluntarios sadios da América do Norte (Monterrey, México-
DF e Chiapas do México), América Central (Costa Rica e Nicaragua), Caribe (Cuba), Costa do
Pacifico da América do Sul (Equador e Peru), Costa Atlantica da América do Sul (Argentina, Brasil
e Uruguai), Portugal e Espanha. Portanto, ha dados de genotipagem de CYPs para 5.486 individuos
de 19 populagdes ao longo de 12 paises da ibero-américa e de 87 AIMs para 3.387 desses
individuos (Figura 1). A Figura 1 mostra a estruturagdo populacional das amostras CEIBA usando
os dados dos 87 AIMs genotipados realizada através da andlise de componentes principais. A
Analise de Componentes Principais (PCA) € uma técnica estatistica de reducdo da dimensionalidade
que transforma as variaveis originais em novas variaveis (componentes principais), fazendo com
que a primeira nova variavel, ou componente, seja responsavel pela maior parte da variagdo
encontrada no conjunto de dados, a segunda variavel seja responsavel pela segunda maior variagdo
encontrada, e assim sucessivamente, at¢ que toda a variacdo dos dados seja elucidada com a
propriedade que os componentes sao independentes. A PCA identifica padrdes ocultos nas varidveis
originais, neste caso a partir dos genotipos dos individuos (Cavalli-Sforza 1998).

O gréafico desta andlise ilustra claramente os componentes de miscigenagdo para cada
populagdo, a nivel individual, assim como a distribuicdo no espago da variagdo de ancestralidade
para todos individuos de cada populagao.

Espanhéis, portugueses e Ashkenazi da Argentina possuem ancestralidade
predominantemente europeia, como esperado. Grupos amerindios do México e Peru apresentam
uma predominancia do componente amerindio, exceto para a populacdo de Maias do México (33%
de ancestralidade europeia). Os amerindios da Costa Rica apresentam componente europeu ao redor

de 20%, exceto os Guaymi, com praticamente 100% de componente amerindio. Os afro-caribenhos
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da Costa Rica possuem componente africano comparavel as populagdes Yoruba, Nigéria, coletados
do HapMap, portanto praticamente 100% africanos. Mexicanos miscigenados de Chiapas possuem
maior componente amerindio e, portanto, sio menos miscigenados que os mexicanos de DF. Em
geral, miscigenados do México, Peru e Equador apresentam um componente amerindio
consideravel, maior que o europeu. Entretanto, miscigenados da Argentina, Brasil e Uruguai sao
predominantemente europeus. Os grupos autodeclarados caucésicos e afro-caribenhos de Cuba
apresentam um gradiente de componentes africanos e europeus, com diferentes propor¢des dos
mesmos. Os miscigenados deste pais sdo autodeclarados miscigenados com maior componente

africano do consorcio CEIBA.

PCA CEIBA
0.08 o Alat
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e North America
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® |beria
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Figura 1: Analise de componentes principais para os 3.387 individuos de 12 paises ibero-americanos para os 87 AIMs

genotipados pelo consércio CEIBA da RIBEF.

O objetivo deste trabalho ¢ estudar a relevancia do processo de miscigenagao
(especificamente ancestralidade individual nativo-americana, europeia e africana) para a
distribuicdo de genotipos e fendtipos de enzimas metabolizadoras de drogas (DMEs) na América

Latina.
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Algumas populacdes latino-americanas, em particular nativos, sdo normalmente
negligenciadas em estudos genéticos, especialmente quando tratamos de populacdes de nativos
americanos. Dessa forma, este estudo visa verificar polimorfismos genéticos importantes na
resposta a terapias medicamentosas nestes grupos étnicos.

Estes dados estdo em fase de andlise e escrita e serdo publicados em breve. Nesta tese
apresentamos resultados apenas das amostras fornecidas pelo nosso grupo de pesquisa: 98
brasileiros mineiros, 78 peruanos miscigenados de Lima, Peru, e 214 peruanos nativos (70
Ashaninka e 35 Shimaa da Amazonia e 109 Aymara dos Andes Centrais).

Neste trabalho, fui responsavel pela preparacdo das amostras de DNA para serem
genotipadas, analise de ancestralidade individual e CYPs e participo da escrita do manuscrito (em

andamento).

Metodologia

Fontes de dados e amostras

As amostras do nosso grupo de pesquisa consistem em 390 individuos de 5 populagdes,
parte genotipada pela RIBEF e parte terceirizada pela Universidade de Minnesota, EUA: SHI:
Shimaas do departamento de Cuzco, Peru (n = 35); AYM: Aymaras do departamento de Puno, Peru
(n=109); ASH: Ashaninkas do departamento de Junin, Peru (n = 70); LIM: Miscigenados de Lima,
Peru (n = 78); BRA: Miscigenados de Minas Gerais, Brasil (n = 98). Inserimos também, para os
mesmos SNPs, 209 individuos da popula¢do YRI (Yoruba em Ibadan, Nigéria) do banco de dados
Hapmap (http://hapmap.ncbi.nlm.nih.gov/) e SPA: Espanhois de Extremadura, Espanha (n = 386,

dados RIBEF) para efeitos de comparag¢do. Apos a juncdo dos dados, analisamos um total de 985
individuos de 7 populagdes. O projeto conta com aprovagdo do CONEP-UFMG e dos Comités de

Etica das outras institui¢oes envolvidas.

Genotipagem
A genotipagem dos genes CYP2D6, CYP2C9 e CYP2C19 foi realizada na Universidade de

Extremadura, no laboratério do Prof. Adrian Llerena com a metodologia de PCR em tempo real. A

partir do arquivo de gendtipos individuais dos trés genes, geramos uma tabela de informagdes e
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nimero de amostras por populagdo para melhor organizagado e visualizacdo dos dados e inferirmos o
score de atividade enzimadtica individual (fendtipo predito) de acordo com os genotipos.

Genotipagem CYP2D6: A analise de genotipos para as variantes alélicas CYP2D6%*2, *3,
*4, %6, *10, *17, *29, *35 e *41 foi feita com DNA gendmico usando o kit comercial TagMan® de
acordo com as instru¢des do fabricante, com primers especificos para os polimorfismos. Os
gendtipos foram determinados pela presenga de SNPs representativos dos haplotipos (alelos) de
interesse. Para detectar a presenga de CYP2D6*5 ou duplicagdo do gene, foi feita uma long range
(XL)-PCR como descrito anteriormente (Dorado et al. 2005).

Genotipagem CYP2C9: A genotipagem para os alelos CYP2C9*2, *3 e *6 foi feita com o
kit comercial TagMan® determinando os genotipos pela presenga de SNPs representativos dos
alelos de interesse, de modo similar ao CYP2D6.

Genotipagem CYP2C19: A genotipagem foi realizada para os alelos usando TagMan® e,
assim como CYP2D6 e CYP2C9, os gendtipos foram determinados pela presenga de SNPs
representativos dos alelos de interesse.

Fendtipos preditos para CYP2D6, CYP2C19 e CYP2C19: Para inferir o fen6tipo predito
para os trés genes, um ‘“score” de atividade foi determinado para cada alelo de acordo com
publicagdes prévias (LLerena et al. 2014; Céspedes-Garro et al. 2015; Fricke-Galindo et al. 2015).
Individuos com nenhuma cépia ativa dos genes CYP2D6, CYP2C19 e CYP2C19 foram classificados
como metabolizadores lentos preditos (predicted poor metabolizers, gPMs). Individuos com mais
de uma copia ativa do gene CYP2D6 ou com os genotipos *1/*17 ou *17/*17 para o gene CYP2C19
foram denominados metabolizadores ultra-rapidos preditos (predicted ultrarapid metabolizers,

gUMs).

Ancestralidade

Etnia autodeclarada: Todos os individuos do consorcio CEIBA possuem etnia
autodeclarada. Individuos com quatro avds europeus, africanos ou amerindios foram classificados
como europeus, africanos ou amerindios, respectivamente; caso contrario foram classificados como
miscigenados.

Ancestralidade genémica: Um conjunto de 3.386 individuos do consércio CEIBA foram
analisados para a inferéncia da ancestralidade europeia, africana e amerindia a nivel individual e

populacional utilizando 87 AIMs selecionados dos 103 AIMs propostos por (Yaeger, Avila-bront, et
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al. 2008). Os individuos foram genotipados no Centro Nacional de Genotipado (CEGEN, Santiago
de Compostela, Espanha) usando a plataforma SequenomiPLEX (San Diego, CA, USA). Para
estimar os componentes de ancestralidade europeu, africano e amerindio para cada individuo,
utilizamos o método de genética de populagdes implementado no software ADMIXTURE
(Alexander et al. 2009). Esta metodologia adequa as frequéncias da populacdo de interesse ao
Equilibrio de Hardy-Weinberg de acordo com as frequéncias alélicas das populagdes parentais (K)
que deram origem a populagdo estudada (Wollstein & Lao 2015).

Além disso, foi realizada uma analise de componentes principais (PCA) com o software
EIGENSOFT (Price et al. 2006) para verificar a estruturacdo populacional destas amostras. A PCA
auxilia na reducdo da dimensionalidade dos dados, permitindo uma clara visualizacdo dos
componentes de miscigenacdo para cada populacgao.

A andlise de ancestralidade individual e de componentes principais (PCA) foi realizada de
acordo com (Kehdy et al. 2015).

O controle de qualidade dos genotipos foi realizado pelo Equilibrio de Hardy-Weinberg com

o mddulo QC do software GLU (https://code.google.com/p/glu-genetics/), que gera um valor de

significincia para cada SNP estudado.

Resultados e Discussao

Ancestralidade individual e populacional

A ancestralidade populacional (média da ancestralidade individual) dos individuos do estudo
estd representada na Tabela 1.

Os espanhois de Extremadura (SPA) possuem componente europeu elevado, como esperado
(média de 90%). Os valores de ancestralidade africana e nativo-americana nessas populagdes nao
necessariamente significam que os individuos possuem esta ancestralidade. Pode ser meramente um

ruido nos dados devido ao fato de estarmos utilizando poucos marcadores.
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Tabela 1: Populagdes do estudo com os respectivos valores médios de ancestralidade amerindia, europeia e africana, em

ordem crescente de ancestralidade amerindia.

Populacdes  Abreviatura Miscigenacdo Pais Nativo Europeu Africano
Yoruba YRI Africanos Nigéria 0.026  0.028 0.946
Extremenios SPA Europeus Espanha 0.049  0.900 0.051
Brasileiros BRA Miscigenados Brasil 0.086 0.684 0.229
Lima LIM Miscigenados Peru 0.710 0.243 0.045
Aymaras AYM Nativos Peru 0.937 0.058 0.006
Ashaninka  ASH Nativos Peru 0.975 0.020 0.005
Shimaa SHI Nativos Peru 0.976 0.019 0.005

Evidéncias dos nossos resultados de médias populacionais (Tabela 1), miscigenacao
individual (Figura 2) e PCA (Figura 3), mostram que as populac¢des nativas do Peru (ASH, SHI e
AYM) possuem pouca ou quase nenhuma miscigenagdo. Seu componente amerindio varia de 0,78 a
0,99, portanto ndo ha individuos com menos de 78% deste componente na amostragem dessas
populagdes.

A populagdo miscigenada LIM possui componente amerindio expressivo (Tabela 1, Figura
2, Figura 3) quando comparada a populacdo brasileira BRA, que foi coletada em locais de alto
histérico indigena de Minas Gerais. Ao contrario do esperado, os individuos BRA apresentaram um
componente europeu mais acentuado e um componente africano relevante. Inesperadamente, em
fungdo do registro historico, o componente amerindio foi extremamente baixo, com média de 8% e

maximo de 29,7% (Tabela 1, Figura 2, Figura 3).
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Figura 2: Ancestralidade individual das amostras do nosso grupo de pesquisa ¢ populacdes parentais. Barras verticais
brancas separam as diferentes populagdes. Cada barra vertical colorida representa um individuo, onde as cores
representam as seguintes ancestralidades: Verde — Nativo-americana, Azul — Africana, Vermelho — Europeia. YRI:
Yoruba em Ibadan, Nigéria (Hapmap); SPA: Espanhois de Extremadura, Espanha; ASH: Ashaninkas do departamento
de Junin, Peru; SHI: Shimaas do departamento de Cuzco, Peru; AYM: Aymaras do departamento de Puno, Peru; LIM:
Miscigenados de Lima, Peru; BRA: Miscigenados de Minas Gerais, Brasil.
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Figura 3: Analise de componentes principais a partir dos dados de genotipos dos individuos das 7 populacgdes estudadas
mais as duas parentais. O primeiro (abscissa) e o segundo (ordenada) componente principal sdo mostrados, e
representam respectivamente 28,8% e 10,3% da variancia total. As siglas das populagdes correspondem as siglas da

Figura 2.

Frequéncias alélicas de CYPs

Os resultados de frequéncias alélicas para o gene CYP2D6 correspondem ao esperado,

comparando com populagdes de etnia similar mundiais (Tabela 2, (LLerena et al. 2014)).
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Entretanto, curiosamente a populagdo Shimaa possui uma alta porcentagem do alelo CYP2D6*5
(8,6%), que corresponde a delecdo do gene. Amostras de nativos peruanos sdo genotipadas para
genes CYPs pela primeira vez neste estudo.

Resultados de frequéncias alélicas para o CYP2C9 foram de acordo a populagdes mundiais
de mesma etnia (Tabela 3, (Céspedes-Garro et al. 2015)). No entanto, para o gene CYP2C19, dois
resultados inesperados para a populacdo de nativos peruanos: nenhuma destas populacdes
apresentou o alelo rapido */7 (Tabela 4), enquanto em populacdes mundiais ele aparece com uma
frequéncia média de 11% em nativos (Fricke-Galindo et al. 2015). Além disso, Ashaninkas e
Aymaras apresentaram uma frequéncia abaixo do esperado para o alelo de atividade diminuida *2.

Estes resultados podem ser um primeiro indicio de que populacdes nativas peruanas
possuem baixa probabilidade de apresentar reacdes adversas ou falha terapéutica para farmacos
metabolizados pela CYP2C19.

Clinicamente, os dois grupos de fendtipos preditos mais importantes sdo os metabolizadores
lentos (gPMs — poor metabolizers) e os metabolizadores ultrarrapidos (gUMs). Estes dois grupos
sd0 0s mais suscetiveis a sofrerem com as reacdes adversas e com a ineficacia dos tratamentos,
portanto devem ser analisados com maior nivel de detalhamento.

De acordo com os nossos dados, a frequéncia de individuos gUM e gPM nas amostras
estudadas ¢ praticamente nula em nativos peruanos, exceto 2,8% dos Shimaa serem gPMs para o
CYP2C19 e 1% dos Aymara serem gUMs para o CYP2D6 (Tabela 5). Curiosamente, os brasileiros
miscigenados apresentaram uma frequéncia de CYP2CI9 gUMs (39,3%) mais alta que a maior
média até hoje registrada para voluntarios sadios (36%) mundialmente, em individuos do Oriente
Meédio (Fricke-Galindo et al. 2015). Em contraste, ndo ha nativos peruanos com essa condicao,

contrastando também com a média mundial de Nativos de 21%.

Tabela 2: Frequéncias alélicas do gene CYP2D6 para as populagdes estudadas.

Country Self-reported n wt *2 *3 *4 *5 *6  *10  *17 *29 *35 *4] wt,*2, *4xN

Ancestry *35 xN
Brazil Admixed 98 3520 25.00 1.02 15.82 3.06 1.02 1.02 561 2.04 204 8.16 0.00
Peru Admixed 71 62.68 2042 0.00 6.34 282 0.00 0.00 1.41 1.41 141 141 2.11

Ashaninka 70 47.14 5143 0.00 143 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aymara 109 61.01 2982 0.00 734 046 0.00 0.00 0.00 0.00 0.46 0.00 0.46 0.46
Shimaa 35 6286 2571 0.00 143 857 0.00 0.00 143 0.00 0.00 0.00 0.00
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Tabela 3: Frequéncias alélicas do gene CYP2C9 para as populacdes estudadas.

Country Self-reported n wt *2 *3 %5 *6  *8

Ancestry
Brazil Admixed 97 88.66 7.73 3.61 - 0.00 -
Peru Admixed 72 89.58 694 347 - 0.00 -
Ashaninka 70  100.00 0.00 0.00 - 0.00 -
Aymara 109 99.08 092 0.00 - 0.00 -
Shimaa 35 100.00 0.00 0.00 - 0.00 -

Tabela 4: Frequéncias alélicas do gene CYP2C19 para as populagdes estudadas.

Country Self-reported n wt *2 *3 *4 *5 *17

Ancestry
Brazil Admixed 84 6429 10.12 0.00 0.60 0.00 25.00
Peru Admixed 72 82.64 833 0.00 0.00 0.00 9.03

Ashaninka 70 9643 3.57 0.00 0.00 0.00 0.00
Aymara 109 9633 3.67 0.00 0.00 0.00 0.00
Shimaa 35 8571 1429 0.00 0.00 0.00 0.00

Tabela 5: Frequéncias de fendtipos preditos para os genes CYP2D6, CYP2C9 e CYP2C19 nas populagdes
estudadas.

Country Self-reported CYP2D6 CYP2C9 CYP2C19
Ancestry n gPMs gUMs n gPMs n gPMs gUMs
Brazil Admixed 98 1.02 0.00 97 0.00 84 1.19 39.29
Peru Admixed 71 0.00 2.82 72 0.00 72 0.00 16.67
Ashaninka 70 0.00 0.00 70 0.00 70 0.00 0.00
Aymara 109 0.00 092 109 0.00 109 0.00 0.00
Shima 35 0.00 0.00 35 0.00 35 2.86 0.00

Conclusao

A populacdo brasileira BRA apresentou um valor mais alto que o esperado de CYP2C19
gUMs. Com um maior numero amostral e estudos adicionais poderemos definir o padrao da
populacdo brasileira para este fenotipo e inferir futuras implicacdes clinicas. Em contraste,
populagdes de nativos peruanos possuem menos alelos de importancia clinica que o esperado, o que
pode ser um indicativo que estes individuos carecem menos de intervencdes farmacogenéticas.

Entretanto, um nimero maior de estudos e amostras € necessario para confirmar estes resultados.
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Relevance of the ancestry for the variability of the Drug-Metabolizing Enzymes CYP2(CY,

CYP2C19 and CYP2D6 polymorphisms in a multiethnic Costa Rican population

O artigo a seguir foi realizado por iniciativa da RIBEF e esta aceito pela Revista de Biologia
Tropical, da Costa Rica, indexada nas Bases de Dados Pubmed, Scielo e Google académico. Neste
estudo encontramos correlagdo estatistica significativa de alguns alelos de CYP2D6 ¢ CYP2C19
com ancestralidade africana e amerindia como varidveis continuas. Além disso, as frequéncias
alélicas de CYP2D6, CYP2C9 e CYP2C9 variaram entre os diferentes grupos étnicos da Costa Rica:
amerindios, miscigenados e afro-caribenhos.

Neste trabalho realizei as analises de ancestralidade e a correlagao entre ancestralidade com
gendtipos e alelos dos genes CYP2D6, CYP2C9 e CYP2CY, além de ter participado na escrita e
revisdo do manuscrito. Por isso, compartilho a primeira autoria com a Dra. Carolina Céspedes-

Garro, da Universidade da Costa Rica.
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Abstract: CYP2C9, CYP2C19 and CYP2D6 metabolize around 40 % of drugs and
their genes vary across populations. The Costa Rican population has a trihybrid
ancestry and its key geographic location turns it into a suitable scenario to evaluate
interethnic differences across populations. This study aims to describe the diversity of
CYP2C9, CYP2C19 and CYP2D6 polymorphisms in Costa Rican populations in the
context of their ancestry. A total of 448 healthy individuals were included in the
study: Bribri (n = 47), Cabecar (n = 27), Maleku (n = 16), Guaymi (n = 30), Huetar (n
= 48), Chorotega (n = 41), Admixed/Mestizos from the Central Valley/Guanacaste (n
= 189), and Afro-Caribbeans (n = 50) from Limén. CYP2C9 (alleles *2, *3, *6) and
CYP2CI19 (*2, *3, *4, *5, *17) genotypes were determined by Real-Time PCR.
African, European and Native American ancestry were inferred using 87 ancestry
informative markers. The frequency of the decreased activity allele CYP2C9*2 is
lower in the self-reported Amerindian groups compared to the admixed population,
and the highest frequencies of CYP2C19*2 (null activity) and the CYP2C19*17
(increased activity) were found in the self-reported Afro-Caribbean population.
Moreover, a frequency of 0.7 % CYP2CY9 gPMs in the Admixed population and a
variable frequency of CYP2CI9 gUMs (0.0 - 32.6 %, more prevalent in Afro-
Caribbeans) in Costa Rican populations, was found. Finally, the following alleles
were positively correlated with genomic African ancestry and negatively correlated
with genomic Native American ancestry: CYP2D6*5 (null activity), CYP2D6*17
(decreased activity), CYP2D6*29 (decreased activity) and CYP2C19*]7 (increased
activity). No correlation for CYP2C9 polymorphisms and genomic ancestry was
found. Further studies assessing the CYP2C9 and CYP2C19 sequence in these
populations, preferentially by sequencing these genes, are warranted.
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Cytochrome P450 enzymes (CYPs) are involved in the phase I metabolism of
endobiotics and xenobiotics (i.e. drugs). Thus, the activity of these enzymes is related
to the plasmatic levels of active drug in patients, as well as to their therapeutic effect.
In the CYP2C subfamily of drug-metabolizing enzymes (DMEs), CYP2C9 and
CYP2C19 are encoded by the CYP2C gene cluster in 10q24, and are polymorphic,
presenting interethnic variability (“CYP2C19 allele nomenclature,” 2015; Sistonen et
al., 2009).

CYP2C9 is involved in the metabolism of drugs such as warfarin, losartan, fluoxetine
and non-steroidal anti-inflammatory drugs. Around 60 CYP2C9 gene variants have
been described (“CYP2C9 allele nomenclature,” 2015), which explain a considerable
proportion of variability in the drug metabolism. Some CYP2C9 alleles have been
related to a null or decreased hydroxylation capacity, such as CYP2C9*3 allele that
dramatically reduces the enzyme activity (Ingelman-Sundberg, Sim, Gomez, &
Rodriguez-Antona, 2007). Thus, the carriers of two CYP2C9*3, as well as, alleles
with null capacity are predicted to be poor metabolizers (gPMs) and to suffer adverse
drug reactions (ADRs) (Yang et al., 2013).

CYP2C19 is responsible for the metabolism of antidepressants and proton pump
inhibitors, among other drugs. A total of 34 CYP2C19 allelic variants that affect
enzyme activity have been described, from null (i.e. CYP2C19%*2, *3, *4, *5) to
increased activity (i.e. CYP2CI19*17) (“CYP2CI19 allele nomenclature,” 2015).
Individuals carriers of two inactive CYP2C19 alleles are predicted to be gPMs, while
carriers of *I/*17 or *17/*¥17 genotypes are predicted ultrarapid metabolizers
(gUMs). In pharmacological treatment, ADRs for both metabolic groups have been
shown. Drug Regulatory Agencies report CYP2C19 as a pharmacogenetic biomarker
for 16 drugs (Center for Drug Evaluation and Research, 2015) and that CYP2C19
status of patients might predict clinical outcomes (Altar et al., 2015; Niu et al., 2015;
Tabata et al., 2015).

CYP2D6 metabolizes a wide range of drugs such as antidepressants, antiarrythmics,
antipsychotics, and antihistamines. More than 100 allelic variants have been described
for this gene, some of which have been related to null, decreased, normal and
increased enzyme activity (“CYP2D6 allele nomenclature,” 2015). CYP2D6 gPMs
and gUMs have been related to clinical outcomes in pharmacological therapy (Rolla
et al., 2014; Seripa et al., 2015; Youngster et al., 2014) and Drug Regulatory Agencies
report CYP2D6 as a pharmacogenetic biomarker for forty drugs (Center for Drug
Evaluation and Research, 2015).

Interethnic differences in such cytochrome P450 genetic polymorphisms are partially
responsible for the variations among populations in drug disposition. The trihybrid
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ancestry of the Costa Rican population (Segura-Wang, Raventds, Escamilla, &
Barrantes, 2010), and the key geographic location of the country makes Costa Ricans
fairly representative of the human genetic diversity in Central America.

The CEIBA.FP Consortium of the Ibero-American Network of Pharmacogenetics &
Pharmacogenomics (RIBEF) has carried out studies in different Latin American
populations (Dorado et al., 2012a; Dorado, Gallego, Penas-LLedo, Teran, & LLerena,
2014), contributing to increase the pharmacogenetic knowledge of these neglected
populations. Nevertheless, this is the first report of the CYP2C subfamily in a Costa
Rican population including groups from different ethnic backgrounds. The present
study aims to estimate the allele frequencies of CYP2C9, CYP2C19 and CYP2D6
polymorphisms in Costa Rican populations with different ancestry backgrounds.

MATERIALS AND METHODS

Subjects: The study comprised 448 healthy individuals, of which 385 were
previously studied for the CYP2D6 gene (Céspedes-Garro, Jiménez-Arce, Naranjo,
Barrantes, & Llerena, 2014a). The following Native American Chibchan populations
were analyzed: Bribri (n = 47), Cabecar (n = 27), Maleku (n = 16), Guaymi (n = 30)
and Huetar (n = 48). An Oto-Manguean Mesoamerican Amerindian group: Chorotega
(n = 41) was also included. Moreover, Admixed/Mestizos from the Central Valley
and Guanacaste (n = 189), and Afro-Caribbeans (n = 50) from Limo6n were included
(Céspedes-Garro, Jiménez-Arce, et al., 2014a). The number of analyzed subjects
varied according to the CYP2C gene and genomic ancestry analyses (Tables 1, 2 and
3).

All DNA samples were obtained from a DNA biobank of the School of Biology of the
University of Costa Rica. The samples were collected and stored after approval from
review boards of the University of Costa Rica. Further information of collection and
demographic data is available elsewhere (Azofeifa et al., 2004; Barrantes et al., 1990;
Barrantes, Smouse, Neel, Mohrenweiser, & Gershowitz, 1982). The inclusion criteria
of individuals in each group were previously defined (Céspedes-Garro, Jiménez-Arce,
et al., 2014a).

Methods: The strategy followed in the study has been designed by the CEIBA-
MESTIFAR Project (Sosa-Macias et al., 2015).

Genomic ancestry: A total of 87 ancestry informative markers (AIMs) selected from
103 previously proposed (Yaeger et al., 2008) were genotyped to infer African,
European and Native American ancestry at individual and population levels. The
SequenomiPLEX platform (San Diego, CA, USA) genotyping (Pereira et al., 2012)
was performed at the Centro Nacional de Genotipado (CEGEN, Santiago de
Compostela, Spain). In the analyses, data from 119 Yoruba unrelated individuals from
Ibadan, Nigeria (YRI) and 60 Utah residents with European ancestry from the CEPH
collection (CEU) from The International HapMap Consortium (2010) were included
as parental populations. The Expectation Maximization method implemented in the
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software Admixture (Alexander, Novembre, & Lange, 2009) was used to estimate
ancestry, assuming three parental populations (k = 3).

CYP2C9 and CYP2C19 genotyping: Genotyping for the CYP2C9*2 (rs1799853), *3
(rs1057910), *6 (rs9332131) and CYP2CI19*2 (rs4244285), *3 (rs4986893), *4
(rs28399504), *5 (rs28399504) and */7 (rs12248560) alleles was carried out on
genomic DNA using TaqgMan assays as previously described (Dorado et al., 2012b;
Llerena et al., 2014a; Pefias-Lledo et al., 2014). Chromosomes lacking the above-
mentioned alleles/SNPs were classified as CYP2C9*] and CYP2C19*].

CYP2D6 genotyping: Data on CYP2D6*2 (rs1080985), *3 (rs35742686), *4
(rs1065852, 1s3892097), *6 (rs5030655), *10 (rs1065852), *17 (rs28371706), *29
(rs59421388), *35 (rs1080985 and 1s769258), *41 (rs28371725), CYP2D6*5,
CYP2D6*1xN, *2xN, *4xN and *I0xN alleles were published for the Costa Rican
population (Céspedes-Garro, Jiménez-Arce, et al., 2014a; Céspedes-Garro, Naranjo,
et al., 2014b).

Predicted hydroxylation capacity group: To infer metabolic phenotype from the
genotypes, zero value was assigned to CYP2C9*3 and *6 and CYP2C19%*2, *3, *4 and
*5 variants, 0.5 value to CYP2C9*2, one to CYP2C9/19*1, and two to CYP2C19*17
(Pefias-Lledo et al., 2014). Individuals with activity score values equal to zero were
classified as gPMs, and individuals with activity score higher than two were classified
as gUMs (for CYP2C19) (Pefias-Lled¢ et al., 2014). An activity score was adapted for
CYP2D6 (Gaedigk et al., 2008; LLerena et al., 2012). Previously reported data on
CYP2D6 have been analyzed together with original ancestry information of the
subjects.

The differences in CYP2C9 and CYP2C19 allele frequencies among populations were
compared using the Fisher’s exact test (alpha = 0.05). Hardy-Weinberg equilibrium
for alleles was determined using a contingency table X* statistic with Yate’s
correction. Statistical analyses were performed using the STATISTICA 4.3 (StatSoft,
Tulsa, OK, USA) and GraphPad Prism 3.02 (GraphPad Software, San Diego, CA,
USA).

The correlation between individual ancestry and the number of copies of a specific
allele in each individual was estimated using the Spearman’s rank correlation, with
the R cor.test command (R Foundation, 2015).

RESULTS

Genomic ancestry: The studied individuals and populations from Costa Rica
encompass a wide spectrum of continental ancestry and self-reported admixed
individuals from the Central Valley and Guanacaste showed many of the possible
combinations of European, African and Native American admixture (Fig. 1).
Moreover, the three self-reported Native groups mostly have Native American
ancestry, with low African ancestry (< 9 %) and European ancestry that range from 3
% (in Guaymi) to 22 % in the Chorotega. The Afro-Caribbean population has a very
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high African ancestry (86 %), with all the individuals showing more than 76 % of
African ancestry (Table 1 and Fig. 1).

CYP2C9 and CYP2C19 alleles and predicted metabolic phenotypes: CYP2C9 and
CYP2C19 genotype frequencies fit the Hardy-Weinberg equilibrium for all the studied
populations.

Consistently with previous studies, the wild-type CYP2C9*[ is modal in all
populations (Table 2). The decreased-activity CYP2C9*2 allele frequency was higher
in the Admixed and Huetar populations (7-8 %) than in the Afro-Caribbean, Bribri,
Cabecar, Maleku and Guaymi (< 1.1 %; p < 0.05). No differences were found in the
frequency of the decreased-activity CYP2C9*3 allele across the different groups. The
null-activity CYP2C9*6 variant was not detected in the Costa Rican populations.
Moreover, only one admixed subject was a CYP2C9 predicted poor metabolizer
(gPMs).

For CYP2C19, both the null-activity CYP2C19*2 allele and the increased-activity
CYP2C19*17 allele were more common in the Afro-Caribbean population than in the
other Costa Rican groups (p < 0.05) (Table 3). These allele distributions suggest that
almost a third of the subjects in the Afro-Caribbean population (15 out of 46) are
gUMs for CYP2C19, more than in any other Costa Rican group (p < 0.05).

The null-activity CYP2C19*3 and CYP2C19*5 alleles were not present in any of the
studied populations, and CYP2C19*4 was only present in heterozygosis in two
subjects of the admixed population. No CYP2C19 gPMs were found in the entire
Costa Rican sample.

Relationship between CYP2 genes and genomic ancestry: For Costa Rica, a
correlation between Native American and African ancestry with CYP2CI9 and
CYP2DG6 variant alleles was found. The following alleles were positively correlated
with African ancestry and negatively correlated with Native American ancestry:
CYP2D6*5 (p < 0.01), CYP2D6*17 (p < 0.01), CYP2D6*29 (p = 0.027 for African
and p = 0.045 for Native American) and CYP2CI19*17 (p < 0.01). We found no
correlation for CYP2C9 polymorphisms and ancestry.

DISCUSSION

This is the first study on CYP2C9 and CYP2C19 in a multiethnic Costa Rican
population, and it has been contextualized estimating the genomic ancestry of these
populations.

The observed low frequency of the decreased-activity allele CYP2C9*2 in the most
Amerindian populations from Costa Rica (Bribri, Cabecar, Maleku and Guaymi)
(Azofeifa, Ruiz, & Barrantes, 2001), is consistent with other studies on North- and
South- Amerindians, which reported frequencies from 0 to 4.8 % for this allele
(Céspedes-Garro et al., 2015). Noteworthy, the high CYP2C9*2 frequency in the
Huetar (8.3 %) is similar to that of the Costa Rican admixed population (7.7 %), in
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agreement with reports that estimate that the Huetar groups have European and
African admixture as high as 3.9 to 32.9 % (Barrantes, 1993; Santos, Ward, &
Barrantes, 1994; Bieber, Bieber, Rodewald, & Barrantes, 1996; Azofeifa et al., 2001;
Ruiz-Narvaez et al., 2005).

The frequency of CYP2C9*2 for the admixed Costa Rican population is similar to
those reported for other Latin American admixed populations from Brazil, Chile,
Ecuador, Mexico and Hispanics from United States of America (Céspedes-Garro et
al., 2015).

The very low frequencies of CYP2C9 gPMs in the Costa Rican populations (predicted
by surveying the presence of the *3 and *6 allele), is also in agreement with other
studies in diverse Latin American and Native American populations, including US-
Hispanics (Céspedes-Garro et al., 2015). This frequency can indicate that Costa Rican
populations are not susceptible to adverse reactions of CYP2C9-metabolized drugs
(warfarin, losartan, diclofenac) due to genetic factors.

Regarding CYP2C19 in Native Costa Ricans, the frequency of the null-activity allele
CYP2C19%2 varies from 0 to 12.5 %. The CYP2CI19%*2 frequency in the Chorotega
tribe (12.5 %) was similar to that reported for Ameridian populations from Brazil
(10.4 and 11.1 %) (Santos et al., 2011; Vargens, Petzl-Erler, & Suarez-Kurtz, 2012).
The low frequencies for this allele in Bribri, Maleku and Guaymi populations (4.3, 0
and 0 %, respectively) are similar to those from the Purépechas, Tzotziles,
Tojolabales and Tzeltales Mexican Amerindian tribes (5.4, 5.6, 3.6 and 0 %,
respectively) (Salazar-Flores et al., 2012).

As previously reported, CYP2C19*3 frequency is rare outside Eastern Asia and
Melanesia (Sistonen et al., 2009); for this reason, the lack of this allele in Costa Rican
populations was expected.

The increased-activity CYP2C19*17 allele frequency of the Afro-Caribbean
population is consistent with its high frequency in the West African Gambia
population (23.0 %) (Janha et al., 2014), which is in accordance to the predominant
Western African origin of the African diaspora to the Americas (Madrigal, 2006). The
ascertainment of CYP2C19 gUMs by genotyping of the CYP2C19*17 allele has only
been performed in other two Latin American admixed populations from Brazil and
Ecuador (26.8 and 41.4 %, respectively) (Santos et al., 2011; Vicente et al., 2014),
and both frequencies are higher than that of the Costa Rican admixed population (17.7
%; p < 0.05). This result suggest that Costa Rican populations are less susceptible to
therapeutic failure or adverse reactions in therapies based on drugs metabolized by
CYP2C19, such as omeprazole and clopidogrel.

A correlation among CYP2D6*5, *17 and *29 alleles with ancestry was also found in
this study, consistently with higher frequencies of */7 and *29 in African populations
(LLerena et al., 2014b). The null-activity CYP2D6*4 allele is associated to European
ancestry (LLerena et al., 2014b), and is supposed to be a marker of this ancestry.
However, in our multiethnic sample of individuals, the CYP2D6*4 allele is also
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present in 23 individuals with more than 30 % of Native American ancestry and less
than 60 % of European ancestry. Furthermore, the highest frequencies of CYP2D6*4
worldwide are in the Chibchan groups (e.g. Bari from Venezuela - 42.5 % - and Bribri
and Cabecar from Costa Rica - 31.9 and 26.8 %, respectively) (Céspedes-Garro,
Jiménez-Arce, et al., 2014a; Céspedes-Garro, Naranjo, et al., 2014b). Altogether, our
results suggest that the *4 allele may be also common in Native American
populations.

A limitation of this study is the low number of individuals in some of the populations,
mainly Amerindians. However, considering that Amerindians are under-represented
in pharmacogenetics surveys, important information is provided. Another limitation,
shared with most pharmacogenetics studies, is that we genotyped specific SNPs that
define specific alleles (haplotypes) and classified as wild type (CYP2C9*] or
CYP2C19*]) the individuals that do not carry these alleles. However, it is unknown if
populations that are under-represented in pharmacogenetics studies, such as Native
Americans, may present variants that were not genotyped, or that were even unknown
and that may alter enzymatic activity. Thus, further studies assessing the CYP2C9 and
CYP2C19 sequence in an unbiased fashion, preferentially by sequencing these genes,
would be necessary.
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Resumen

CYP2C9, CYP2C19 y CYP2D6 metabolizan aproximadamente el 40 % de los
farmacos y los genes que las codifican varian en las distintas poblaciones humanas.
La poblacion costarricense posee ancestria trihibrida y su posicion geografica
estratégica la convierten en un escenario idoéneo para evaluar la variabilidad
interétnica en sus poblaciones multiétnicas. El presente estudio tiene como objetivo
describir la diversidad de los polimorfismos CYP2CY9, CYP2C19 y CYP2D6 en las
poblaciones costarricenses en el contexto de su ancestria. 448 individuos sanos fueron
incluidos: Bribri (n=47), Cabecar (n=27), Maleku (n=16), Guaymi (n=30), Huetar
(n=48), Chorotega (n=41), mestizos del Valle Central y Guanacaste (n=189) y
afrocaribefios de Limon (n=50). Los genotipos CYP2C9 (alelos *2, *3, *6) y
CYP2CI19 (*2, *3, *4, *5 y *17) fueron determinados mediante PCR tiempo real. Las
ancestrias africana, europea y nativa americana fueron inferidas usando 87
marcadores informativos de ancestria. La frecuencia del alelo de actividad disminuida
CYP2C9%*2 fue menor en los grupos autodefinidos de amerindios que en la poblacion
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mestiza y las frecuencias mas altas de CYP2C19*2 (actividad nula) y CYP2C19*17
(actividad incrementada) se encontraron en la poblacion autodefinida afrocaribefia.
Asimismo, se encontré una frecuencia de gPMs CYP2C9 de 0.7 % en la poblacion
mestiza y una frecuencia variable de gUMs CYP2C19 (0.0 a 32.6 %, mas prevalente
en afrocaribefios) en las poblaciones costarricenses. Por ultimo, los siguientes alelos
fueron positivamente correlacionados con la ancestria africana y negativamente con la
ancestria nativa americana: CYP2D6*5 (actividad nula), CYP2D6*17, CYP2D6*29
(ambos de actividad disminuida) y CYP2CI19*17 (actividad incrementada). No se
encontrd correlacion entre los polimorfismos CYP2CY9 y la ancestria. Se requieren
estudios posteriores que evaluen la secuencia de CYP2C9 y CYP2CI9 en estas
poblaciones, preferiblemente mediante la secuenciacion de estos genes.

Palabras claves: CYP2C9, CYP2CI9, CYP2D6, Costa Rica, amerindios,
afrocaribefios, ancestria genética.
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TABLE 1

Mean of the genomic ancestry for different Costa Rican ethnic groups

. Native
. European  African .
Population American
ancestry ancestry
ancestry

Admixed 32 0.429 0.168 0.403
Bribri 12 0.182 0.072 0.745
Chorotega 26 0.220 0.090 0.690
Guaymi 18 0.030 0.027 0.943
Afro-Caribbean 11 0.093 0.863 0.044

n: number of subjects.

TABLE 2

Frequencies (%) of CYP2(C9 alleles and phenotypes predicted from genotype in
different Costa Rican ethnic groups

Self-reported

Ancepstry *] *2 *3 *  gPMs
Admixed 137 88.7 7.7 3.6 0.0 0.7
Bribri 46 97.8 1.1° 1.1 0.0 0.0
Cabecar 27 98.1 0.0* 1.9 0.0 0.0
Chorotega 31 95.1 3.2 1.6 0.0 0.0
Guaymi 27 100.0 0.0* 0.0 0.0 0.0
Huetar 48 86.5 8.3 5.2 0.0 0.0
Maleku 15 100.0 0.0 0.0 0.0 0.0

Afro-Caribbean 45 95.6 1.1° 33 0.0 0.0
n: number of subjects; gPMs: predicted poor metabolizers from genotype. *p < 0.05
compared to the admixed and Huetar populations.
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Freque

Self-reported
Ancestry

Admixed
Bribri
Chorotega
Guaymi
Maleku
Afro-Caribbean

n: number of subjects; gPMs: predicted poor metabolizers from genotype; gUMs:
predicted ultra-rapid metabolizers from genotype. *p < 0.05 compared to the rest of
populations with the exception of the Chorotega tribe; bp < 0.05 compared to the rest

TABLE 3

ncies (%) of CYP2C19 alleles and phenotypes predicted from genotype in
different Costa Rican ethnic groups

n *] *2 *3 *q *5 *]7  gPMs

141 81.9 7.1 0.0 0.7 0.0 10.3 0.0
23 91.3 43 0.0 0.0 0.0 43 0.0
36 84.7 12.5 0.0 0.0 0.0 2.8 0.0
24 98.0 0.0 0.0 0.0 0.0 2.0 0.0
12 100.0 0.0 0.0 0.0 0.0 0.0 0.0
46 587 19.6° 0.0 0.0 0.0 21.7° 0.0

of populations.
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Fig. 1. Barplots of individual continental ancestry, main
CYP2C9 and CYP2CI9 alleles and CYP2C19 predicted
phenotypes frequency distributions in Costa Rican
populations. The approximate location of populations is
shown in the chart.
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PDE4B region related to acute lymphoblastic leukemia relapse is differentiated in Native

Americans

A leucemia linfoide aguda (LLA) ¢ um tipo de leucemia predominante em criangas, € 0s
pacientes sdo sujeitos a poliquimioterapia. (Yang et al. 2011), estudando populacdes hispanicas (i.e.
latino-americanos miscigenados) dos Estados Unidos, observaram que: a) existe uma maior
probabilidade de recidiva da doenca em individuos com maior componente nativo-americano e b),
dois polimorfismos de ponto (SNPs): rs17039396 (no cromossomo 2, gene MYTIL), e rs6683977
(no gene PDE4B, cromossomo 1), seriam responsaveis por esta associacao.

Para desenhar eficientemente estudos de farmacogenética clinica envolvendo estas questoes,
¢ importante primeiro desenvolver estudos de farmacogenética populacional, e conhecer em detalhe
a diversidade nucleotidica e a estrutura haplotipica dos genes MYTIL e PDE4B (associados com
maior ancestralidade nativo-americana e maior recidiva de LLA) em diferentes populacdes nativas e
miscigenadas da América Latina, determinando o nivel de diversidade dentro e entre estas
populagdes. Por exemplo, estas informagdes permitirdo esclarecer aspectos da associagdo observada
entre ancestralidade nativo-americana e recidiva de LLA.

Dessa forma, o manuscrito seguinte visa determinar a diversidade nucleotidica e estrutura
haplotipica em alta resolucdo dos genes PDE4B e MYTIL em populagdes nativo-americanas,
normalmente negligenciadas em estudos de variabilidade gendmica humana.

Neste trabalho, juntamente com Rennan Moreira, fiquei responséavel pela extracdo de DNA
das amostras de brasileiros, implementagdo da plataforma BeadXpress (Illumina Inc., San Diego,
EUA) no ICB-UFMG, genotipagem das amostras nesta plataforma, andlise de dados e escrita do
manuscrito. Além disso, participei da coleta de amostras de mineiros juntamente com o doutorando
Mateus Gouveia.

O trabalho esta em fase de prepara¢do. Ainda em 2016, dados de NGS serdo adicionados ao
estudo, visando complementar os resultados. Estes dados estdo sendo gerados por Rennan Moreira e

Meddly Santollala. Apos a inser¢do e analise destes dados, o manuscrito serd submetido.
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Introduction

Although rare, studies with Native Americans suggest an association between Native
American ancestry and complex disorders, especially cancer [1,2]. Cancer treatments are
complicated due to high adverse drug reactions and relapse. It is known that individual
variation in response to treatments and relapse are also due to genetic traits unique to
each patient, which is the focus of pharmacogenetics. Genome wide association studies
(GWAS) have played an important role in finding alleles associated with cancer
predisposition [3,4], relapse [1,5] and treatment efficacy [6,7]. Notwithstanding, such
studies require an extensive amount of samples in order to identify small to moderate
effects due to scarcity of target alleles. An alternate and more powerful strategy is known
as Admixture Mapping (AM). It relies on identifying the ancestry of each chromosome
segment of the genome and associating it to disease-causing or genetic variants due to
differences in allele frequency of parental populations [8]. Such approach requires fewer
samples than GWAS and provides higher probabilities of finding new variants associated
with diseases or traits. Thus, whereas GWAS searches for association between phenotype
and genotype of a variant, AM tests whether there is association between an specific
phenotype and ancestry of a small segment of a chromosome. A previous study
associated two SNPs with high risk of relapse in ALL and Native American ancestry in
Hispanic children from USA (rs6683977-PDE4B and rs17039396-MYTI1L) [1]. Indeed,
6.0% and 18.6% of deaths among children aged from 5 to 14 years in lower- and upper

middle-income countries, respectively, are caused by cancer [9].

In this sense, in order to support such findings, the main goal of this study is to evaluate
genetic diversity of Native American populations as well as of Brazilian admixed
populations in the genomic regions surrounding rs6683977-PDE4B and rs17039396-
MYTIL, and discuss their impact in mapping of variants related to ALL relapse in
populations with Native American ancestry. According to what was already reported [1],
our main hypothesis is that genetic diversity of regions surrounding rs6683977-PDE4B
and rs17039396-MYTIL are differentiated in samples of Native Americans and also in

admixed Brazilians according to their degree of native ancestry.
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Methods
Tag-SNPs selection and genotyping

Following what was found by [1], regions around the admixture mapping hits (rs6683977
in PDE4B and rs17039396 in MYT1L) were selected for this study. PDE4B and MYTIL
are relatively long genes, encompassing 582 kb and 542 kb respectively. Seeking a better
coverage of the variation found in both genes, a search in HapMap II Project database
[10] was performed in order to identify additional SNPs. We browsed HapMap II
database in order to identify tag-SNPs. In October 2011, we downloaded SNPs genotypes
in IMb regions centered in rs6683977 (PDE4B) and rs17039396 (MYT1L) in HapMap 11
database for the following populations: CEU (Utah residents with European ancestry, n =
174), CHB (Chinese from Beijing, n = 139), and YRI (Yoruba from Ibadan, Nigeria, n =
209), as representative of main continental groups. No Native American population was
considered in HapMap 2, as well as in more recent initiatives such as 1000 Genomes. We
used the package Tagzilla, implemented in the software GLU (Genotype Library and
Utilities) [11] to identify tag-SNPs for each gene (minimum r* = 0.8). Tag-SNPs are
genetic markers in linkage disequilibrium with other SNPs. Thus, genotyping such tag-
SNPs provide information on other non-genotyped SNPs in linkage disequilibrium. We
chose 21 tag-SNPs for PDE4B and 27 tag-SNPs for MYTIL to be genotyped, but only 24
were successfully genotyped for MYTIL, including 1s6683977 (PDE4B) and rs17039396
(MYTIL). This number of tag-SNPs to be genotyped is a compromise between
maximizing the number of tagged SNPs and the maximum limit of 48 SNPs to be
genotyped by the BeadXpress platform.

We genotyped the final SNPs panel in three sets of samples (Figure 1): (1) Native
Americans from Peru: Aymara (AYM, n = 91), Shimaa (SHI, n = 72) and Ashaninka
(ASH, n = 92); (2) Native Americans from Brazil: Guaranis (GUA, n = 43) and
Tupinikins (TUP, n = 45), (3) Admixed Brazilians from the state of Minas Gerais (AMG,
n = 98), resulting in a total of 480 individuals. We inferred the genomic ancestry of each
individual by genotyping 76 Ancestry Informative Markers (AIMs) for the 480
individuals [12]. We used the following Hapmap individuals as proxy of non-European

continental ancestry: 176 Yoruba from Ibadan, Nigeria (YRI) and 174 European
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descendants living in Utah (CEU). We estimated individual ancestry using the software
Admixture v.1.2 [13].

We genotyped PDE4B and MYTIL SNPs, as well as 76 AIMs, in the 480 individuals
using the BeadXpress platform (Illumina Inc., San Diego, USA), according to the
manufacturer's instructions. Data quality control was performed in Genome Studio
software (Illumina Inc., USA) to exclude samples with Call Rate < 0.97 and SNPs with
low Gene Train. For each locus we tested Hardy Weinberg equilibrium using the GLU
software [3].

Pairwise Fgr, allelic frequencies and heterozigosity were performed with R Adegenet
package [14]. Molecular variance analysis was executed using R Hierfstat package [15].
Linkage disequilibrium was measured using r* statistics implemented in Haploview

software [16].

Results and Discussion

Definition of markers panel and quality control

HapMap 11, database returned 1002 SNPs for PDE4B and 714 for MYT1L when CEU,
YRI and CHB populations were considered. After analysis of linkage disequilibrium, we
found 326 tag-SNPs in PDE4B and 198 in MYTIL (Table 1). We selected a subset of 21
PDE4B 27 MYTIL tag-SNPs to be included in the customized genotyping array (Table
1). After filtering samples and SNPs for such parameters, we obtained a final set of 46

SNPs, which tag a set of 478 SNPs in PDE4B gene and 367 SNPs in MYTIL.

Individual Admixture

Individual and population genomic ancestry is presented in Figure 1 and Table 2. Native
Americans from Peru have less than 5% of non-Native American admixture. Native
Americans from Brazil have more Old-World admixture, but the largest continental
ancestry component is still Native American. Admixed Brazilians from Minas Gerais

State are predominantly European.
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Intra- and Inter-population diversity of genes PDE4B and MYTIL

Heterozygosity is a measure of diversity of a locus, and can be determined for a gene in a
population. Intrapopulation diversity, measured by heterozygosity, was assessed for each
population of the study and is reported in Table 3. The highest heterozygosity for PDE4B
in Europeans than in Africans, contrary to expectation, suggests that the pattern of
genetic diversity in this region is unusual or an ascertained bias for the HaMap II
database SNPs in this genomic region. As expected Native American show lowest

diversity than the other populations, particularly for MYTIL.

The Fgr statistic is a metric to measure interpopulation diversity according to its alleles
frequencies [17]. The higher the Fsr value the higher the divergence between two
populations for a specific locus or a set of loci. Pairwise Fsr was evaluated as a measure
of genetic divergence between populations and is presented on Table 4. Considering both
genomic regions, we observe a pattern and level of between-populations diversity that is
common along the human genome [18]. Thus we have no evidence that the admixture
mapping hit results from a genomic region that is highly differentiated along the studied 1
Mb.

Allele frequencies, AMOVA and Linkage Disequilibrium (LD)

Table 5 shows results of AMOVA, LD and allele frequencies for all SNPs genotyped for
PDE4B and MYTIL. Consistently with the Fsr analysis for the entire PDE4B region, this
is not a 1MB genomic region that is particularly differentiated in Native Americans,
except for few SNPs represented for tag-SNPs such as rs6661245, rs6588177 and
rs10889591 and rs11208774. Interestingly, the highest Fcr value found in PDE4B SNPs
is for rs6683977 and considering allele frequencies and AMOVA analyses, we confirmed
our expectation that the rs6683977-C-PDE4B allele is highly differentiated in Native
Americans from Peru and Brazil, when comparing with Europeans. According to the LD
analysis, rs6683977-PDE4B has 19 tagged-SNPs and is located in a haplotype of around
20kb, which seems to be entire differentiated in Native Americans. Differently from
1s6683977-PDE4B, the admixture mapping hit rs17039396-MYTIL is not differentiated
in Native Americans and there is HapMap II SNP tagged by it.
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In conclusion, our analyses confirm that the LLA admixture mapping hit rs6683977

(PDE4B), that is associated with Native American ancestry in US Hispanic, is part of a

20Kb region that is differentiated in Native American populations from South America.

We did not confirm the same pattern for the LLA admixture mapping hit rs17039396
(MYTIL).
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Figures and Tables

00 02 04 06 08 1.0

Figure 1. Individual ancestry for the following populations: 1 — European descendants from Utah (CEU); 2
— Yoruba from Nigeria (YRI); 3 — Ashaninka from Peru (ASH); 4 — Shimaa from Peru (SHI); 5 — Aymara
from Peru (AYM); 6 — Guarani from Brazil (GUA); 7 — Tupinikin from Brazil (TUP); 8 — Admixed from
Minas Gerais, Brazil (AMG). Each bar represents an individual, and the colors are: Green — Native

1 2 3 4 5 6 7 8

American ancestry, Blue — African ancestry and Red — European ancestry.
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Table 1. SNPs genotyped by gene and number of other sites covered according to

HapMap II.
PDE4B Nu.mber of MYTIL Nl{mber of
loci covered loci covered
1s6683977 19 rs783036 1
rs12119734 24 rs17039396 1
rs6661245 39 rs12468168 27
rs10454453 32 rs11683072 31
rs1500951 12 rs13388663 5
rs12081185 10 rs10195351 19
rs6683604 19 rs17338491 27
rs11589566 9 rs17039463 5
rs1354060 18 rs13026825 10
rs11208792 13 rs6705656 31
rs12027416 23 1513034457 5
152503205 23 rs6548050 14
1s6588177 50 rs12986730 9
rs10889591 14 rs17039334 11
1s12033425 28 rs1862114 12
rs12045945 19 16729968 13
rs1937453 32 rs3748988 10
1s1937456 14 152241685 6
1s522037 26 rs3748989 6
rs2186123 27 rs17039474 10
rs11208774 29 rs3924017 22
rs12991351 24
rs6728613 20
rs12468174 9
rs9284792 14
rs10178240 8
rs11127305 14

Table 2. Mean proportion of each parental ancestry across populations

African Native European
CEU 0.05 0.06 0.89
YRI 0.95 0.02 0.03
ASH 0.00 0.98 0.02
SHI 0.00 0.99 0.01
AYM 0.01 0.96 0.03
GUA 0.16 0.61 0.23
TUP 0.23 0.50 0.27
AMG 0.30 0.15 0.55
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Table 3. Mean heterozygosity values for each of the populations studied for PDE4B,

MYTIL and both genes.
CEU YRI ASH SHI AYM GUA TUP AMG
PDE4B 0.352 0.323 0.237 0.258 0.311 0.25 0.257 0.299
MYTIL 0.298 0.311 0.159 0.095 0.204 0.215 0.272  0.299
Both genes 0.322 0317 0.194 0.168 0.252 0.231 0.265 0.299
Table 4. Mean pairwise Fsr calculated using PDE4B and MYT1L SNPs data.
ASH SHI AYM GUA TUP AMG CEU
SHI 0.011
& AYM 0.038  0.026
§ GUA 0.044 0.035 0.033
E TUP 0.048 0.037 0.038 0.010
AMG 0.048 0.039 0.043 0.039 0.037
CEU 0.083 0.071 0.062 0.047 0.048 0.041
YRI 0.105 0.092 0.068 0.067 0.069 0.043 0.054
ASH SHI AYM GUA TUP AMG CEU
SHI 0.024
- AYM 0.018 0.037
= GUA 0.031 0.068 0.016
E TUP 0.059 0.111 0.034 0.013
AMG 0.090 0.131 0.055 0.027 0.010
CEU 0.079 0.107 0.052 0.033 0.025 0.027
YRI 0.151 0.189 0.121 0.071 0.047 0.048 0.062
ASH SHI AYM GUA TUP AMG CEU
SHI 0.016
2 AYM | 0.029 0.030
) GUA | 0.038 0.049 0.025
g TUP 0.054 0.071 0.036 0.011
A AMG | 0.070 0.086 0.049 0.033 0.022
CEU 0.081 0.089 0.057 0.040 0.036 0.034
YRI 0.130 0.145 0.097 0.069 0.057 0.046  0.058
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Table 5. Allelic frequencies of PDE4B and MYTIL SNPs in each population studied

Position SNPs Total Cf; %t . LD (r2) :{:E:] hit SNIZI; ALLELE FREQUENCIES
v37 Fet NAT CEU YRI PERU  BRA AMG | CEU YRI ASH SHI AYM GUA TUP AMG
66321193  rs12081185.A | 0.025 0.063 0.002  0.008  0.00 nan 0.00 | 0.451 0497 0.685 0.549 0.654 0.558 0.633 0.474
66368625  rs11589566.C | 0.054 -0.019 | 0.010 0.023  0.00 nan 0.00 | 0.250 0.153 0380 0.278 0.308 0.209 0.233 0.148
66410109  rs11208774.C | 0.548 0.264 0.009  0.001 nan nan 0.06 | 0.468 0.688 0.190 0.194 0.401 0.163 0.122 0.367
66416747  rs1937456.C 0.108 -0.074 | 0.023 0.007 0.01 nan 0.01 | 0.621 0.889 0.772 0.653 0.445 0.337 0.467 0.724
66435842 rs2186123.A | -0.002 -0.160 | 0.019 0.039 0.0l nan 0.00 | 0.632 0.628 0.777 0.681 0.560 0.430 0.300 0.679
66439837  1rs2503205.C 0.083 NA nan  0.005 nan nan 0.00 | 0.009 0.054 0.000 0.000 0.000 0.000 0.000 0.046
66442338  rs10889591.C | 0.520 0.611 0.001  0.031 nan nan nan | 0.227 0.233 0.005 0.000 0.000 0.000 0.000 0.000
66446672  rs1937453.A 0.001 0.002 0.002  0.030 0.00 nan 0.01 | 0.693 0.656 0.766 0.660 0.566 0.674 0.556 0.709
66476754  rs6588177.A 0.562 0.558 0.014 0.058 0.10 nan 0.01 | 0.466 0415 0875 0986 0.753 0.826 0.856 0.755
% 66503107  rs12033425.C | 0.053 -0.115 | 0.000 0.016  0.02 nan 0.00 | 0.109 0.207 0.234 0.278 0.451 0.000 0.011 0.102
R 66511404  rs1354060.A 0.008 -0.021 | 0.000 0.001  0.00 nan 0.02 | 0.506 0.568 0397 0.563 0.538 0.349 0.389 0.515
E 66514257  rs1500951.A 0.036 0.074 nan  0.004  0.00 nan 0.00 | 0.043 0.114 0.114 0.188 0.126 0.105 0.078 0.005
66538917  rs12119734.C | 0.144 0.346 0.032 0.082  0.00 nan 0.01 | 0.784 0.889 1.000 0.993 0.995 0.907 0.900 0.791
66541107  rs12027416.C | 0.052 -0.058 | 0.002 0.015 0.06 nan 0.00 | 0.931 0.858 0929 0903 0.863 1.000 1.000 0.908
66672532 rs10454453.A | 0.135 0.080 0.002 0.012  0.00 nan 0.02 | 0.509 0315 0.755 0.729 0.725 0.663 0.644 0.454
66681508  rs12045945.A | 0.004 -0.005 nan nan 0.05 nan nan | 0.003 0.006 0.000 0.000 0.060 0.000 0.000 0.000
66713685  rs6661245.C 0.322 0.066 0.046  0.006  0.00 nan 0.01 | 0.132 0449 0.103 0.118 0.247 0.267 0211 0.250
66751901 rs522037.C 0.173 -0.002 | 0.930 0.013 0.01 nan 0.05 | 0.601 0429 0810 0.785 0.659 0.640 0.589 0.551
66765778  rs6683604.C 0.226 0.442 0.975 0.061  0.00 nan 0.09 | 0402 0.173 0.120 0.153 0.066 0.058 0.233  0.393
66769100  rs6683977.C 0.576 0.624 hit hit hit nan hit 0.540 0.020 0.005 0.000 0.055 0.012 0.000 0.020
66831370 rs783036.A 0.096 0.013 0.004 0.023  0.01 nan 0.00 | 0.506 0.824 0.609 0.660 0.500 0.558 0.578 0.587
:1{ 1832273 rs3924017.C 0.183 0.362 0.036  nan 0.018 0.010 0.026 | 0494 0.679 0.804 0.944 0.758 0.721 0.678 0.556
: 1842774 rs6728613.C 0.351 0.070 0.009 nan  0.009 0.000 0.020 | 0.382 0.827 0.147 0.007 0.242 0.279 0.278 0.480
g 1902562  rs11127305.A | 0.252 0.169 0.114  nan  0.000 nan 0.150 | 0911 0.844 0.995 1.000 0973 1.000 1.000 0.990
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1925993
1946914
1946968
1959401
1962316
1978966
1984388
1985248
1987907
2027293
2105842
2176177
2190992
2204895
2212105
2225144
2255182
2258795
2260418
2311850
2325234

rs2241685.C
rs3748988.A
rs3748989.C
rs12986730.A
rs12991351.G
rs6729968.A
rs6548050.C
rs10178240.A
rs9284792.G
rs12468174.A
rs17039334.C
rs11683072.G
rs6705656.C
rs12468168.C
rs17338491.A
rs17039396.A
rs17039463.A
rs17039474.G
rs13034457.A
rs13388663.A
rs10195351.C

0.050
0.227
0.015
0.112
0.019
0.326
0.160
0.203
0.513
0.076
0.060
0.011
0.581
0.116
0.032
0.048
0.090
0.049
0.014
0.153
0.036

-0.002
0.064
-0.006
-0.042
0.051
-0.076
0.147
-0.097
0.133
0.042
0.146
-0.052
0.805
0.035
0.079
-0.076
-0.032
-0.002
0.057
0.156
-0.055

0.082
0.025
0.092
0.001
0.001
0.014
0.024
0.000
0.004
0.035
0.001
0.000
0.044
0.071
0.063
1.000
nan
nan
0.046
0.058
0.051

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

nan

0.020
0.026
0.005
0.013
nan
0.014
0.013
0.012
0.008
0.010
nan
0.017
0.015
0.009
0.020
1.000
nan
0.000
0.007
0.019
0.002

0.000
0.012
0.000
0.019
0.008
0.015
0.001
0.049
0.031
0.001
nan
0.010
0.002
0.001
0.000
1.000
0.008
nan
0.000
0.055
0.061

0.048
0.002
0.084
0.032
0.003
0.000
0.029
0.025
0.037
0.000
0.006
0.000
0.072
0.067
0.134
1.000
0.005
0.005
0.005
0.012
0.013

0.888
0.592
0.879
0.284
0.052
0.658
0.155
0.141
0.658
0.095
0.043
0.897
0.560
0.868
0.115
0.144
0.009
0.011
0.595
0.431
0.741

0.756
0.287
0.810
0.463
0.065
0.219
0.233
0.491
0.449
0.145
0.011
0.866
0.372
0.793
0.097
0.074
0.054
0.063
0.543
0.449
0.824

0.793
0.728
0.788
0.071
0.000
0.924
0.000
0.076
0.957
0.000
0.000
0.989
0.005
0.995
0.000
0.228
0.000
0.005
0.397
0.533
1.000

0.979
0.910
0.944
0.014
0.000
0.979
0.000
0.007
1.000
0.000
0.000
1.000
0.000
1.000
0.000
0.361
0.000
0.000
0.382
0.556
1.000

0.934
0.830
0.901
0.137
0.000
0.819
0.077
0.104
0.874
0.093
0.000
0.923
0.082
0.912
0.088
0.220
0.000
0.016
0.588
0.516
0.995

0.953
0.733
0.965
0.233
0.012
0.733
0.047
0.174
0.826
0.047
0.000
0.895
0.093
0.930
0.058
0.070
0.023
0.000
0.465
0.744
0.767

0.900
0.656
0.867
0.344
0.022
0.544
0.078
0.278
0.633
0.056
0.000
0.833
0.167
0.867
0.089
0.078
0.011
0.000
0.522
0.700
0.633

0.878
0.592
0.908
0.347
0.066
0.541
0.189
0.270
0.735
0.107
0.031
0.883
0.240
0.821
0.117
0.051
0.026
0.026
0.684
0.561
0.510
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Perspectiva — Breast Cancer pharmacogenetic regions are highly differentiated in Native

Americans

SNPs presentes na via dos inibidores da aromatase (alvo de terapia hormonal de cancer de
mama) foram descritos como diferenciados em populacdes com alto componente nativo americano
(Soares-Souza 2010; Boone et al. 2014). Temos um trabalho em andamento, o qual sou primeira
autora, com as mesmas amostras ¢ mesma metodologia de genotipagem e analises do manuscrito da
LLA visando verificar se hé diferencas populacionais na estrutura haplotipica dos genes envolvidos
no contexto do cancer de mama. Nossos resultados mostraram que populacdes com alta
ancestralidade amerindia possuem estrutura haplotipica muito diferenciada de outras populacdes
mundiais para os genes desta via, o que pode implicar em diferencas importantes na formulagao do
tratamento e de dosagens de medicamentos para a terapia hormonal de cidncer de mama nestes
individuos. Um manuscrito estd no inicio de sua preparagdo com perspectivas de submissdo no final
de 2016.

O resumo com resultados preliminares deste trabalho foi submetido e aprovado para

apresentacao oral no Congresso Internacional do X-meeting, 2013:

BREAST CANCER PHARMACOGENETIC REGIONS ARE HIGHLY
DIFFERENTIATED IN NATIVE AMERICANS

F Rodrigues—Soaresl’3’4, RG Moreiral’3, MH Gouveia', RH Gilmanz, R Zamudio', G Soares-Souza',
MR Rodrigues', WCS Magalhies', E Tarazona-Santos'

! Laboratério de Diversidade Genética Humana. Departamento de Biologia Geral, Universidade
Federal de Minas Gerais, Belo Horizonte, Brasil
? Universidade Peruana Cayetano Heredia, Peru and Johns Hopkins School of Public Health, USA.

? These authors contributed equally to this work
* fernandasoares@ufimg.br

Background: Previous studies by our group showed that some SNPs of the Aromatase Inhibitor
Pathway, which is important in breast cancer treatment, might be differentiated in Native American
populations. To exhaustively evaluate if there is a haplotype differentiation among Native

Americans respect to other worldwide populations, we developed a bioinformatics framework to
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select cosmopolitan tag-SNPs from HapMap or 1000 Genomes Project for specific genomic
regions, that in this case encompasses four genes of the Aromatase Inhibitor Pathway (CYP19A41,
ESRI, ESR2 e HSD17B1). These SNPs were annotated in detail using the multi-agent annotation
system (MASannote) developed by our group. Forty-eight tag-SNPs on these genes were genotyped
using a customized kit and the BeadXpress platform (Illumina, US), and analyzed using
bioinformatics QC and population genetics analysis procedure developed by our group (see the
DIVERGENOMEtool platform available at http://
pggenetica.icb.ufmg.br/divergenome/pagina/dynamicpipeline/tools.php). We analyzed several
worldwide populations, including original data from 384 individuals: three Peruvians Native
American groups 72 Shimaa, 92 Ashaninkas and 88 Quechuas (the largest linguistic native South
American group); four admixed Brazilians populations from Minas Gerais: 19 from Carmésia, 30
from Martinho Campos, 24 from Resplendor and 25 from Sdo Jodo das Missdes. We compared
these data with public database HapMap from European (CEU) ancestry and African (YRI)
ancestry. Ancestry of our South American samples was estimated using a panel of 96 ancestry
informative markers genotyped by the BeadXpress platform.

Results: Several population genetics analyses consistently show that Native Americans show an
extremely differentiated haplotype structure when compared to Europeans, Africans and Brazilian
admixed individuals.

Conclusions: The highly differentiated haplotype structure of Native Americans for genes involved
deserve follow-up, to understand its clinical implication in the therapeutic efficacy of breast cancer
therapy with aromatase inhibitors. The study of Native Americans is particularly important because
this ethnic group is neglected in genomics and pharmacogenetics initiatives. We are currently
evaluating the nucleotide diversity on these genes in detail, performing next-generation targeted
sequencing of 16 Native Americans, using Sure Select Agilent technology. Funding: CNPq,
CAPES, FAPEMIG.
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DISCUSSAO GERAL

Esta tese foi dividida em trés capitulos que apresentam em comum o estudo genético da
miscigenacdo populacional da América Latina nos ambitos evolutivo (capitulo 1) e da
farmacogenética (capitulos 2 e 3).

No primeiro capitulo foi feita uma caracterizagdo genética em alta resolu¢do da populagdo
brasileira, que apresentou histéria demografica e padrdes de ancestralidade complexos (Kehdy et al.
2015), que no nivel continental estdo correlacionados com cor/raca autodeclarada (Lima-Costa et al.
2015). Além disso, um painel minimo de marcadores de ancestralidade foi criado visando reduzir
custos de estudos de ancestralidade de alta resolug@o (Santos et al. 2015) e foi também verificado
que a ancestralidade ¢ uma varidvel a ser considerada em estudos de associacdo com populacdes
miscigenadas (Zamudio et al. 2015).

Nos capitulos 2 e 3, foram realizados estudos com o intuito de caracterizar populacdes
mundiais (através de revisdes sistematicas) e da América Latina no contexto de ancestralidade-
cor/raca autodeclarada e variantes de interesse farmacogenético. As revisdes sistematicas, assim
como as meta-analises, possuem amplo valor para respostas a perguntas cientificas e resolucdo de
controvérsias na bibliografia pois geralmente esgotam as fontes da literatura sobre um determinado
tema, sumarizando todas as conclusdes encontradas. De acordo com os resultados destes capitulos,
foi encontrada uma diferenciacdo de frequéncias de variantes de interesse farmacogenético de
acordo com as populacdes estudadas e suas ancestralidades. Em um contexto mundial, o padrdo de
frequéncias de alelos e fenotipos de CYPs ¢ bastante diferenciado entre as populagdes (LLerena et
al. 2014; Céspedes-Garro et al. 2015; Fricke-Galindo et al. 2015).

Os genes de interesse farmacogenético em populagdes da América Latina possuem padrdes
singulares de acordo com o padrdo de ancestralidade biogeografica estimada com base em dados
gendmicos e com cor/raca autodeclarados. Em individuos da Costa Rica, alguns alelos possuem
forte correlacdo com a ancestralidade gendmica e seguiram um padrdo entre as cores/ragas auto-
declaradas (Céspedes-Garro et al. 2016 - in press). O padrdo nas cores/ragas autodeclaradas ¢
encontrado porque apesar de a Costa Rica ser um pais latino-americano e apresentar histdrico de
miscigenagdo, suas etnias sdo bem definidas, com pouca ou nenhuma miscigena¢do nos afro-
caribenhos e amerindios estudados; portanto, sem ancestralidades ocultas dentro das cores/ragas, as

correlagdes se tornam mais claras.
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Em outros paises da América Latina, como México e demais paises da América Central, foi
encontrada grande variabilidade interétnica nas populagdes estudadas utilizando os biomarcadores
recomendados pela FDA e EMA (Céspedes-Garro et al. 2014; Fricke-Galindo et al. 2016).
Curiosamente, o alelo CYP2D6*4, normalmente encontrado em populagdes europeias ou com
grandes porcentagens de ancestralidade europeia (como o Brasil), apresentou valores de frequéncias
significativamente altas para grupos de amerindios da Costa Rica e do México (Céspedes-Garro et
al. 2014; Fricke-Galindo et al. 2016). Como nestes estudos ndo foram feitas andlises de
ancestralidade individual, podemos supor que pode existir um componente europeu elevado nestes
grupos. Em breve, novos resultados da RIBEF com dados de ancestralidade individual serdo
publicados e serd esclarecido se o motivo desta alta frequéncia é proveniente de uma miscigenacao
europeia ou mutacdo independente em populacdes amerindias.

Adicionalmente, os paises da América Central sdo pouco estudados, com apenas 26 estudos
de voluntarios sadios em todos os paises (Céspedes-Garro et al. 2014). Além disso, Belize e
Honduras ndo possuem estudos farmacogenéticos com voluntarios. Portanto, a América Central
necessita de forma urgente de um maior nimero de estudos populacionais utilizando biomarcadores
farmacogenéticos.

No Brasil, as cores/racas autodeclaradas possuem fatores ndo bioldgicos que influenciam a
autodeclaracdo, como escolaridade, classe social e exposi¢do ao sol (Friedrich et al. 2014). Estes
fatores, juntamente com a ancestralidade complexa oculta em cada uma das cores/racas definidas
pelo IBGE, tornam a populagdo brasileira extremamente complexa com poucos padrdes definidos
de variantes de interesse farmacogenético (Rodrigues-Soares et al., dados ndo publicados).

Frequéncias de variantes de interesse farmacogenético variam em populagdes mundiais de
acordo com sua ancestralidade. Atualmente, muitos estudos utilizam arrays (de uso geral ou
especializados em biomarcadores farmacogenéticos) e Next Generation Sequencing (NGS) para
genotipar genes relacionados a absorcdo, distribuicdo, metabolizagdo e excrecdo de farmacos
(ADME) - portanto de interesse farmacogenético - e relacionar estes resultados com a
ancestralidade individual e cromossomica (Li et al. 2011; Ramos et al. 2014; Li, Lou, et al. 2014;
Limdi et al. 2015; Li, Lao, et al. 2014). Um estudo recente em Afro-Americanos, publicado e
editorializado (Price 2015) na prestigiosa revista Blood, recomenda que os atuais algoritmos
utilizados para dosagem de varfarina devem ser estratificados por etnia, e ndo apenas ajustados por

ela (Limdi et al. 2015), pois a ancestralidade ¢ um fator determinante na recomendagdo da dose
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deste medicamento. Neste estudo, os autores concluiram que mesmo realizando a genotipagem
individual, a etnia autodeclarada ¢ fundamental para a recomendacdo de dosagem da varfarina, pois
mesmo com gendtipos idénticos, descendentes de europeus e descendentes de africanos
apresentaram diferengas no padrao de metabolismo, e consequente dosagem deste farmaco.

Resultados de ancestralidade cromossomica em 284 genes ADME para afro-americanos
mostraram que estes individuos sdo um mosaico de haplétipos europeus e africanos, como esperado
para resultados de marcadores aleatorios (Li, Lao, et al. 2014). Além disso, a analise de PCA de um
estudo que levou em consideracdo 19 populacdes mundiais para 212 genes ADME mostrou que a
distribuicdo grafica dos individuos utilizando genes ADME foi similar a distribuicdo com
marcadores aleatorios em todos os grupos continentais e étnicos (Ramos et al. 2014). Este estudo
indica que existem limitagdes a respeito deste recente tipo de andlises, como o baixo numero de
individuos por etnias mundiais ¢ a escassez de biomarcadores farmacogenéticos validados para a
maior parte dos fdrmacos no mercado. Além disso, a validagdo da maior parte destes biomarcadores
e do desenvolvimento de farmacos ¢ feito com populagdes de alta ancestralidade europeia (Li et al.
2011), o que poderia criar um viés nas conclusdes. Por isso, ¢ recomendado que estereotipos étnicos
sejam evitados, principalmente em populacdes miscigenadas, pois o ideal para a pratica clinica ¢ a
realizacdo da genotipagem individualizada (Ramos et al. 2014). Estudos populacionais e de ensaios
clinicos com individuos adicionais de multiplas ancestralidades ainda sd3o necessarios enquanto a
medicina gendmica ainda comeca a se incorporar na clinica. Os esfor¢os da RIBEF, publicando
resultados de ancestralidade e CYPs em toda a Ibeoamérica, estdo orientados a cobrir as caréncias
de estudos nestes locais, em especial na América Latina.

Nos Estados Unidos, os estudos de Ensaios Clinicos devem ser cadastrados no registro do
National Institutes of Health (www .clinicaltrials.gov) para serem aprovados e regulamentados pelo
governo. No Brasil, em 2012, o Ministério da Salde criou uma base semelhante para este
cadastramento, o Registro Brasileiro de Ensaios Clinicos (www.ensaiosclinicos.gov). No entanto, a
base de dados dos Estados Unidos apresenta mais de 500 resultados quando se busca estudos com
farmacogenética (termo “pharmacogenetics” no mecanismo de busca), enquanto no Brasil ndo se
encontram Ensaios Clinicos cadastrados com esta tematica. Inclusive, quando a busca ¢ feita com o
termo “genética”, apenas quatro estudos brasileiros aparecem nos resultados da busca - ndo
correspondem a farmacogenética - enquanto no site americano aparecem 11.960 estudos que levam

este tema em consideragdo. Portanto, no nosso pais ha uma forte caréncia de estudos clinicos que
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levam a genética e a farmacogenética em consideracdo, o que pode limitar conclusdes e
interpretagdes a respeito de predi¢cdes clinicas apenas com a analise de genotipos nesta populagdo
com historia demografica complexa. O Brasil apresenta muitos estudos pequenos, com poucos
individuos e poucas evidéncias clinicas ao invés de apresentar grandes estudos e ensaios clinicos,
que podem ser mais valiosos para uso na pratica clinica.

Recentemente, um grupo de pesquisa de Nashville, Tennessee, Estados Unidos, langou um
programa de pesquisa farmacogendmica (Pharmacogenomic Resource for Enhanced Decisions in
Care and Treatment — PREDICT) para implementar a farmacogenética na pratica clinica e melhorar
o tratamento dos pacientes (Pulley et al. 2012). Interagdes gene-resposta a fidrmacos bem
estabelecidas (actionable genotypes) sdao incorporadas no registro médico eletronico e as
informagdes destes SNPs sdo interrogadas para se obter um suporte de decisdo clinica adequado
(Van Driest et al. 2014). Cinco interagdes farmaco-gene (actionable genotypes) foram
implementadas neste programa: CYP2CI9-clopidogrel, SLCOIBI-simvastatina, CYP2C9 e
VKORC]-varfarina, TPMT-tiopurinas e CYP3A45-tacrolimus (Van Driest et al. 2014). No programa
PREDICT, 10.000 pacientes utilizando um ou mais destes firmacos foram analisados e 91%
apresentou pelo menos um actionable genotype, mostrando o beneficio potencial deste tipo de
estudo. Dentro do grupo dos afro-americanos, praticamente todos os individuos (96%) apresentaram
um actionable genotype, enfatizando a necessidade de diversidade étnica em estudos gendmicos
(Van Driest et al. 2014).

Uma resposta brasileira a iniciativa do PREDICT foi publicada (Suarez-Kurtz 2014),
afirmando que de acordo com os dados de brasileiros coletados pela REFARGEN, 93,5% dos
individuos estudados possuem pelo menos um actionable genotype. Os autores do PREDICT
enviaram uma nova resposta, afirmando que os resultados para o Brasil foram similares aos dos
americanos, frisando a importancia da genotipagem do maior nimero de populacdes possivel para
estas variantes (Van Driest & Roden 2014), corroborando sua alta prevaléncia independente da
etnia estudada. No contexto do projeto EPIGEN, estamos quantificando os actionable genotypes nas
maiores coortes de base populacional brasileiras.

A revisdo sistemdtica de voluntarios sadios brasileiros apresentada nesta tese realizou uma
concatenagdo dos estudos com variantes de interesse farmacogenético no Brasil, frisando a
importincia de um maior numero de estudos mais elaborados considerando feno6tipos metabolicos.

De acordo com esta revisdo, o gene GST7T! ¢ o mais estudado no pais, tanto em numero de
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individuos como em numero de estudos. Este biomarcador ndo ¢ um classico de estudos
farmacogenéticos, entdo o motivo para ele ser o mais estudado no nosso pais esta relacionado com o
sistema agrario brasileiro ser de forte impacto no mundo, portanto, o uso de pesticidas possui
quantidades proporcionais de consumo. Consequentemente, os trabalhadores rurais expostos a estes
pesticidas estdo suscetiveis a contaminacdo por estes agentes quimicos, que podem ser
carcinogénicos. A enzima GSTT1 participa da detoxificagdo celular, portanto individuos que
possuem a delecdo de seu gene e consequentemente da enzima faz com que desenvolvam com mais
facilidade processos carcinogénicos. A maior parte dos estudos encontrados sdo pequenos estudos
de associacdo com trabalhadores rurais visando inferir o impacto dos pesticidas em sua saude
(Gattas et al. 2004; da Silva et al. 2008; Godoy et al. 2014). Além disso, ha dois estudos
relacionando consumo de peixe contaminado com mercirio na Amazonia com processos
carcinogénicos e a GSTT1 (Barcelos et al. 2013; de Oliveira et al. 2014).

Algumas limitagdes foram encontradas na elaboracdo dos trabalhos presentes nesta tese.
Para as revisdes, o nimero de trabalhos com populacdes da América Latina ¢ ainda insuficiente
para obter uma conclusdo robusta do cenério farmacogenético desta regido. Além disso, dados de
fenotipos metabolicos medidos por farmacos teste ¢ uma limitagdo encontrada mundialmente,
portanto um maior numero de estudos com este proposito sdo necessarios. Para dados originais, o
nimero de amostras ¢ uma limitacdo a ser considerada, pois numeros baixos podem ndo ser
representativos da populagdo geral. Ainda, deve-se levar em consideragdo que a populagdo
brasileira estudada a partir de dados originais (dados ainda ndo publicados pela iniciativa RIBEF) ¢
composta por individuos miscigenados de varios pequenos municipios com histdrico indigena de
Minas Gerais e podem ndo representar a populagao brasileira de forma abrangente.

Em geral, a nomenclatura e natureza genética das variantes de interesse farmacogenético sao
diversas e podem dificultar as andlises dos resultados. Alguns genes apresentam simplesmente uma
delecao génica (GSTTI, GSTMI), outros genes apresentam haplotipos complexos compostos por
varios SNPs (CYPs, TPMT, LDLR) e outros apresentam simplesmente SNPs. Esta ¢ uma limitagdo
de estudos farmacogenéticos em geral, pois as diferencas metodoldgicas para a identificacdo destas
variantes podem influenciar nos resultados ou na conclusdo final do estudo. Por exemplo, em genes
que os alelos de interesse sdao haplotipos, como no caso do CYP2D6, em geral faz-se a genotipagem
de somente um SNP representativo do haplotipo correspondente. Muitas vezes, os autores nao

especificam o SNP que estd sendo genotipado para representar o haplétipo, e quando identificam,

177



muitas vezes o fazem com nomenclatura ambigua (ex: -1584C>G e -1042C>G para o haplotipo
CYP2D6*2, que correspondem ao rs1080985). A nomenclatura de SNPs poderia ser
preferivelmente identificada com o “rs” que foi genotipado para evitar ambiguidades e problemas
de interpretacdo dos resultados. Fizemos a procura de todos os “rs” dos alelos analisados na revisdo
sistematica de voluntdrios sadios no Brasil na base de dados PharmGKB (Whirl-Carrillo et al.
2012). Os resultados estao apresentados na Tabela S2 do capitulo 2 (p. 95).

Outra importante limitagdo em estudos farmacogenéticos ¢ a correlacdo gendtipo-fendtipo.
De maneira geral, o gendtipo ndo ¢ a predi¢do exata do fenotipo metabdlico do individuo, pois
varios fatores contribuem para a variacdo na resposta a firmacos como estilo de vida, idade, niveis
hormonais, fun¢des hepaticas, entre outros (Meyer 2000). No caso de metabolizadores lentos de
CYPs, a correlagdo ¢ encontrada porque se o individuo ndo produz a enzima, mesmo que possua
fatores que acelerem seu metabolismo, ndo apresentard resposta ao farmaco (LLerena et al. 2014).
Este fato ¢ valido para delecdes génicas e homozigose de alelos que ndo produzem a enzima. No
entanto, para metabolizadores ultra-rapidos, a resposta pode ser mais varidvel, pois cada individuo
terd uma quantidade e tipo de enzima distinto de outros. Além disso, hd poucos estudos fenotipicos
de metabolizadores ultra-rapidos no mundo, o que dificulta expressivamente a correlagdo (LLerena
et al. 2014; Céspedes-Garro et al. 2015).

Portanto, para implementacdo direta na pratica clinica, a farmacogenética deve ser aplicada
com a genotipagem individual de cada paciente (medicina personalizada), para garantir uma
previsdo mais acurada da resposta ao tratamento. No contexto da farmacogenética populacional, que
seria mais aplicadvel em estudos epidemiologicos, informagdes de ancestralidade e raga/cor sdo
importantes para a predicdo de probabilidade de resposta a tratamentos, de acordo com a
ancestralidade/raca/cor que o individuo possui. Como cada alelo de cada gene segue padrdes
mundiais populacionais, esta predicdo pode auxiliar em estudos epidemioldgicos, quando nado for

possivel realizar a genotipagem individual para todos os sujeitos do estudo em questao.
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CONCLUSAO

Variantes de interesse farmacogenético possuem padrdes distintos entre diferentes
populagdes mundiais, de modo que cada populagdo possui uma identidade farmacogenética. No
entanto, populagdes miscigenadas com historia demografica complexa, como as latino-americanas,
em especial a brasileira, podem ndo apresentar padrdes de frequéncias destas variantes, pois a
complexidade genética herdada de populagdes parentais torna estes individuos mosaicos de seus
antepassados, independente da etnia autodeclarada. Portanto, a aplicagdo da farmacogenética na
pratica clinica em populagdes com ancestralidade complexa como as da América Latina deveria ser
feita por genotipagem individualizada pois o fenoétipo metabdlico ndo pode ser predito pela
ancestralidade populacional e individual. Entretanto, em um contexto populacional e
epidemiologico, as informacdes de cor/raga e ancestralidade gendmica sdo informativas para
inferéncias farmacogenéticas.

Um maior nimero de estudos étnicos de interesse farmacogenético, tanto a partir de
genotipos quanto a partir de fendtipos metabolicos, deve ser realizado para que conclusdes robustas

sejam elaboradas e implementadas na prética clinica.
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ANEXOS

Anexo A — A minimum set of ancestry informative markers for determining admixture

proportions in a mixed American population: the Brazilian set
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A minimum set of ancestry informative markers for
determining admixture proportions in a mixed
American population: the Brazilian set
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The Brazilian population is considered to be highly admixed. The main contributing ancestral populations were European and
African, with Amerindians contributing to a lesser extent. The aims of this study were to provide a resource for determining and
quantifying individual continental ancestry using the smallest number of SNPs possible, thus allowing for a cost- and time-
efficient strategy for genomic ancestry determination. We identified and validated a minimum set of 192 ancestry informative
markers (AIMs) for the genetic ancestry determination of Brazilian populations. These markers were selected on the basis of their
distribution throughout the human genome, and their capacity of being genotyped on widely available commercial platforms. We
analyzed genotyping data from 6487 individuals belonging to three Brazilian cohorts. Estimates of individual admixture using
this 192 AIM panels were highly correlated with estimates using ~370 000 genome-wide SNPs: 91%, 92%, and 74% of,
respectively, African, European, and Native American ancestry components. Besides that, 192 AlIMs are well distributed among
populations from these ancestral continents, allowing greater freedom in future studies with this panel regarding the choice of
reference populations. We also observed that genetic ancestry inferred by AIMs provides similar association results to the one
obtained using ancestry inferred by genomic data (370 K SNPs) in a simple regression model with rs1426654, related to skin
pigmentation, genotypes as dependent variable. In conclusion, these markers can be used to identify and accurately quantify
ancestry of Latin Americans or US Hispanics/Latino individuals, in particular in the context of fine-mapping strategies that
require the quantification of continental ancestry in thousands of individuals.
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Abstract

Background Gastric adenocarcinoma is associated with
chronic infection by Helicobacter pylori and with the host
inflammatory response triggered by it, with substantial
inter-person variation in the immune response profile due
to host genetic factors.

Aim To investigate the diversity of the proinflammatory
genes ILS, its receptors and PTGS2 in Amerindians; to test
whether candidate SNPs in these genes are associated with
gastric cancer in an admixed population with high Amer-
indian ancestry from Lima, Peru; and to assess whether an

Roxana Zamudio and Latife Pereira have equally contributed to this
paper.

Electronic supplementary material The online version of this
article (doi:10.1007/s10620-015-3859-6) contains supplementary
material, which is available to authorized users.

ILSRB  promoter-derived
expression.

Methods We performed a Sanger-resequencing population
survey, a candidate-gene association study (220 cases, 288
controls) and meta-analyses. We also performed an in vitro
validation by a reporter gene assay of /LSRB promoter.
Results The diversity of the promoter of studied genes in
Native Americans is similar to Europeans. Although an
association between candidate SNPs and gastric cancer was
not found in Peruvians, trend in our data is consistent with
meta-analyses results that suggest PTGS2-rs689466-A is
associated with H. pylori-associated gastric cancer in East
Asia. ILSRB promoter-derived haplotype (rs3890158-A/
1s4674258-T), common in Peruvians, was up-regulated by
TNF-o. unlike the ancestral haplotype (rs3890158-G/
rs4674258-C). Bioinformatics analysis suggests that this
effect stemmed from creation of a binding site for the
FOXO3 transcription factor by rs3890158G>A.

Conclusions Our updated meta-analysis reinforces the
role of PTGS2-rs689466-A in gastric cancer in Asians,
although more studies that control for ancestry are neces-
sary to clarify its role in Latin Americans. Finally, we
suggest that ILSRB-rs3890158G>A is a cis-regulatory
SNP.

haplotype  affects  gene

Keywords Amerindians - Ancestry - Association studies -
Gastric cancer - Meta-analyses - Proinflammatory genes
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Anexo C — Worldwide interethnic variability and geographical distribution of CYP2C9 genotypes

and phenotypes
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4. CYP2Q9 allele variability TCICAB Clinical Research Centre, Extremadura University Hospital and Medical School, Badajoz
5. Variability of the CYP2C9 06080, Spain

“predicted” phenotype from
Introduction: Notably differences in CYP2C9 allele frequencies among world-

wide populations have been reported, with an interesting low frequency of
the CYP2C9*2 allele in Amerindians compared with Admixed and European
populations.

Areas covered: Literature was searched using the PubMed database and was
focused on worldwide original research papers on CYP2C9 alleles and
8. Expert opinion CYP2C9 phenotypes (“predicted” from CYP2C9 genotypes and “measured”
metabolic phenotype with a probe drug) among healthy volunteers accord-
ing to their ethnicity and geographical distribution. Seventy-eight original
research articles including a total of 31,978 subjects were identified.

Expert opinion: CYP2C9*2 allele is the most frequent in Caucasian popula-
tions (average 14%), with the lowest frequencies for Africans (0.46%), East
Asians (0.56%) and Native Americans (1.25%), which is in agreement with
the hypothesis about the low prevalence in Amerindians. CYP2C9*3 shows
the highest frequency among South Asians (11.7%), while CYP2C9*5 (1.56%)
and *8 (4.70%) in African Americans. The predicted poor metabolizers
(gPMs) were found overall in a low frequency, with the highest frequency
detected for South Asians, in accordance with the CYP2C9*3 frequency in
these populations. This study shows the worldwide variability in the CYP2C9
allele frequencies across different ethnic and geographic groups. Data about
CYP2C9 “measured” metabolic phenotypes is still limited.

genotype

6. Variability of the CYP2C9
“measured” metabolic
phenotype

7. Conclusion

Keywords: CYP2C9, ethnicity, genotype, phenotype
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1. Introduction

Inter-individual variation in the drug metabolism is greatly explained by genetic
polymorphisms [1] and other factors, such as age, gender and tobacco, caffeine or
ethanol consumption.[2—4] Moreover, this variability influences in the drug
response and the occurrence of adverse drug reactions.[1,5] CYP2C9 is one of
the major cytochrome P450 enzymes, and it is the responsible for the phase I
metabolism of several commonly used drugs such as oral anticoagulants, non-
steroidal anti-inflammatory drugs, hypoglycemic agents, fluoxetine and antiepi-
leptic drugs,[6] some of them with narrow therapeutic index.[7] CYP2C9 gene is
polymorphic, with more than 60 allelic variants described up to date. Some
CYP2C9 alleles are related to a null hydroxylation capacity (i.e. CYP2C9%6,
e Taylor&Francis *15, *25 and *35), whereas most of the other variants described so far are

Taylor & Francis Group

*These authors contributed equally to this work.
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Article highlights.

e African and Oceanian populations are under-represented
in CYP2C9 studies across worldwide.

e (CYP2C9*2 frequency was higher in Caucasians than in
the other groups.

e Lower frequencies of CYP2C9*2 were found among
Native Americans (1.25%) when compared with
American admixed populations (7.12%) and the fre-
quency in American admixed populations was also
lower than those reported for Europeans.

e (CYP2C9*3 presented the highest frequency in South
Asians, while CYP2C9*5, *6 was mostly found among
African groups.

e A low frequency of “predicted” poor metabolizers from
genotype (gPMs) was found in all groups. The maximum
frequencies have been found in South Asians and Central
Europeans.

® CYP2C9 "measured” metabolic phenotype has not been
very extensively studied.

This box summarizes key points contained in the article

associated with reduced enzyme capacity (e.g., CYP2C9*2,
*3, *5 and *11).[8] Furthermore, a single nucleotide poly-
morphism (SNP) recently described (CYP2C9 1VS8-
109A>T) has been related to lower CYP2C9 hydroxylation
capacity in an Ecuadorian population,[9] although to higher
hydroxylation capacity in a Swedish population.[10]

To determine the actual CYP2C9 activity, two approaches are
utilized: the “measured” metabolic phenotype by administering
specific probe drugs and most frequently, the “predicted” pheno-
type from CYP2C9 genotypes. The “measured” CYP2C9 meta-
bolic phenotype has been determined by administering in healthy
volunteers a single dose of probe drugs like tolbutamide, pheny-
toin, losartan, diclofenac, and warfarin.[11-18] Thus, those indi-
viduals with an impaired enzyme activity are identified as poor
metabolizers (mPMs). But also, individuals who carry two null
alleles or the reduced CYP2C9*3 allele are identified as genoty-
pically “predicted” poor metabolizers (gPMs).

Some CYP2C9 alleles and the gPM and mPM groups have
been related to important clinical implications. For instance,
individuals carriers of CYP2C9*3 and/or CYP2C9*2 alleles
present an increased risk of over-anticoagulation after warfarin
administration,[19,20] and a higher relative risk of acute upper
gastrointestinal bleeding has been reported in patients under
non-steroidal  and-inflammatory  drugs  treatment.[21]
Consequently, the Food and Drug Administration (FDA)
has included pharmacogenetic information on CYP2C9 geno-
type to be considered when patients are treated with the drugs
celecoxib, flurbiprofen and/or warfarin.[22] Therefore, severe
cases of neurotoxicity have been described in patients treated
with phenytoin who exhibited higher drug plasma levels and
were shown to carry genetic variants that encoded for an
enzyme with reduced hydroxylation capacity.[23-25]

It has also been reported that CYP2C9 plays an important
role on depression. CYP2C9 has been related to the metabo-
lism of endogenous substrates like melatonin, which is
involved in several processes such as circadian rhythms,
mood, reproduction, ageing, etc. [26]; and arachidonic
acid, that has been related to depression.[27] Interestingly,
a higher frequency of CYP2C9*3 allele was found among
patients diagnosed with major depression when compared
with schizophrenic patients and healthy volunteers,[28] and
this very same allele was related to the lack of adherence to
fluoxetine treatment in Mexican—-American depressive
patients.[29]

Finally, it is well known the interethnic variability in the
frequencies of CYP alleles or metabolic groups.[30-33] With
regard to CYP2C9 allelic variants, CYP2C9*2 is quite fre-
quent in Caucasians, whereas in Asian populations the
CYP2C9*3 is the most frequent allele found.[34-36] In
Africans, other CYP2C9 alleles have been reported to be
present at a high prevalence.[24,37] We have previously
reported a significant lower CYP2C9*2 frequency in
Mexican Amerindian populations than in Mexican admixed
and Spaniards, hypothesizing a negative correlation between
the CYP2C9*2 frequency and the degree of Asian ancestry.
[38-40]

The aim of this study was to evaluate the worldwide
distribution of the CYP2C9 alleles, “predicted” phenotypes
from genotypes (gPMs) and “measured” metabolic pheno-
types (mPMs) among healthy volunteers from different eth-
nic groups and geographic areas; as well as to determine the
relationship between the “predicted” and “measured”

CYP2C9 metabolic phenotypes.

2. Review methods

The bibliographic search was conducted using the PubMed
database by including the terms ‘CYP2C9’ and one by one,
the names of world countries. Studies on “measured” meta-
bolic phenotypes were obtained by searching the terms
‘CYP2C9’ and the probe drugs utilized for in vivo CYP2C9
phenotyping studies, that is, losartan, tolbutamide, pheny-
toin, diclofenac and warfarin.

Studies were selected according to the following inclusion
criteria: CYP2C9 allelic frequencies and/or measured meta-
bolic phenotypes were reported, articles in which one or
more CYP2C9 alleles were studied, participants selected
were healthy volunteers and at least 50 individuals were
studied, except for those reports from Native populations
from America, Oceania and the Circumpolar region, accord-
ing to previous methods [32,41] (Figure 1).

Subjects included in this study were each different and not
overlapping in the samples as stated in the original research
article. Furthermore, individuals were assumed to be unre-
lated as the original research articles included in this study
were aimed at calculating populations’ frequencies. Studies

2 Expert Opin. Drug Metab. Toxicol. (2015) 11(12)
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Figure 1. Flow diagram of studies included in analyses.

including subjects selected as controls or patients from case—
control studies were excluded.

As a result, 78 original research papers on CYP2C9 were
selected out of 82 preselected studies; four were excluded
since CYP2C9 allele and phenotype frequencies were calcu-
lated from healthy volunteers, patients and outpatients.
[18,42—44] Selected articles were then classified by either
geographic region or ethnicity. Additionally, the biblio-
graphic search has covered papers published from January
1999 to January 2015.

Six major geographic regions were considered: Africa,
America, Asia, Europe, Oceania and the Middle East. The
ethnic groups were classified following previous methods.
[32,41] However, Asians were divided into South Asians
(involving people from India and Romani population living
in Hungary), East Asians (people living in China, Japan,
Korea, Malaysia, Vietnam, and Thailand) and North Asians
(non-Caucasian Russian populations) (Table 1).

The frequencies of CYP2C9 alleles, the “predicted” phe-
notype from genotype and “measured” metabolic phenotypes
were calculated for each geographic region and ethnic group.
To determine the frequencies of “predicted” phenotypes
from CYP2C9 genotype, only those individuals homozygous
for CYP2C9*3 allele or for null activity alleles, such as
CYP2C9*6, were classified as poor metabolizers (gPMs).
For “measured” metabolic phenotype analysis, subjects
reported as poor metabolizers according to the CYP2C9
metabolic activity determined by administering a specific
probe drug, were also presented in this review as poor meta-
bolizers (mPMs). CYP2C9 frequencies calculated for geo-
graphic regions and ethnic groups could vary according to
the populations included for each analysis.

The frequencies calculated for each geographic region and
ethnic group were compared by a chi-squared test with Yate’s
correction, using GraphPad Software (GraphPad Software
Inc., La Jolla, CA).[114] The allelic frequencies were com-
pared versus a weighted average of the allelic frequencies of
the remaining groups and to calculate the weighted average,
the total number of subjects studied was taken into account.
SPSS Base 19.0 (SPSS Inc., Chicago, IL) was used for the
simple linear regression correlation analysis between CYP2C9
gPMs and mPMs.

Nevertheless, the methodological approach utilized in this
study has some limitations: the single nucleotide polymorph-
isms (SNPs) studied for the CYP2C9 alleles might differ from
one study to another. However, the CYP2C9 alleles from the
original studies are used independently of the genotyped
SNPs. Furthermore, the CYP2C9*I frequency is not calcu-
lated since this allele is determined by the absence of other
CYP2C9 SNPs and consequently, it depends on the number
of the polymorphisms studied in the original article.

3. Worldwide CYP2C9 studies

Reports on CYP2CY included in the present study comprised
a total of 31,978 healthy volunteers (4.55 x 107%% of the
world population), of whom 40.58% were Asians, 27.25%
Americans, 17.91% Europeans, 7.91% were Africans, 6.16%
Middle Easterns and 0.19% were Oceanians. More specifi-
cally, CYP2C9 alleles were studied in 31,871 subjects, whereas
the CYP2C9 “predicted” phenotypes from genotype were
determined in 27,143 subjects. However, the CYP2C9 mPM
was calculated only in 301 subjects (0.94% of the total num-
ber of subjects that studied CYP2C9).

According to the search results, frequencies of 41
CYP2C9 allelic variants were reported, although 60 allelic
variants are included in the Human Cytochrome P450
(CYP) Allele Nomenclature Database.[8] Within the ana-
lyzed alleles, CYP2C9*2 and CYP2C9*3 have been
reported for most of the populations (Table 1), whereas
other alleles like CYP2C9*9, CYP2C9*10 and CYP2C9*12
have only been assessed in Black Africans and East Asians.
Moreover, CYP2C9*2 and *3 alleles have not been exten-
sively studied in Circumpolar and Native Oceanian popu-
lations. Minor CYP2C9 alleles, such as CYP2C9*14, *I6,
*19, *23, *27, *29, *33 or *34, have been reported only
for East Asians, for which a low frequency has been found
[19] (data not shown).

Up to date, only a few number of studies involving 1040
healthy volunteers have assessed the CYP2C9 “measured”
metabolic  phenotype  [9,18,45,67,77,84,115,116]  and
according to the previously defined inclusion criteria, only
two of them, involving 301 subjects, were selected to include
in this study. More precisely, the “measured” metabolic
phenotypes have been carried out for American admixed
and South Asian populations.[9,116]

Expert Opin. Drug Metab. Toxicol. (2015) 11(12) 3
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Table 1. CYP2C9 allele frequencies in different ethnic groups across the world.

Ethnic groups (N) CYP2(9 allele frequencies’ Country/zone  References
*2 *3 *4 *5 *6 *8 *9 *10  *11 *12  *13
Black
Black Africans (2284)  0.46 0.72 0.00 0.72 2.70 8.60 15.70 0.00 2.36 0.00 - Ethiopia, [45-53]
(2046) (963) (424) (757) (109) (109) (109) (109) (424) (109) - Tanzania, Benin,
[0.0-4.3] [0.0-23] - [0.0-1.8] - - - - [20-27] - - Ghana,
Mozambique,
Cabinda, Séo
Tome and
Principe, Central
Africa, Nigeria,
South Africa,
Mandenka
(ethnic group)
North Africans (247) 12.00 6.00 - - - - - - - - - Egypt [54]
(247) (247) - - - - - - - - -
African Americans 3.11 1.79 0.00 1.56 1.00 4.70 - - 1.30 - 0.00 USA [37,51,55]
(700) (700) (420) (300) (420) (300) (300) - - (300) - (300)
[1.0-5.0] [1.3-2.0] - [1.5-17] - - - - - - -
Middle Eastern
Middle Easterns (1969) 10.88 7.76 0.00 0.10 0.00 0.30 - - - - - Iran, Israel, [51,56-62]
(1969) (1789) (502) (502) (502) (722) - - - - - Oman, Syria,
[5.0-15.2] [0.0-19.1] - - - [0.0-1.0] - - - - - Saudi Arabia,
Turkey, USA?
Natives
Native Americans 1.25 2.38 - 0.00 0.00 2.20 - - 0.00 - - Brazil, Mexico,  [40,51,63-66]
(1882) (1882) (1484) - (180) (685) (180) - - (180) - - Peru, USA
[0.0-5.2] [0.0-104] - - - [0.0-44] - - - - -
Native Oceanians (60) 0.00 - - - - - - - - - - Papua New [51]
(60) - - - - - - - - - - Guinea,
Micronesia
Circumpolar - 8.20 - - - - - - - - - Finland [53]
populations (49) - (49) - - - - - - - - -
Admixed?
American admixed 712 3.94 0.00 0.37 0.17 1.75 - - 0.73 - 0.00 Brazil, Chile, [9,38,39,51,59,
(5545) (5545) (5102) (908) (1942) (908) (229) - - (1135) - (101) Ecuador, 64,65,67-75]
[0.5-10.5] [1.5-9.0] - [0.0-1.5] [0.0-0.5] [1.5-2.0] - - [0.7-1.0] - - Mexico, USA,
Cuba
Caucasian®
American Caucasians  14.68 6.49 0.00 0.00 0.00 0.21 - - 0.50 - 0.00 USA, Cuba [37,53,59,67,76]
(587) (521) (587) (238) (378) (238) (238) - - (106) - (106)
[13.2-17.0] [43-11.0] - - - [0.0-04] - - - - -

(continued)
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Table 1. CYP2(9 allele frequencies in different ethnic groups across the world. (continued).

Ethnic groups (N) CYP2C9 allele frequencies' Country/zone  References
*2 *3 *4 *5 *6 *8 *9 *10 *11 *12  *13
Scandinavians (990) 14.32 6.23 - 0.00 - - - - - - - Denmark, [51,53,77-79]
(919) (939) - (430) - - - - - - - Finland, Sweden
[10.7 -18.8] [0.0-16.8] - - - - - - - - -
Central Europeans 12.13 7.95 - - - - - - - - - England, [51,53,80-83]
(1395) (1231) (1193) - - - - - - - - - Germany,
[5.0-16.0] [5.0-9.5] Hungary,
Ireland,
Netherlands,
Scotland
Mediterranean- South  13.83 8.37 0.00 0.00 0.00 - - - - - - France, Greece, [38,46,53,71,
Europeans (2282) (1945) (2282) (327) (327) (327) - - - - - - Italy, Portugal,  84-89]
[11.2-16.2] [3.7-11.2] - - - - - - - - - Spain
Slavs (1012) 12.31 7.57 - - - - - - - - - Croatia, [51,90-93]
(1012) (958) - - - - - - - - - Romania, Russia
[6.0-16.5] [5.0-9.5] - - - - - - - - - (ethnic group:
Adygei)
Asian
South Asians (1085) 7.26 11.66 0.00 0.00 - - - - - - - India and [53,82,94-96]
(1023) (1085) (165) (165) - - - - - - - Romani
[0.6-11.8] [3.9-155] - - - - - - - - - population
living in
Hungary
East Asians (11332) 0.56 3.36 0.00 0.00 0.00 1.64 0.00 0.00 0.03 0.00 0.32 China, Japan, [19,47,51,57,
(9319) (8583) (1209) (1185) (302) (502) (200) (200) (3187) (200) (6189) Korea, Malaysia, 59,76,94,97-
[0.0 -9.6] [28-51] - - - [1.0-1.8] - - [0.0-0.1] - [0.0 - 0.5] Thailand, 113]
Vietnam
North Asians (452) 2.20 4.14 - - - - - - - - - Russian ethnic ~ [51,91]
(452) (351) - - - - - - - - - groups:
[0.0-5.7] [0.6 -9.2] - - - - - - - - - Tuvinians,
Buryats,
Altaians,

Yakuts, Khanty

"Frequencies expressed as %. In parentheses, the number of subjects studied for each allele. In square brackets, the maximum and minimum range of CYP2C9 allele frequencies.

2Ashkenazi population living in USA.

3Studies for African admixed and Australian Caucasians were not found according to inclusion criteria.
N: Total number of subjects from a specific ethnic group studied for a CYP2C9 allele.
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4. CYP2(C9 allele variability

The frequencies of the main allelic variants studied, accord-
ing to the ethnic groups and geographic regions, are shown in
Table 1 and Figure 2, respectively. With regard to ethnicity,
the frequency of CYP2C9*2 was higher in Caucasians than
among the other groups (p < 0.001) and within Caucasians,
the highest frequency of this allele was observed in
American Caucasians (14.68%). On the contrary, this allele
shows the lowest frequency among Black Africans (0.46%)
and East Asians (0.56%). Interestingly, a very low frequency
is also observed among Native Americans (1.25%) when
compared with American admixed populations (7.12%)
(p < 0.001). In turn, the frequency in American admixed
populations was also lower than those reported for
Caucasians, Central Europeans and
Mediterranean—South Europeans (p < 0.001, in all cases).
No studies of CYP2C9 allele frequencies were found for
African admixed and Australian Caucasians and only one
report was found in Native Oceanians, in which the 60
studied individuals were considered as homozygous for the
wild type allele.

CYP2C9*3 is present at the highest frequency in South
Asians (11.66%, p < 0.001). However, CYP2C9*5 was more
frequently found among African Americans (1.56%), and
CYP2C9*6, CYP2C9*8 and CYP2C9*11 in Black African
populations  (2.70%, 8.60%, and 3.82%, respectively).
CYP2C9*9 allele has only been studied once among Black
Africans, in whom a high frequency was found (15.70%).
CYP2C9*13 was only observed in East Asians (0.32%), whereas
CYP2C9*4, *10 and *12 were not detected in any population.

Regarding the geographic distribution, the frequency of
CYP2C9*2 was higher in Europe than in the rest of the
regions (13.21%, p < 0.001) and CYP2C9*3 was more

American

14.0

12.0

8.0

Frequency (%)

o N
o o

6.0

4.0

Ha

Africa America

frequent in the Middle East and Europe when compared
with the other regions (7.76%, in both cases; p < 0.001).
As in the ethnicity analysis, CYP2C9*5, *6, *8 and *11 alleles
were more frequent in Africa than in the rest of the regions
(p < 0.01 in all cases).

5. Variability of the CYP2C9 “predicted”
phenotype from genotype

The frequencies of CYP2C9 gPMs and mPMs according to
ethnic groups are presented in Table 2. A low frequency of
gPMs was found in all groups, being the maximum frequen-
cies those described in South Asians (1.38%, p < 0.001) and
Central Europeans (0.77%, p = 0.005). No gPMs were
observed in Black African, African American and
Circumpolar populations.

Considering the geographic distribution, the highest fre-
quency of gPMs was found in Europe (0.66%, p < 0.001),
whereas they were quite uncommon in Africa and America
(0.10% and 0.13%, respectively) (Table 3).

6. Variability of the CYP2C9 “measured” metabolic
phenotype

The CYP2C9 “measured” metabolic phenotype has not been
very extensively studied and consequently, the number of
analyzed individuals is still low. As shown in Table 2,
mPMs are frequent in a population from South Asia
(14.02%), but completely absent in an Ecuadorian admixed
population. As the total number of individuals studied is
quite reduced it was not possible to assess the potential
correlation among “predicted” phenotypes from genotypes
and “measured” metabolic phenotypes.

B0 EeNON
£y

s T3]

Asia Middle East Europe

(N=2531) (N=8714) (N=12869) (N=1969) (N =5445)

Figure 2. Distribution of CYP2C9 allele across five geographic regions. N: Total number of subjects studied within each
geographic region. Oceania was not included in the chart (n = 60, wt = 100%).
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Table 2. Frequencies of CYP2C9 “predicted” phenotypes from genotype and “measured” metabolic phenotypes found in
different studied ethnic groups.

Ethnic group “Predicted” phenotype “Measured” References
metabolic phenotype

N ngPMs %gPMs N nmPMs % mPMs
Black Black Africans 759 0 0.00 - - - [46-53]
North Africans 247 1 0.40 - - - [54]
African Americans 420 0 0.00 - - - [37,55]
Middle Eastern Middle Easterns 3103 16 0.52 - - - [56-62,77,117]
Natives Native Americans 1423 2 0.14 - - - [40,63-66,118]
Circumpolar 49 0 0.00 - - - [53]
Admixed American admixed 5263 6 0.11 194 0 0.00 [38,39,59,64,65,67-73,75] mPMs [9]
Caucasian American 587 2 0.34 - - - [37,53,59,67,76]
Caucasian
Scandinavians 939 6 0.64 - - - [53,78,79]
Central Europeans 1293 10 0.77 - - - [53,80-83]
Mediterranean— 2282 14 0.61 - - - [38,46,53,71,84,85,87-89]
South Europeans
Slavs 758 5 0.66 - - - [91-93]
Asian South Asians 1085 15 1.38 107 15 14.02 [53,82,94-96] mPMs [116]
East Asians 8584 12 0.14 - - - [19,57,59,76,94,97-106,109-111]
North Asians 351 1 0.28 - - - [91]

N: Total number of subjects studied; n: Number of subjects considered as poor metabolizers either from the genotype (gPMs) or from the “measured” metabolic
phenotype (mPMs); PMs: Poor metabolizers.

Table 3. Frequencies of CYP2C9 “predicted” phenotypes from genotype and “measured” metabolic phenotypes across differ-
ent geographic regions.

Continent  “Predicted” phenotype “Measured” metabolic phenotype References
N ngPMs %gPMs N n mPMs % mPMs
Africa 1006 1 0.10 - - - [45-54]
Middle East 3103 16 0.52 - - - [56-62,77,117]
Europe 5321 35 0.66 - - - [38,46,53,71,78-89,91-93]
America 7693 10 0.13 194 0 0.00 [37-40,53,55,59,63-73,75,76,118] mPMs [9]
Asia 10,020 28 0.28 107 15 14.28 [19,53,57,59,76,82,91,94-106,109-111] mPMs [116]
Oceania - - - - - - -

N: Total number of subjects studied; n: Number of subjects considered as poor metabolizers, either from the genotype (gPMs) or from the “measured” metabolic
phenotype (mPMs); PMs: Poor metabolizers.

7. Conclusion the CYP2C9*9 allele was observed. Nevertheless, there is still a

lack of knowledge on CYP2C9 genetic polymorphisms and
Interethnic and geographical variability of CYP2C9 alleles and  CYP2C9 metabolic phenotype worldwide. Consequently,
CYP2C9 metabolic phenotypes frequencies was observed.  additional research studies on CYP2C9 genetic polymorphisms

CYP2C9*2 was more frequent among Caucasians, conversely  and metabolic phenotypes are required, especially for African
to the low frequency of this allele observed among Native  31d Oceanian populations.

American and American admixed populations, which can be Moreover, studies determining whether a correlation

explained by the potential influence of Asian populations on  petween genotypes and “measured” metabolic phenotypes
. . . . ! y .

Native Americans. In South Asians, CYP2C9"3 was the pre-  exists are definitely required, as of the scarce results found

dominant allele, while in Black Africans a high prevalence of up to date.

Expert Opin. Drug Metab. Toxicol. (2015) 11(12) 7
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8. Expert opinion

This study shows the worldwide variability in the CYP2C9allele
frequencies across different ethnic and geographic groups, with
CYP2C9*2 being the most frequent in Caucasians and
CYP2C9*3 in South Asians. The gPMs were found overall in
a low frequency, with the highest frequency detected for South
Asians, accordingly to the CYP2C9*3 frequency in these popu-
lations. Moreover, data about CYP2C9 “measured” metabolic
phenotypes are currently limited.

Most CYP2C9 allele frequencies studies have been devel-
oped in Europe and America (Table 1), so further research is
needed in the least studied populations, particularly in Africans
and Oceanians. Thus, an increase of CYP2C9 research on
these under-represented populations is highly recommended,
even more considering the differences observed in allele fre-
quencies within the African populations studied, and the
scarce information on CYP2C9 genotypes for Oceanians.

Furthermore, the variability in CYP2C9 allele frequencies
has been assumed to be owing to the studied subject’s ethni-
cal background and not to population selection bias.
However, for Africans especially for North Africans, further
studies are needed to verify the implication of the ethnicity in
the frequency of CYP2C9 alleles, as only one study was
found for this ethnic group.

The CYP2C9*2 allele frequency was found to be lower in
Native Americans than in the American admixed and European
populations, which is in accordance to previous reports support-
ing the hypothesis of Asian genetic background in Amerindian
populations.[38—40] It is also well recognized that populations
from America are characterized by an heterogeneous genetic
background due to the initial migration of Asians, more speci-
fically, of North-Eastern Asian across Beringia and, afterwards,
the arrival of Europeans and Africans.[119,120] Accordingly,
Asians’  genetic  background is predominant among
Amerindians and, conversely, it was diluted in admixed popula-
tions due to the European population and other populations’
influence, as it is observed in the variable frequencies of
CYP2C9*2 among Native American, American admixed and
Caucasian populations presented in this review.

The high frequency of CYP2C9*3 allele found for South
Asians in the analysis by ethnic groups was different from that
found in the study of CYP2C9 alleles by geographic region, in
which the top frequencies were observed for Middle East and
Europe. This could be due to the low CYP2C9*3 frequency in
East and North Asians (3.36% and 4.14%, respectively) in
comparison to that reported for South Asians (11.66%).

Seventeen CYP2C9 alleles with decreased enzyme activity
in vitro [8] have been reported among selected population
studies, though many of them have been studied in almost
none of the populations. For instance, the decreased activity
CYP2C9*8 allele, described among Black Africans and
African Americans (8.60% and 4.70%, respectively) and to
a minor extent, in Native Americans, American admixed and
East Asians (2.20%, 1.75% and 1.64%, respectively), has not

been yet analyzed in other ethnic groups and due to its
aforementioned prevalence, its analysis should be included.

Additionally, the CYP2C9 enzyme activity related to some
allelic variants, such as CYP2C9*9, has not been fully
described.[8] Thus, in spite of CYP2C9*9 is the most fre-
quent allele among Black Africans (15.70%) and it has been
additionally studied in East Asians (0.00%), only one study
analyzed the correlation between the CYP2C9 enzyme activ-
ity and the presence of CYP2C9*9 in a Black population
phenotyped with phenytoin.[45] Hence, further studies
focused on the CYP2C9 genotype-phenotype correlation are
needed, especially for these non-characterized alleles.

The frequency of gPMs was <1% in all different ethnic
groups studied, but for South Asians (1.38%). Although
gPMs theoretically include individuals homozygous for
CYP2C9*3 (with an extreme reduced activity enzyme) or
for the null activity CYP2C9 alleles as CYP2C9*6, in practice
only individuals CYP2C9*3/*3 were classified as gPMs, since
CYP2C9*6 and other null activity alleles were not frequent
across worldwide populations and no homozygous individual
for these alleles was observed among selected studies.
Moreover, the reduced number of studies on CYP2C9 “mea-
sured” metabolic phenotype limited the execution of a corre-
lation analysis between frequencies of gPMs and mPMs as it
has been described in other studies.[32,33] The frequencies
of gPMs and mPMs were both reported only in the American
admixed (0.11% and 0.00%, respectively) and South Asian
(1.38% and 14.02%, respectively) populations (Table 2).
The discordance of these frequencies among South Asians,
with mPMs 10-fold higher than gPMs, could not seen as a
complete lack of correlation between “predicted” and “mea-
sured” phenotypes as there is only one report of “measured”
metabolic phenotype in that population and the number of
individuals studied for phenotype in that ethnic group is 10-
fold different (1085 for “predicted” phenotype from geno-
type versus 107 individuals studied for “measured” metabolic
phenotype). This highlights the necessity of further studies
on CYP2C9 “measured” metabolic phenotype that could
lead to more accurate conclusions.

In addition, there are more studies that evaluated the
correlation between CYP2C9 genotype and “measured”
metabolic phenotype using phenytoin and diclofenac as
probe drugs.[18,45,77,84,115] In these studies significant
differences in the corresponding drug metabolic ratios, after
stratifying the individuals according to their genotype, were
found. However, the frequency of mPMs was not reported
and hence, the studies were not included in the analysis.
Second, another study assessed the CYP2C9 enzyme activity
in Cubans and Spaniards using diclofenac as a probe drug,
[67] but the resulted distribution of the metabolic ratio was
unimodal and the precise number of mPMs was not deter-
mined. Furthermore, this study evaluated the influence of
environmental factors in the CYP2C9 enzyme activity but
did not find an influence of tobacco smoking, caffeine or
alcohol intake or gender on “measured” metabolic

8 Expert Opin. Drug Metab. Toxicol. (2015) 11(12)
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phenotype. Thus, additional research on CYP2C9 “mea-
sured” metabolic activity and genetic polymorphisms is
required to identify not only the genetic, but also the
environmental and/or epigenetic factors that could explain
the observed variability in drug metabolism by CYP2C9.
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Anexo D — Interethnic variation of CYP2C19 alleles, ‘predicted’ phenotypes and ‘measured’
metabolic phenotypes across world populations
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REVIEW

Interethnic variation of CYP2CI19 alleles, ‘predicted’
phenotypes and ‘measured’ metabolic phenotypes across
world populations

| Fricke-Galindo'?, C Céspedes-Garro', F Rodrigues-Soares'*, MEG Naranjo', A Delgado’, F de Andrés’, M Lopez-Lopez®,
E Pefias-Lledé’ and A LLerena’

The present study evaluates the worldwide frequency distribution of CYP2C19 alleles and CYP2C19 metabolic phenotypes
(‘predicted’ from genotypes and ‘measured’ with a probe drug) among healthy volunteers from different ethnic groups and
geographic regions, as well as the relationship between the ‘predicted’ and ‘measured’ CYP2C19 metabolic phenotypes. A total of
52 181 healthy volunteers were studied within 138 selected original research papers. CYP2C19*17 was 42- and 24-fold more
frequent in Mediterranean-South Europeans and Middle Easterns than in East Asians (P < 0.001, in both cases). Contrarily,
CYP2C19*2 and CYP2C19*3 alleles were more frequent in East Asians (30.26% and 6.89%, respectively), and even a twofold higher
frequency of these alleles was found in Native populations from Oceania (61.30% and 14.42%, respectively; P < 0.001, in all cases),
which may be a consequence of genetic drift process in the Pacific Islands. Regarding CYP2C19 metabolic phenotype, poor
metabolizers (PMs) were more frequent among Asians than in Europeans, contrarily to the phenomenon reported for CYP2D6. A
correlation has been found between the frequencies of CYP2C19 poor metabolism ‘predicted’ from CYP2C19 genotypes (gPMs) and
the poor metabolic phenotype ‘measured’ with a probe drug (mPMs) when subjects are either classified by ethnicity (r=0.94,

P < 0.001) or geographic region (r=0.99, P=0.002). Nevertheless, further research is needed in African and Asian populations,

which are under-represented, and additional CYP2C179 variants and the ‘measured’ phenotype should be studied.

The Pharmacogenomics Journal advance online publication, 27 October 2015; doi:10.1038/tpj.2015.70

INTRODUCTION

Cytochrome P450 enzymes are responsible for the phase |
metabolism of several endogenous and exogenous substrates.
Within the CYP2C subfamily, CYP2C19 is relevant because it is
highly polymorphic' and is involved in the metabolism of drugs
widely used in clinical practice such as several antidepressants,
proton pump inhibitors and warfarin and has a key role in the
activation of the prodrug clopidogrel? Therefore, CYP2C19
polymorphisms account for inter-individual variability in the
metabolism of abovementioned drugs.

The CYP2C19 hydroxylation capacity can be determined by two
approaches: ‘measured’ metabolic phenotype with a probe drug
(for example, mephenytoin, omeprazole and so on)® or ‘predicted’
phenotype from CYP2C19 genotype. The CYP2C19 ‘measured’
metabolic phenotype is variable, and a group of subjects with
impaired activity, the so-called poor metabolizers (mPMs), have
been described. The mPM phenotype is inherited as an autosomic
recessive character.”

The gene that encodes CYP2C19 enzyme belongs to the CYP2C
gene cluster located on 10924 and for which >48 CYP2C19 allelic
variants have been described, ranging from null to increased
enzymatic activity.” Individuals carrying two inactive CYP2C19
alleles (that is, CYP2C19*2, CYP2C19*3) have been classified as
having a ‘predicted’ poor metabolism (gPMs), and those carrying

the increased activity allele, *17, that is wt/*17 or *17/*17
genotypes, are considered as ultrarapid metabolizers (gUMs).
Individuals considered as gPMs or gUMs have shown variation in
their clinical response, including well-documented adverse drug
reactions.’'° For instance, a high incidence of side effects has
been observed in patients with inactive CYP2C19 alleles treated
with antidepressants such as amitriptyline,® and neurological
toxicity induced by the antiepileptic phenytoin has been reported
for patients who carry CYP2C9 and CYP2C19 null alleles.” Moreover,
in psychiatric patients using mephenytoin as a probe drug, the
lack of inhibitory effect of CYP2C19 compared with CYP2D6 was
demonstrated® as well as its lack of implication in clozapine
metabolism.” On the contrary, patients who possess the
CYP2C19*17 allele exhibit a higher clearance of warfarin enantio-
mers than those individuals homozygous for the wild-type allele,
which could impact the international normalized ratio value in the
anticoagulant therapy.'® However, the relation of this variant on
an increased CYP2C19 activity for other drug therapies still
remains controversial.'"'> These and other reports have led
regulatory agencies (that is, Food and Drug Administration,
European Medicine Agency) to recognize CYP2C19 as a pharma-
cogenetic biomarker for 16 drugs,'>'* and CPIC (Clinical
Pharmacogenetics Implementation Consortium) has developed
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Figure 1. Flow diagram of the studies included in the analyses.

guidelines with therapeutic recommendations for clopidogrel and
amitriptyline according to CYP2C19 genotype.?

Nevertheless, benefits of a CYP2C19 impaired metabolism have
also been reported. For instance, mPMs showed an increased
healing rate in the treatment of gastric ulcers with proton pump
inhibitors as a result of increased drug plasma levels;'> and a
synergic effect of clopidogrel and calcium-channel blockers on the
reduction of blood pressure has been reported, which might be
explained by the metabolic interaction between these two drugs
and the influence of CYP2C19%2 in the regulation of aldosterone.'®

There is also an implication of CYP2C19 activity in the
metabolism of endogenous compounds as substrates of the
central nervous system.' It has been reported that individuals
with an increased CYP2C19 activity show more depressive
symptoms,'® and recently, in a transgenic mouse model it has
been shown that it influences the brain development and
affective behavior.'” Furthermore, a high combined CYP2D6-
CYP2C19 metabolic capacity show an increased risk for a severe
suicide attempt.?® Therefore, CYP2C19 genetic polymorphisms not
only could impact the metabolism drugs but also could affect the
equilibrium of endogenous compounds.

Finally, CYP2C19 allele frequencies show interethnic variability.
Thus CYP2C19*3 is mainly found in Asians,?’ whereas in European
and African populations CYP2C19*2 is the most frequently found
allelic variant. Similarly, CYP2C19*17 is common among
Europeans.? Regarding ‘measured’ metabolic phenotype, the
frequency of CYP2C19 mPMs in Caucasians ranges from 1% to
5%, and a high variability has also been observed across
populations, with a high prevalence among individuals from
Oriental countries (10-23%).2273° Ultimately, pharmacogenetic
knowledge about CYP2C19 geographic and interethnic variability
is expected to be useful to improve the quality of health care
and to prevent adverse drug reactions or therapeutic failures
during the treatment with CYP2C19 substrates within specific
populations.

Hence, the aim of this study was to evaluate the worldwide
frequency distribution of the CYP2C19 alleles, ‘predicted’ pheno-
types from genotypes and ‘measured’ metabolic phenotypes
among healthy volunteers from different ethnic groups and
geographic regions, as well as to determine the relationship
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between the ‘predicted’ phenotypes from genotypes and the
‘measured’ metabolic phenotypes for CYP2C19.

METHODS

The present study was conducted by search within PubMed
database using the terms ‘CYP2C19’ and one by one the names of
the different countries. The ‘measured’ metabolic phenotypes
search was carried out by typing the terms ‘CYP2C19" and the
probe drugs known to have been utilized for the in vivo CYP2C19
phenotyping studies (mephenytoin, omeprazole and proguanil).

The following inclusion criteria were used for study selection:
(i) one or more CYP2C19 alleles were studied; (ii) CYP2C19 allelic
frequencies and/or metabolic phenotypes were reported;
(iii) individuals selected randomized as healthy volunteers; and
(iv) at least 50 individuals were studied, except for those studies
on Native populations from America, Oceania and the Circumpolar
region, as previously stated*'>? (Figure 1). Studies included within
this article were each distinct and not overlapping in the samples
according to the available information in the original research
papers. Moreover, it was assumed that subjects were unrelated as
the studies included in this manuscript were aimed at calculating
population frequencies. Methodologies utilized in the studies
comprised PCR, reverse transcriptase-PCR and sequencing
approaches. Studies including individuals selected as controls or
patients from case-control studies were excluded, as well as those
reports that measured actual metabolic phenotype but did not
report the number of PMs.

As a result, 138 original research papers were selected and
classified either by geographic region or by ethnic group. Six
major geographic regions were considered: Africa, America, Asia,
Europe, Oceania, and the Middle East. The ethnic groups were
classified following the previous methods,'3? with a modification
(Table 1): Asians were divided into South Asians (involving people
from India, Sri Lanka and Romani population living in Hungary),
East Asians (Asians and Asian descendants living in Canada, China,
Japan, Korea, Malaysia, Thailand, USA and Vietnam), and North
Asians (Russians).

The frequencies of CYP2C19 alleles, ‘predicted’ phenotypes and
‘measured’ metabolic phenotypes at each geographic region and
for every ethnic group were calculated. To determine the
‘predicted’ phenotype from genotype frequencies, individuals
carriers of CYP2C19*2/*2, *2/*3 and *3/*3 genotypes were
classified as gPMs, whereas those individuals homozygous or
heterozygous (wt/*17) for CYP2C19%17 allele were considered as
gUMs.2 Regarding ‘measured’ metabolic phenotypes, individuals
reported as PMs according to their actual metabolic phenotype
were identified as mPMs. Frequencies calculated for geographic
regions and ethnic groups could vary according to the popula-
tions included for each analysis.

The frequencies calculated for each geographic region and
ethnic group were compared by a chi-squared test with Yate's
correction using the GraphPad Software (GraphPad Software, Inc.,
La Jolla, CA, USA).>® Furthermore, the comparisons between the
allelic, ‘predicted’ phenotypes and ‘measured’ metabolic pheno-
types frequencies for each geographic region and ethnic group
were made vs a weighted average of the frequencies of the
remaining groups.'® Thus, to calculate the weighted average, the
number of studied subjects was taken into account. Moreover,
the simple linear regression analysis of correlation between
CYP2C19 gPMs and mPMs was carried out using SPSS Base 19.0
(SPSS Inc., Chicago, IL, USA).

Still, this methodological approach has some limitations as, in
some cases, the single-nucleotide polymorphism studied for the
CYP2C19 alleles differed from one study to another. However, the
CYP2C19 alleles from the 138 original papers were used
independently of the genotyped single-nucleotide polymor-
phisms. Moreover, CYP2C19*1 frequency is not calculated as this

© 2015 Macmillan Publishers Limited

201



paWIT S12YSIANd UR|IWdR SL0T ©

LL-1 “(SL0T) [ewnor solwouabodewleyd ayl

Table 1. Frequencies of CYP2C19 alleles analyzed in different ethnic groups
Ethnic groups CYP2C19 allele frequencies® Country/zone References
N *2 *3 4 *5 *17 *27 28
Black Black Africans 2830 1548 (2604)  0.27 (2520) 17.71 (326)  33.00 (100) 5.00 (100) Benin, Ethiopia, Gambia, Ghana, ~ °'"%*
Nigeria, South Africa, Tanzania,
Uganda, Zimbabwe
North Africans 367 8.65 (367) 0.20 (247) Egypt 6566
African Americans 336 22.31 (336) 0.80 (236) USA 67,68
Middle East Middle Easterns 2154 13.46 (2154)  1.88 (1703) 0.47 (1047) 0.00 (404) 24.87 (573) USAP®, Turkey, Saudi Arabia, Iran ~ %%7°
Natives Native Americans 638 10.84 (638) 0.00 (455)  0.00 (365)  0.00 (365) 10.95 (273) Brazil, Mexico 80-82
Native Oceanians 6766 61.30 (6766) 14.42 (6766) Australia, Melanesia, New Zealand, 36384283
Papua New Guinea, Vanuatu
Circumpolar 311 14.86 (311) 0.00 (159) Canada 8485
populations
Admixed African admixed 75 17.00 (75) 14.00 (75) 8.00 (75) 4.50 (75) South Africa o1
American admixed 4980 1225 (4980)  0.17 (3772) 0.00 (334) 0.00 (334) 20.57 (2360) Bolivia, Brazil, Chile, Colombia, 68,80,81,86-95
Ecuador, Mexico, Puerto Rico, USA,
Venezuela
Caucasians  American Caucasians 416 13.01 (416) 0.59 (416)  3.00 (143) 0.00 (143) 20.10 (143) USA 6896
Australian Caucasians 99 14.60 (99) 0.00 (99) Australia o7
Scandinavians 1304 16.20 (1304)  0.00 (94) 0.00 (94) 20.80 (770) Sweden, Norway, Finland, 98-101
Denmark
Central Europeans 5044 13.07 (743) 0.17 (603) Belgium, Germany, Hungary, 59102105
Netherlands
Mediterranean-South 1204 12.51 (1204)  0.08 (1078) 42.00 (282) Greece, Italy, Portugal, Spain 94106-109
Europeans
Slavs 724 1227 (724) 0.23 (372) Russia 1o-m2
Asians South Asians 2117 30.34 (1947)  0.48 (1947) 13.74 (189) India, Romani population, Sri 105,113-120
Lanka
East Asians 12525 30.26 (11857) 6.89 (11788) 0.19 (790) 0.10 (793) 0.96 (3777) Canada, China, Japan, Korea, 47.688596,101,121-152
Malaysia, Thailand, USA, Vietnam
North Asians 351 1851 (351) 443 (351) Russia m

N: Total number of subjects from a specific ethnic group that have been studied for a CYP2C19 allele. References
through sequencing methods. Frequencies are expressed in percentage (%) and in brackets is the number of subjects that have been studied for the specific allele. PAshkenazi population living in USA

(United States of America).

36,53,63,66,71,77,94,105,114,117,118,124,132,136,139,140,144,146,149,

studies that determined CYP2C79 alleles
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Figure 2.
each geographic region.

allele is determined by the absence of other CYP2C19 polymorph-
isms and thus can vary depending on the number of studied
alleles.

RESULTS

CYP2C19 studies across the world population

The studies on CYP2C19 included a total of 52181 healthy
volunteers (7.43x 10 %% of the world population) distributed as
follows: 31.71% were Asians, 14.37% Americans, 28.72%
Europeans, 6.68% Africans, 5.09% Middle Easterns, and 13.43%
individuals were from Oceania. Specifically, CYP2C19 alleles were
studied in 42241 subjects, while the CYP2C19 ‘predicted’
phenotype from genotype was determined for 31834 subjects
and the CYP2C19 metabolic phenotype was measured using a
probe drug in 13 802 subjects (81.0, 61.0 and 26.5% of the studied
population, respectively). Mephenytoin was used as a probe drug
in 11403 subjects, proguanil in 588 subjects and omeprazole in
1811 subjects. The antimodes reported ranged 0.8-1.7, 0.9-1.2
and 0.6-1.7 for mephenytoin, proguanil and omeprazole studies,
respectively.

Up to date, 48 CYP2C19 allelic variants have been reported in
the Human Cytochrome P450 (CYP) Allele Nomenclature
Database,” though only 17 alleles have been studied in different
populations. Among them, CYP2C19*2 has been studied in all
ethnic groups and geographic regions, and CYP2C19*3 has been
analyzed in every population included in this article, except for the
Africans admixed. CYP2C19*17 allele has also been widely studied
though its evaluation in more populations is highly advisable
(Table 1). Other minor CYP2C19 alleles analyzed such as *6, *7, *8,
*9, *15, *18, *23, *24, *25 and *26 have only been studied in
Chinese, Colombian, Arabian Saudi, Egyptian and Korean popula-
tions, but their frequencies are quite lower or even not found
(data not shown).

CYP2C19 allele variability across the ethnic and geographic groups
The allele frequencies of CYP2C19 by ethnic group and geographic
regions are shown in Table 1 and Figure 2, respectively. When
classified by ethnicity, the CYP2C19*2 allele was more frequent in
Native Oceanians (61.30%) than in the rest of the populations
(P<0.001), followed by East and South Asians (30.3%). The
CYP2C19*3 allele was also more frequent in Native Oceanians and
East Asians (14.42% and 6.89%, respectively; P <0.001 in both

The Pharmacogenomics Journal (2015), 1-11
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CYP2C19 major alleles’ frequencies across different geographic regions. N: total number of subjects studied for the CYP2C19 allele at

cases), whereas it was rarely found in the rest of the ethnic
groups. On the other hand, CYP2C19*17 was more common in
Mediterranean and South-Europeans (42.00%, P < 0.001) and in
Middle East populations (24.87%, P < 0.001).

Geographically, CYP2C19*2 and CYP2C19*3 alleles are more
frequent in Oceania than in the rest of the geographic regions
(60.63% and 14.22%, respectively; P < 0.001 in both cases), while
CYP2C19*17, associated with an increased enzyme activity,
predominates in Europe and Middle East regions (26.48% and
24.87%, respectively; P < 0.001). Additionally, this allele has been
found in a very low frequency in Asia when compared with other
regions (1.57%, P < 0.001).

Variability of the CYP2C19 ‘predicted’ phenotypes from genotype
across the ethnic and geographic groups
The frequencies of gPMs and gUMs according to ethnicity are
shown in Table 2. The highest frequency of gPMs was found in
Native Oceanians (58.96%, P < 0.001), followed by East Asians
(12.82%, P <0.001), whereas gPMs were quite less frequent
among North Africans (0.82%, P < 0.001). Furthermore, gUMs
presented a high frequency in most of the ethnic groups, with the
highest frequency reported for Middle Easterns (35.96%,
P < 0.001), American Caucasians (32.87%. P < 0.001) and American
admixed (30.09%, P < 0.001). However, individuals identified as
gUMs were the 1.26% of East Asians (P < 0.001).

Considering the geographic regions, gPMs were more prevalent
in Oceania than in the rest of the world (58.15%, P < 0.001),
whereas, contrarily, the lowest frequency was found in popula-
tions from Europe (1.76%, P < 0.001). As in the analysis by ethnic
groups, gUMs were also more frequently found in Middle East
region (35.96%, P < 0.001), as well as were quite frequent in
America (29.30%) and Europe (28.72%), but they were not as
prevalent in countries from Asia (3.47%, P < 0.001; Table 3).

Variability of the CYP2C19 ‘measured’ metabolic phenotype across
the ethnic and geographic groups

Considering ethnicity, CYP2C19 mPMs were more frequent
between East and South Asians (14.99% and 12.78%, respectively,
P<0.001 in both cases), and less frequent in Circumpolar
populations (1.97%). Additionally, no studies on actual metabolic
phenotype were found for North Asians, North Africans, African
admixed or Australian Caucasians populations (Table 2).

© 2015 Macmillan Publishers Limited
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North Asians — — — —

Table 2. Frequencies of CYP2C19 ‘predicted’ phenotypes from genotype and ‘measured’ metabolic phenotypes in different ethnic groups
Ethnic group "Predicted’ phenotype from genotype 'Measured' metabolic ~ References
phenotype
N ngPMs % gPMs N ngUMs % gUMs N n mPMs % mPMs
Black Black Africans 2259 75 332 199 33 16.58 881 A 465 °17555776264153

North Africans 367 3 082 — — — — — — 65,66
African Americans 336 12 357 — — — 229 9 393 6768

Middle East Middle Easterns 2149 60 279 381 137 3596 821 33 402 4869791547157

Natives Native Americans 548 16 292 183 38 2077 302 21 695 8081158159

Native Oceanians 6706 3954 5896 — — — 157 11 701 3638
Circumpolar 311 12 386 — — — 152 3 1.97 8485

Admixed  African admixed 75 6 800 75 13 1733 — — - @
American admixed 3946 94 238 1326 399 3009 347 15 432 68808186-69,91-95160

Caucasians  American Caucasian 416 15 361 143 47 3287 546 36 659 22306896161
Australian Caucasian 99 3 3.03 — — — — — — 97
Scandinavians 679 15 221 585 173 2957 1317 37 281 2427:2898100162
Central Europeans 603 8 133 — — — - 96 2,04 °91027105163
Mediterranean-South 925 17 184 282 76 2695 505 13 257 232694107109
Europeans
Slavs 642 10 156 — — — 366 8 219 'omzie4

Asians South Asians 1889 174 921 189 38 2011 681 87 12,78 105113-116118-120,165-169
East Asians 9884 1267 1282 1426 18 126 2802 420 1499  283047688596121-124,126/125-

135,138,140-142,144,146-151,155,169—
174

from the genotype (gPMs or gUMs) or phenotype (mPMs) evaluation.

Abbreviations: PM, poor metabolizers; UM, ultrarapid metabolizers. Individuals were considered as gUMs either when they were heterozygous or homozygous
for CYP2C19%17 allele; therefore, the frequency of gUMs reported in this article should be interpreted cautiously (see Discussion section). N, total number of
subjects studied. The number of studied subjects differs in gPMs, gUMs and mPMs; therefore, n is the number of subjects considered as PMs or UMs either

Table 3. Frequencies of CYP2C19 'predicted' phenotypes from genotype and 'measured' metabolic phenotypes in the different geographic regions
Continent 'Predicted’ phenotype from genotype ‘Measured' metabolic ~ References
phenotype
N ngPMs % gPMs N ngUMs % gUMs N n mPMs % mPMs

Africa 2701 84 311 274 46 1679 881 41 4.65 °17355776264766142153

Middle East 2149 60 279 381 137 3596 821 33 4,02 486979154157

Europe 2849 50 1.76 867 249 28.72 6884 154 224 23,24,26-28,59,94,98,100,102-105,107,109,110,112,162-164
America 5557 149 268 1652 484 2930 1576 84 533 25306768808184-89,91-96158-161

Asia 11773 1441 12.24 1615 56 347 3483 507 14.56 28,30,47,68,80,85,96,105,113-116,118-124,126,128-135,138,140-

142,144,146-151,155,165-174
Oceania 6805 3957 5815 — — — 157 1 7.01 36383497

Abbreviations: PM, poor metabolizers; UM, ultrarapid metabolizers. Individuals were considered as gUMs either when they were heterozygous or homozygous
for CYP2C19*17 allele; therefore, the frequency of gUMs reported in this article should be interpreted cautiously (see Discussion section). N, total number of
subjects studied. The number of studied subjects differs in gPMs, gUMs and mPMs, and therefore, n indicates the number of subjects considered as PMs or
UMs either from the genotype (gPMs or gUMs) or phenotype (mPMs) evaluation.

Geographically, the mPMs were found in a high frequency in
Asia (14.56%, P < 0.001), while the lowest frequency was observed
in populations from Europe (2.24%, P < 0.001), as indicated in
Table 3.

Correlation between the ‘predicted’ phenotype from genotype
and ‘measured’ metabolic phenotype

High correlation coefficients were found between the frequencies
of CYP2C19 gPMs and mPMs when either ethnicity (r=0.935,
P < 0.001) or geographic region (r=0.988, P=0.002) were selected
as classification criteria (Figure 3). Oceania and Native Oceanian
populations were excluded for these analyses as they are

© 2015 Macmillan Publishers Limited

heterogenous populations and there are no studies of gPM and
mPM frequencies in the same populations, resulting in a
remarkable difference between the gPM and mPM frequency
(Tables 2 and 3).

DISCUSSION

The frequencies of CYP2C19 alleles present interethnic variability
and show different geographic pattern of distribution from other
CYps2' CYP2C19*2 and CYP2C19*3 alleles are frequent among
Asians and Oceanians, as previously reported.' Regarding the
metabolic phenotype, the PMs are common among Asians, while
the ultrarapid metabolism ‘predicted’ from genotype is frequent in

The Pharmacogenomics Journal (2015), 1-11
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Figure 3.

Relationship between the ‘predicted’ CYP2C19 poor metabolizer (PM) phenotype from genotype (gPMs) and CYP2C19 PM

‘measured’ metabolic phenotype (mPMs) in different ethnic groups (a) and geographic regions (b)*. *North Africans, African Admixed and
North Asians were not included in the correlation analysis by ethnic groups as no data for ‘measured’ metabolic phenotype were available for
these populations. Moreover, Native Oceanian (a) and populations from Oceania (b) were excluded for these analyses as these are
heterogeneous populations and there are no studies of gPM and mPM frequencies in the same populations (see Discussion section).

populations from Africa, Middle East, America and Europe. To the
best of our knowledge, this study is the first to determine CYP2C19
alleles' frequencies by ethnic groups and geographic regions
across worldwide populations, as well as the variability of
‘predicted’ phenotypes from genotypes and ‘measured’ metabolic
phenotypes, and their potential correlation.

According to the studied population size of each geographic
region,>* the current knowledge about CYP2C19 across worldwide
populations seems to be founded on an overrepresentation of
European and Oceanian subjects. The reports for Africans and
Asians are under-represented as the percentage of subjects
studied for CYP2C19 is below the world average for the African
population (6.68% vs 14.72%) and for Asians (31.71% vs 55.67%).

Currently, some of the better known CYP2C19 alleles have been
widely studied worldwide; however, there is a gap regarding many
other allelic variants not extensively studied, which could be of
interest. Many of the reported CYP2C19 alleles are non-
synonymous polymorphisms and could affect the protein product.
Consequently, analyzing a higher number of alleles would not
only increase the knowledge on CYP2C79 variants but also their
potential importance for predicting the responses to drug therapy
while administering CYP2C19 substrates, particularly in those
geographic regions where a high prevalence of PMs or UMs has
been detected. With regard to the ethnicity analyses, CYP2C19
allele frequencies showed an interethnic variability throughout
the global population that could be influenced by ancestral
migrations and the human population history.>® In this sense, the

The Pharmacogenomics Journal (2015), 1-11

unusual high frequencies of CYP2C19*2 and CYP2C19*3 alleles in
Oceania may be due to several factors: first, >99% of the studied
population in Oceania were Native Oceanians from Papua New
Guinea, Vanuatu and Melanesia, which comprise geographically
isolated populations ethnically diverse; and, second, the coloniza-
tion of the Pacific Islands is believed to have started from
Southeast Asia, where CYP2C19*2 and CYP2C19*3 alleles are highly
prevalent, and thus a genetic drift process may be involved.>® For
the rest of the geographic regions, CYP2C19*2 and CYP2C19%3,
which are associated with reduced activity, are frequently found in
Asian populations, whereas only CYP2C19*2 has been observed in
European, American and African populations. CYP2C19*17 allele is
common in Africa, America, Middle East and Europe, whereas it is
rarely found in Asia. The variability on the distribution of CYP2C19
alleles throughout the world may have clinical implications for
drug development processes and clinical trials. Therefore, ethnic
differences and migration phenomena should alert physicians
about the importance of underlying genetic determinants on drug
response when drugs are used in populations or subjects from
different genetic backgrounds.*”

The discrepancy between the CYP2C19 ‘predicted’ phenotype
from genotype and the CYP2C19 ‘measured’ metabolic phenotype
(58.15% vs 7.01%, respectively) observed for Oceania could be due
to different reasons. Studies were carried out in different
populations within Oceania, and while genotype analyses were
developed in populations from Vanuatu, Papua New Guinea,
Australia and Melanesia,***®*! the metabolic phenotype studies

© 2015 Macmillan Publishers Limited

205



were just carried out in New Zealand.*™** Also, the ethnic
diversity and geographical isolation of these populations hinders
the correlation studies, and even more, none of these studies
included both genotypic and phenotypic measures within the
same population. Nevertheless, in the rest of the geographic
regions and ethnic groups, the frequency of gPMs was strongly
correlated with the mPM frequency, which could indicate that
CYP2C19 genotype could adequately predict the poor metabolic
phenotype.

Both CYP2C19 gPMs and mPMs were more frequently found in
Asians than in Caucasians, which is opposite to the phenomenon
observed for the CYP2D6 geographic distribution, for which gPMs
are more common in Europe and other Caucasian populations
than across Asians.>' Regarding the so-called ultrarapid metabo-
lism, individuals were considered as gUMs either when they were
heterozygous or homozygous for CYP2C19*17 allele, as previously
stated in CPIC guidelines® as well as in other studies.*“®
However, some other reports have considered individuals with
wt/*17 genotype as extensive metabolizers.*”*® Therefore, the
frequency of gUMs reported in this study should be cautiously
considered, and further studies are required to confirm the
enhanced activity of this variant across all populations.

Interethnic differences on gPMs and mPMs frequencies could
have important clinical implications, and genotype—clinical out-
come association studies are warranted to evaluate the clinical
implications of these differences. For instance, there is a high
prevalence of malaria in Pacific Islands and proguanil is highly
prescribed, therefore, dose-dependent adverse effects could be
expected, even though this has not been fully confirmed.*
Regarding the pro-drug clopidogrel, the clinical consequences in
CYP2C19 PMs are more severe, as they could present a lack of
efficacy in antiplatelet therapy. Recently, a fatal case was reported
in a Hawaiian individual under treatment with clopidogrel who
was postmortem genotyped as CYP2C19*2/*3. The authors high-
lighted the importance of CYP2C19 genotyping prior to antiplate-
let prescription in Pacific Island and populations with a high
prevalence of CYP2C19 null alleles.*® Moreover, there is no enough
information about the correlation of CYP2C19 phenotype and
genotype in African populations. However, owing to much genetic
heterogeneity in this region, it is probable that this relation will be
less strong. Thus Regulatory Agencies should not generalize their
CYP2C19-based PGx dosing recommendations in all populations
but rather be specific to certain geographical regions or ethnic
groups.

To sum up, most of the studies included in this article just
reported ‘predicted’ phenotype from genotype or ‘measured’
metabolic phenotype, and only few studies performed both
analyses simultaneously. More precisely, for 20.5% of the
individuals in whom metabolic phenotype was measured using
a probe drug, CYP2C19 genotype was also determined. Further-
more, when the correlation analysis between these phenotypes’
frequencies was carried out we did not include the same
individuals, which represents a limitation of this study. Conse-
quently, additional research including both ‘predicted’ pheno-
types from genotype and ‘measured’ metabolic phenotypes is still
necessary to confirm whether CYP2C19 genotype can predict
accurately the actual metabolic phenotype for all the individuals.

CONCLUSION

Worldwide genetic variability of the CYP2C19 gene is a widely
recognized phenomenon. CYP2C19*2 and CYP2C19*3 alleles are
more frequent in East Asians and in Native Oceanians than in the
rest of the world, whereas CYP2C19*17 was more frequent in
Mediterranean-South Europeans and Middle Easterns (P < 0.001,
for all cases). Regarding the ‘predicted’ metabolic phenotype from
genotype, gPMs have been found to be frequent in Native
Oceanians and East Asians, while gUMs are common in Middle

© 2015 Macmillan Publishers Limited
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Easterns and the admixed and Caucasian populations from
America and Europe. Although the ‘measured’ metabolic pheno-
type has not been studied across all populations, a high frequency
of mPMs was found in South and East Asians.

The knowledge on CYP2C19 allele frequencies is therefore
necessary to take better decisions to improve drug therapies
when CYP2C19 substrates are administered. However, more
studies are required, especially in those less analyzed populations
such as Africans and Asians, as well as additional knowledge on
those allelic variants scarcely studied. According to the data
presented here, CYP2C19 genotyping strategies are quite useful to
identify CYP2C19 PMs, with the exception of specific populations
from Oceania for which simultaneous studies of genotype and
metabolic phenotype are required. Additional CYP2C19 variants in
all populations as well as the ‘measured’ metabolic phenotype
should be still analyzed in larger populations from different ethnic
groups. Further research is warranted to characterize the
ultrarapid metabolic phenotype.
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Pharmacogenetics in Central American healthy
volunteers: interethnic variability

Abstract: Ethnicity is one of the major factors involved in
interindividual variability to drug response. This study
aims to describe the frequency of the most relevant phar-
macogenetic biomarkers and metabolic phenotypes in
Central American healthy volunteers and to determine
its interethnic variability. Twenty-six original research
articles on allelic, genotypes or metabolic phenotype fre-
quencies were analyzed, in which a total number of 7611
Central American healthy volunteers were included (6118
were analyzed for genotype and 1799 for metabolic phe-
notype). No reports were available for population from
Belize and Honduras. The CYP2D6*4 and *5 frequencies
in Amerindian populations from Costa Rica have shown
to be among the highest frequencies so far reported in the
world. Furthermore, NAT2*5 and *6 presented higher fre-
quencies in admixed populations than in Amerindians,
but, inversely, the NAT2*7 was more frequent in Amerindi-
ans compared to an admixed population. Likewise, differ-
ent patterns of distribution have been shown in HLA-A*02,
*03 and HLA-B*07 among Native populations from Latin
America. Reports on Central American populations were
also found for the CYP2C19, LDLR, CYP2E1, MDR1, G6PD,
TP53, CYP1A2, CYP3A4 and CYP3A5 biomarkers, but no
data were available for the other 91 pharmacogenetic
biomarkers revised in Central American populations.
Differences in the frequency of some pharmacogenetic
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Introduction

Central America is inhabited by more than 44.5 million
people and is one of the richest bio-cultural regions of the
world having a complex ancestry background, involving
different degrees of ethnic admixture including diverse
Amerindian cultural influences. Two Native groups are
distinguished in the region: (a) the Mesoamerican tribes
located in the northern part of the isthmus (Mexico, Gua-
temala, Belize, El Salvador and Honduras), and (b) tribes
of the lower Central America (Costa Rica and Panama) [1].
Additionally, during the 16th century, the arrival of Euro-
pean population mainly from the Iberian Peninsula and
African people traded as slaves boosted the genetic diver-
sity of the Central American (CA) region [2].

The interindividual variability in the response to phar-
macological treatment has been attributed to factors such
as environment, epigenetics, genetics, physiology and
pathology. Additionally, ethnicity has been associated
also with variability on drug response among individuals,
due to the varying prevalence of genetic polymorphisms
on drug-metabolizing enzymes (DMEs) among ethnic
groups [3].

Most of the pharmacogenetic studies involved the
phase I and II enzymes, transporters and receptors.
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CYP2D6, CYP2C19, NAT2, HLA and LDLR are some of the
most relevant pharmacogenetic biomarkers, which are
further characterized below.

CYP2D6 plays an important role in the metabolism
of about 25% of clinically important drugs, including
antidepressants, antipsychotics, antiarrythmics, anti-
histamines, etc. About 100 allelic variants have been
described for the CYP2D6 gene [4], some of which are
associated with null activity (e.g., CYP2D6*3, *4, *5 and
*6), decreased activity (e.g., CYP2D6*10, *17 and *29),
normal (e.g., CYP2D6*1, *2 and *35) or increased activity
(e.g., CYP2D6*1xN, *2xN and *35xN). A high frequency of
CYP2D6*17 and *29 is found in African populations, while
CYP2D6*10 is more frequent in Asians than in any other
populations [5]. Recently, a new nonfunctional variant
(CYP2D6*31) associated with poor metabolism has been
described in Hispanic populations [6].

The presence of two non-active alleles in an individ-
ual classifies a subject into the predicted poor metabolizer
(PM) group. Individuals with one or two active alleles are
classified in the predicted extensive metabolizers (EMs)
group; among them, subjects with more than two active
alleles are classified as predicted ultra-rapid metabolizers
(UMs). These metabolic groups are associated with drug
efficacy or adverse drug reactions during pharmacological
therapy [7].

Cytochrome CYP2C19 is responsible for the metabo-
lism of drugs such as antiepileptics, antiretroviral, antide-
pressants and proton-pump inhibitors. To date, 34 alleles
for CYP2C19 have been described. Certain polymorphisms
have been associated with lack of enzyme activity, such as
CYP2(C19*2 through *8, but only CYP2C19*17 has been asso-
ciated with increased hydroxylation activity [8]. CYP2C19*2
and *3 frequencies are higher among Asian populations
than in European and African populations [9].

Depending on the CYP2CI19 allelic combinations,
individuals can be classified into three groups: PMs (car-
riers of two inactive variants), EMs (with one or two active
alleles) and UMs (carriers of the CYP2C19*17) [10]. These
predicted phenotypes have shown clinical implications
during pharmacological treatment [11].

Regarding phase Il enzymes, arylamine N-acetyltrans-
ferase 2 (NAT2) has been one of the first enzymes shown to
be variable [12]. This enzyme is responsible for the metab-
olism of drugs such as isoniazid and dapsone. Thirty-six
allele variants have been described, some of which are
related to slow metabolism (NAT2*5, *6 and *7), normal
and increased metabolism (NAT2*11, *12 and *13). In Euro-
peans and Africans, the frequencies of NAT2*5 are high
and those of allele NAT2*7 are low, whereas the opposite is
observed in Asian populations. Slow acetylators (SAs) are
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determined by the homozygosis of alleles with diminished
activity; furthermore, these subjects have increased risk of
adverse effects during drug therapy [13].

Human leukocyte antigens (HLAs) are the proteins
responsible for presenting processed peptides to T cells.
Nowadays, 2884 alleles have been described for HLA-A,
some of which are related to a null expression (e.g., HLA-
A*01:01:01:02N, A*01:04N and A*01:1IN) and others are
related to an alternative expression (e.g., A*01:01:38L,
A*01:147Q and A*02:01:01:02L). HLA-B has been reported
to have approximately 3590 alleles, 13 of which having an
alternative expression [14]. Furthermore, the HLA system
is considered to be the most polymorphic region in the
human genome. HLA allelic variants have been related to
cutaneous adverse reactions in the treatment with antie-
pileptic drugs [15].

Low-density lipoprotein receptor (LDLR) binds to the
LDL, the major cholesterol-carrying lipoprotein of plasma,
and transports it into cells by endocytosis. More than 1000
allele variants have been reported for the LDLR gene [16],
and some of these polymorphisms have been found in spe-
cific ethnic groups [17]. Variants causing altered activity of
the receptor have been related to hypercholesterolemia in
pharmacological therapy with statins [18].

Despite the growing number of pharmacogenetic
studies describing biomarkers involving populations
of the world, there is a gap in the information regarding
Hispanics in general and CA populations in particular.
Therefore, this review intends to describe the frequency of
the most relevant pharmacogenetic biomarkers and meta-
bolic phenotypes in healthy volunteers from CA popula-
tions and to determine its interethnic variability.

Materials and methods

A literature search was conducted in June 2014 using
PubMed, Scopus and Scielo databases.

The search terms were “country name” and “bio-
marker”, looked up one by one. The countries included
in the search were Guatemala, Belize, Honduras, El Salva-
dor, Nicaragua, Costa Rica and Panama (Figure 1). A panel
of clinical relevant pharmacogenetic biomarkers was
selected using different resources: (1) Table of Pharmacog-
enomic Biomarkers in Drug Labeling (from the US Food
and Drug Administration); (2) European Public Assess-
ment Reports (from the European Medicines Agency);
and, additionally, a pharmacogenomics knowledge data-
base (3) Table of CPIC Pairs (from the Pharmacogenom-
ics Knowledgebase) (see Table 1). Moreover, a search was
carried out to include metabolic phenotype studies using
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Figure1 Number of pharmacogenetic studies and healthy volun-
teers reported for each country from the Central American region.
Values in parenthesis refer to the number of studies and number of
healthy volunteers recruited. “Both studies reported allele frequen-
cies for the same populations from El Salvador and Nicaragua.

Table1 Panel of pharmacogenetic biomarkers based on the clinical
implication according to the drug regulatory agencies from Europe
and America (European Medicines Agency and Food and Drug
Administration, respectively), and the Pharmacogenomics Knowl-
edgebase CPIC gene/drug pairs [19-21].

ABCC4 coQ2 ERBB2 HPRT1 SCN1A
ABCG2 CRHR1 ERCC1 HTR2A SLC22A1
ADD1 CRHR2 ESR1/PGR HTR2C SLC22A2
ADORA2A CYP1A1 F5 IFNL3 SLC22A6
ADRB1 CYP1A2  FCGR3A IL2RA SLC6A4
ADRB2 CYP2A7P1 FDPS ITPA SLCO1B1
ALK CYP2B6  FIP1L1/PDGFRA KIT S5LC02B1
ANKK1 CYP2C19 FLOT1 KRAS 50D2
ATIC CYP2C8  G6PD LDLR SULT1A1
BCR-ABL  CYP2C9 GGCX LTC4S TMEM43

BRAF CYP2D6  GNB3 MDR1/ABCB1 TNFRSF8

BTG3 CYP2E1 GRIK4 MRP1/ABCC1 TP53
Cilorf65 CYP3A4  GSTA1 MRP2/ABCC2 TPMT
CACNB2 CYP3A5  GSTM1 MS4A1 UGT1A1
CALU CYP4F2 GSTP1 MTHFR UGT1A4
CBR3 del (5q)  GSTT1 MTRR UGT2B15
CCR5 DPYD HER1 NAT2 UMPS
CES1 DRD1 HERG1 OATP1B1 VKORC1
CFTR DRD2 HLA-A OPRM1 XRCC1
COL22A1 EGFR HLA-B PDGFRA YEATS4
comt EPHX1 HMGCR Philadelphia chromosome

the terms “country name” and “probe drugs”. The probe
drugs searched were debrisoquine, sparteine, metoprolol,
dextromethorphan, mephenytoin, omeprazole, tolbuta-
mide, losartan, diclofenac, isoniazid and caffeine.
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The inclusion criteria were as follows (1) studies
reporting genotype, allele and/or metabolic phenotype
frequencies for any of the biomarkers revised; (2) healthy
volunteers (control groups from case-control studies were
not taken into consideration); and (3) subjects living in
the CA region (Figure 1).

Additionally, unpublished data on CYP2Dé6 allelic
and genotype frequencies for six Amerindian groups from
Costa Rica [22] were included.

Predicted phenotype was determined for the CYP2D6
and NAT2 genes. Individual carriers of two inactive alleles
for CYP2D6 were classified as PMs, and those with more
than two active CYP2D6 genes were classified as predicted
UMs, following previously published methodology [23,
24]. And, finally, those subjects with two NAT2 alleles
related to a decreased in vivo activity were classified as
SAs [25].

To study the biomarker’s variability within popula-
tions from the CA region, the allele, metabolic phenotype
and/or predicted phenotype frequencies were compared
to those in other CA populations. The differences in allele,
predicted phenotype or metabolic phenotype frequen-
cies were compared using the x? test followed by the
Marascuilo procedure. p-Values <0.05 were regarded as
statistically significant.

Results

A total of 7611 healthy volunteers from Central America
were included in 26 studies published between 1986 and
2014. Healthy volunteers from five of seven countries in
the CA region were studied. No reports were available for
population from Belize and Honduras.

Populations involved in this review were (a) Amer-
indian populations from Guatemala (Maya), Panama
(Kuna, Embera, Ngawbe Guaymi and Teribe) and Costa
Rica (Bribri, Cabecar, Chorotega, Guatuso, Guaymi,
Huetar and Teribe); (b) admixed populations from
Nicaragua, Costa Rica, El Salvador and Panama; and
(c) an Afro-Caribbean population from Costa Rica.
Demographic data were not specified for most of these
populations.

Over 77% of the subjects were analyzed for genotype
(n=6118), and only 23% of the subjects were recruited for
metabolic phenotype analysis (n=1799), most of them
from Panama. With the available data, analysis of the
variability was possible for CYP2D6, CYP2C19, NAT2, HLA,
LDLR, CYP2E1, MDR1, G6PD, TP53, CYP1A2, CYP3A4 and
CYP3A5.
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CYP2D6

CYP2D6 polymorphism was studied in volunteers from
Nicaragua, Costa Rica and Panama (Tables 2 and 3),
including populations with different ethnic backgrounds
such as admixed, Amerindian and African ancestries (see
Tables 2 and 3).

CYP2D6 metabolic phenotype, genotype and/or allelic
frequencies were reported in nine studies. Allele frequen-
cies by country and populations from Central America are
shown in Table 2.

The frequency of the inactive allele CYP2D6*4
remained similar in most of the admixed and Amerindian
populations assessed in the region (10.4%-19.2%), except
for the Cabecar and Bribri Amerindian populations,
which had the highest frequencies (26.8% and 31.9%,
respectively).

The frequency of CYP2D6*10 was different among
the Amerindian groups of the CA region. The highest fre-
quency of CYP2D6*10 was found in the Ngawbe Guaymi
tribe (17.5%), more than in any other Amerindian popula-
tions studied (p<0.05), except for the Embera tribe. The
admixed and Afro-Caribbean populations studied showed
low frequencies that ranged between 1.1% and 3.1%
(Table 2).

The frequency of CYP2D6*17 was higher among the
African descendant population from Costa Rica (18.4%,
p<0.05) than in any other admixed population of Central
America and some Amerindians (Table 2).

The presence of genotypes associated with null activ-
ity enzyme was higher in two Costa Rica Amerindian
groups (Table 2), due to the presence of CYP2D6*4 and
CYP2D6*5. Furthermore, high percentages of predicted
UMs were found in the Costa Rican Guatuso (18.8%) and
admixed (10.1%) populations (Table 2).

The assessment of CYP2D6 metabolic phenotype
was carried out in different Amerindian populations
from Panama, and the PM frequency ranged from
0.04% in the Kuna group to 5.9% in the Ngawbe Guaymi
group. The prevalence of PMs in the admixed popula-
tion from Nicaragua was 6%, with no UMs reported
(Table 3).

CYP2C19

The frequency of CYP2C19 PM metabolic phenotype varied
from 0% in the Kuna Amerindians [32, 33] to 15.8% and
18.6% in the Teribe and Ngawbe populations from Panama
[32], respectively. No data were available for the CYP2C19
genotypes.

Table 2 CYP2D6 allele and predicted phenotype frequencies in populations from the Central American region with different ethnic backgrounds.

% predicted References

% predicted

Active
alleles xN

*1+%2  *3 *4  *4xN *5 *6 *9 *10 *17  *29 *35 *41

n

Ancestry

Country

UMs

PMs

3.0

4.1

2.0

3.1

4.6

14.2

98 76.1
136

Admixed

Nicaragua

6.9°
17.5¢

1.1

14.0

Embera?

Panama-Colombia
Panama-Colombia

Costa Rica

0

0.5
0.7

171

105
139

Ngawbe?
Admixed

10.1

1.4
2.0

6.3

5.4

7.2
1.6

6.1
1.0
9.4

0.4
1.0
1.6

1.4
11.2

2.2
18.4¢

1.1
3.1

3.2

1.4
2.0

10.4

1.4
1.0

66.2

8.2

4.1

49 43.8 4.1¢
17.2

32

Afro-Caribbean
Chorotega®
Guatuso?

Costa Rica

3.1

3.1

4.7

71.9

Costa Rica

18.8

6.3

6.3

15.6

68.8

16
28
47
26
48

Costa Rica

10.7

26.8 14.3

58.9

Cabecar?
Bribri?

Costa Rica

21.3

1.1

3.2

11.7

31.9

52.2

Costa Rica
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7.7
4.2

1.9
1.0

19.2

78.9

Guaymi?

Costa Rica

6.3

3.1

18.8 1.0 7.3

68.8

Huetar?

Costa Rica

2Amerindian population. ®p<0.05 compared with the other Amerindian populations from Costa Rica studied. °p<0.05 compared with the other populations from Nicaragua and Costa Rica

studied. ¢p<0.05 compared with the Bribri from Costa Rica studied. ®p<0.05 compared with the admixed from Nicaragua and Costa Rica and the Cabecar, Guaymi and Huetar populations

studied.
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Table 3 CYP2D6 metabolic phenotype frequencies for populations
from Central America.

Country  Population n Probe PMs, UMs, References
drug % %
Nicaragua Admixed 133 DB 6.0 0 [24]
Panama  Kuna? 51 SP 0 - [27]
Panama  Kuna? 170 SP 0 - [28]
Panama  Ngawbe Guaymi* 121 SP 5.2 - [29]
Panama  Ngawbe Guaymi® 84 SP,DB 5.9 - [30]
Panama  Kuna? 89 DB 0 - [31]
Panama  Kuna? 89 DB 0 - [32]
Panama  Kuna? 250 SP 0.04 - [32]
Panama  Ngawbe Guaymi® 170 DB 4.7 - [32]
Panama  Ngawbe Guaymi® 284 SP 4.9 - [32]
Panama  Teribe? 19 DB,SP 5.3 - [32]
Panama  Ngawbe Guaymi® 344 SP 4.4 - [26]
Panama  Embera® 153 SP 2.2 - [26]

2Amerindian populations. DB, debrisoquine; SP, sparteine.

NAT2

Three reports with NAT2 allele frequencies were included
(Table 4). NAT2*5D was the most frequent allele in the
admixed population from Nicaragua (35.8%), whereas the
frequency of this allele in two Amerindian populations
from Panama ranged from 2.4% to 9.9%. The frequency of
NAT2*6 was higher in the admixed population from Nica-
ragua than in the Amerindian populations from Panama
(p<0.05). The NAT2*7 allele was not detected in the Nic-
araguan admixed population, and its frequency varied
from 20.8% to 23.9% in Amerindians (p<0.05).

Predicted phenotype frequencies are given in Table 4,
and data were available for two Amerindian populations
from Panama and for an admixed population from Nica-
ragua. The frequency of SAs was higher in the admixed
population from Nicaragua than in any other Amerindian
population from Panama (Ngawbe and Embera) (p<0.05).

The NAT2 metabolic phenotype frequencies are given
in Table 4. The metabolic phenotype determination was
assessed only in Amerindian populations from Panama,
specifically in the Kuna, Teribe and Embera tribes, using
mostly isoniazid and, in just one case, caffeine as probe
drugs. The percentage of SAs varied from 18.1% to 29%
(Table 4).

HLA

The HLA allelic frequencies for populations from Gua-
temala, Costa Rica and Panama are shown in Table 5.

Table 4 Allele, metabolic phenotype and predicted phenotype frequencies for the biomarker NAT2 in Central American populations.

References

Metabolic phenotype and

Allele frequency

Population

Country

predicted phenotype

n  Probedrug SAs, %

*6B (590G>A) *7A(857G>A) *11A(481C>T) *12A(803A>G) *13(282C>T)

*5D (341T>C)

X

137

Oa
23.9

17.5°

35.8

Admixed

Nicaragua

7.0

71
101

2.1
10.4

71

Ngawbe®
Embera®

Panama-Colombia
Panama-Colombia

Panama
Panama
Panama
Panama
Panama

20.8

3.5

01

1
136

18.1

CF

72
105

9.2 9.9 29.0

22.8

3.7

9.9

Embera®

7.7

25.2

1.9

2.4

23.3

2.4

105

Ngawbe®
Kuna®

45

29.0

1Z

62
136

Teribe®

Embera®

3p<0.05 compared with the other populations studied using the y? test followed by the Marascuilo procedure. "Amerindian populations. Probe drugs: CF, caffeine; 1Z, isoniazid; X, studies

reporting predicted phenotype; Sas, slow acetylators for NAT2.
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Table 5 HLA-A, HLA-B and LDLR allele frequencies of healthy volunteers from Central America.

Country Population n Alleles References
HLA-A *1 *02 *3 *11 *23 *24 *29 *30

Guatemala Amerindian 132 1.5 36.3 1.1 1.5 - 21.2 2.3 - [38]
Costa Rica Admixed 130 8.1 21.2 8.9 2.7 1.2 15.4 5.4 5.0 [39]
Panama Admixed 965 - 17.6 7.7 - 10.7 15.8 - 13.4 [40]
HLA-B *07 *1522 *35 *3512 *4002 *44

Guatemala Amerindian 132 1.5 4.2 40.1 1.9 1.1 3.0 [38]
Costa Rica Admixed 130 11.5 7.7 16.9 - 10.0 8.5 [39]
Panama Admixed 965 7.7 - 19.5 - - 9.0 [40]
Panama Amerindian 8 - 18.8 - 6.3 6.3 - [41]
LDLR A B

Nicaragua Admixed 100 54.0 46.0 [42]
Costa Rica Admixed 1204 53.1 46.9 [43]
Costa Rica Afro-Caribbean 72 36.1 63.9 [43]
Costa Rica Bribri-Cabecar 100 72.9 27.1 [43]

2p<0.05 compared with the other populations studied using the x? test followed by the Marascuilo procedure.

The frequency of HLA-A*02 was lower in the admixed
populations than in an Amerindian population from
Guatemala (36.3%; p<0.05). In contrast, the frequency of
HLA-A*03 was higher in the admixed populations than
in the Mayan Amerindian population from Guatemala
(1.1%; p<0.05).

A variability on the frequencies of HLA-B*07 and *35
was observed between the admixed populations from
Costa Rica (11.5% and 16.9%, respectively) and Panama
(77% and 19.5%, respectively) in comparison with the
Amerindian population from Guatemala (1.5% and 40.1%,
respectively; p<0.05).

LDLR

The LDLR allele frequencies for populations with differ-
ent ethnic background from Nicaragua and Costa Rica
are given in Table 5. The lowest frequency of LDLR-A
was found in the Afro-Caribbean ethnic group (36.1%;
p<0.05), while the Amerindian population (72.9%;
p<0.05) showed the highest frequency among the CA
populations studied.

Besides the aforementioned information, reports
were found for the CYP2E1, MDRI1, G6PD, TP53, CYP3A4
and CYP3A5 genotypes. Allelic frequencies are reported in
Table 6. Comparison with other CA populations was not
possible due to the lack of scientific reports.

The CYP1A2 metabolic phenotype was determined
using caffeine as a probe drug for the Costa Rican admixed
population, obtaining a unimodal distribution [48].

Discussion

This is the first review that addresses the available popu-
lation pharmacogenetic data in CA populations, including
a unique sample of diverse Amerindian populations.

Variability on the pharmacogenetic biomarkers and
DME phenotypes is described below for CYP2D6, CYP2C19,
NAT2, HLA, LDLR, CYP2E1, MDR1, G6PD, TP53, CYP1A2,
CYP3A4 and CYP3A5.

CYP2D6

Data regarding CYP2D6 are abundant in populations of
the region.

Among Central Americans, the Bribri and Cabecar
Amerindian populations from Costa Rica have the highest
CYP2D6*4 frequencies (31.9% and 26.8%, respectively).
Interestingly, the Amerindian Bari and Chorote popula-
tions from South America show the highest worldwide
CYP2D6*4 frequencies (42.5% and 37.5%, respectively) [49,
50]. The frequencies in these four populations are higher
than in any Caucasian population, with the exception
of the Faroese people (33.4%) [51], despite the fact that
CYP2D6*4 has been considered to be a predominantly
Caucasian allele.

Furthermore, and contrary to other Native and
admixed populations from Latin America having low
CYP2D6*5 frequencies, the Amerindian Cabecar and Bribri
populations from Costa Rica have the highest frequen-
cies for CYP2D6*5 hitherto detected in the Amerindian
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Table 6 Allele frequencies of some pharmacogenetic biomarkers studied in healthy volunteers from Central America.

Country Population n Alleles References

CYP2E1 *5

Nicaragua Admixed 137 16.4 [34]

MDR1 C3435

El Salvador Admixed 112 51.0 [44]

Nicaragua Admixed 117 54.0 [44]

G6PD A B

Costa Rica Bribri (Atlantic) 123 0.9 99.1 [45]
Cabecar (Atlantic) 99 - 100 [45]
Bribri (Pacific) 99 - 100 [45]
Cabecar (Pacific) 60 - 100 [45]
Guatuso 80 - 100 [45]
Teribe 63 - 100 [45]
Guaymi 770 - 100 [45]

TP53 141 136 131 126 121

Costa Rica Chibcha 576 0.3 38.7 8.9 50.6 1.1 [46]
Chorotega (Matambii) 75 - 48.7 12.7 35.3 3.3 [46]

CYP3A4 CYP3A5

Other biomarkers *1A *1B *1 *3

El Salvador Admixed 112 87.5 12.5 23.7 76.3 [47]

Nicaragua Admixed 120

populations [52]. These native populations are the third
and fourth highest frequencies reported worldwide so far,
only surpassed by two African populations (Bantu 18.8%
and South Africa 17.7%) [53, 54]. Previous studies analyz-
ing ABO, adenosin deaminase and G6PD loci inferred
an admixture with non-Amerindians in the Bribri and
Cabecar populations [45]. However, a later study analyz-
ing 48 loci of enzymatic systems, blood groups and serum
proteins revealed a low admixture with European and
African populations in these Amerindian populations
(<0.01%) [55]. Further ancestry-based studies are required
to clarify this point.

CYP2D6*10 is related to Asian ancestry [5], which
might explain the frequency of this allele found in the
Ngawbe Amerindian population from Panama (17.5%),
the highest CYP2D6*10 frequency reported in Amerindi-
ans so far [26, 52]. However, further ancestral analysis of
Native populations is needed, taking into account that
low CYP2D6*10 frequencies are commonly found within
Amerindian populations from North and South America,
mostly ranging from O to 3.3% [22, 49, 56-61] and rising up
to 7.1% in some specific cases [50].

In agreement with the hypothesis of the African
ancestry [62, 63], the Costa Rican Afro-Caribbean popula-
tion showed the highest CYP2D6*17 frequency in Central
America (18.4%) [22]. Similar frequencies of this allele in
America were only found in Afro-American populations
from the USA (19.1% and 20.9%) [64, 65].

The frequency of predicted PMs and UMs varied in
the CA populations, regardless of the ethnicity, revealing
a wide diversity despite having such a reduced territory.
Furthermore, an unclear pattern for the predicted pheno-
types was found in the populations from the CA region.

It is remarkable that the predicted PM frequency for
the Bribri population of Costa Rica, which was the highest
in the region and the second highest reported so far for the
American continent and worldwide, was surpassed only
by the Bari Amerindian population from Venezuela (25%)
[49, 52]. Furthermore, the frequency of the predicted UMs
of the Guatuso Amerindian population from Costa Rica is
ranked third in the Americas, the first two places being
found in Amerindian populations from Mexico (Huicholes
20.6% and Guarijios 20%) [61]. In the global ranking, the
CA population shares the fourth place with an Arabian
Saudi population (18.8%) [66], and the first place is led by
an Ethiopian population (29%) [52, 67].

Interestingly, most of the CYP2D6 metabolic pheno-
type frequencies worldwide reported for Amerindians
were from the CA region, with the only exception of the
Mexican Tepehuano population [56]. The lowest PM fre-
quencies in the region are reported for the Kuna Amerin-
dian population, which was characterized by the authors
to have alow racial admixture (<1%) [28, 55]. Furthermore,
the Tepehuano population from Mexico also reported the
lack of this CYP2D6 metabolic phenotype [56]. The other
Panamanian Amerindian populations (Ngawbe Guaymi,
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Embera and Teribe) reported higher PM frequencies,
which might be related to the genetic divergence from
the Kuna population [28], as these populations are also
known as low admixed tribes (<2%) [26, 55].

More CYP2D6 metabolic phenotype studies in
admixed populations are available. However, the only
one available from Central America is for a Nicaraguan
admixed population (PMs: 6%), which presented similar
PM frequencies to those of Mexican populations (PMs
reported: 6%—6.8%) [56, 68].

CYP2C19

No genetic studies on CYP2C19 in populations from
Central America are available, although this gene is the
second most investigated, being associated with different
therapeutic areas [69]. Further studies on Central Ameri-
cans are needed in order to identify the genetic diversity
of these populations and their possible relevance during
pharmacological treatment.

Regarding the CYP2C19 metabolic phenotype, the
only available report for Amerindians in Latin America
is for three Panamanian tribes. Like those reported for
CYP2D6, CYP2C19 PMs are also absent among individuals
belonging to the Kuna tribe [32, 33]. And the PM frequen-
cies for the Teribe and Ngawbe Amerindian groups (15.8%
and 18.6%, respectively) [32] from Panama are higher than
those for other Hispanic populations from America [70,
71] but similar to those of Asian populations (in whom the
PMs vary from 12% to 23%) [72], which is in agreement
with the Asian ancestry of these populations [52, 73].

NAT2

NAT? allelic variants, NAT2*5, of abolished activity, and
NAT2*6 and *7, both of decreased activity, were mainly
reported for CA populations. NAT2 frequencies varied
according to the ethnic background of the population. As
expected, the prevalence of NAT2*5 is higher in the Nica-
raguan admixed population (35.8%), due to the European
influence [9, 74], than in the Amerindian populations of
Ngawbe and Embera (2.4% and 9.9%). The finding of the
low NAT2*5 frequency within CA Native populations is
controversial due to the high NAT2*5 frequencies present
in other Amerindian populations [74], except in the San
Martin tribe from Peru and the Cayapa tribe from Ecuador
(9.1% and 13.3%, respectively) [74].

Likewise, the decreased NAT2*6 frequencies of the
Amerindian populations from Panama are in agreement
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with the low frequencies reported for other populations
from North and South America with the same ethnicity
(Pima, Piapoco and Curripaco, San Martin, Karitana, Surui,
Lengua, Ayoreo and Wichi) [50, 74]. Furthermore, the high
NAT2*6 frequency in admixed Nicaraguans is in agree-
ment with the hypothesis for this allele as being an indica-
tor of recent admixture from Europe or Africa [74].

In contrast, the NAT2*7 frequencies of the Panama-
nian Amerindian populations (Ngawbe and Embera) are
among the highest reported in America [74], which might
be explained by the proposed Asian ancestry [25, 75].
Moreover, in admixed populations, lower NAT2*7 frequen-
cies are commonly found like those from Nicaragua (0%)
and from previously reported populations [74-77].

As expected, Spanish descendant populations such
as the Nicaraguans reported high frequencies of predicted
SAs (49.6%) [25, 75].

A pattern in the distribution of the frequency of pre-
dicted SAs in Amerindians was observed, showing that
groups from North and South America [74] presented
higher values (with an average frequency of predicted SAs
of 25%), whereas the value in Native populations from the
lower CA region seemed to decrease.

Studies reporting the NAT2 metabolic phenotype in
Latin American populations are scant. The available data
from Central America, specifically in Amerindian tribes
from Panama, are the only report for populations with this
ethnic background. A slight variation within these popu-
lations was observed, showing higher NAT2 SA frequen-
cies in tribes from the northern part (Teribe 29% and Kuna
24.4%) than in a tribe from the southern part (Embera
19%) of the country.

HLA

The HLA-A*02 frequency of the Maya tribe from Guate-
mala (36.3%) seemed to be similar to that of other Amer-
indian populations from Mexico (Teenek 39.8% and
Mixe 31.1%) [78, 79] and Colombia (Wayu 35.8%) [80].
Nonetheless, in Native populations from South America,
the frequency of this allele rose to more than 50% in the
Quechua (Bolivia), Guarani (Paraguay) and Lamas (Peru)
populations (50.7%, 54% and 63.4%, respectively) [81-83].
In contrast, HLA-A*02 frequency in admixed populations
from the CA region and Mexico was slightly lower [84].
HLA-A*03 frequencies seemed to vary independently
from the location of the Amerindians; populations such
as the Maya [38], Zapotec, Mixtec, Mixe [79], Mayos [85],
Quechua [81] and Lamas [83] (1.1%, 0.7%, 0%, 0%, 1.7%,
2.2% and 1.2%, respectively) have lower frequencies
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in comparison to Native Americans from the USA [86],
Nahuas from Mexico [85] and Mapuche from Chile [87],
in whom higher frequencies of the allele are predominant
(6.7%, 8.2% and 7.7%).

The frequency of HLA-B alleles seemed to vary
among the Amerindian and admixed populations from
the CA region [38, 41]. HLA-B*07 is present at low fre-
quencies in the Mayan population from Guatemala
(1.5%). However, as higher frequencies of the allele
are found among Asian populations than in any other
worldwide group [88], which is considered as an indi-
cator of Asian ancestry, high frequencies were also
expected within Amerindian populations from Central
America. Previous reports agree with the findings that,
in Amerindian tribes, the HLA-B*07 frequency tends to
be low [38, 78, 81, 85, 89].

At present, studies considering HLA allele frequen-
cies in Amerindian populations [90] have not included
lower CA groups. Admixed populations from the CA region
present slightly higher HLA-B*07 frequencies.

LDLR

The variation in the frequency of LDLR-A is documented
for populations with different ethnic backgrounds from
Nicaragua and Costa Rica. However, studies that further
characterize other CA populations, including different
SNPs for this gene, are needed.

Other biomarkers

Regarding the frequency of CYP2E1*5, the values for the
Nicaraguan population (16.4%) were similar to those for
other Latin American admixed populations from Mexico
(14% and 16%) [91, 92] and Chile (16%) [93].

The frequency of MDR1 3534C in the CA populations
from El Salvador and Nicaragua (51% and 54%, respec-
tively) is similar to those in the Mexican (52.2%) [94] and
Ecuadorian (52%) [44] populations and in other Amer-
indian (48.6%) [95] and white (55%, 56.8% and 57.1%)
[95-97] populations from Brazil, whereas in most of the
South American populations from Chile [98] and Brazil
[95-97, 99], the frequency of this allele is higher (>61%).

Data on G6PD and TP53 are only available for Amer-
indian populations from Costa Rica. Moreover, there are
no reports involving healthy volunteers for other Hispanic
populations. Further studies are needed in order to deter-
mine the variation within Central Americans, as well as
with other Latin American populations.
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The frequency of the CYP1A2 metabolic phenotype
has been determined only in the Costa Rican population
in Latin America. No deficiency of the enzyme was found
in the population [48].

The frequency of CYP3A4*1B in the CA population
(12.5%) [47] seemed to be different from those in the
Mexican population [100] and Hispanics living in the US
[101] (6% and 9%, respectively). In contrast, the frequency
of CYP3A5*3 in the population from El Salvador and Nica-
ragua (78% and 74%, respectively) was similar to those
reported for Brazilian populations [102].

In order to address the limited data available in
Latin American populations, the CEIBA consortium of
RIBEF (Red Ibero-Latino Americana de Farmacogenética
y Farmacogendmica; http://www.ribef.com) was created.
RIBEF is a collaboration network that brings together
more than 40 research groups with the aim to increase
the pharmacogenetic knowledge in this multiethnic and
multicultural region. The network has published several
original research papers and reviews [3, 22, 24, 103-107].
Although further studies are required in the area, the
actions of RIBEF have increased the pharmacogenetic
knowledge on these populations.

In conclusion, differences in the allelic, genotype or
metabolic phenotype frequency of some relevant phar-
macogenetic biomarkers (CYP2D6, CYP2C19, NAT2, HLA
and LDLR) were found, showing the interethnic variabil-
ity within the CA populations, mainly among Natives.
Amerindian populations have shown to be unique, with
some of the highest frequencies worldwide for some
alleles, such as CYP2D6*4 and CYP2D6*5. No data are
available for most of the biomarkers, so further studies
are warranted.
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