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Capa

El hombre en la encrucijada, de Diego Rivera

Palacio de Bellas Artes, Ciudad de México, México, 1934
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El Maiz, de Diego Rivera

Palacio Nacional, Ciudad de México, México, 1940.
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Aos povos indigenas da América.



Fundacion Cientifica del Racismo

Eduardo Galeano

in Espejos: una historia casi universal (Editorial Siglo XXI, 2008).
Raza caucésica se llama, todavia, la minoria blanca que
ocupa la cuspide de las jerarquias humanas. Asi fue bautizada
em 1775 por Johann Friedrich Blumenbach. Este zodlogo
creia que el Caucaso era la cuna de La humanidad y que de
alli provenian la inteligéncia y la belleza. El término se sigue
usando, contra toda evidencia, em nuestros dias. Blumenbach
habia reunido 245 craneos que fundamentaban el derecho de
los europeos a humillar a los demés. La humanidad formaba
una pirdmide de cinco pisos. Arriba, los blancos. La pureza
original habia sido arruinada, pisos abajo, por las razas de
piel sucia: los nativos australianos, los indios americanos, los
asiaticos amarillos. Y debajo de todos, deformes por fuera y
por dentro, estaban los negros africanos. La ciencia siempre
ubicaba a los negros en el sétano. En 1863, la Sociedad
Antropolégica de Londres llegd a la conclusion de que los
negros eran intelectualmente inferiores a los blancos, y solo
los europeos tenian la capacidad de humanizarlos y
civilizarlos. Europa consagro sus mejores energias a esta
noble mision, pero no tuvo suerte. Casi um siglo y médio
después, en el ano de 2007, el estadunidense James Watson,
premio Nobel de Medicina, afirmo que estd cientificamente
demostrado que los negros siguen siendo menos inteligente

que los blancos.
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RESUMO

Um grande desafio para os geneticistas da atualidade € desvendar as relagdes
que 0s genes ou regides génicas, bem como suas varidveis, ttm com determinados
fenotipos. Deste modo as abordagens apresentadas neste estudo buscaram ajudar a
desvendar a conexdo entre alguns destes genes/regides génicas com variacoes
morfologicas e metabodlicas em populacbes humanas e em outros mamiferos. Os
resultados deste trabalho foram apresentados sob a forma de artigos cientificos, sendo

que os resultados podem ser resumidos como segue:

1) Hunemeier et al. 2009. TCOF1 T/Ser variant and brachycephaly in dogs. Animal
Genetics; 40(3):357-358. Neste trabalho foi demonstrado que o polimorfismo do éxon 4
(C396T, Proll7Ser) do gene TCOFL1, esta envolvido nos mecanismos de variacao
morfoldgica da face, sendo encontrado com mais fregliéncia em cées braquicéfalos do
que meso e dolicocéfalos, porém esta associacdo ndo € direta como descrita
anteriormente. Foram encontrados cdes dolicocéfalos homozigotos para o alelo T/Ser,
bem como cées braquicéfalos homozigotos para o alelo C/Pro. Considerando a intricada
rede de regulacdo e expressdo deste gene, a mutacdo por nés estudada pode ser co-

dependente de outras variantes na mesma rede de interacao génica;

2) Hunemeier et al. FGFR1 gene haplotype tag-SNPs, linkage disequilibrium patterns,
and their influence in normal craniofacial variation (em preparacdo para ser submetido
para a revista Human Heredity). Neste trabalho dados de variacdo craniofacial foram
obtidos e comparados atraves de analises uni e multivariadas com polimofismos do
gene FGFR1 (N = 333). O alelo rs46470905 C parece estar envolvido na variagdo
normal relativo ao indice cefalico encontrado em popula¢Ges humanas. Entretanto,

claramente outros fatores da rede de desenvolvimento também parem estar envolvidos.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22H%C3%BCnemeier%20T%22%5BAuthor%5D

Os Dblocos de LD variam em cada grupo populacional investigado, influenciando

também a relacdo de cada background genético com os seus respectivos fenotipos.

3) Hinemeier et al 2010. Population Data Support the Adaptive Nature of HACNS1
Sapiens/Neandertal-Chimpanzee Differences in a Limb Expression Domain. American
Journal of Physical Anthropology. No prelo. DOI: 10.1002/ajpa.21378. Neste artigo
envolvendo o sequenciamento do enhancer HACNS1 em 194 individuos de varios
grupos geograficos foi possivel demonstrar que a acdo da selecdo positiva na linhagem
Homo foi responsavel pela fixacdo das mutacbes especificas encontradas nesta regido
guando comparada com o género Pan. A auséncia de variacao intra-especifica no Homo
sapiens e no Neandertal reforca o papel funcional do enhancer, mantido inalterado
posteriormente pela acdo extrema de selecdo purificadora. Como discutido no artigo, é
possivel que o mesmo esteja envolvido na regulacdo de genes que caracterizam

morfologicamente nosso género, tais como postura ereta e destreza das maos.

4) Hunemeier et al. Gene-culture Dynamics: An Example Involving Native Americans
(em preparacdo para ser submetido para a revista American Journal of Physical
Anthropology). Foi possivel com este estudo determinar que o alelo funcional autéctone
nativo Americano 230Cys do gene ABCAL teve uma origem a cerca de 8.268 + 5.916
anos antes do presente, sendo que o aumento de sua freqiéncia na América
Central/Mesoamérica, poderia estar relacionada com a transicdo de uma cultura
cacadora-coletora para agriculturalista, baseada no cultivo do milho. Este caso seria o
primeiro exemplo bem documentado de evolucdo gene-cultura envolvendo alelo
autoctone nativo americano. Este cenario, no entanto, ndo poderia ser extrapolado para a
América do Sul e América do Norte, visto que sdo duas regides com distintos padrdes

culturais e ecoldgicos.



Conjuntamente estes achados permitem sugerir que as relagdes fendtipo-
genotipo sdo influenciadas por diversos fatores bioldgicos/culturais/ambientais e que a
variacdo existente dentro da espécie humana, é resultado de uma intricada rede de
interacbes genéticas, que atuam em todos os niveis do desenvolvimento.
Adicionalmente, as interacbes desta rede no Homo sapiens sapiens se distingue
daquelas de outros mamiferos, em especial pela acdo catalisadora de processos

derivados justamente da caracteristica que torna nossa espécie singular, a cultura.



ABSTRACT

A major challenge for today geneticists is to unveil the relationships that genes
or gene regions, and its variables, have over certain phenotypes. Thus the approaches
presented in this study sought to help unravelling the connection between some of these
genes / gene regions with metabolic and morphological variations in human populations
and other mammals. The results of these works were presented in scientific papers, and

the results can be summarized as follows:

1) Hunemeier et al. 2009. TCOF1 T / Ser variant and brachycephaly in dogs. Animal
Genetics, 40 (3):357-358. This work demonstrated that the polymorphism of the TCOF1
exon 4 (C396T, Prol17Ser) is involved in the mechanisms of morphological variation
of the face, being found most often in brachycephalic dogs than meso-and
dolichocephalic dogs. However, this association is not straightforward as previously
described. Dolichocephalic dogs were found homozygous for the allele T / Ser, and
brachycephalic dogs homozygous for the allele C / Pro. Considering the intricate
network of regulation and expression of this gene, the mutation that we studied can be

co-dependent on other variants on the same gene network;

2) Hunemeier et al. FGFR1 gene haplotype-tag SNPs, linkage disequilibrium patterns,
and their influence in normal craniofacial variation (in preparation for Human Heredity
journal). In this paper craniofacial variation data were obtained and compared by
univariate and multivariate analyses with polymorphic gene FGFR1 (N = 333).
Rs46470905 C allele seems to be involved in the normal range relative to the cephalic

index found in human populations. However, other factors in the development network



also enjoy being involved. LD blocks vary in each population group investigated, also
influencing the relationship of each genetic background with their respective

phenotypes.

3) Hinemeier et al 2010. Population Data Support the Adaptive Nature of HACNS1
sapiens / Neanderthal-Chimpanzee Differences in the Limb Expression Domain.
American Journal of Physical Anthropology. In press. DOI: 10.1002/ajpa.21378. This
article involved the sequencing of the enhancer HACNSL in 194 individuals from
several continents. It was possible to demonstrate that the action of positive selection in
the Homo lineage was responsible for setting the specific mutations found in this region
when compared with the genus Pan. The absence of intra- specific variation in Homo
sapiens and Neandertal reinforces the functional role of the enhancer, remaining
unchanged after due to extreme action of purifying selection. As discussed in the article,
it is possible that it is involved in regulating genes that characterize our genus

morphologically, such as upright posture and hands dexterity.

4) Hunemeier et al. Gene-culture Dynamics: An Example Involving Native Americans
(in preparation for American Journal of Physical Anthropology Journal). It was possible
to determine from this study that the functional allele indigenous Native American
230Cys ABCA1 gene had an origin about 8268 + 5916 years before present, and the
increase in its frequency in Central America / Mesoamerica could be related to the
transition between the hunter-gatherer to agricultural cultures, the last based on the
cultivation of maize. This case would be the first well documented example of gene-
culture co-evolution involving and indigenous Native American functional allele. This

scenario, however, could not be extrapolated to South America and North America,

\"



since they are two regions with distinct cultural and ecological standards.
Together these findings may suggest that the phenotype-genotype relationships are
influenced by several biological / cultural / environmental factors and the variation
within the species is the result of an intricate network of genetic interactions, which
operate at all levels of development. Additionally, the interactions of this network in
Homo sapiens sapiens is distinguished from those of others mammals, in particular by
the action of catalytic process derived precisely from the characteristic that makes our

species unique, the culture.
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Gendtipo-Fendtipo/Nativos Americanos

INTRODUCAO

Phenotypic variation is the raw material for natural selection, yet
a century after Darwin, it is an almost unknown subject.
Leigh Van Valen, 1974

I. Variagdo Fenotipica

A variacdo fenotipica € tanto conceitualmente quanto historicamente um topico
central na Biologia Evolutiva. A observacdo da variacdo fenotipica foi o alicerce sob o
qual Charles Darwin construiu sua teoria sobre a evolucdo das espécies através da
selecdo natural. Esta mesma variacdo, em nivel inter e intra-especifico, torna-se
fundamento para mais tarde Ernst Mayr, Sewall Wright e outros pesquisadores,
sustentarem uma corrente de pensamento que buscava explicar o surgimento e a
manutencdo da variabilidade sob a luz da genética. Surge a Sintese Evolutiva Moderna,
que incorpora a Teoria da Evolucdo de Darwin os conhecimentos da Genética
Mendeliana. Essencialmente, a Sintese Moderna introduziu a conexdo entre dois
importantes fendmenos, a mutacdo, como fonte primordial de variacdo e a selecdo
natural. No entanto, o cenario envolvendo fendmenos microevolutivos, genes e
caracteristicas fisicas e metabdlicas, que caracterizam as complexas relagbes entre
gendtipo e fendtipo s6 agora, passados 150 anos da publicacdo do livro seminal de
Darwin e cerca de cem anos ap0s a postulacdo da Sintese Evolutiva, comeca a ser

revelado (Rockman, 2008).

Estudos genéticos baseados na filogenia e na homologia tém procurado

desvendar como o genotipo afeta o fendtipo. O pressuposto basico dessas investigacdes

(1]



Gendtipo-Fendtipo/Nativos Americanos

estaria fortemente correlacionado a selecdo natural, pois homologia de fendtipos
implicaria na subjacente homologia de gendétipo. Muitos exemplos envolvendo regides
muito conservadas tém sido usados para sustentar este pressuposto. No entanto, existem
situacBes que fogem deste contexto, pois fenétipos idénticos ou similares pode ser
resultado de mutacBes em genes ou regides génicas diferentes, ja que normalmente
muitos genes estdo conectados através de redes funcionais e regulatérias. Da mesma
forma, mutages idénticas num determinado gene ndo necessariamente levam ao mesmo
fendtipo, justamente porque o background envolvendo os demais genes da rede
funcional e regulatéria pode ser diferente. Por exemplo, nosso grupo de pesquisa
demonstrou recentemente (Paix&o-Cortes et al., 2010a, 2010b) que a variante 240Pro
localizada no exon 3 do gene PAX9 seria a responsavel pelo padrdo de agenesia do
terceiro molar em populacdes do sul do Saara. Porém, fora da Africa o alelo variante
ndo explicaria sozinho altos niveis deste tipo de agenesia tanto em europeus quanto em
asiaticos. Os autores também investigaram cerca de 6.000 SNPs em 101 outros genes do
desenvolvimento dentario e constataram que o background genético desta rede era
diferente na Africa e fora dela, o que poderia justificar os resultados encontrados com o
polimorfismo Ala240Pro do PAX9, bem como a existéncia de um complexo dentério
africano ha muito tempo reconhecido na literatura. Paixdo-Cortes et al. (2010a, 2010b)
concluem que os diferentes complexos geneticos estariam estavam sujeitos a acdo da
selecdo natural, provavelmente relacionados com a dispersdo dos humanos modernos

para fora da Africa.

(2]
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O contexto do trabalho apresentado acima salienta que para o entendimento da
conexd@o genotipo e fendtipo é fundamental uma abordagem multidisciplinar. A afericdo
do fendtipo por métodos como a morfometria, por exemplo, tem um papel importante
em estudos desta natureza a medida que fornece métodos para quantificacdo da variacdo
fenotipica de forma e tamanho. A biologia do desenvolvimento, de forma complementar
da suporte para 0 melhor entendimento das relaces temporais e espaciais da expressao
génica durante o desenvolvimento de determinado organismo. Outro pilar importante
para a compreensdo da variacdo fenotipica e genotipica deve ser firmemente embasado
na Genética de Populagdes, pois esta busca desvendar o papel da selegdo natural, deriva
genética, padrdes de fluxo génico, estruturagdo e tamanho populacional, geografia e
cultura, no surgimento e manutencdo de determinado gendtipo e consequentemente de

determinada e correspondente caracteristica fenotipica.

Finalmente, ao se estudar o Homo sapiens sapiens devemos ainda acrescentar ao ja
complexo contexto descrito acima mais um fator adicional: cultura. Como veremos
nesta tese, habitos culturais podem ser catalisadores de fatores evolutivos envolvidos na
geracdo e manutencdo da diversidade, com significante significado na conex&o

gendtipo-fendtipo.

1. Genotipo-Fendtipo

Do ponto de vista genético, existem vérias teorias em relagdo aos efeitos de

variagcdes no genoma sobre o surgimento e manutencdo de determinado fendtipo. Nei

3]
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(2007) ao analisar a expressdo de genes que possuem expressdo importante nos
primeiros estagios do desenvolvimento, e que alteragdes em estes genes levariam a
mudancas fenotipicas importantes, propde que a variacao fenotipica morfoldgica inter e
intra-especifica seria resultado de mudangas em poucos genes, que atuando sozinhos ou
interagindo entre si, produziriam grande efeito sobre algumas caracteristicas fenotipicas.
Dada a complexidade da diversidade morfoldgica existente, € provavel que genes de
maior efeito estejam associados a muitos outros genes de pequeno efeito, atuando em
diferentes etapas do desenvolvimento (e.g. Cor de pelo e olhos em varias espécies;
tamanho das patas em cées), ainda que os genes de grande efeito possam ser
responsaveis sozinhos pela expressdo de caracteres em alguns casos (e.g. IGF1 em cées,

Sutter et al. 2007).

Deste modo ndo se pode pretender que desvendar a conexao entre genotipo e
fendtipo seja uma tarefa facil, ainda mais quando estas estariam relacionadas a
variacfes normais dentro de uma mesma espécie. Neste contexto, estudar os padrbes de
variacdo de gendtipos e fendtipos dentre e entre populagbes humanas é fundamental
Além disso, estudos em nivel populacional permitem desvendar as forcas evolutivas que
atuam/atuaram na diferenciacdo destas populacdes, e se estas diferencas seria produto

de fatores estocasticos ou néo.

(4]
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I11. Variacdo Morfologica Normal e Genes de Maior Efeito

Considerando o que foi exposto, é esperado que varios genes estejam envolvidos
na morfologia craniofacial humana, assim como outros fatores mecanicos, ambientais, e
epigenéticos (Enlow, 1990; Roseman, 2004; Coussens e Dall, 2005). Um exemplo da
complexa interacdo desses varios fatores pode ser visto na extensa variagdo de fenotipos
craniofaciais existentes nas diversas popula¢des humanas. Além disso, é bem conhecido
a relativamente rapida mudanca que ocorreu no cranio na evolugdo da linhagem
hominidae (Lawson et al., 2006). Até o momento, varios genes foram relacionados as
variagBes craniométricas normais em vertebrados (Kim et al., 1998; Lawson et al.,
2006; Richsmeieret al., 2007). Porém, os mesmos teriam uma significativa redundancia
entre si, resultando no fato de que mutagcdes em genes diferentes podem freqlientemente
levar a fen6tipos similares (Kim et al., 1998), o que torna mais complicado desvendar a
conexao entre gendtipo e fendtipo. Os ultimos autores também evidenciaram o grande
nimero de substituicbes nucleotidicas em genes envolvidos no desenvolvimento
craniofacial. O papel que esta variabilidade genética desempenha na diversidade

normal, entretanto, permanece desconhecida.

O controle genético do desenvolvimento craniofacial tem sido o foco de
varios estudos nos ultimos anos envolvendo modelos animais, mas em humanos, as
investigacOes estdo particularmente concentradas em individuos afetados por diversas
alteracOes craniofaciais sindromicas e ndo-sindrémicas (Howard et al., 1997; Francis-
West et al., 2003; Albuisson et al., 2005). Poucos estudos tém proposto identificar

variagfes que poderiam estar relacionadas a diversidade craniofacial normal. Para que
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um gene seja indicado como um bom candidato para estudos que visam desvendar a
relacdo deste com caracteristicas morfologicas, ¢ avaliar se ha alguma evidéncia

funcional de que o mesmo esta envolvido com o trago fenotipico em consideracao.

Com base nisto e na teoria de genes de grande efeito (Nei, 2007) é possivel
especular que genes envolvidos em situagcdes patoldgicas sejam bons candidatos para
estudos que visam identificar as causas moleculares que levam as variagdes normais
encontradas dentro e entre espécies. Essa estratégia, por exemplo, tem sido utilizada
com sucesso em estudos com genes para fatores de transcri¢do e sua relagdo com a fala
(Enard et al., 2002) e variacBes dentais dentro da nossa espécie (Pereira et al., 2006;

Paixdo-Cortes et al., 2010a, 2010b).

O complexo craniofacial pode ser dividido em trés regiGes: a base craniana, a
face craniana e caixa craniana (calvaria). Os 0ssos dessas regifes se desenvolvem e
crescem por meio de dois processos diferentes: ossificacdo endocondral e ossificacdo
intramembranosa (Junqueira e Carneiro, 2004). Os 0ssos da base craniana sdo formados
por ossificacdo endocondral, enquanto os 0ssos da calvaria, juntamente com 0s 0sso0s da

mandibula, ocipital e temporal sdo formados por ossificacdo intramembranosa.

Na calvéria, as suturas sdo 0s sitios de crescimento no desenvolvimento
embrionario tardio e pds-natal. Na base craniana hd um tipo de crescimento pos-natal
mais lento, chamado sincondrose, onde ha substituicdo gradual das células, processo
fundamental para todo o desenvolvimento do crénio e do posicionamento da mandibula

e maxila superior (Enlow, 1990).
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Mecanismos de sinalizacdo celular precisos governam esses processos de
crescimento 0sseo, e assim como em outros sistemas do corpo, eles envolvem genes
para fatores de crescimento altamente conservados na trajetoria evolutiva dos
vertebrados, como por exemplo, os FGF (Fibroblast Growth Factor) e os MSXs

(Wilkie et al., 1995).

I11. 1. Bases moleculares e genéticas do desenvolvimento morfoldgico

Os fatores de crescimento de fibroblastos (FGFs) e seus respectivos receptores
(FGFRs - Fibroblast Growth Factor Receptors) estdo envolvidos em varios estagios da
diferenciacdo dos osteoblastos, sendo fundamentais na sinalizacdo que leva a ativagédo
de outros genes, entre 0s quais homeogenes (e.g. Twist e MSXs; Rice et al., 2000). Eles
também tém papel crucial na formacdo e crescimento dos 0ssos da calvaria e base
craniana, regulando a substituicdo de tecidos ao longo do desenvolvimento e

crescimento pds-natal (Helms et al., 2005).

MutagOes em genes que codificam receptores desses fatores de crescimento de
fibroblastos (FGFRs) tém sido identificadas como causas de condrodisplasias,
acondroplasias, hipocondroplasias, assim como craniosinostoses sindromicas e nao
sindromicas (Wilkie, 1997; Passos-Bueno et al., 1999). Todas essas condi¢des causam
anomalias no desenvolvimento e crescimento da regido craniofacial. A craniosinostoses

que € resultado da fusdo prematura das suturas calvarias, leva a assimetrias faciais,
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extrema dolicocefalia ou braquicefalia (dependendo da mutacao), achatamento da face e

possivel retardo mental, dentre outras alteracdes (Wilkie, 1997).

Os genes dos receptores de fatores de crescimento de fibroblastos desempenham
maltiplos e fundamentais papéis na morfogénese craniofacial em varias fases do
desenvolvimento (Helms et al., 2005). Por exemplo, O FGFR1 tem um papel crucial no
desenvolvimento da caixa craniana, enquanto o FGFR3 parece estar associado ao
crescimento dos 0ssos na base do crénio. Muitos estudos tém sido realizados com estes
dois genes, sendo que muta¢es nos mesmos levam a fendtipos com severas anomalias

craniofaciais (Wilkie, 1997; Rice et al.,2003).

A etapa do desenvolvimento em que ocorre o fechamento das suturas da calvaria
parece determinar o formato da caixa craniana, de modo que o fechamento parece ser
dependente do local no gene onde ocorre a mutacdo. Como citado anteriormente,
evidéncias disso sdo as mutacdes que levam aos fendtipos braquicéfalos e dolicocéfalos
patoldgicos (Wilkie, 1997). Vale lembrar que em populagdes normais o indice cefalico
(IC = comprimento lateral/comprimento antero-posterior, onde 1C>80=braquicéfalo,
75<IC<80=mesocéfalo e IC<75=dolicocéfalo; Coussens e Dall, 2005) apresenta
distintas e variadas distribuicdes. Ainda que exista heterogeneidade dentro de uma
populacdo ou regido geografica bem como superposicdo entre populacdes/ no que diz
respeito a estas e outras medidas, existem extremos craniométricos que podem ser

associados a populaces especificas (Roseman, 2004).

O fato de mutacdes no gene FGFR1 resultarem em fendtipos anormais que

apresentam pelo menos alguns tragos morfologicos similares com aqueles encontrados
(8]
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na populacdo normal, levou Coussens e Dall (2005) a desenvolverem o Unico estudo
com este gene em populacdes humanas saudaveis. Os autores analisaram fragmentos
envolvendo todo o gene FGFR1 através de denaturacdo por cromatogréafica liquida de
alta resolucdo (dHPLC) para identificar SNPs que poderiam estar relacionados a
variacdo craniométrica normal dentro da nossa espécie. As medidas morfoldgicas foram
obtidas através de fotografias. Na investigacdo que envolveu 44 individuos de quatro
populacBes distintas identificadas como afro-americanos, asiaticos, aborigines
australianos e caucasoides (australianos, descendentes de britanicos) foram descritos 17
SNPs. Considerando apenas 0os 8 SNPs que apresentavam maior variacdo, foi possivel
identificar 9 haplétipos comuns nos grupos investigados. Destes, trés estariam presentes
em mais do que 87% da amostra como um todo. Foi encontrada ainda uma correlagéo
negativa entre o indice cefalico e o polimorfismo rs4647905 do FGFR1. Esse trabalho,
além de mostrar a associacdo entre um genétipo e uma caracteristica craniométrica
humana pela primeira vez, também corroborou a idéia de que genes envolvidos em
situacdes patoldgicas sdo bons candidatos para estudos que visam esclarecer a natureza

das variacdes craniométricas normais.

O gene TCOF1 codifica uma fosfoproteina que parece estar envolvida no
processamento ribossomal, mas ainda néo esta totalmente clara a fungéo e estrutura da
mesma. A importancia do TCOF1 na morfologia do craniofacial é evidenciada por
estudos de mutagOes nesse gene, correlacionando-o com a chamada Sindrome Treacher-

Collins (TCS). A TCS é caracterizada por mas-formac6es mandibulo-faciais. A maioria
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das mutacdes no TCOF1 que causam a TCS sdo mutagdes que levam a uma proteina

truncada ndo funcional.

Além de uma série de mutacOes diretamente associadas a TCS, ja foram
descritos pelo menos outros 20 SNPs (Single Nucleotide Polymorphisms) na seqliéncia
codificadora de TCOF1 presentes em populacfes normais (Splendore et al., 2000;
2005). Isso implica que hd um SNP a cada 210 pares de bases (pb), 0 que é superior a
média encontrada para genes ativos (um a cada 346 pb). Nas investigacdes dos ultimos
autores, ndo foram detectadas diferencas nas distribuicfes dos alelos entre controles e
pacientes com Sindrome de Treacher-Collins, com exce¢do de um SNP, localizado no
éxon 8. Entretanto, os autores ndo descartaram a possibilidade da associacao ser devido
a problemas amostrais. Além disso, ndo foi possivel estabelecer a relagdo de algum(ns)
deste(s) SNPs com a variabilidade clinica encontrada na Sindrome (Splendore et al.,

2000).

Os individuos controles nos estudos de associagdo realizados nas investigacoes
com o gene TCOF1, sdo europeus ou euro-descendentes, o que inviabiliza inferir
qualquer panorama mais geral sobre a variagdo deste gene em pessoas normais dentro
da nossa espécie. Além disso, os dados disponiveis até este momento ndao permitem
inferéncias sobre a natureza desta variagdo, se é seletivamente neutra ou se é resultado

da acéo da selecéo natural.

Estudos com TCOF1 em outros mamiferos também mostraram resultados
interessantes. Shows et al. (2006) apds investigarem um espécime de macaco do velho

mundo (Rhesus; Macaca mulatta) afetado pela TCS, concluiram que a doenca estava
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relacionada com a expressdo reduzida do gene e ndo com uma mutacdo especifica em
regides codificadoras ou sitios de splicing. Logo, alteracdes em alguma rota regulatoria
pareceriam estar envolvidas com a patologia, e ndo com alguma modificagdo na
estrutura molecular original do gene TCOF1. Os autores também especulam a
possibilidade do TCOF1 estar associado a presenca do sinus maxilar (cavidade no 0sso
da face acima da maxila e abaixo da Orbita ocular) em Rhesus. O sinus maxilar
encontra-se também presente nos grandes macacos e nos humanos. Porém, essa
estrutura ndo esta presente nos demais macacos do velho mundo. Sendo assim, essa
caracteristica craniofacial teria sido perdida ap6s a separacdo dos macacos do velho
mundo e dos grandes macacos/homem, sendo readquirida posteriormente

exclusivamente no ramo filogenético que deu origem ao Rhesus.

Haworth et al. (2001), por sua vez, analisaram esse mesmo gene em treze
diferentes racas de cées, agrupados de acordo com o formato da cabeca. Nesta
investigagdo foi encontrada uma forte associagdo entre uma substituicdo ndo-sinénima
(mutacdo de C396T, Prol17Ser) no éxon 4 e a diferenciagdo craniofacial nos cées. O
alelo variante T/117Ser s6 estava presente em racas que apresentam braquicefalia (e.g.
Bulldog Francés e Boxer). Ou seja, em cdes, uma Unica troca de aminoéacidos foi
associada a marcante retracdo dos 0ssos da face e consequente arredondamento da sua

caixa craniana.

A haploinsuficiéncia do gene TCOF1 leva a deficiéncia das células da crista
neural, o que resulta em severas anomalias craniofaciais. As células da crista neural sdo

populacdes de células migratorias que ddo origem a maioria dos tecidos cartilaginosos e
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0sseos. O TCOF1 apresenta variacdo temporal de expressao nos dois primeiros arcos
faringeos e nas células da crista neural que déo origem aos 0ssos da face, e é expresso
também de uma forma variada em diversos tecidos adultos, como figado pancreas e
pulmé&o (Dixon et al. 2006). Essa variacdo temporal de expressdo possivelmente sugere
um mecanismo regulatorio especifico nas células embrionarias dos arcos e da crista
neural, provavelmente influenciado pela presenca de um elemento ativador, ausente nos

demais tecidos onde ele € expresso na vida adulta (Masotti et al. 2006).

Considerando essa expressdo diferencial temporal durante o desenvolvimento,
pode-se sugerir que mutacBes no promotor do TCOF1 podem alterar os niveis de
expressdo durante o desenvolvimento, podendo esse mecanismo estar envolvido na

diversificacdo das estruturas craniofaciais normais.

Tendo-se em vista a possivel influéncia de genes de maior efeito na variacéo
morfoldgica normal, tanto na diversidade craniofacial quanto em outras caracteristicas
morfoldgicas, dentro e entre espécies, uma alternativa interessante seria em vez de se
estudar diretamente as alteracfes nucleotidicas nas sequéncias codificadores do gene de
interesse, estudar alteracBes nas seqliéncias de elementos reguladores do gene. Neste
contexto, encontra-se o recém descrito enhancer HACNSL1 (Prabhakar et al., 2008), que
atua como regulador de mais de uma dezena de genes importantes no desenvolvimento,
dentre eles, PAX9 e ZNF423. O HACNSL abrange uma regido de 546 pares de base que
contém 16 variagdes em humanos, 13 delas localizadas numa regido pequena de 81pb.
Estas mutacGes ndo estdo presentes em outros primatas, indicando que podem ser

humano-especificas. Em camundongos transgénicos, a introducdo das substituicdes

[12]



Gendtipo-Fendtipo/Nativos Americanos

presentes nos humanos neste enhancer, leva a um aumento da expressdao do mesmo nas
extremidades dos membros, e principalmente nas regides dos polegares das méos. Estes
indicios funcionais levaram os autores a aventar a possibilidade de que este enhancer
poderia estar envolvido ndo s6 nas modificagdes morfoldgicos e estruturais dentro dos
primatas, mas também em caracteristicas exclusivas humanas, tais como polegares
opositores, habilidade manual e locomoc¢éo bipede (Prabhakar et al., 2008). Com base
nisto, tem sido sugerido que essas variantes foram alvo de selecdo positiva na linhagem
humana, e que estariam fixadas em nossa espécie, ndo obstante a auséncia completa de
estudos em nivel populacional que poderiam indicar se estas variacdes estariam fixadas

em todas diferentes populagdes humanas.

Ambos genes TCOF1 e FGFR1, bem como o enhancer HACNS1 estardo

presentes nos estudos conduzidos para a presente tese.

I11. 2. Influéncia dos Processos Micro-evolutivos sobre a Diversidade

Craniofacial em Nativos Americanos

Diversos estudos indicam que as diferencas craniofaciais encontradas entre
populacbes humanas poderiam ser o produto de adaptacdes a condic¢Bes climaticas,
sugerindo que a base genética que sustenta esta diversidade ndo seja seletivamente
neutra (Roseman, 2004; Havarti e Weaver, 2006), muito embora esta sugestdo esteja
ainda longe de ser um consenso. Recentemente, Relethford (2010) analisou 57 medidas

obtidas para individuos de 22 popula¢fes ao redor do mundo e constatou que para pelo
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menos alguns grupos as variagdes no cranio ndo podiam ser explicadas por um modelo
neutro. Os Buriat (Sibéria) e esquimos, por exemplo, teriam modificagdes no cranio
compativeis com adaptacdo ao frio extremo. Betti et al. (2010) fizeram sugestdes
similares ao analisar mais de 6000 individuos de 105 populagdes e interpretar que
processos neutros estariam mais envolvidos as mudancas na forma nos cranios, porém
sinais de adaptacdo climéatica poderiam ser encontrados em popula¢bes de climas
extremos, em especial para tragos especificos. O indice nasal (proporcao da largura pelo
comprimento X100) assim como a largura da face, por exemplo, ambos vistos em
cranios braquicéfalos como o dos Esquimds, seriam tracos sujeitos a selecdo natural

visto estarem diretamente envolvido com a termoregulacéo (Betti et al., 2010).

Independentemente se a varia¢do craniométrica normal € o produto do equilibrio
entre mutacdo e deriva genética ou o resultado de selecdo, é reconhecido que essa
questdo tem implicacéo relevante num tema que ha muito vem despertando o interesse
dos pesquisadores, incluindo de nosso grupo de investigacdo: povoamento pré-histdrico
da América (ver exemplos recentes em Wang et al., 2007; Gonzélez-José et al., 2008).
Estes Gltimos autores buscaram integrar resultados de varias areas do conhecimento, tais
como a genética, a morfologia e a linglistica. Pelo modelo proposto populagdes vindas
da Asia permaneceram na Beringia por tempo suficiente para que ali surgissem alelos
nativos-americanos autoctones. Essa populacdo beringiana ancestral era caracterizada
por grande variagdo na morfologia craniana. Apos a submersdo da Beringia, houve
fluxo génico bidirecional baixo, mas constante entre os habitantes do extremo oeste do

Alasca com aqueles do extremo leste da Sibéria, sendo um mito a idéia de que haveria
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um isolamento reprodutivo completo entre 0 Velho e 0 Novo Mundo (Gonzélez-Jose et

al., 2008).

IV. Gene-Cultura e sua importancia na conexao genotipo-fenotipo

Praticas culturais humanas tem alterado drasticamente as condi¢cGes ambientais e
de comportamentos, promovendo rapidas e marcantes mudancas em nivel
genotipico e fenotipico bem como em suas interconexdes (dindmica da co-evolugédo
gene-cultura; Laland et al., 2010; Richerson et al., 2010). Um evento
particularmente importante na histéria do Homo sapiens sapiens, que
definitivamente foi um gatilho poderoso no estabelecimento de um novo ciclo de
co-evolugéo gene-cultura, foi o desenvolvimento da agricultura e a domesticagédo de
animais na era Neolitica (~10,000 anos atras). Porém, o impacto do surgimento de
civilizagbes, guiada pela revolucdo agricola e domesticacdo de animais, tem sido
amplamente estudada. A maioria destes estudos, no entanto, estd focada nas
enfermidades infecciosas e ma-nutricdo que ocorreram quando sociedades menos
complexas foram incorporadas a civilizagbes mais complexas (i.e. formacdo do
Império Inca nos Andes; conquistas Aztecas no México, etc). Detalhes relacionados
as mudancas ocorridas na transicdo de bandos de cacadores-coletes para sociedades

agriculturalistas na América, e suas conseqliéncias, tem sido relativamente pouco
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explorados quando comparados aquela ocorrida em outros continentes (Bocquet-

Appel e Bar-Yosef, 2008).

A transicédo para a agricultura tem sido amplamente considerada como um ponto
inicial para o surgimento das civilizagdes e os elementos dela decorrentes (Johnson
e Earle, 1987; Bocquet-Appel e Bar-Yosef, 2008), trazendo beneficios nutricionais
que se refletem em mudancas em caracteristicas fenotipicas tanto morfoldgicas
quanto metabdlicas. No entanto, ainda que estas vantagens sejam observadas em
longo prazo apds a estabilizacdo dos meios de produgdo de alimento, durante um
largo periodo o processo de transicdo para agricultura levou a deficit nutricionais,
diminuindo os indices de salde nas populacdes que passavam de estratégias

cacadoras-coletoras para agriculturalistas (Blake, 2006).

Kennet et al. (2006) propuseram modelos ecoldgicos para a origem da producao
de milho na Mesoamérica, comparando modelos ecologicos de modo de vida
cacador coletor com agriculturalistas incipientes por meio da taxa de retorno em
cada modo de vida. A taxa de retorno seria a relacéo entre o dispéndio de energia de
um individuo para buscar comida pelo valor energético adquirido pelos alimentos
obtidos. Cacadores-coletores tenderiam a maximizar o ganho de energia,
selecionando fontes de alimento de bom retorno energético, tendo uma variedade
maior de alimentos a disposicdo e alterando sazonalmente as fontes de recursos
naturais. Além disto, as populagbes nativo-americanas cacgadora-coletoras
dificilmente enfrentavam periodo irregulares de obtencdo de comida, sendo

populacBes na maioria ndbmades, ou pequenos grupos, que se deslocavam em busca
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de alimento, ou se estabeleciam em regides ecoldgicas suficientemente abundantes

para suprir o grupo.

Em contrapartida, o investimento na agricultura ndo era um processo direcional
de ganho incondicional, como poderia ser facilmente dedutivel partindo do grande
sucesso obtido pelas sociedades agriculturalistas do velho e novo mundo. De acordo
com Blake (2006), para que a agricultura fosse benéfica em termos de taxa de
retorno energético, foi necessario um periodo de cerca de 4000 anos de
desenvolvimento e melhoramento da agricultura do milho pelas sociedades
Mesoamericanas. Estudos embasados na analise de 0ssos e dentes provenientes de
varias sociedades pré-colombianas do México (Steckel et al. 2002), corroboram o0s
estudos de modelos ecoldgicos de taxa de retorno, mostrando um stress nutricional
acompanhando o surgimento das cidades e decorrente crescimento populacional

(Figura 1).

Quando a comparacédo de indices de salude é realizada usando 0ssos e dentes de
sociedades cacadoras-coletoras nativos americanas que evoluiram para sociedades
agriculturalistas nativo-americanas (Figura 2 e 3), o declinio nestes indices ao longo
de milhares de anos é mais evidente, mostrando claramente que a mudanga nos
habitos alimentares e o investimento na manutencdo de uma nova dieta foi durante

muito tempo desvantajoso (Steckel and Rose 2002).

Do ponto de vista evolutivo, alguns dos mais interessantes sinais de selecéo
natural tem sido atribuidos a adaptaces a dieta em humanos. Estas adaptacdes a

especializacbes na dieta sdo exemplos da interacdo gene-cultura na historia

(17]



Gendtipo-Fendtipo/Nativos Americanos

evolutiva de diferentes popula¢fes humanas. Ainda que a cultura tenha direcionado
a nossa diversificacdo de cultivares, por meio da necessidade de implementacédo da
agricultura e pecuaria para manutencdo das cidades, ela age sobre uma variabilidade
genética pré-existente que habilita ou ndo certos individuos dentro de uma
populacdo ndo somente a diferentes dietas, mas também capazes de suportar o

estresse nutricional proveniente da transicdo a agricultura.

Hancock et al. (2010) correlacionaram dados de variagdo em frequencias alelicas
de alguns polimorfismos com sua eco-regides. Populagdes com dietas ricas em
tubérculos e cereais apresentaram freqiéncias mais altas de algumas variantes
alélicas relacionadas em estudos de associacdo anteriores a metabolismo de amido e
sucrose, enquanto populacbes polares apresentavam altas freqliéncias de variantes

alélicas que haviam sido relacionadas com outros metabolismos energéticos.

Outro estudo importante que torna evidente o papel da cultura no processo
adaptativo de diferentes grupos humanos a agricultura e a pecuaria, diz respeito a
possivel selecdo do alelo 47His (rs12299840 do gene ADH1B (Class | alcohol
dehydrogenase) em populacdes leste-asiaticas em virtude do cultivo de arroz (Peng
et al. 2010) e a adaptacao independente a cultura do leite de europeus e arabes, cada
populacdo como um mecanismo independente levando ao mesmo fenotipo

metabdlico de intolerancia a lactose (Ennattah et al. 2008).

Em um trabalho recente de nosso grupo (Acuna-Alonzo et al. 2010; apéndicel),
foi descrito o primeiro alelo nativo-americano exclusivo, funcional e positivamente

selecionado, o alelo 230Cys do gene ABCA1l. Esta variante autoctone nativo-
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americana tem sido associada, em varios estudos, com sobrepeso e doencas
correlacionadas (diabetes e doencas cardiovasculares) em populacdes amerindias e
mesticas. Individuos homozigotos para o alelo variante (230Cys) apresentarem uma
taxa de efluxo de colesterol 30% menor do que individuos que possuem o alelo
ancestral, o que indicaria que este fendtipo metabolico poderia favorecer uma maior
resisténcia a estresses nutricionais. Os autores tambeém encontraram sinais de
selecdo positiva no haplotipo onde o alelo variante é encontrado. Seria o primeiro
exemplo bem fundamentado da chamada hip6tese do alelo/genétipo frugal (Neel,

1962) em nativos americanos.

O estudo de Acuna-Alonzo et al. (2010), no entanto, ndo explorou as razdes para
a ocorréncia da varredura adaptativa (seletive sweep) relacionada ao alelo variante.
Tendo em vista que este caso pode representar um exemplo de como os fatores
evolutivos interconectados como habitos culturais estdo envolvidos na geragdo e
manutencdo da diversidade e seu significado na conexdo genotipo-fenétipo, um

capitulo desta tese sera dedicado a isso.
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Box 1. A Health Index

Estimated Height

Dental Caries, Abscesses,
and Tooth Loss

Porotic Hyperostosis

Cribra Orbitalia

Dantal Hypoplasia

-+ *

Skeletal Robusticity

Traumatic Injuries

A el |

" -y

Degenerative
Joint Disease

Osteoperiostitis

® A multiple-attribute measure of health

< The attributes are stature; signs of iron-deficiency anemia; enamel hyp-

oplasias; dental health; degenerative joint disease; trauma; and skeletal infec-
tions.

® The index is an additive measure, ignoring the effects of interactions among
aftributes on functional capacity.

® Aftributes are scored for individuals by severity on a scale of 0 (worst) to
100% (best).

® Scores for each attribute are converted to age-specific rates in six age
categories: 0—4; 5-14; 15-24; 25-34; 35-44: and 45+.

® Age-specific attribute scores are multiplied by the relative number (pro-
portion) of person-years lived within each age group in a synthetic population
(Model West level 4, with life expectancy of 26.4 years and growth rate of 0).

® The sum is multiplied by 26.4 years and expressed as a percent of the
maximum attainable, which is 26.4.

® The results for each attribute are averaged (weighted equally) in the overall
index.

# The current version incorporates pathological lesions only.

# Length of life could be added in a modified version.

Figura 1. Indices nutricionais em cidades mexicanas pré-colombianas
baseados em dados dentais e osteoldgicos (Steckel et al. 2002).
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Figura 2. Tendéncia de diminuicdo do indice nutricional em populagdes pré-colombianas
ao longo do tempo, baseado em dados osteoldgicos (Steckel et al. 2002)
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Figura 3. Indice nutricional e modo de socializagao (Steckel et al. 2002).
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RESULTADOQOS

Os resultados deste trabalho serdo apresentados na forma de quatro artigos,
apresentados de acordo com a sequiéncia de temas introduzidos acima. Adicionalmente

um quinto artigo sera apresentado no apéndice I.
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Hinemeier T, Salzano FM, Bortolini MC. 2009. TCOF1 T/Ser variant and

brachycephaly in dogs. Animal Genetics; 40(3):357-358.
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Radiation hybrid mapping of six porcine genes
of the matrix metalloproteinase family

X. Wu and Y. C. Pan

Department of Animal Science, School of Agriculture and Biology,
Shanghai Jiao Tong University, 800 Don Chuan Road, Shanghai
200240, China

Accepted for publication 7 November 2008

Source/description: Proteins of the matrix metalloproteinase
(MMP) family are involved in the breakdown of extracellular
matrix (ECM) in normal physiological processes such as
embryonic development, reproduction and tissue remodelling.
MMP9, MMP12, MMP13, MMP14, MMPI15 and MMP20
genes are members of MMP family, and the MMP9 gene has
been implicated as the major facilitator of ECM degradation.>

Primer designation, PCR condition and sequencing: Primers for
porcine MMP13, MMP15 and MMP20 genes were designed
according to ¢DNA sequences of human homologous genes
(GenBank accession numbers are NM_002427, NM_002428
and NM_004771) (Table S1). The primers for MMP9, MMP12
and MMP20 genes were designed based on pig sequences from
NCBI (GenBank accession numbers are NM_001038004,
NC_000011 and NM_214239) (Table S1). The amplified
products were obtained in 20 pl reaction volume consisting of
50 ng of porcine genomic DNA, 1x polymerase chain reaction
(PCR) buffer, 0.3 um of each primer, 75 pm of each dNTP,
2.0 mm MgCl; and 2 U Tag DNA polymerase (Tiangen). The
PCR conditions were as follows: 95 °C for 5 min and 30 cycles
of 94 °C for 20 s, 56-58 °C for 20 s and 72 °C for 20 s, fol-
lowed by a further 8-min extension at 72 °C. The PCR products
were purilied with a PCR purification system (Tiangen) and
sequenced. The identities of the PCR products amplified from
genomic DNA were confirmed by sequence analysis.

Chromosomal location: The six genes were mapped (Table 1)
using a whole genome porcine radiation hybrid panel
(IMpRH),** and mapping results of the six genes were analysed
using the IMpRH mapping tool® (http://imprh.toulouse.inra.fr/).
The PCR typing of each gene was carried out in duplicate.

Comments: Our mapping results are consistent with the known
human-pig comparative map (http://www.toulouse.inra.fr/lgc/
pig/compare/SSC.htm). Locations of the six genes are reported

Gendtipo-Fendtipo/Nativos Americanos

by choosing the closest markers. In human, MMP12, MMP13
and MMP20 are parts of a cluster of MMP genes, which localize
to chromosome 11g22.3. However, the porcine MMP1 3 and
MMP20 genes were mapped on SSCY9, while the porcine
MMP12 gene was mapped on SSC2.

Acknowledgements: The authors would like to thank Dr Martin
Yerle for kindly providing IMpRH. This work was supported by
the National Basic Research  Program of China
(2006CB102102) and National Basic Research Program of
China (2004CB117502).
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TCOFT1 T/Ser variant and brachycephaly in dogs
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Departamento de Genética, Instituto de Biociéncias, Universidade
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Background: The central goal of genetics is to understand how
heritable information encoded in the genome determines the

Table 1 Radiation hybrid mapping of six porcine matrix metalloproteinase genes.

GenBank Acc. no. Retention LOD Closest Dist Human

Gene (porcine) (%) score marker (cR) Chr localization'
MMPS FJ263936 22 6.92 SW1031 057 17923 20q11.2-q13.1
MMP12 FJ263937 33 6.05 ADM 0.62 2qg21 11922.3
MMP13 FJ263938 34 5.13 SWR1848 0.74 9p13-p21 11q22.3
MMP14 FJ263939 29 7.72 TCRA 0.51 7q21 14q11-q12
MMP15 FJ263940 25 8.59 SW2525 0.45 6p14-p15 16q13-g21
MMP20 FJ377370 34 5.26 SW539 0.73 9p11-p13 11q22.3

"The locations of genes of the human map were obtained from http://www.ncbi.nlm.nih.gov/.
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Brief Notes

phenotype of an organism,! and the search for functional
variants has been intense. Dogs evolved through mutually
beneficial relationships with humans, and artificial selection
has generated >350 distinct pure breeds, most of them over the
past 250 years. Despite their recent origin, modern breeds
present large differences in morphological and behavioural
traits, larger than those observed among many genera of wild
canids. This notable diversity contrasts with a low variation
within individual breeds, suggesting that a limited number of
genes are responsible for some of the phenotypic differences
between breeds.

In a recent review.” the authors suggested that these and
other characteristics make the domestic dog an excellent model
for the investigation of the genetic basis of disease susceptibility,
morphological variation and behavioural traits. Association
studies with candidate genes have been one of the strategies
frequently wused to identily
breeds.?® One example is the TCOF1 gene, which functions in
craniofacial development. Mutations in this gene cause Trea-
cher Collins—Franceschetti Syndrome 1 in humans and in other
primates.®” Considering the possibility that some variant of this
gene could be responsible for ‘normal’ skull/face variation in

functional variants between

dogs, Haworth et al.? cloned and sequenced the canine homo-
logue of the human TCOF1 (GenelD in Canis familiaris: 403592
and location on CFA4 at 61.902—61.942 Mb) in several breeds.
Their investigation revealed that a single C—T substitution at
position 396 of TCOF1 exon 4, which results in a p.Prol 178er
amino acid change, displayed a highly significant association
with brachycephaly (broad skull/short [ace, as [ound in the
Boxer, English Bulldog and Pekingese breeds).

Here we test the hypothesis that the presence of a serine (or
loss of proline) at position 117 of the TCOF1 protein could be a
significant predisposing factor for canine brachycephaly, as
Haworth et al.’s result is frequently cited as an instance where a

. . . o 2.8
functional variant was identified. >

Materials and methods: Our data were obtained from a sample of
95 dogs of 16 different pedigree breeds collected at a dog clinic,
which were classified independently by two trained veterinari-
ans according to head shape as dolichocephalic (narrow skull
and a long face)., mesocephalic (moderate skull with medium
length face) or brachycephalic (Table S1). All the dogs came
from the Porto Alegre area and were genetically unrelated.
Genotype CC/ProPro, CT/ProSer or TT/SerSer identification was
obtained by RFLP using primers, the Hpall enzyme, and other
methodological conditions described in Haworth et al® In
addition, DNA sequence ol all brachycephalic dogs that did not
present the T/Ser allele was performed to confirm the genotype,
as well as of two dolichocephalic dogs used as controls. The
MegaBace500 (Amersham Biosciences) or ABI3730 (Applied
Biosystem) sequencing machines were used to obtain the
results according to standard procedures.

Results and discussion: Our data reveal that C/Pro is found in
homozygosity in several brachycephalic breeds such as Boxer,
French Bulldog, Pekingese and Shih Tzu, while T/Ser is
observed in homozygosity in dolichocephalic breeds like
Dachshund (see also Fig. S1). The T/Ser [requencies obtained by

us in the three categories of animals were: dolichocephalic,
0.28; mesocephalic, 0.21: brachycephalic, 0.32, which are not
statistically different (P > 0.05). These results contradict the
findings of Haworth et al.® The reasons for the discrepancy may
be that only five brachychephalic animals had been tested by
them. Results based on small samples and several comparisons
can easily show associations simply due to chance. Note also
that although dog breeds are genetically quite homogeneous,
the three French Bulldogs we tested were CC/ProPro homo-
zygotes, not a TT/SerSer homozygote, as found in the French
Bulldog tested by Howarth et al.®> Tt is probably that other
genetic and/or epigenetic factors also act to define face shapes
in dogs. Dog breeds show clear diversity in morphology, but the
extent to which they differ in their genomes as a whole remains
to be established. Any association study involving them should
be carefully evaluated and subjected to replication.
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Figure S1 Hpall restriction digest fragments of ¢.396C>T
TCOF1 exon 4 segment from different dog breeds: (a) Boxer,
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SUPLEMENTARY DATA

Figure S1. Hpall restriction digest fragments of ¢.396C>T TCOF1 exon 4 segment from
different dog breeds: a) Boxer, B) French Bulldog, ¢) Boxer, d) Dachshund, e) Labrador, f)
Dachshund, g) Shih Tzu, h) Collie, and 1) Shi Tzu.
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Table S1. Genotype and allele distributions of the ¢.396C=T (p.Prol17Ser) polymorphism in

dog breeds with different head shapes

1 Head
Dog breed o shape' Genotype Allele (%)
CccC CT T C T
1 Boxer 17 B 4 5 8
2 French Bulldog 3 B 3 0 0
3 Bulldog 5 B 2 3 0
4 Pequingese 5 B 4 1 0
5 Shi-Tzu 11 B 9 2 0
Total brachycephalic 41 22 11 8 67 33
6 Akita 9 M 8 1 0
7 Bichon Frise 1 M 1 0 0
8 Dalmatian 3 M 2 1 0
9 English Sheepdog 1 M 1 0 0
10 Labrador Retriever 7 M 4 2 1
11 Rottweiler 6 M 4 2 0
12 Mini Schnauzer 4 M 0 3 1
Total mesocephalic 31 20 9 2 79 21
13 Bull Terrier 1 D 0 1 0
14 Collie 4 D 4 0 0
15 Daschund 17 D 7 8 2
16 Whippet 1 D 1 0 0
Total dolichocephalic 23 12 9 2 72 28

' = number of animals tested: B=brachycephalic. M=mesocephalic, D=dolichocephalic.
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Introduction

Nei (1987, 2007) proposed the so-called "Major Gene Effect Hypothesis", where
morphological evolution would occur by the action of a small number of mutations of
large effect on structure (s) and / or regulatory (s) gene (s). However, most of the
normal morphological variation can be attributable to several genes, as well as to other
mechanical, environmental, and epigenetic factors. All these elements have been related
to normal vertebrate craniometric variation (Kim et al., 1998, Lawson et al., 2006;
Richsmeier et al., 2007). Additionally, genes would have a significant redundant effect,
since mutations in different genes can often lead to similar phenotypes (Kim et al.,

1998), making even more complicated the genotype-phenotype connections.

Several genes are involved in human craniofacial morphology (Enlow, 1990; Roseman,
2004; Coussens and Dall, 2005), among them the Fibroblast Growth Factor Receptors
(FGFR )genes, with an important role in various stages of craniofacial development
(Helms et al., 2005). For example, FGFR1 is crucial in skull development, while
FGFR3 seems to be associated with bones growth at the skull base. Many medical
studies have been conducted with both FGFR1 and FGFR3, since mutations in them
lead to phenotypes with severe craniofacial anomalies (Wilkie et al., 1997, Rice et al.,
2003). A large number of mutations have been identified in pathologic cases, suture
closure/fusion patterns heterogeneity, leading to a wide range of facial morphologic

differences.

To test the influence of these suture-closure/fusion processes in normal craniofacial

variation, Coussens and Dall (2005) developed one FGFR1 study in healthy human
(30]
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populations. They sequenced the entire gene in African-American, Asian, Caucasian
and Australian Aborigine individuals. Forty four of them had their craniofacial traits
also measured. A total of 17 SNPs were identified, but only eight of them showed high
variation between the four investigated populations. Nine common haplotypes could be
inferred from these eight SNPs, three being the most common in all populations.
Coussens and Dall (2005) also identified two haplotype tag SNPs (htSNPs) (rs4647905
and rs3213849) responsible for > 85% of the diversity in each population. As a
consequence, those two htSNPs could be very useful for population and association
studies. In addition, a negative correlation between rs4647905 and the cephalic index
(CI), one of the classical measures of head shape, was found, suggesting that the variant
allele (C ) would be associated with a decrease in this index (Coussens and Dall, 2005).
It is known that a significant portion of the differences in human physical
appearance, susceptibility to diseases, and other traits found within and between human
populations can be attributable to genetic variants (Bamshad and Wooding, 2003). For
Instance, allele frequencies can be significantly different between Asians and Native
Americans, and variants which exist in Asians may be absent in Native Americans or
vice-versa (see examples of private Native American alleles in Rosenberg et al., 2009;
Acufa-Alonzo et al., 2010). This sort of information is fundamental to help detect signs
of association between one allele/haplotype and a specific phenotype, since it is
expected that part of these alleles are functional. Furthermore, associations or linkage
disequilibrium (LD) levels found in one population cannot be extrapoled to others.

Africans generally have lower levels of LD (Lonjon et al. 2003), whereas Native

(31]
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Americans have high LD values. This happens for several reasons, and is related to the

evolutionary histories of each population (Amorim et al. 2010).

In this context, we performed a study to evaluate the distribution of the FGFR1
haplotypes in a large healthy native sample (N= 333) from different continents (Africa,
Asia, Europe, and America). Additionally, Mexican mestizos were also investigated.
Several craniofacial parameters were obtained in a subset of our Native American and
Mexican sample to detect possible associations between FGFR1 polymorphisms and

craniofacial indexes.

Subjects and Methods

Population Samples

For this purpose, craniofacial data were obtained from 136 individuals belonging
to three groups: Mexican mestizos from the city of Tepango and Mexico city (Central
Mexicans), and Totonaco, a Native American people from Sierra de Puebla, Mexico.
We also collected blood from each individual to extract DNA via standard methods.
Additionally 107 Native Americans from five populations (Kayapo, Kaingang, Xavante,
Yanomama and Baniwa), 39 individuals from two European populations, 26 South
Saharan Africans and 25 Siberian Eskimos were studied at the DNA level, without
craniofacial information. All the subjects gave informed consent to participate in the
study. Ethical approval for the present study was provided by the Brazilian National
Ethics Commission (CONEP; resolution number: 1333/2002) and by ethics committees

in the countries where the non-Brazilian samples were collected.
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Craniofacial indices

Craniofacial indices (Table 1 and 2) were obtained from the 136 individuals.
Using sliding and spreading calipers nine direct craniofacial metrical measures were
performed; linear lengths, widths and heights were achieved considering two major
components (neural and facial). In addition, based on these values we calculated eight
standard craniofacial indices. Indices values were grouped into categories (Comas,
1976). In order to minimize any accumulative error the anthropometric technique was

made following the international agreements and by only one observed (JAGV).

FGFR1 polymorphisms

Genotyping for the five FGFR1 polymorphisms was performed using TagMan
assays (ABI Prism 7900HT Sequence Detection System; Applied Biosystems); the two
htSNPs (rs4647905 and rs3213849) that represent >85% of the FGFR1 gene haplotype
variability, plus three other SNPs (rs2304000, rs2293971, and rs930828) were
investigated to evaluate population diversity.Haplotype phases are inferred with Beagle

3.2.1 (Browning and Browning 2007), and LD analysis was performed with Haploview

software (Barret et al. 2005).
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Data Analysis

The statistical analyses were carried out in three stages; first we cross-tabulated
the observed and expected frequencies for the total number of cases classified by
indices considering FGFR1 genotypes for each population. Association between
common htSNPs and craniofacial phenotypes was tested using Chi-square tests
separately by population data. Secondly bar graphs representing population mean
indices values were obtained and the Shapiro-Wilk's Goodness of Fit test calculated us
to determine whether or not the variables a normal distribution of the variables. The
minimum, maximum, mean, standard deviation, skewness, and Kkurtosis of each
measurement were calculated grouped according to FGFR1 genotype, considering the

different populations.

As was done by Coussens and van Daal (2005), we normalized (using Blom’s
transformation) and ranked the indices values to obtain new variables for the linear
regression analysis. The indices were ranked using sequential ranks for unique values
procedure implemented in the SPSS software to assume that the critical assumptions
underlying conventional regression models were not violated. To test the proportion of
variability due to the htSNPs, the coefficient of determination R? was used; whereas F
statistics determined the likelihood ratio of the explained variance by the residual sum

of squares.

A set of categorical and continuous multivariate analyses were also preformed.

Multiple correspondence (MC) analysis was applied to analyze the pattern of

(34]



Gendtipo-Fendtipo/Nativos Americanos

relationships of several categorical dependent variables at the same time (htSNPs and
indices classifications); considering all the possible Chi-square combinations. This
procedure can be seen as a generalization of the principal component analysis when a

Chi-square matrix is used instead of correlation or variance-covariance matrices.

A Principal Component Analysis (PCA) was also performed to reduce the metric
data to a smaller number of dimensions (Figure 1). Four PCs were obtained reducing
50% of the original variables with cumulative variance > 80%. The PC scores were
obtained and plotted separately; bars represent the contribution of every craniofacial
index to each PC. Principal component values were grouped according to genotype and
were graphically illustrated through box-plots. Finally, to analyze PCs and htSNPs
correlations we computed Spearman’s rho coefficient between all possible pairs
including the original indices. Sex differences were considered by independent-sample
t-tests. In all cases the significance was placed at « = 0.05. All the statistical analysis
was carried out using the SPSS (V. 17.0) software

(http://www.spss.com/media/collateral/statistics/ProgDataMgmt_SPSS17.pdf).

Results and Discussion

Regarding the values observed using Chi-square and the Shapiro-Wilk's
Goodness of Fit tests (Table 3), Allele C of the htSNP rs4647905 was associated with
a decrease of the cephalic index (CI) in the Tepango population (y” test with p=0.029),

and with the jugo-frontal (JFI) index in the Central Mexican population (p=0.022);
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htSNP rs3213849 allele T is associated with the prosoptic (P1) index in Tepango (y? test,
p=0.022) and with the jugo-mandibular (JMI) index (y® test, p=0.030) in Central
Mexicans. Additional results based on MC analysis (data not shown) corroborated the
association of JFI and JMI with the rs3213849 FGFR1.

There is a reduction in cephalic index in individuals carrying rs4647905 CC in
Central Mexicans and Totonaco, (Figure 2 and Figure 3), although the values are not
significant. The coefficient of determination indicated that 16.7% of the variance in ClI
was explainable by FGFR1 rs4647905 variant. For the prosopic and jugo-frontal
indices, the coefficient of determination estimated that 23% and 25% of the variances,
respectively could be explained by FGFR1 rs3213849 SNP. The regression analysis for
the three correlations tested furnished a probability of p < 0.001. There was no
significant correlation among PCs and htSNPs. PC1 shows that 28% of the total head
size variability is related with JFI and JMI, whereas PC2 (23%) explains cephalic
indexes. The residual variation is relative to nasal and nasofacial indexes (PC3 = 16%),
and Pl (PC4 = 13%). These results indicate that PC1 is correlated with facial
components, whereas PC2 explains the variability of the neural size (Figure 4, Table 5).

Coussens and Daal (2005) reported an association between CI and the rs4647905
htSNP (allele C would be associated with a decrease in this CI), and they also found no
differences in LD pattern among the populations studied. Our results point to a different
way. When Europeans, Native Americans, Eskimos, Africans and admixed populations
are compared for LD patterns, the two LD blocks found by previous by the two above-
indicated authors are present in Europeans and Central Mexicans only. South

Amerindians have a higher LD level, Tepango Mestizos and Totonacos present just one
(36]
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LD block, while Africans showed the lowest the linkage disequilibrium (Figure 5).

Haplotype distributions are found in Table 5.

The two htSNPs showed some LD degree in all three phenotyped populations.
They are physically located at the gene extremes, rs4647905 in intron 14 (3’region) and
rs3213849 at 5’UTR; there seems to have been recombination event(s) inside the gene
(Coussens and Daals 2005), leading the two blocks to be inherited independently. PC
analysis, as well as association tests, seem to show a slightly different pattern, with
rs3213849 htSNP associating with upper facial features, and rs4617905 htSNP with
cranial shape (due to its association with CI) (Figure 4). This pattern is seen despite the
LD differences among populations. When other populations, such as South
Amerindians are considered, the Xavante, for example, who present high percentages of
hyperdolicocephalic and dolicocephalic individuals, characterized by extreme and low
Cl, respectively (Rodriguez-Delfin et al. 1997), did not present a single rs4617905 C
allele (Table 5). This finding could be interpreted as an LD effect of the alleles in the
blocks involved in that morphological feature. The rs46470905 C allele could be not
directly responsible for the cephalic index variation, but it could be in LD with other(s)
variant(s) that would lead to a decrease in this index.

FGFR1 is involved in a complex gene network that compresses several FGFs
genes and others important genes related to expression in bone junction (Figure 6). Each
FGFRs binds or is activated by a unique subset of FGFs, the specificity of which is

further regulated by the alternative splicing of FGFRs genes (Itoh et al. 2004); therefore
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SNPs in a non-coding region (i.e. htSNPs rs4647905 and rs 3213849) could per se or
by hitchhiking contribute to phenotype differentiation.

Kidd et al (2000) demonstrated, working with a Phenylalanine Hydroxylase
Locus (PHA), that the physical extent of linkage disequilibrium can differ substantially
among populations from different regions of the world, due to both ancient genetic drift
in the common ancestor or to recent genetic drift affecting individual populations. They
also inferred that haplotypes with different PHA mutations might be involved with
selection (Kidd et al., 1987) or, what seems more probable based on LD studies, with
stochastic aspects of mutation and random genetic drift. As morphological features are
always in the top discussions of selection versus drift as a process to generate and
maintain diversity (Kimura et al, 2009; Betti et al. 2010), it is important to evaluate all
possibilities of genetic interaction that would contribute to this variation, as well to try
to identify the biological patterns involved.

Summarizing, an understanding of the evolutionary histories of FGFR1
haplotypes in healthy populations may be important in determine whether their

distribution might be influenced by selection or neutral processes.

(38]



Table 1. Measurements used in this study.
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Code Measurement Description

GOL Head length (g-op) Glabella opisthocranium length
XCB Head breadth (eu-eu) Eurion eurion breadth

VTH Head height (v-t) Vertex tragion height

MFB Minimum frontal breadth (ft-ft) Right - left frontotemporal breadth
ZYB Bizygomatic breadth (zy-zy) Right - left zygion breadth

GOB Bigonial breadth (go-go) Right - left gonion breadth

NLH Nose length (n-sn) Nasal subnasal length

NLB Nose breadth (al-al) Right - left alare

NGH Facial length (n-gn) Nasion gnation length
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Table 2. Indices used in this study

Code Index

Cl Cephalic index a XCB/GOL *100
TI Transverse frontoparietal index b MFB/XCB *100
Pl Prosopic index ¢ NGH/ZzYB *100
JMI Jugomandibular index d GOB/ZYB *100
JFI Jugofrontal index e MFB/ZYB *100
CFlI Transverse cephalofacial index ZYB / XCB * 100
NI Nasal index f NLB/NLH *100
NFI Nasofacial index g NLH/NGH *100

Indices classification

Dolichocepahlic (75.9 or less), Mesocephalic (76 to 80.9), Brachycephalic (81 or greater)

Estenometopic (68.9 or less), Metriometopic (69 to 70.9), Eurimetopic (71 or greater)

Euriprosopic (83.9 or less), Mesoprosopic (84 to 87.9), Leptoprosopic (88 or greater)

Narrow (74.9 or less), Medium (75 to 79.9), Broad (80 or greater)

Narrow (74.9 or less), Medium (75 to 79.9), Broad (80 or greater)

Leptorrhine (69.9 or less), Mesorrhine (70 to 84.9), Platyrrhine (85 or greater)

Short (37.9 or less), Intermediate (38 to 45.9), Long (46 or greater)

(40]



Table 3. Shapiro-Willk's Goodness to Fit test result.
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Shapiro-Willk's Goodness-Fit test

Ethnicity rs4647905 rs3213849
Shapiro-Wilk df Sig. Shapiro-Wilk df Sig.
Mexican Cephalic index GG 0,963 24 0512 TT
GC 0,936 13 0411 TC 0,947 13 0,556
CcC 0,862 4 0,267 CC 0,946 26 0,191
Transverse frontoparietal index GG 0,920 24 0,058 TT
GC 0,933 13 0,377 TC 0,942 13 0,486
cC 0,868 4 0,291 CC 0,948 26 0,212
Prosopic index GG 0,951 24 0,284 TT
GC 0,956 13 0,692 TC 0,942 13 0,480
cC 0,899 4 0,426 CC 0,972 26 0,679
Jugomandibular index GG 0,973 24 0,730 TT
GC 0,834 13 0,018 TC 0,928 13 0,324
CcC 0977 4 0,882 CC 0,968 26 0,566
Jugofrontal index GG 0,944 24 0,200 TT
GC 0,926 13 0,298 TC 0,949 13 0,578
CcC 0,890 4 0,383 CC 0,923 26 0,052
Transverse cephalofacial index GG 0,924 24 0,071 TT
GC 0,956 13 0,684 TC 0,881 13 0,074
CcC 1,000 4 1,000 CC 0,949 26 0,216
Nasal index GG 0,974 24 0,756 TT
GC 0,951 13 0,620 TC 0,961 13 0,773
cC 0,868 4 0,292 CC 0,957 26 0,339
Nasofacial index GG 0,978 24 0848 TT
GC 0,912 13 0,196 TC 0,871 13 0,054
CcC 0,860 4 0,262 CC 0,953 26 0,270
Mestizo (Tepango) Cephalic index GG 0,906 5 0447 TT
GC 0,960 5 0,806 TC
CcC CC 0,971 10 0,899
Transverse frontoparietal index GG 0842 5 0,170 TT
GC 0974 5 0,899 TC
cC CcC 0,875 10 0,113
Prosopic index GG 0869 5 0,262 TT
GC 0978 5 0,922 TC
CcC CcC 0,887 10 0,157
Jugomandibular index GG 0944 5 0,691 TT
GC 0988 5 0974 TC
cC CcC 0,954 10 0,713
Jugofrontal index GG 0,94 5 0,765 TT
GC 0,774 5 0,049 TC
cC CC 0,956 10 0,743
Transverse cephalofacial index GG 0924 5 0557 TT
GC 0,960 5 0,807 TC
CcC CC 0,958 10 0,766
Nasal index GG 0932 5 0608 TT
GC 0902 5 0419 TC
cC CC 0,955 10 0,724
Nasofacial index GG 0,806 5 0,000 TT
GC 0,823 5 0,123 TC
CcC CC 0,932 10 0,465
Totonaco (Tepango) Cephalic index GG 0,977 39 0,605 TT
GC 0,984 37 0,850 TC 0,833 8 0,064
CcC 0,899 7 0,327 CC 0,986 75 0,552
Transverse frontoparietal index GG 0,964 39 0,247 TT
GC 0,950 37 0,093 TC 0932 8 0,535
cC 0,969 7 0,892 CC 0,970 75 0,071
Prosopic index GG 0,948 39 0,069 TT
GC 0,974 37 0,521 TC 0,830 8 0,060
CcC 0975 7 0,932 CC 0,983 75 0,392
Jugomandibular index GG 0,943 39 0,047 TT
GC 0,980 37 0,725 TC 0949 8 0,698
CcC 0,802 7 0,043 CC 0,959 75 0,015
Jugofrontal index GG 0,973 39 0450 TT
GC 0,959 37 0,184 TC 0,983 8 0,977
CcC 0,862 7 0,156 CC 0,950 75 0,005
Transverse cephalofacial index GG 0,974 39 0509 TT
GC 0,989 37 0,973 TC 0,935 8 0,560
CcC 0,970 7 0,897 CC 0,988 75 0,729
Nasal index GG 0,959 39 0,172 TT
GC 0,973 37 0,499 TC 0,922 8 0,445
CcC 0,920 7 0,466 CC 0,986 75 0,552
Nasofacial index GG 0,954 39 0,115 TT
GC 0,949 37 0,092 TC 0,923 8 0,458
CC 0,918 7 0,455 CC 0,961 75 0,020

Ho: Normality trend
Significance p<0.05

Target cells no sufficient degree of freedom
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Table 4. Haplotype Frequencies distribution among populations.

ID Haplotype Haplotype Frequency Haplotype Frequency per Population
Native Americans Mexican Admixed
N=666 African (52) Eskimo (50) European (78) Kayapo (44) Xavante (38) Baniwa (40) Kaingang (48)  Yanomama (44) Totonaco (166) Tepango (24) Mexican (82)
hl GCGCA 0.555556 (370) 0.673 (35) 0.66 (33) 0.538 (42) 0.659 (29) 0.816 (31) 0.675 (27) 0.646 (31) 0.568 (25) 0.47 (78) 0.458 (11) 0.341 (28)
h2  CCGCA 0.012012 (08) 0.0769 (04) 0.04 (02) 0.0256 (02) 0 0 0 0 0 0 0 0
h3 GCGTG 0.177177 (118) 0.173 (09) 0.18 (09) 0.154 (12) 0.0227 (01) 0.105 (04) 0.2 (08) 0.0833 (04) 0.182 (08) 0.181 (30) 0.0417 (01) 0.39 (32)
h4  CGACA 0.171171 (114) 0.0385 (02) 0.04 (02) 0.179 (14) 0.273 (12) 0 0.05 (02) 0.271 (13) 0.227 (10) 0.205 (34) 0.292 (07) 0.22 (18)
h5 GGGCA 0.003003 (02) 0.0385 (02) 0 0 0 0 0 0 0 0 0 0
h6  GCGTA 0.027027 (18) 0 0.04 (02) 0 0 0 0.05 (02) 0 0.0227 (01) 0.0542 (09) 0.167 (04) 0
h7  GCGCG 0.009009 (06) 0 0.04 (02) 0 0 0.0789 (03) 0.025 (01) 0 0 0 0 0
h8 GGACA 0.012012 (08) 0 0 0.0513 (04) 0.0455 (02) 0 0 0 0 0.012 (02) 0 0
h9 CCGTG 0.006006 (04) 0 0 0.0513 (04) 0 0 0 0 0 0 0 0
h10 CGGCA 0.006006 (04) 0 0 0 0 0 0 0 0 0 0 0.0488 (04)
hll CGATA 0.010511 (07) 0 0 0 0 0 0 0 0 0.0422 (07) 0 0
hl2 CGATG 0.003003 (02) 0 0 0 0 0 0 0 0 0.012 (02) 0 0
h13 CGGTG 0.003003 (02) 0 0 0 0 0 0 0 0 0.00602 (01) 0.0417 (01) 0
hi4 GCACA 0.001502 (01) 0 0 0 0 0 0 0 0 0.00602 (01) 0 0
h15 CCACA 0.003003 (02) 0 0 0 0 0 0 0 0 0.012 (02) 0 0




Table 5. Spearman’s Rank Correlation Coefficients

Spearman's rank correlation matrix

rs4647905 rs3213849 PC1 PC2 PC3 PC4 Cl Tl Pl JMI JFI CFI NI NFI

rs4647905 0,136 -0,004 0,030 -0,064 0,041 -0,040 0,001 -0,086 -0,024 -0,008 -0,015 0,000 0,071
rs3213849 0,114 -0,085 0,046 0,072 0,078 0,113 -0,003 -0,038 0,075 -0,036 0,093 0,134 -0,128
PC1 0,960 0,327 0,039 0,028 -0,128 -0,412 0,660 0,547 0,396 0,818 -0,225 -0,368 0,246
PC2 0,727 0,594 0,653 0,037 0,012 -0,592 0,621 -0,230 -0,140 0,125 0,747 0,511 -0,245
PC3 0,459 0,406 0,748 0,667 0,029 0,199 0,048 0,374 -0,153 0,314 -0,316 0,462 -0,817
PC4 0,639 0,368 0,136 0,894 0,735 0,450 0,136 -0,636 0,102 0,258 -0,188 0,434 0,117
Cl 0,646 0,189 0,000 0,000 0,020 0,000 -0,422 -0,224 -0,074 -0,150 -0,367 -0,031 -0,116
Tl 0,987 0,975 0,000 0,000 0,578 0,115 0,000 0,104 0,081 0,751 0,320 0,036 0,033
Pl 0,319 0,662 0,000 0,007 0,000 0,000 0,009 0,226 0,156 0,322 -0,311 -0,335 -0,151
JMI 0,784 0,384 0,000 0,104 0,076 0,240 0,389 0,348 0,071 0,132 -0,110 -0,086 0,158
JFI 0,929 0,676 0,000 0,148 0,000 0,002 0,081 0,000 0,000 0,126 -0,310 -0,063 0,026
CFl 0,867 0,282 0,008 0,000 0,000 0,028 0,000 0,000 0,000 0,200 0,000 0,194 -0,088
NI 0,998 0,121 0,000 0,000 0,000 0,000 0,721 0,679 0,000 0,319 0,468 0,024 -0,477
NFI 0,412 0,139 0,004 0,004 0,000 0,174 0,177 0,706 0,079 0,066 0,761 0,310 0,000

Spearman's Rho values in the uper-right

P values in the lower-left
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Figure 1. Eigenvectors in Principal Components
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Figure 2. The distribution of mean cephalic index (CI) for rs4647905G—C
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Figure 6. Eleven genes of the craniofacial development network. Image created by STRING
(Search Tool for the Retrieval of Interacting Genes/P Genes/Proteins -fttp://string.embl.de) with the

required highest confidence score — 0.90.
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ABSTRACT  The 546-base pair enhancer of limb
expression HACNSI, which is highly constrained in all
terrestrial vertebrates, has accumulated 16 human-spe-
cific changes after the human-chimpanzee split. There
has been discussion whether this process was driven hy
positive selection or biased gene conversion, without con-
sidering population data. We studied 83 South Amerin-
dian, 11 Eskimo, 35 Europeans, 37 Bantu, and non-
Bantu Sub-Saharan speakers, and 28 Brazilian mestizo
samples and found no variation in this DNA region. Sim-

As humans, we have a special interest in identifying
genetic modifications responsible for specific characteris-
tics that distinguish us from the other great apes.
Morphological differences can occur due to a small pro-
portion of major-effect mutations in key structural or
regulatory genes, as well as in noncoding sequences with
a regulatory role (major gene effect hypothesis; Nei
1987, 2007). Prabhakar et al. (2008) have described a
546-base pair (bp) sequence that acts as an enhancer of
gene expression, HACNS 1, which is highly conserved in
all terrestrial vertebrate genomes, but that has accumu-
lated 16 human-specific changes in the ~6 million years
that occurred since the human-chimpanzee split. Thir-
teen of these 16 mutations are found within an 81-bp
functional segment of this 546-bp region. These authors
showed, using a log-likelihood statistical test, that these
findings are highly unexpected (P value = 9.2 x 107'%)
assuming just random events. Prabhakar et al. (2008)
also demonstrated that these nucleotide substitutions
promote a strong limb expression in humans when com-
pared to the orthologous chimpanzee element, with a
probable impact in our evolutionary history. Duret and
Galtier (2009), on the other hand, argued that the
HACNS]1 pattern of substitutions could be explained by
a neutral process of biased gene conversion (BGC) associ-
ated with recombination events, which favors the fixa-
tion of AT — GC transitions, and can also drive the
fixation of weakly deleterious mutations in functional
elements. Prabhakar et al. (2009), after a genome-wide
evaluation, demonstrated that HACNSI is not unusual
regarding recombination events, and that in spite of an
excess of AT — GC changes in this enhancer, deleterious
(or neutral) modifications would not be expected to
strengthen ancestral expression patterns introducing a
new and robust expression domain in the human line-

©2010 WILEY-LISS, INC.

[53]

human evolution; Native Americans; morphological adaptations

ilar lack of variability in this region was found in four
Africans, five Europeans or Euro-derived, two Asians,
one Paleo-Eskimo, and one Neandertal sequence, whose
whole genomes are publicly available. No difference was
found. This result favors the interpretation of past posi-
tive and present conservative selection, as would
expected in a region which influences Homo-specific
traits as important as opposable thumbs, manual dexter-
ity, and bipedal walking. Am J Phys Anthropol 000:000—
000, 2010.  ©2010 Wiley-Liss, Ine.

age. They also provide evidence that accelerated evolu-
tion in HACNSI is due to a common mechanism: syn-
ergy between BGC and positive selection producing a
cluster of AT — GC substitutions at functional site
(Prabhakar et al., 2009). Finally, Katzman et al. (2010)
suggested that BGC could be an important factor to
drive HACNS1 evolution, but indicated that no data
were available to distinguish whether the human-specific
mutations reflect a process that was essentially like
swimming upstream against an onslaught of non-selec-
tive BGC just to keep in place on the fitness landscape,
or whether the mutation stress pushed these elements
into a configuration that enabled some positive selection
for higher fitness in humans. Up to now, no population
data were considered in this discussion.

Native Americans have a well-known pattern of molec-
ular variation, with striking differences from the other
major human geographic groups, when neutral genetic
systems are considered (Wang et al., 2007). Since
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analyses with human populations have revealed that
patterns of variation under natural selection are differ-
ent from those expected under neutrality (Meyer et al.,
2006) this study was designed to evaluate the two cur-
rent hypotheses about more recent HACNSI molecular
evolution. Data are presented on the 710-bp sequence
which includes HACNSI and adjacent regions, in widely
spread South Amerindians with distinet demographic
histories. To broaden the ethnic and continental cover-
age, Siberian Eskimos, Europeans, Bantu, and non-
Bantu Sub-Saharan speakers, and admixed Brazilian
subjects were also investigated. Additionally a search
was performed in published whole sapiens and Neander-
tal genome sequences.

SUBJECTS AND METHODS

A total of 194 samples were analyzed, including 83
Native Americans from 12 different populations (Apalai,
Arara, Galibi, Kuben Kran Keng, Mundurucu, Kariti-
ana, Xavante, Ache, Guarani, Ticuna, Wayuu and Zenu),
widely spread all over the continent. Eleven Siberian Es-
kimos, 37 Sub-Saharan Africans, 35 Europeans, and 28
Brazilian mestizos were also included as independent
non-Amerindian samples. The 37 African samples were
obtained from Bantu-speaking and non Bantu-speaking
subjects living in the Democratic Republic of Congo,
Cameroon and Ivory Coast, while the Europeans are
Spaniards. Additional information about these African
and European populations can be found in Silva et al.
(2006) and Bortolini et al. (2004), respectively. The
Eskimo speak a Yupic language and live in a community
in Siberia’s extreme east. Twenty-eight Gaucho from
southern Brazil were also sampled. They can be charac-
terized as mestizo with Amerindian, African, and Euro-
pean ancestries (Marrero et al., 2007).

Ethical approval for this study was provided by the
Brazilian National Ethics Commission (CONEP Resolu-
tions nos. 123/1998 and 1333/2002), as well as by ethics
committees in the countries where the non-Brazilian
samples were collected.

The HACNS1 710-bp fragment was amplified with pri-
mers (F-5'TCTCGTCGGCATTACTCATCGTCAS'; R-5'CA
AATGGAGGCTTTTCTGCAS3'), specifically designed for
this study. PCR reactions involved 20 to 50 ng of
genomic DNA, 5 uL. of Hot Start Master Mix Kit (Qiagen,
Hilden, Germany), 4 uL of RNAse free water, and 0.5 uLi
(10 pmol/uL) of each primer pair, submitted to 94°C for
15 min, 33 cycles at 94"C for 30 s, 57°C for 40 s, 72°C for
30 s, followed by 10 min at 72°C. The PCR products were
detected by 1.0% agarose gel electrophoresis and ethidium
bromide staining, after purification with Microclean home-
made kit. The DNA fragment was sequenced in an ABI
3730x] Sequencer, and analyzed with BioEdit v7.0.9 and
Sequence Scanner v1.0.

The EvoNC program (Wong and Nielsen, 2004) was
used to test if the variation in HACNS could be explained
by a neutral model or not. Sequences from six nonhuman
primate species (Otolemur garnettii, Callithrix jacchus,
Macaca mulatta, Pongo pygmaeus, Gorilla gorilla, Pan
troglodytes), as well as from Homo sapiens and Homo
neanderthalensis were assembled by searching Ensembl
(http://www.ensembl.org) and the USCS genome browser
(http://genome.ucsc.edu). The analyzed sequence included
HACNS1 (659 bp) plus exonl of the GTPase activating
protein AGPI/CENTG2 gene (163 bp) located down-
stream. These alignments and a primate phylogenetic
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tree were then used to identify the HACNS evolutionary
pattern. The EvoNC program compares the rate of substi-
tution in noncoding regions relative to the rate of synony-
mous substitution in coding regions. The parameter (,
zeta, is then calculated. Three models are implemented: A
null model is compared with two alternative models with
two and three categories of &, respectively. The neutral
model assumes two sets of sites with (0 < 1 and {1 = 1;
the two-category model also assumes two sets with (0 < 1
and (1 > 1; and the three-category model assumes three
sets with: (0 < 1,{1 =1, and {2 > 1. Basically, { = 1 when
the sites in the noncoding region are evolving neutrally, {
> 1 when there is positive selection, and { < 1 when nega-
tive selection is present. We also performed a posterior
probability analysis to classify each individual site as
belonging to one of the above-indicated { classes (Wong
and Nielsen, 2004 ).

RESULTS AND DISCUSSION

The 13 substitutions clustered in the 81-bp region iden-
tified by Prabhakar et al. (2008), as well as the three
others which distinguish us from chimpanzees, were
observed in all individuals investigated, suggesting that
they are fixed in our species. An additional mutation (posi-
tion at chromosome 2: 236774267; Fig. 1) not reported by
Prabhakar et al. (2008) since they sequenced just 546 bp
(236773657 to 236774202) while we sequenced 710 bp
(236773577 to 236774286), was also found distinguishing
the two species (see Fig. 1). No intra or interpopulation
variation was found, suggesting a conserved structure. It
is worth mentioning that a 4,000-year-old permafrost-pre-
served Paleo-Eskimo sample, as well as one Khoisan, one
Bantu, two Yoruba, one Han-Chinese, one Korean, and
five European or European-derived individuals, who had
their complete genomes sequenced, also present all these
specific human substitutions (Rasmussen et al., 2010;
Schuster et al.,, 2010; http:/www.ensembl.org/; http:/
www.galaxy.org/). The comparison with the recently pub-
lished Neandertal genome (Green et al., 2010) shows that
8 of the 13 human specific HACNS1 substitutions present
between 236774003 and 236774084 are also present in
this hominid. Unfortunately, the Neandertal genome does
not provide information for the complete HACNS1 region,
but other sapiens-specific mutations located outside this
81 bp region, including those that we describe here
(236774267), are also present in the Neandertal genome
(see Fig. 1).

Prabhakar et al. (2008) demonstrated using a log-like-
lihood statistic test that HACNSI is under functional
constrain in humans, since its rapid divergence is highly
unexpected given it strong conservation in others species
(P value = 9.2 x 107'%), Here we performed an addi-
tional test to check if the sapiens/Neandertal variation
can be explained by a neutral model. Table 1 shows the
results. Comparison between the models showed a signif-
icant evidence for positive selection when the sapiens/
Neandertal sequence is compared with those of other pri-
mates, including the chimpanzee (Pan troglodytes). The
likelihood-ratio tests indicated that about 18% of the
sites in this region are under positive selection. Interest-
ingly, all the 13 sites recognized as exclusive of the
Homo lineage showed signs of positive selection with a
posterior probability greater than 99%. Our analysis
thus provides additional evidence that a simple neutral
model does not explain the variation that occurred after
the Homo-Pan split.
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ADAPTIVE NATURE OF HACNS1 3
|236773924
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* No intraspecific variation

# Sites with positive selection posterior probability estimated in EvoNC as > 0.99

Fig. 1.

Identification of the sapiens and Neandertal specific substitutions in HACNS1 found within the 710 bp sequenced. Sites

under positive selection are indicated (posterior probability >99%). The missing parts in the Neandertal sequence were assumed to

be identical to sapiens in the neutral/selective tests.

TABLE 1. Parameters and likelihood scores under diferent models considering variable { among sets of nucleotides

Model Estimated parameters i P-value
Test 1 M1: Neutral model Zetal0] = 0.001000, p[0] = 0.699713; —1737.911095 <0.001
Zeta[1] = 1.000000, p[1] = 0.300287
M3: 3 category Zeta[0] = 0.001000, p[0] = 0.803405; ~1728.952010
Zetal[1] = 1.000000, p[1] = 0.019007
Zetal 2] = 5.044662, p[2] = 0.1T7588
Test 2 M1: Neutral model Zetal0] = 0.001000, p[0] = 0.699713; —=1737.911095 <0.001
Zetal 1] = 1.000000, p[1] = 0.300287
M2: 2 category Zeta[0] = 0.001000, p[0] = 0.807452; —1728.720487

Zeta[1] = 4.028553, p[1] = 0.192548

¥* df = 2; Likelihood Ratio Test: 2A¢ = 2(/1 — £0).

Native Americans present lower genetic diversity (as
measured by n and other heterozygosity indices) and
higher levels of population structure (as determined by
Fgp or other similar statistics) than those seen in popula-
tions/groups from other continents (Cavalli-Sforza et al.,
1994; Wang et al., 2007). The opposite is generally found
when Sub-Saharan populations are investigated (Rosen-
berg et al., 2002). These diversity/divergence patterns are
mainly due to demographic processes (successive founder
effects with later expansions) related to the dispersal of
modern Homo sapiens from Africa to other continents
(Alonso and Armour, 2001; Ramachandran et al., 2005;
Fagundes et al., 2007; Santos-Lopes et al., 2007; Wang et
al., 2007). Since demographic effects affect the whole ge-
nome, deviations from this classical diversity/divergence
model, as observed in this study, are expected when por-
tions of the genome are under pressure by natural selec-
tion (Bamshad and Wooding, 2003; Barreiro et al., 2008).

Our results at the population level support the idea
that these 13 substitutions confer some specific advant-
age to the sapiens lineage, probably to the Homo lineage,
and that in some moment of the hominid evolutionary
history they were fixed due to positive selection. After
fixation, strong purifying selection has kept the intraspe-
cificintragenus conservation of the 81-bp cluster.

[55]

The real impact of this finding remains to be explored with
more populational and functional studies, but the site of
expression of these mutations suggests an influence in such
sapiens or Homo-specific traits as opposable thumbs, manual
dexterity, and ankle or foot adaptations for bipedal walking.
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ABSTRACT

New data on the ATP-binding cassette transporter A1 (ABCA1) Arg230Cys polymorphism
for 106 individuals affiliated to 12 South Amerindian populations and interpreted with
those from 38 other native American groups are presented. The variant distribution was
considered in detail, and the 230Cys age estimated (8,268 £ 5,916 BP) is compatible with
its origin occurring in the America continent. Correlation of its frequencies with the Zea
pollen archeological information in Meso America/Central America suggests that maize
domestication was driving force in the variant’s increase in frequencies in that region.
These results may represent the first example of gene-culture coevolution involving an

autochthonous Native American allele.
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Modern humans differ from each other in many ways. It is known that a significant
portion of the differences in physical appearance, susceptibility to diseases, and other traits
found within and between human populations can be attributable to genetic variants
(Bamshad and Wooding, 2003). Even considering that many of these variants are
eliminated or fixed as a consequence of drift, it is expected that at least part of these
differences resulted from selective pressures in different geographical regions, each with
its own climate, pathogens and sources of food (Young et al., 2005; Harris and Meyer,
2006; Williamson et al., 2007; Barreiro et al., 2008; Hancock et al., 2008, 2010).
Additionally, human cultural practices have drastically modified environmental conditions
and behaviors, promoting fast and strong changes at the genome level, many times
associated to positive selection and adaptation (gene-culture dynamics; Laland et al., 2010;
Richerson et al., 2010). A particularly important event in the Homo sapiens sapiens
history, which triggered a new and striking gene-culture-coevolution cycle, was the
development of agriculture and animal domestication during the Neolithic period (~10,000
years ago). Two well-studied cases of recent and fast selection due to Neolithic cultural
pressures are the high copy number variation of the amylase gene and the spread of alleles
for adult lactose tolerance in agricultural and pastoral societies, respectively (Holden and
Mace, 1997; Bersaglieri et al., 2004; Beja-Pereira et al., 2003, ; Burger et al., 2007;
Tishkoff et al., 2007). Another interesting example was identified in West Africa, among
the Kwa-speaking agriculturalists. They cut and clear the forest to grow yams, increasing
the amount of standing water after raining, thus providing better breeding grounds for
malaria-carrying mosquitoes (Laland et al., 2010). This intensified the action of natural

selection for the HDBS allele, since in heterozygous condition, it confers protection against

[59]
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malaria (Livingstone, 1958). Laland et al. (2010) in their recent review about gene-culture
coevolution listed more then one hundred genes which were identified as having being
subjected to recent and rapid selection due to cultural pressures, thus providing an initial

idea about the extension of the phenomenon in our evolutionary history.

Genetic studies with Native American populations, using blood groups and other
classical polymorphisms, started in a systematic and regular way more then 50 years ago
with some pioneer investigations (Salzano, 1957; Neel and Salzano, 1967). Today,
knowledge about America’s peopling, population dispersion, structure, admixture
dynamics and phylogenetic relationships have been obtained using molecular markers
(Pena et al., 1995; Santos et al., 1996; Bonato and Salzano, 1997a and 1997b; Tarazona-
Santos and Santos, 2002; Hunley and Long, 2005; Bortolini et al., 2002, 2003; Salzano,
2006; Wang et al., 2007; Fagundes et al., 2008; Lewis and Long, 2008; Mazieres et al.,
2008, 2009). But well-documented examples for gene-culture dynamics involving Native
Americans are rare, and most of them are related to linguistic and genetic coevolution

(Hunley et al., 2007).

Recently, however, Tovo-Rodrigues et al. (2010) investigated the D4 dopamine
receptor gene (DRD4) distribution in several Amerindian groups and found a significant
frequencies in allele distribution between hunter-gatherers and agriculturalists, with an
increase of the 7R allele among hunter-gatherers. In another recent publication (Acua-
Alonzo et al., 2010) it was demonstrated that the 230Cys allele (Arg230Cys, rs9282541) of
the ATP-binding cassette transporter A1 (ABCA1) gene, which was previously associated
with low HDL-cholesterol levels and obesity-related comorbidities, is exclusively present

in Native American and mestizo individuals (Acufia-Alonzo et al., 2010). The latter
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authors verified that the cells expressing the ABCA1*230Cys allele showed a 27%
cholesterol efflux reduction, confirming that this variant has a functional effect in vitro.
Additionally they demonstrated that 230Cys resides on a haplotype which is the target of
an ongoing directional selective sweep, suggesting an American origin and selective
advantage for 230Cys in the past during food deprivation periods. On the other hand, under
current modern lifestyle 230Cys may have become a major susceptibility allele for low
HDL levels and correlated metabolic diseases (Acufia-Alonzo et al., 2010). These results
would provide another example of the “thrifty” genotype hypothesis, which suggests that
variants that increase the efficiency of energy use and storage during periods of famine
would be positively selected during specific periods of human evolution history (Neel,

1962).

Here we present additional data about the Arg230Cys polymorphism in Native
Americans and then used all available information to date the origin of the variant allele, as
well as to test the hypothesis that it could represent the first example of gene-culture

coevolution involving an autochthonous Native American allele.

SUBJECTS AND METHODS

Populations

New data for the Arg230Cys polymorphism were generated for twelve Amerindian
populations from Bolivia, Chile, Colombia and French Guiana (N= 106). Table 1 shows
the linguistic affiliation, as well as geographical location of these and 38 other populations

previously studied for this polymorphism (Acufia-Alonzo et al., 2010).  Additional
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information about the tribes investigated for the present study can be found in Bortolini et

al. (2002, 2003), Mazieres et al. (2008, 2009) and Wang et al (2007).

Ethical approvals were provided by ethics committees of the countries where the

samples were collected.

SNP genotyping

The 718 bp of ABCAl1 Exon 7 were amplified with primers (F -
5’GCCAAATCATGTGTCCCACTC 3’ ; R — 5TGGCTTAAACTCAGCCACCC3’ )
designed for this study. PCR reactions involved 20 to 50 ng of genomic DNA, 5 uL of Hot
Start Master Mix Kit (Qiagen, Hilden, Germany), 4 uL of RNAse free water, and 0.5 uL
(10 pmol/IL) of each primer pair, submitted to 94°C for 15 min, 33 cycles at 94°C for 30 s,
59°C for 40 s, 72°C for 30 s, followed by 10 min at 72°C. The PCR products were detected
by 1.0% agarose gel electrophoresis and ethidium bromide staining, after purification with
Microclean home-made kit. The DNA fragment was sequenced in an ABI 3730xI

Sequencer, and analyzed with BioEdit v7.0.9 and Sequence Scanner v1.0.

Allele frequencies vs maize domestication

Pollen samples taken from sediments in lakes, swamps, and archeological deposits
provide an independent view of the presence or absence of Zea (maize and teosina) in the
Americas and have been used to estimate the age of maize domestication and dispersion
(Blake, 2006). The latter author summarized the Zea pollen dates from several
archeological sites in Americas. However, to test the connection between maize culture
and the ABCA1*230Cys we only used archeological sites located in Mesoamerica/Central

America near places where allele frequencies were available. The dispersion, adjusted by
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regression analysis, was conducted with the use of SPSS15.0, while the statistical

significance was accessed by an ANOVA test.

ABCA1*230Cys allele age

An estimate of the age of the variant was generated with a set of SNPs located at
medium distance from the core site using the moment estimator method, in which the age
of an allele can be estimated, based on intra-allelic variation following the exponential
decay of linkage disequilibrium due to recombination and mutation rates (Slatking and
Rannala, 2000). The SNPs used for this analysis represent a subset of an unpublished
major pannel obtained for several Native American populations, including those

investigated in present study (A. Ruiz-Linares et al., personal communication).

Maps

An American map of ABCA1*230Cys frequencies, as well as a Zea pollen relics

map were obtained using IDRISI 15.0 software (Eastman, 2006).

RESULTS

Table 2 presents the genotype and allele frequencies for 106 individuals analyzed.
The variant was detected in Chilean Aymara, Hulliche, Ingano, Palukir, Quechua and
Wayuu, but not in the Aymara from Bolivia, or in groups from Colombia (Embera, Kogi,
Ticuna, Zenu) and Chilote from Chile the allele was not found. These results, however,
should be considered with caution since sample sizes are small form some populations

investigated here.
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Figure 1A illustrates the ABCA1*230Cys distribution considering all data shown
in Table 2. The variant reaches high frequencies in Mesoamerica/Central America,
especially in Mexican west coast. In South America, particularly in Amazonia and Central
Brazil, some high frequency spots can be observed. Table 3 presents the proportion of
populations within each main geographic region with absence, low (0.01-0.05), medium
(0.06-0.15), or  high (> 0.15) 230Cys frequencies. Interestingly, 83% of the
Mesoamerican/Central American populations have 230Cys with frequencies higher than
0.15. On the other hand, the absence or low frequencies of the allele are observed in the
three North American groups tested, while high heterogeneity is observed in South
America, especially considering the lowlands (Amazonia/Brazilian Plateau and Chaco)

area. No populations located in the Andes present 230Cys frequencies higher than 0.15.

A significant correlation of the ABCA1*230Cys allele frequencies with the
distribution of the Zea pollen relics (Figure 1B) in Mesoamerica/Central America was
observed (Figure 2 and Table S1; r = 0.97, p < 0.001), implying that maize domestication
probably is the force driving up the frequency and expansion of ABCA1*230Cys at least in

Mesoamerica/Central America.

Finally, we estimated the ABCA1*230Cys age based on phased SNP haplotypes
from an unpublished Native American dataset (A. Ruiz-Linares et al., personal
communication). Ten 10 located upstream and at medium distance from the 230 site were
selected, since the method based on the moments estimator (Slatkin and Rannala, 2000) is
not suitable for a region of low average recombination rates. The analysis leads to a
preliminary estimate that the mutation occurred 8,268 + 5,916 years before present (Table

S1), which is compatible with an American origin.
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DISCUSSION

We can now examine our preliminary hypothesis in the light of the results obtained.
Maize (Zea mays ssp. mays), the most important crop of the Americas, was domesticated
probably once from a wild grass-teosinte (Zea mays ssp. parviglumis) in Mexico (Central
Balsas region) about 6,300-10,000 calendar years before present (Matsuoka et al., 2002;
Dull, 2006; Jaenicke-Després and Smith, 2006; Lesure, 2008; Ranere et al., 2009). Several
lines of evidence indicated that the Mesoamerican village lifestyle began with maize
domestication (Raymond and Deboer, 2006; Chisholm and Blake, 2006). From its origin
region, maize journeyed south, traveling hand-in-hand with pottery and bringing sedentary
life to the Andes. Other crops were also present in pre-Columbian Mesoamerican
civilizations (squash and beans, with more recent origin; Brown, 2010), but maize was the
base of diet for most part of them. For example, Benedict and Steggerda (1936) showed
that 75% of the calories consumed by the Mayas were derived from maize. Additionally,
Mesoamerica was the world’s only region were an ancient civilization lacked a domestic
herbivore. Protein from domesticated animal sources would have been therefore scarce in
Pre-Hispanic Mesoamerica/Central America by comparison with other parts of the ancient
urbanized world, including the Andes (Parsons, 2010). As a whole, these studies
demonstrated the importance of maize for the diet of the first Mesoamerican/Central
American sedentary communities. It is worth mention, however, that early farmers
commonly display signs of growth disruption questioning the common assumption that
farming and sedentary lifestyle brought increased dietary stability and health homeostasis
(Cohen, 2008). Several studies reveal that homeostasis should have declined with
sedentary farming. Bioarcheologists and paleopathologists have detected a deterioration in

Mesoamerican health indices from ~8,000 to ~500 years before present (Kennett et al.,
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2006 and references therein). Domestic crops are more vulnerable than wild ones,
crowding promotes crop diseases and storage systems often fail (estimates suggest that as
much as 30% of stored food is lost even in a modern sophisticated system; Cohen, 2008).
Clearly, diet based on one or few crops were deleterious to health in the pre-Columbian era
(Steckel et al., 2002). In this context, it is reasonable to suppose that the ABCA1*230Cys
allele could have had a selective advantage during periods of food scarcity experimented
by Mesoamericans/Centro Americans during the implementation of the sedentary life style
based on maize culture. The strong correlation between maize culture propagation and
230Cys frequencies in this region reinforces this suggestion, even considering that the
allele’s advantage may have been lost after technological innovations were implemented
and the agricultural production was stabilized. Peng et al. (2010) presented evidences of a
similar case of gene-culture coevolution. They suggested positive selection for the
ADH1B*47His allele caused by the emergence and expansion of rice domestication in

East Asia.

Other environmental factors may also be involved in the ABCAL allele distribution
since cholesterol plays an important role in various infectious processes, such as the entry
and replication of Dengue virus type 2 and flaviviral infection (Lee et al., 2008).
Additionally, the ABCAL transporter participates in infectious and/or thrombotic disorders
involving vesiculation, since homozygous ABCALl gene deletions confer complete
resistance against cerebral malaria in mice (Simons et al., 2000; Combes et al., 2005).
These findings can be showing an additional causal factor to ABCA1*230Cys selective
sweep associated to agricultural development. Sedentary village life with corresponding
growth in local population density can promote an increase in the mortality rate,

particularly in children under 5 years of age. Archeological and paleoecological evidences
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in Europe, for example, showed that during the Neolithic demographic transition
(communities of hunters/gatherers starting to cultivate and domesticate wild plants or wild
animals) the causes of increased infant mortality would include lack of drinking water
supplies, contamination by faeces, emergence of highly virulent zoonoses, as well as
increase in the prevalences of other germs such as Rotavirus and Coronavirus (diarrhea,
one of the main killers of children under 5 years of age), Streptococcus, Staphylococcus,
Plasmodium (P. falciparum, and P. vivax, which is believed to have emerged more
recently) or Herpesvirus (Bocquet-Appel, 2008). The real impact of the ABCA1*230Cys

variant in these infectious processes, however, deserve additional functional studies.

Finally, the gene-culture coevolution scenario suggested by us for
Mesoamerica/Central America cannot be extrapolated to other American regions. Both
North and South America present much more diversity in relation to habitats, people and
culture. For instance, maize arrived in South America about 4,000 calendar years before
present, but apparently the level of consumption seen in Mesoamerica/Central America
was rarely seen there. Archaeological data indicate that only during the implantation and
expansion of the Inca Empire (800-500 YBP) the level of maize consumption was
important, nevertheless not similar with that seen in Mesoamerica/Central America
(Schwarcz, 2006; Tykot et al.,2006). Additionally, lowland South Amerindians present
lower intrapopulation genetic variation and higher levels of population structure when
compared to those seen in Andean populations (Tarazona-Santos et al., 2001; Wang et al.,
2007). These results indicate low levels of gene flow between villages/populations and low
effective population sizes, favoring the role of genetic drift. Conversely, the Andean
groups show opposing characteristics. This correlates well with distinguishing patterns of

gene flow and historical effective sizes of these indigenous populations, as well as cultural
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differences, paleoclimatic and environment changes of their habitats (Tarazona-Santos et
al.,, 2001). The significant role of randomic processes makes difficult to define in
Lowlands a particular selective sweep, since favorable alleles can be easily lost and signals

of natural selection obscured due to drift.

CONCLUSION

Our analyses provide evidences that 230Cys, a common, functional and private
Native American allele, with an estimated origin of 8,268 + 5,916 years before present,
was the target in Mesoamerica/Central America of an ongoing directional selective sweep
consistent with the origin and spread of maize culture. But this scenario is restricted to that
region. In Amerindians from South America, genetic drift and/or cultural changes could

have disturbed or obscured the postulated ABCA1*230Cys allele adaptative advantage.
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Fig. 1 (A). ABCA1*230Cys distribution in the Americas. (B) Zea pollen relics based on Blake
(2006).
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Fig. 2. ABCA1*230Cys frequencies versus radiocarbon ages of maize domestication (Zea pollen
relics; Blake, 2006). The dispersion was adjusted with linear regression analysis conducted with
the use of SPSS15.0, and the statistical significance was accessed by the ANOVA test.
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TABLE 1. Geographic location and linguistic classification of the Native American populations with Arg230Cys data available

Population Country Geographic location Linguistic classification Reference for information about
Arg230Cys polymorphism
Native American
North America and
Mesoamerica
Cora Mexico 229 3N 104° 55 W Uto-Aztecan/Southern Uto-Aztecan/Corachol-Aztecan/Cora-Huichol/Cora’ Acuiia-Alonzo et al., 2010
Eskimo Canada Eskimo-Aleut/Eskimo/Inuit-Inupiag’ Acufia-Alonzo et al , 2010
Mayan Mexico 20°13'N 90°28' W Mayan/Yucatecan® Acufia-Alonzo et al., 2010
Mazahua Mexico 19° 26" N 100° 00° W Otomanguean/Western Otomanguean/Oto-Pame-Chmantecan/Oto- Acufia-Alonzo et al , 2010
Pamean/Mazahua'
Nahua Mexico 19° 58" N97° 37T W Uto-Azrtecan/Southern Uto-Aztecan/Corachol-Aztecan/Nahuan/Core Acufia-Alonzo et al., 2010
Nahua/Nahuatl!
Oyi-Cree Canada 53°04°N93°19° W Algic/Algonquian/Ojibwa-Potawatomi and Algic/Algonquian/Cree- Wang et al., 2000
Montagnais
Otomi Mexico 20°28'N99° 137 W OtomangueanWestern Otomanguean/Oto-Pame-Chmnantecan/Oto- Acufia-Alonzo et al., 2010
Pamean/Otomi’
Pima USA 332 10N 111°52° W Uto-Aztecan/Southern Uto-Aztecan/Pimic/Pima-Papago® Acufia-Alonzo et al , 2010
Purepecha Mexico 19°36" N 102° 14 W Tarascan/Purepecha’ Acufia-Alonzo et al , 2010
Sert Mexico 29°00° N 112°09° W Tsolate! Acufia-Alonzo et al., 2010
Tarahumara Mexico 26°49° N 107° 04 W Uto-Aztecan/Southern Uto-Aztecan/Taracahitic/Tarahumaran/Tarahumara’ Acufia-Alonzo et al., 2010
Teenek Mexico 21°36° N 98 58" W Mayan/Huastecan/Huastec, San Luis Potosi® Acufia-Alonzo et al., 2010
Totonac Mexico 192 57" N97° 44 W Totonacan/Totonac” Acufia-Alonzo et al . 2010
Yaqui Mexico 27°29° N 110°40°' W Uto-Aztecan/Southern Uto-Aztecan/Taracahitic/Cahitan’ Acufia-Alonzo et al , 2010
Zapotec Mexico 17°14" N 96°14" W Otomanguean/Eastern Otomanguean/Popolocan-Zapotecan/Zapotecan' Acuidia-Alonzo et al, 2010
South America
Aché Paraguay 23° 5 58° W Tupian stock/Tupi-Guarani family/Guarani group/ Guajaki® Acufia-Alonzo et al , 2010
Apalai Brazil 01°20° N 54°40° W Cariban/Central branch/Apalai’ Acufia-Alonzo et al, 2010
Arara Brazil 03°30° S 54°10° W Cariban/South Amazonian branch/Arara group/Arara-Pariri* Acufia-Alonzo et al , 2010
Aymara Bolivia 16°30'S 68°9' W Avymaran/Aymara’ Present study
Aymara Chile 22°8570°W Aymaran/Aymara’ Present study
Ayoreo Paraguay 16-22° S 58-63° W Zamucoan/Ayoreo! Acufia-Alonzo et al , 2010
Baniwa (Igana-River) Brazil 01° N 67250 W Arawakan/Maipuran/Northern Maipuran/Inland’ Acufia-Alonzo et al, 2010
Chilote Chile 42°30"' S 73°55'W They have lost their native language Present study
Embera Colombia TENTETW Chocoan/Embera Group' Present study
Cont.
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TABLE 1. Cont.
Population Country Geographic location Linguistic classification Reference for informatien about
Arg230Cys polymorphism
Gorotire Brazil 07244 S51°10°W Jean/Northern branch/Kayapa! Acuiia-Alonzo et al., 2010
Guarani Brazil 25°20°S52°30°W Tupian stock/Tupi-Guarani family/Guarani group/Guarani language! Acuiia-Alonzo et al , 2010
Huilliche Chile 41785 73° W Araucanean/Huilliche® Present study
Ingano Colombia 1°NTT*W Quechuan/Quechua IVB/Inga. Jungle” Present study
Jamamadi Brazil 072 15" S66°41° W Aravan/Jamamadi language area/Tamamadi’ Acuiia-Alonzo et al., 2010
Karitiana Brazil 08245 S63°51"W Tupian stock/Tupi-Guarani family/Arikem branch/Karitiana' Acuiia-Alonzo et al , 2010
Kichwa Ecuador 0°53° § 76°05° W Quechuan/Quechua II'B/Quichua. Tena Lowland? Acuiia-Alonzo et al , 2010
Kogi Colombia 11° N 74°W Chibchan/Chibchan B/Eastern Chibchan/Colombian subgroup/Arhuacan Present study
group/Cagaba/Kogi'
Kuben-Kran-Kegn Brazil 08°10° S 58°8° W Jean/Northern branch/Kayapé' Acuiia-Alonzo et al., 2010
Lengua Paraguay 23°5 56° W Mascoyan/Lengua’ Acuiia-Alonzo et al , 2010
Mapuche Chile 40°30° 5 69°20°W Araucanian/Mapudungun® Acuiia-Alonzo et al , 2010
Mekranot Brazil 08°40° S 54° W Te stock/Tean/Northern branch/Kayapé' Acufia-Alonzo et al | 2010
Mura Brazil 03°347 §59°12°W Muran/Pirahi’ Acufia-Alonzo et al | 2010
Pakais-Novos Brazil 11° 08" S 65205 W Chapacuran/Wari/Orowari' Acufia-Alonzo et al | 2010
Palikur French Guiana 4N 51°45'W Maipurean/Northem Division/Eastern branch/Palikur language area/Palikur’ Present study
Parakatejé (Gaviio) Brazil 05°03'548°36'W Macro-Ge/Ge-Kaingang/Ge/Northwest/ Timbira® Acuiia-Alonzo et al., 2010
Quechua Bolivia 14°30° S 69° W Quechuan/Quechua II/C/Quechua, South Bolivian® Present study
Sateré-Mawé Brazil 0328 57°W Tupian Stock/Mawé-Saters! Acufia-Alonzo et al.. 2010
Ticuna Colombia 32539 5 70°W Language isolate” Present study
Tirid Brazil 012 57" N 55°49 W Cariban/Tiriyé group/Tiriyé subgroup/ Tirié! Acuiia-Alonzo et al., 2010
Txukahamie Brazil 10°20° S 5325 W Jean/Northern branch/Kayapo' Acufia-Alonzo et al | 2010
Wayuun Colombia 11° N 73° W Arawakan/Maipuran/Northern Maipuran/Caribbean’ Present study
Havante Brazil 1322005 51°40° W Jean/Central branch/Xavante® Acufia-Alonzo et al.. 2010
Kikrin Brazil 05°55° 8§ 51°11"W Jean/Northern branch/Kayapé' Acuiia-Alonzo et al., 2010
Yanomana Brazil 02°30° - 04°30° N64° W Yanomam/'¥Yanomdani? Acufia-Alonzo et al.. 2010
Zenu Colombia PNTW Choco/Embera/Northern/Embera-Catié® Present study

'According to Campbell (1997); “According to Lewis (2009).
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TABLE 2. Genotype and aliele frequencies for the Ar230Cys ABCAI polymorphism in Native Americans

Population N Genotype frequency Allele Reference
frequency

Arg2304rg  Arg230Cys Cys230Cys Arg230 230 Cys

Native
American
North America and
Mesoamerica
Cora 123 62 51 10 0.71 0.29 Acufia-Alonzo et al., 2010
Eskimo 30 30 0 0 1.00 0.00 Acuiia-Alonzo et al., 2010
Mayan 110 68 39 3 0.80 0.20 Acuiia-Alonzo et al.. 2010
Mazahua 83 68 15 0 0.91 0.09 Acuiia-Alonzo et al.. 2010
Nahua 267 185 73 9 0.83 0.17 Acuiia-Alonzo et al., 2010
Oj1-Cree 80 78 2 0 0.99 0.01 Wang et al.. 2010
Otomi 42 35 7 0 0.92 0.08 Acuna-Alonzo et al., 2010
Pima 2563 2364 191 8 0.96 0.04 Acufia-Alonzo et al., 2010
Purepecha 35 22 11 2 0.79 0.21 Acuiia-Alonzo et al., 2010
Seri 87 87 0 0 1.00 0.00 Acufia-Alonzo et al., 2010
Tarahumara 109 81 23 5 0.85 0.15 Acuiia-Alonzo et al.. 2010
Teenck 67 45 20 2 0.82 0.18 Acuna-Alonzo et al., 2010
Totonac 113 86 24 3 0.87 0.13 Acuiia-Alonzo et al., 2010
Yaqui 45 30 11 4 0.79 0.21 Acuiia-Alonzo et al., 2010
Zapotec 125 71 50 4 0.76 0.24 Acuiia-Alonzo et al., 2010
South America
Aché 23 23 0 1.00 0.00 Acuiia-Alonzo et al.. 2010
Apalai 22 15 7 0 0.84 0.16 Acuiia-Alonzo et al., 2010
Arara 24 15 9 0 0.81 0.19 Acuiia-Alonzo et al., 2010
Aymara (Bolivia) 16 16 0 0 1.00 0.00 Present study
Aymara (Chile) 22 20 2 0 0.95 0.05 Present study
Ayoreo 30 30 0 0 1.00 0.00 Acuiia-Alonzo et al., 2010
Baniwa 19 13 3 3 0.76 0.24 Acufia-Alonzo et al., 2010
Chilote 2 0 0 1.00 0.00 Present study
Embera 3 3 0 0 1.00 0.00 Present study
Gorotire 7 6 0 1 0.86 0.14 Acuiia-Alonzo et al., 2010
Guarani 30 29 1 0 0.98 0.02 Acuiia-Alonzo et al.. 2010
Huilliche 13 10 3 0 0.89 0.11 Present study
Ingano 6 5 1 1] 0.92 0.08 Present study
Jamamadi 26 26 0 0 1.00 0.00 Acufia-Alonzo et al., 2010
Karitiana 20 20 0 0 1.00 0.00 Acuiia-Alonzo et al., 2010
Kichwa 79 60 18 1 0.88 0.12 Acuiia-Alonzo et al.. 2010
Kogi 03 3 0 0 1.00 0.00 Present study
Kuben-Kran-Kegn 17 13 4 0 0.88 0.12 Acuiia-Alonzo et al., 2010
Lengua 29 29 0 0 1.00 0.00 Acuiia-Alonzo et al., 2010
Mapuche 40 40 0 0 1.00 0.00 Acuiia-Alonzo et al., 2010
Mekranoti 25 24 1 0 0.98 0.02 Acuna-Alonzo et al., 2010
Mura 18 11 6 1 0.78 0.22 Acuiia-Alonzo et al., 2010
Pakais-Novos 25 23 2 0 0.96 0.04 Acuiia-Alonzo et al.. 2010
Palikur 3 1 2 0 0.67 0.33 Present study
Parakatejé (Gavido) 78 65 12 1 0.91 0.09 Acuiia-Alonzo et al., 2010
Quechua 16 15 1 0 0.97 0.03 Present study
Sateré-Mawé 25 20 1 0.88 0.12 Acufia-Alonzo et al., 2010
Cont.
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TABLE 2. Cont.

N Genotype frequency Allele Reference
Population frequency

Arg2304rg  Arg230Cys Cys230Cys Arg230 230 Cys

Ticuna 1 1 0 0 1.00 0.00 Present study
Tirio 25 21 4 0 0.92 0.08 Acuiia-Alonzo et al.. 2010
Txukahamaie 30 26 4 0 0.93 0.07 Acuiia-Alonzo et al.. 2010
Wayuu 17 15 2 0 0.94 0.06 Present study
Xavante 21 10 9 2 0.69 0.31 Acuiia-Alonzo et al.. 2010
Xikrin 17 16 1 0 0.97 0.03 Acuiia-Alonzo et al.. 2010
Yanomami 25 20 4 1 0.88 0.12 Acuiia-Alonzo et al.. 2010
Zenu 4 4 0 0 1.00 0.00 Present study
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TABLE 3. Proportion of populations and their respective 230Cyvs*4BCAI allele frequencies

Geographical region No. qf N Proportion of populations and their_ respective
B populations 230Cys*4BCAlallele frequencies (%)
0 0.01 -0.05 0.06 -0.15 =0.15

North America (Canada and USA) 3 2673 33 66 0 0
Mesoamerica/Central America 12 1206 8.3 0 8.3 83.4
South America (Highlands: Andes and surroundings) 7 115 428 28.6 28.6 0
South America (Lowlands: Amazon/ Brazilian Central
Plateau/Chaco) 28 646 32.1 14.3 321 21.5
Total 50 4640

North America: Eskimo. Oji-Cree and Pima; Mesoamerica/Central America: Cora. Maya. Mazahua, Nahua., Otomi. Purepecha. Seri.
Tarahumara, Teenek. Totonac, Yaqui, Zapotec; South America (Highlands): Mapuche, Aymara. Quechua. Chilote. Hulliche and Ingano:
South America (Lowlands): Ache. Apalai. Arara. Ayoreo. Embera. Gorotire, Guarani. Baniwa (Igcana-River). Jamamadi. Karitiana. Kichwas.
Kogi. Kuben-Kran-Keng. Lengua, Mekranoti. Mura. Pacaas-Novos. Palicur. Parkatejé (Gavido), Sateré-Mawé. Ticuna, Tiryio. Txukahamae.
Wayuu, Xavante, Xicrin. Yanomama, Zenu.
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TABLE S1. Zea pollen relics, populations, age and 230Cys*ABCA1 frequencies used for the regression analysis

Radiocarbon years

Calendar years

Zea pollen relics Population® BP BP? 230Cys*ABCAL
Oaxaca Zapotec 8240 9212 0.24
Tabasco Maya 6208 7122 0.20

Mexico state Nahuatl 5090 5835 0.17
Guatemala Kagchikel-Quiche® 4600 5318 0.15
Veracruz Totonac 4250 4818 0.13
Costa Rica/Panamé Guaymi® 3630 3943 0.15
Costa Rica Cabecar® 2940 3096 0.10

Located near of the archeological sites of Zea pollen relics; “Conversion according
http://www.radiocarbon.ldeo.columbia.edu/research/radcarbcal.htm; *Unpublished data (A. Ruiz-Linares

et al., personal communication).


http://www.radiocarbon.ldeo.columbia.edu/research/radcarbcal.htm
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DISCUSSAO GERAL

Como as discussdes especificas relativas a cada um dos temas desta tese j& foram
abordadas nos artigos apresentados, este item sera reservado somente para a apresentacdo

de um enfoque mais geral sobre o0s assuntos estudados.

O primeiro passo para que um gene seja indicado como um bom candidato para
estudos que visam desvendar a relacdo deste com alguma caracteristicas fenotipica, €
avaliar se ha alguma evidéncia funcional de que o mesmo esta envolvido com o
caracteristica em consideracdo. Desta forma, é possivel especular que genes envolvidos em
situacbes patoldgicas, como € o caso dos FGFRs e TCOF1, por exemplo, sejam bons
candidatos para estudos que visam identificar as causas moleculares que levam as
variacdes normais encontradas dentro e entre espécies. Outra especulacdo possivel e
bastante utilizada é a extensdo da homologia de uma espécie para outra, ou seja, assumir
em um primeiro momento que uma alteracdo numa seqiiéncia de DNA de uma espécie que
é responsavel por determinado fenétipo, poderia ser responsavel por um fenétipo similar

em outra especie.

Neste contexto de homologia de genes em diferentes espécies, o TCOF1
poderia ser um forte candidato para revelar alteracfes craniofaciais em primatas, e até
mesmo dentro da espécie humana, ja que Haworth et al. (2005) demonstraram que uma
unica substituicdo no éxon 4 (C396T, Prol17Ser) deste gene resultaria em alteracdes intra-
especificas em cées. O alelo T foi significativamente associado a ragas que apresentam
braquicefalia (e.g. Bulldog Francés e Boxer). O artigo de Haworth e colegas tem sido

desde sua publicacdo citado como um o6timo exemplo de associacdo de uma variante
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funcional com uma caracteristica morfolégica definida (ver como exemplo a revisdo de
Wayne e Ostrander, 2007). Deste modo, era possivel especular que entre primatas o
mesmo poderia estar envolvido na retracdo dos 0ssos da face, e entre populacfes humanas

no fendtipo braquifacial encontrados em diversas popula¢des nativo-americanas.

A partir destas premissas iniciamos o seqiienciamento do éxon 4 em diferentes
espécies de primatas, nativo-americanos, europeus, africanos e esquimaés. Concomitante a
isso, replicamos o estudo de Harworth et al. (2005) com cées para assegurar que a
associacao encontrada pelos autores ndo era espuria, pois o numero amostral usado por eles

era pequeno e seus achados ndo haviam ainda sido replicados.

Os resultados referentes aos cdes se encontram detalhados em Hinemeier et al.
(2009) mostraram claramente que embora o polimorfismo possa estar envolvido nos
mecanismos de variacdo morfoldgica da face, sendo encontrado com mais freqiiéncia em
cdes braquicéfalos do que meso e dolicocéfalos, esta associacdo ndo é direta como descrita
por Harworth et al. (2005). Foram encontrados em nosso estudo cdes dolicocéfalos
homozigotos para o alelo T/Ser, bem como cées braquicéfalos homozigotos para o alelo
C/Pro. Considerando a intricada rede de regulacéo e expressdo deste gene, a mutacdo por
nos estudada pode ser co-dependente de outras variantes na mesma rede de interacdo
génica (Figura 4). Este resultado salienta o que j& foi comentado anteriormente, que
caracteristicas morfoldgicas de natureza complexa devem sempre que possivel ser
estudadas num contexto genético de rede para que a relagdo gendtipo-fenotipo seja melhor

compreendida.

Dentro da ordem Primates, uma caracteristica morfologica interessante € a evidente

diferenciacdo facial entre as subordens Platyrrihni (Macacos do Novo Mundo) e
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Catarrihni (Macacos do Velho Mundo). Enquanto os macacos do Novo Mundo
apresentam um nariz mais achatado com as fossas nasais em posicao lateral, os macacos do
velho mundo apresentam um nariz mais longo com as fossas nasais na extremidade frontal
do mesmo, situadas lado a lado (Hershkovitz, 1977). Com o objetivo de avaliar se a
variante T/117Ser encontrada em cées estava presente em primatas, buscamos nos bancos
de dados disponiveis sequiéncias do éxon 4 do gene TCOF1 nas espécies Pan throglodytes,
Pongo pigmeus, Macaca mulatta e Callithrix jacchus, bem como em Homo
neandertalensis. Adicionalmente sequenciamos um espécime de Gorilla gorilla, além de
quinze nativo-americanos, cinco europeus, e seis esquimés (Hunemeier et al., dados ndo
publicados). Nenhuma variacdo no exon 4 foi encontrada nas diferentes populacbes
humanas, bem como na seqiiéncia no Homo neandertalensis. No entanto, a espécie de
macaco do novo mundo Callitrix jacchus apresentava trés substituicbes quando comparada
aos demais, todas elas promovendo alteracdes de aminoacidos. Pongo pigmeus e Macaca
mulatta apresentavam, por sua vez, uma alteracdo de aminoacido cada em sitios diferentes,
mas nenhum dos primatas testados aqui apresentava alteracdo no sitio descrito por

Haworth et al. (2005) em cdes (éxon 4, C396T, Prol117Ser).

Para avaliar a possivel presenca de selecdo sobre os sitios variaveis, testamos as
sete espécies (Homo sapiens sapiens, Homo neandertalensis, Pan throglodytes, Pongo
pigmeus, Macaca mulatta, Callithrix jacchus e Gorilla gorilla) com o programa CODEML,
parte do pacote PAML_4, que estimou-se as taxas de substitui¢des sindnimas e n&o-
sinénimas (dN/dS ou ®; Yang and Nielsen, 2002). Dentro da ordem Primate néo
encontramos nenhum indicio de selecdo (w=0,56), no entanto, quando a mesma analise €
replicada incluindo outras espécies de mamiferos (Equus caballus, Canis Familiaris, Mus

musculos, Cavia porcellus e Lexodonta africana) sdo detectados sitios com sinais de
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possivel selegdo positiva, ou relaxamento de selegdo, ®=1.03697. Estas analises
preliminares parecem integrar-se as nossas inferéncias em cées, evidenciando algum papel
deste gene na morfogénese do plano facial em mamiferos (Hlnemeier et al., dados nao
publicados). Embora algumas alteraces possam ser neutras, em alguns ramos
filogenéticos (Homo, por exemplo) nenhuma alteracao foi detectada (evidenciando sele¢édo
purificadora) enquanto em outros as alteracfes ndo podem ser facilmente explicadas pelo

modelo neutro.

Com o enhancer HACNSL, por outro lado, foi possivel demonstrar que a acdo da
selecdo positiva na linhagem Homo foi responsavel pela fixacdo das mutacGes especificas
encontradas nesta regido quando comparada com o género Pan. A auséncia de variacdo
intra-especifica no Homo sapiens e no Neandertal reforca o papel funcional do enhancer,
mantendo inalterado posteriormente pela acdo extrema de selecdo purificadora. Como
discutido no artigo, é possivel que 0 mesmo esteja envolvido na regulacdo de genes que
caracterizam morfologicamente nosso género, tais como postura ereta e destreza das maos
(Hinemeier et al. 2010). Recentemente através de comunicacdo pessoal Shyam Prabhakar
manifestou sua satisfagio com nossos achados que demonstraram que a constri¢do
funcional do enhancer HACNS1 ndo se limita a nossa espécie mas também a de outro

hominideo.

Nossos estudos com o gene FGFRL, por sua vez, demonstram mais uma vez como
um gene pode contribuir de maneira sutil no desenvolvimento de fenétipos complexos, e
como este deve ser avaliado num contexto de rede de genes do desenvolvimento. Coussens
e Daals (2005), descreveram a associagdo entre uma mutagdo no FGFR1 (alelo C do

polimorfismo rs4647905) com dolicocefalia em humanos. Nossos achados concordam
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parcialmente com estes achados. Encontramos uma visivel correlacdo entre a reducéo do
indice cefalico em individuos homozigotos para o alelo C nas trés populacdes estudadas
(Totonacos, miscigenados de Tepango e miscigenados da Cidade do México), sendo que a
Unica associagdo estatisticamente significativa foi na populacdo miscigenada de Tepango.
Além disto, encontramos uma associacéo entre o indice jugo-mandibular e o0 polimorfismo
rs3212849 nas populacbes miscigenadas. A correlacdo entre indice jugo-mandibular e o

alelo T deste polimorfismo é evidente ainda quando ndo hé associacao entre as variaveis.

Um ponto importante visto em nossas analises é a forte correlacdo entre
etnicidade/origem populacional e os indices estudados, sendo a mesma completamente
ajustada quando se avalia o polimorfismo rs3213849, e com ajuste intermediario entre
indice cefalico e o polimorfismo rs4647905. H& uma integracdo morfoldgica entre dois
Tag-haplotype-SNPs em populag6es com algum componente europeu, sendo que os dois se
associam a caracteristicas craniofaciais diferentes e ndo relacionadas de acordo com nossa
analise multivariada. J& em nativos americanos, parece ndo haver dois diferentes blocos em
desequilibrio de ligacdo dentro do gene FGFR1. Neste grupo populacional foi encontrado
um Unico e maior bloco em desequilibrio de ligacdo abrangendo todos os SNPs em um
unico haplétipo. Tendo-se isto em vista, ao se avaliar estes mesmos Tag-haplotype-SNPs
do gene FGFR1 em populacdes sem caracterizacdo morfoldgica, se torna mais evidente a
diferenciacdo do padrdo de distribuicdo dos haplétipos e ligacdo entre os polimorfismos.
De modo geral, parece que o background genetico de cada populacdo atua como fator
crucial na determinacdo de caracteristicas craniofaciais, mas como se tratam de SNPs
sinalizadores herdados conjuntamente com outros SNPs em outras regides génicas, ndo se

pode inferir diretamente uma associacdo genotipo-fenotipo, e sim uma associacdo entre
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largas regides que provavelmente carregam algum alelo funcional e uma variacdo de

fendtipo.

Diferentes populacGes apresentam historias demograficas diferentes, tendo sido
sujeitas a diferentes processos e fatores evolutivos que levaram a diferenciacdo de seu
background genético. Estas diferencas podem ser resultados tanto de processos evolutivos
casuais (deriva) quanto direcionais (selegdo natural). Deste modo, mudancas benéficas
podem surgir em algum contexto ecoldgico ou cultural especifico levando ao aumento

desta caracteristica na populacdo ao longo das geracoes.

Os resultados preliminares também envolvendo estudos com gendtipo-fenotipo
apresentados no apéndice Il com os indigenas Xavantes e outros, dentro deste contexto,
sdo um exemplo ilustrativo sobre como habitos culturais (brigas e aliangas entre grupos
promovendo fissdes e fusdo, respectivamente) podem catalisar processos micro-evolutivos.
Neel e Salzano (1967) foram os primeiros a descrever o fendbmeno, chamado de modelo de
fusdo-fissdo. No caso especifico envolvendo os Xavante, o resultado pode ter sido uma
rapida e marcante modificacdo morfologica. A separacdo entre os Gé& e outros grupos é
estimado com dados linglisticos em cerca de 3.000 anos antes no presente, sendo que o
ualtimo split, entre Xavante e Kayapd nédo teria mais do que 1.500 anos. Nossas analises
preliminares (Apéndice Il; Hinemeier et al., dados ndo publicados) demonstram que tanto
com dados moleculares (MtDNA e marcadores ndo-neutros) quanto com medidas
craniométricas, o background biol6gico dos Xavante em menos de dois mil anos se alterou
de maneira singular considerando o padrdo nativo-americano devido a fenémenos
microevolutivos, em especial a deriva genética, catalisados por processos culturais, como

aqueles que promovem fissédo e fusdo na propagacdo das aldeias. Com base nisto se
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estabelece um argumento favoravel ao modelo de povoamento da América proposto por
Gonzalez-José et al (2008), pois tensdes sociais que levariam a rupturas com posterior
isolamento de alguns grupos humanos seriam o suficiente para gerar uma amplitude de
diversidade genotipica e fenotipica em poucas geracdes. Até este momento, este seria 0
primeiro exemplo bem documentado de diferenciacdo morfologica rapida associada aos
nativos americanos. Como conseqiéncia, temos varias implicacbes, como por exemplo,
ndo se faz necessario qualquer postulacdo sobre migracGes diversas com individuos com
distintos background bioldgicos. Uma mesma origem, a partir de um grupo ancestral
relativamente heterogéneo geneticamente, e com posterior acdo de fatores micro-
evolutivos e culturais autdctones podem parcimoniosamente explicar as muitas vezes
surpreendentes variacbes morfologicas encontradas entre os diferentes povos nativos

americanos.

Outro importante fator cultural catalisador de fenémenos micro-evolutivos foi a
adocdo da agricultura e domesticacdo de animais durante o Neolitico. Como visto no artigo
“Gene-culture dynamics: an example involving Native Americans” a implementacdo da
agricultura pode ser um processo dispendioso, que pode levar a déficits nutricionais pois
ocorre um relativamente rapido aumento da populacdo, dependentes muitas vezes de uma
ou poucas plantas cultivadas. 1sso poderia ter levado a ciclos de fartura e fome, favoraveis
a selegdo de alelos “econdmicos” como ¢ o caso do ABCA1*230Cys. Tal panorama de co-
evolucgdo ilustra como a cultura sob diferentes cenarios é agente ativo na evolugéo

humana.
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Vale destacar ainda, que a variante ABCA1*230Cys além de ser a primeira
variante genética exclusiva nativo-america funcional descrita, constitui-se no primeiro

exemplo bem documentado de co-evolugdo gene-cultura dentro da América.

Finalmente, considerando tudo o que foi exposto, torna-se evidente que as relagdes
fendtipo-gendtipo séo influenciadas por diversos fatores bioldgicos/culturais/ambientais. O
mais importante é assumir que a variacdo existente dentro da espécie humana, é resultado
de uma intricada rede de interacbes genéticas, que atuam em todos os niveis do
desenvolvimento. Adicionalmente, as interacfes desta rede no Homo sapiens sapiens se
distingue daquelas de outros mamiferos, em especial pela acdo catalisadora de processos

derivados justamente da caracteristica que torna nossa espécie singular, a cultura.
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CSNK2A2

Figura 4. Onze genes da rede do desenvolvimento craniofacial . Imagem criada usando o programa
STRING (Search Tool for the Retrieval of Interacting Genes/P Genes/Proteins -
fttp://string.embl.de) considerando o maior nivel de confianca (0,90). Diferentes espessuras dos

ramos representam o nivel de confianca.
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It has been suggested that the higher susceptibility of Hispanics to metabolic disease is related to their
Native American heritage. A frequent cholesterol transporter ABCA1 (ATP-binding cassette transporter A1)
gene variant (R230C, rs9282541) apparently exclusive to Native American individuals was associated with
low high-density lipoprotein cholesterol (HDL-C) levels, obesity and type 2 diabetes in Mexican Mestizos.
We performed a more extensive analysis of this variant in 4405 Native Americans and 863 individuals from
other ethnic groups to investigate genetic evidence of positive selection, to assess its functional effect
in vitro and to explore associations with HDL-C levels and other metabolic traits. The €230 allele was
found in 29 of 36 Native American groups, but not in European, Asian or African individuals. C230 was
observed on a single haplotype, and C230-bearing chromosomes showed longer relative haplotype extension
compared with other haplotypes in the Americas. Additionally, single-nucleotide polymorphism data from the
Human Genome Diversity Panel Native American populations were enriched in significant integrated haplo-
type score values in the region upstream of the ABCAT gene. Cells expressing the C230 allele showed a 27%
cholesterol efflux reduction (P <0.001), confirming this variant has a functional effect in vitro. Moreover, the
€230 allele was associated with lower HDL-C levels (P = 1.77 x 10~"") and with higher body mass index (P =
0.0001) in the combined analysis of Native American populations. This is the first report of a common func-
tional variant exclusive to Native American and descent populations, which is a major determinant of HDL-C

levels and may have contributed to the adaptive evolution of Native American populations.

INTRODUCTION

[t has been suggested that genetic susceptibility of Hispanics to
type 2 diabetes (T2D), obesity and dyslipidemia is related to
their Native American heritage (1-3). We recently found a fre-
quent non-synonymous variant (R230C, rs9282541) within the
ATP-binding cassette transporter Al gene (4BCAI) associated
with low high-density lipoprotein cholesterol (HDL-C) levels
(the most common dyslipidemia in populations with Native
American ancestry), obesity and T2D in Mexican Mestizos
(4,5). ABCAL plays a key role in cholesterol efflux and transfer
from peripheral cells to lipid-poor apolipoprotein A1 (ApoAl),
the first step in HDL particle formation (6,7).

The R230C variant was initially described in the Oji-Cree
population (8). To date, it has been found only in Native
American and Mexican-Mestizo populations (4). We per-
formed a large-scale analysis including individuals from 36
Native North and South American groups and assessed the
effect of this variant on anthropometric and metabolic traits.
Because it was previously suggested that R230C may have
conferred selective advantage as a thrifty gene and/or resist-
ance against certain infectious diseases (4), we performed a
more thorough analysis seeking evidence of positive selection.

RESULTS

The C230 allele was present in the majority of the Native
American populations at an average frequency of 12% (range
0-31%) (Fig. 1; Supplementary Material, Table S1), but was
absent from 863 additional individuals belonging to different
European (Spaniard and Dutch) and Asian groups (Han
Chinese, Manchu, Mongolian, Siberians and Eskimos)
(Fig. 1). The distribution of this allele was not structured
according to language or geographic groups (North versus
South America), as evidenced by analysis of molecular variance
(AMOVA) (P =0.978 and 0.895, respectively). However, the
(€230 allele frequency increased at tropical latitudes (between
the tropics of Cancer and Capricorn) and gradually decreased

at higher latiudes both to the North and South (Fig. 1),
showing a significant correlation (¥ = 0.328; P = 0.02).

The C230 allele is located on a single genetic haplotype

To perform a phylogenetic reconstruction of the evolutionary
relationships, 15 additional single-nucleotide polymorphisms
(SNPs) within a 50 kb block were analyzed in 20 Native
American and 25 Mexican-Mestizo trios to define haplotype
blocks within the region. Together with data from HapMap
populations, a total of 58 haplotypes were identified (Sup-
plementary Material, Table S2). Seven haplotypes were
found in Native Americans, and the (230 allele was clearly
found in only one genetic block (haplotype 32) in all Mexican-
Mestizo, North and South American native individuals ana-
lyzed. Maximum parsimony (MP)-based network analysis is
shown in Figure 2. The phylogenetic reconstruction uncovered
two major lineages (haplogroups A and B) defined by the non-
synonymous polymorphism R219K within the ABCAI gene.
The C230 allele occurred in haplogroup B characterized by
the ancestral R219 allele.

Positive selection testing

The long-range haplotype (LRH) test showed that the exten-
sion of linkage disequilibrium (LD) was much longer in
C230 than in non-C230 chromosomes [relative extended hap-
lotype homozygosity (REHH)=19.8 and 5.9 at 365 and
—434 kb from the core, respectively; Fig. 3]. The former
value remained significant compared with REHH values
from additional regions elsewhere in the genome, genotyped
in a similar set of Native American populations (P = 0.036
at 300kb from the core and P=0.021 at a marker H of
0.04). REHH values were significant in both Kichwa (P =
0.018 at a distance of 300 kb and P =0.007 at a marker H
of 0.04) and Nahua populations (P = 0.043 at a distance of
300kb and P=0.021 at a marker H of 0.04). The only
other two significant core haplotypes were located upstream
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Figure 1. Frequency distribution of the C2.30 allele [(%) black-shaded area] in Native American, European, Asian and African populations. C230 frequency data
from populations with an asterisk were obtained from previous reports (8- 11 and HapMap and SNPS00CANCER databases).
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Figure 2. MP-based network describing the evolutionary relationships of 11
distinct haplotypes. Native American and Mexican-Mestizo haplotypes were
established in trios; the remainder were inferred from HapMap groups. Each
haplotype is represented by a circle whose area reflects the overall number
of copies observed and whose color-coding indicates the frequency of the hap-
lotype in the HapMap groups and Native Americans and Mexican Mestizos.
Line length is proportional to the number of differences between haplotypes.
Non-filled circles represent non-sampled haplotypes reconstructed by the MP
algorithm as evolutionary intermediaries between observed haplotypes. The
phylogenetic reconstruction uncovered two major lineages (haplogroups A
and B) defined by the non-synonymous polymorphism R2/9K. The R230C
variant occurred on haplogroup B characterized by the ancestral R219 allele,
which is frequent in Europe, Asia and America but infrequent in African popu-
lations. The C230 allele was found in only one genetic block in all Mexican-
Mestizo and Native American individuals analyzed.

the ABCAI gene (Supplementary Material, Table S3). Further-
more, in Native Americans from the Human Genome Diver-
sity Panel (HGDP) (R230C genotypes not available), the
ABCAl 5 region (~75kb upstream R230C) was clearly
enriched for outliers of the integrated haplotype score (iHS)

[101]

Il ‘ | ABCAL
| I
4
058 1
I 061
I
= 04 ——
0.2 1]
0 T T T T J
-434 -274.2 -1143 455 205.4 365.3
Distance (Kb)

9.8 1
781 /
591

=
B 0 P — _
£ 391 e — J/¥
o
0 Y y T r 1
434 0742 1143 455 205.4 3653
Distance (Kb)

Figure 3. EHH and REHH of ABCAI/R230C and 23 additional SNPs x phys-
ical distance in Native American individuals. C230-bearing chromosomes (in
gray) appear to have greatly extended LD compared with non-C23(-bearing
chromosomes (in black). Gray vertical lines in the upper track represent gen-
otyped SNPs, and boxes indicate annotated genes.

statistic genome-wide distribution (iHS > 2.5) (Fig. 4). In
agreement with the REHH analysis, the highest iHS values
are clustered upstream ABCAI.

Association of R230C with HDL-C levels and other
metabolic traits

Overall, the prevalence of hypoalphalipoproteinemia (HA)
was the most common dyslipidemia (65% in Mexican and
South American natives; Supplementary Material, Table S4).
Table | shows the effect of R230C on HDL-C and total choles-
terol levels and body mass index (BMI). The R230C/C230C
genotypes were significantly associated with low HDL-C
levels in Pimas (P = 6.4 x 10 ") and in the combined analy-
sis of eight Mexican native groups (P = 5.3 x 10~ %). In South
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Figure 4. iHS values for individual SNPs flanking the 4ABCA/J region (2 Mb) x physical distance (top panel) and P-values for the composite likelihood ratio
(CLR}) test based on a 31-SNP sliding window analysis to detect local regions enriched for high iHS values (bottom panel) in the combined Native American
sample. Filled circles indicate P-values <0.05 genome-wide significance level.

I'able 1. Association of R230C with lipid levels and BMI in Native American populations

Native American population (n) HDL-C levels Total cholesterol BMI
Effect (SE) P-value Effect (SE) P-value Effect (SE) P-value
North America
USA
Pima (2563)* =0.075 (0.019) 6.4 %1077 =0.071 (0.014) 18 %1077 0.008 (0.015) 0.586
Mexico
Yaquis (45) — — — — 0.044 (0.018) 0.012
Teenek (67) —0.051 (0.026) 0.057 =0.010 (0.024) 0.671 0.001 (0.016) 0.978
Coras (123) —0.033 (0.014) 0.021 =0.006 (0.013) 0.681 0.032 (0.011) 0.006
Purepechas (15) —0.040 (0.074) 0.603 —0.048 (0.046) 0333 0.034 (0.019) 0.097
Mazahuas (83) —0.039 (0.036) 0.281 —0.031 (0.041) 0444 0.006 (0.019) 0.758
Nahuas (267) —0.040 (0.014) 0.014 —0.014 (0.020) 0470 —0.004 (0.008) 0.617
Totonacas (113) —0.028 (0.021) 0.180 —0.031 (0.015) 0.042 0.022 (0.013) 0.085
Zapotecs (106) —0.047 (0.022) 0.038 0.007 (0.019) 0.723 0.007 (0.013) 0.605
Mayans (110) =0.040 (0.017) 0.023 —0.043 (0.015) 0.004 =0.007 (0.013) 0.554
Mexican natives combined —0.038 (0.007) 53x 107" —0.019 (0.007) 0.027 0.010 (0.004) 0.012
South America
Kichwas (79) —0.043 (0.030) 0.153 =0.005 (0.020) 0.791 0.024 (0.012) 0.050
Parkatejé (78) —0.029 (0.026) 0.270 —0.002 (0.030) 0.945 0.046 (0.012) 0.0003
All Native Americans combined —0.042 (0.006) 1.77 x 1071 —0.021 (0.006) 705 x 1073 0.011 (0.003) 0.0001

Effect values are presented as effect size per C230 allele copy, standard error (SE). Linear regression was performed on the basis of log-transformed values for
HDL-C levels (mg/dl), total cholesterol levels (mg/dl) and BMI (kg/m?), adjusting for age, gender and diabetes status. HDL-C and total cholesterol levels were also

adjusted for BMI.
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“P-value adjusted by age, gender, birth year, diabetes status and family membership.

American native groups, biochemical data were available from
two populations (Parkatejés and Kichwas), and although
HDL-C levels were lower in C230 carriers, the differences
did not reach statistical significance. Altogether, the combined
results of all Native American groups showed a highly signifi-
cant effect of the C230 allele (—4.2% per copy, P=1.77 x
1071, Interestingly, differences in the effect of R230C on
lipid profiles were observed in some Native American popu-
lations. R230C was strongly associated with low total choles-
terol and triglyceride levels in Pimas (P=1.8 x 10 7 and

[102]

P=17.0x 10", respectively) and Mayans (P=0.004 and
0.010, respectively). Although the combined analysis in
Native American groups also showed a significant association
with low total cholesterol levels (P =7.15 x 107°), it was
clearly not as significant as the association with low HDL-C
levels (P=1.77 x 10°'"). The C230 allele was associated
with higher BMI in the combined analysis of Mexican
native groups (P = 0.012), in Native South American popu-
lations (P =0.0003 and 0.050 for Parkatejé and Kichwas,
respectively), but not in Pima Indians. Altogether, combined
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Figure 5. Functional characterization of the ABCA1/R230C variant by lipid
efflux assay. (A) Polyclonal stable cell lines expressing the ABCA1 wild-type
(WT), variant R230C and mutant M709/T (known defective in lipid efflux)
were generated, and efflux activity for cholesterol was performed as described
in Materials and Methods. Data represent mean + SD of two to five exper-
iments as a percent of the ApoAl-dependent efflux induced by wild-type
ABCAI. Each assay was performed in triplicate. *P < 0.001. (B) The
expression of WT, variant R230C and mutant MI109/T ABCAL1 protein in
Flp-In cells was assessed by western immunoblotting.

results showed that the C230 allele was associated with higher
BMI (P = 0.0001), and this association was evidently more
significant in male than in female individuals (P =4.05 x
106 versus P = 0.02).

Sequencing and in vifro functional analysis

Torule out the presence of another possible causal variant in LD
with C230, all 50 exons and the promoter region of ABCAI were
sequenced in a limited number of individuals (2 of each geno-
type); however, no promoter or coding variant in LD with
R230C was found. Cholesterol efflux from Flp-In cell lines
expressing the ABCAI (230 allele was significantly lower
(27%) than that of cells expressing the wild-type R230 allele
(P << 0.001) (Fig. 5A), confirming that this variant has a func-
tional effect in vitro. In contrast, the C230 and R230 cell lines
showed no differences in phospholipid efflux. The C230 allele
expressed ABCALI protein at levels comparable with that of
T1091 and wild-type alleles (Fig. 5B).

DISCUSSION
R230C, a private allele to the Americas

The R230C allele first identified in OQji-Crees and Mexican
Mestizos was found in most Amerindian groups throughout
the Americas, but not in any ethnic group from other conti-
nents (4,8). This is in agreement with previous studies
that have not found this allele in 7717 Caucasian, Asian,
African and South-Pacific Rim individuals (HapMap and
SNP500CANCER databases) (8—11). This absence strongly
suggests that C230 is a private allele (exclusive to Native
American and Native American-derived populations),
although it may be present in some non-Amerindian popu-
lations not included in this analysis. Its presence on the
same haplotype in both North and South Americans suggests
that it may have arisen among Native American founders in
Beringia or North-East Asia. This is in agreement with
recent studies suggesting that founder populations stayed in
Beringia long enough to give rise to exclusive genetic variants
(12—14). Although private alleles in the HLA system and
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other genes have been previously reported in some Native
American populations (15,16), there is only one previous
report of a common private autosomal allele (microsatellite
D9S51120) 9RA4) ubiquitous in the Americas (17). It is note-
worthy that D9S1120 and R230C (4BCAI) are both located
on chromosome 9q, although separated by a 19 Mb distance.
We genotyped DS951720 in 16 C230C Native American and
Mestizo homozygotes and found no allele in LD, indicating
that the two ancestry informative markers are independent.

The C230 allele distribution varied among different Amer-
indian populations (0-0.31). The complex demographic pro-
cesses that these populations have gone through must have
played a crucial role in this distribution. Initially, the moderate
bottleneck in the out of Beringia process led to a relatively
small effective population size, so genetic drift could have
been one of the main causes of fluctuation (18,19). In
groups that later expanded demographically to constitute
societies formed by thousands of individuals such as Mesoa-
mericans, genetic drift was less likely to cause differences in
the distribution of C230 frequencies.

Evidence suggesting R230C underwent positive selection

Understanding the impact of natural selection acting on par-
ticular genes in human populations can provide insights into
the genetic etiology of human disease. Interestingly, ABCAI
has been recognized as one of the genes most likely to have
been subject to positive selection in humans since the diver-
gence from the common ancestor of our lineage and that of
chimpanzees (20,21). The results of the REHH and iHS ana-
lyses for the ABCAI gene region in Native Americans are
not compatible with a simple neutral evolutionary model,
but are consistent with the hypothesis that the R230C variant
resides on a haplotype which is the target of an ongoing direc-
tional selective sweep. It must be acknowledged, however,
that with the currently available genotyping data, it is not poss-
ible to define whether the R230C haplotype is also responsible
for the signal resulting from the iHS test.

The geographical distribution of the C230 allele clearly
differs from the North-to-South gradient described for
genome-wide neutral markers (22), suggesting the possibility
of a climate-related adaptive process, as has been previously
described for other genes involved in energy metabolism
(23). In the context of Neel’s hypothesis (24), R230C carriers
could have had a selective advantage. Because the C230
ABCAI protein shows decreased cholesterol effiux, the pres-
ence of this variant could favor intracellular cholesterol and
energy storage. Specifically, adipose tissue benefits various
biological functions including the ability to accommodate
fluctuations in energy supply such as severe famine, the regu-
lation of reproductive function and providing energy for the
immune system now known to have a significant energy cost
(25,26). However, under current westenized lifestyle
changes, this allele may have become a major susceptibility
allele for low HDL-C levels and other metabolic traits,
which is consistent with the association of the R230C
variant with higher BMI in Native American populations,
and with obesity, T2D and metabolic syndrome in Mexican
Mestizos (4,5). However, other environmental factors may
also be involved in (230 allele frequency distribution. For
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instance, cholesterol plays an important role in various infec-
tious processes such as the entry and replication of Dengue
virus type 2 and flaviviral infection (27). The ABCALI trans-
porter is known to participate in infectious and/or thrombotic
disorders involving vesiculation, since homozygous ABCAI
gene deletions confer complete resistance against cerebral
malaria in mice (28,29). Interestingly, areas with higher
(230 allele frequencies correspond to dengue, vellow fever
and malaria distributions in the Americas (30). Altogether,
these diftferent lines of evidence suggest that the ABCA]
(230 allele may have been important for survival throughout
the colonization of the Americas.

Association of R230C with HDL-C levels and other
metabolic traits

Overall, the prevalence of low HDL-C levels was not only
higher in Native Americans than in European, Asian and
African individuals (3), but also the most common dyslipide-
mia (65% in Mexican and South American natives). The Pima
population is known to have much lower HDL-C and total
cholesterol levels than US Caucasians (31). R230C/C230C
genotypes were strongly associated with low HDL-C levels
in Native American rural populations, Pimas and urban
Mexican Mestizos (4,9). In fact, the sole presence of the
(230 allele explains ~4% of the HDL-C level variation in
these populations, which is higher than the variation explained
by any other SNP associated with HDL-C levels identified
through genome-wide scans in Europeans and Indian Asians
(9). This is consistent with both in silico (PANTHER
subPSEC score —4.27) and in vitre evidence confirming that
the R230C variant is functional (27% decrease in cholesterol
efflux) (22). The functional effect is significant, but mild com-
pared with the T1091 allele previously identified in Tangier
patients (32).

Environmental factors and further genetic variation (within
ABCAI or other genes) may play a relevant role in the associ-
ation of the C230 allele with other metabolic traits. Lower
total cholesterol and triglyceride levels were found in C230
carriers only in Pimas and Mayans. In addition, the C230
allele was associated with higher BMI in Mexican native
groups, but not in the Pima Indians. Moreover, a gender
effect was observed, as the association of R230C with
higher BMI was more significant in males. Interestingly, in a
previous study, a transcription factor 7-like 2 (TCF7L2)
gene haplotype (HapA) with evidence of positive selection
was also associated with higher BMI only in male individuals
(33). Further studies are required to confirm the role of R230C
in these metabolic and other fat storage-related traits such as
non-alcoholic fatty liver disease, which is highly prevalent
in Hispanic populations (34,35).

The C230 allele has also been associated with T2D in the
Mexican-Mestizo population (5). The overall frequency of
T2D in most Mexican native groups was also high (11.3%);
however, the study design was not appropriate for a case—
control association in these groups. Interestingly, the R230C
was only marginally associated with T2D in Pimas (P =
0.06) despite the large sample size and the previous finding
that HDL-C concentrations in non-diabetic Pima Indian
women were negatively associated with the development of
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T2D (36). Impaired ABCAI function causes cholesterol
accumulation in beta cells in animal models, suggesting that
beneficial reductions in plasma lipids may limit the extent of
beta cell damage and could partially mask glucose homeosta-
sis disturbances (37). The highly significant association of
R230C with reduced total cholesterol and triglyceride serum
levels observed in Pimas may be one of the factors explaining
this marginal association. The role of R230C as a risk allele for
T2D in Mexican native groups and its interaction with
environmental factors requires further analysis.

In conclusion, to the best of our knowledge, this is the first
report of a common functional variant exclusive to Native
American and descent populations associated with low
HDL-C levels and other metabolic traits. We present several
lines of evidence in favor of positive selection for the
R230C allele possibly contributing to the adaptive evolution
of Native American populations and providing insight into
the genetic etiology of currently prevalent metabolic disease.

MATERIALS AND METHODS

Subjects

The study included a total of 4405 adult individuals from 36
different Native American groups and 863 Europeans and
Asians. All Mexican and South American natives and their
ancestors (two generations) were born in the same community

and spoke their own native language. Field research was con-
ducted by multidisciplinary teams.

Ethics statement

This study was conducted according to the principles
expressed in the Declaration of Helsinki and was approved
by the Ethics Committees of all participant institutions. Par-
ticipants provided written informed consent. Local authorities
gave their approval to participate in the study, and a translator
was used as needed.

Anthropometric and biochemical analyses

Anthropometric and metabolic parameters were available for
2563 Pimas, 1016 Mexican and 157 South American native
individuals (Supplementary Material, Table S4). The Pima
subjects included are part of an ongoing longitudinal study
of the etiology of T2D in the Gila River Indian community
in Central Arizona (38). All biochemical measurements in
1050 Mexican natives and Kichwas (from Ecuador) were per-
formed by the INCMNSZ with commercially available stan-
dardized methods as described by Villarreal-Molina et al.
(4). Biochemical parameters of Parkatejé individuals have
been previously described (39). T2D and HA were defined
according to the American Diabetes Association and National
Cholesterol Education Program (NCEP) criteria, respectively
(40,41).

DNA sequencing of the ABCAI gene

Genomic DNA was extracted from peripheral blood leuko-
cytes. The 50 exons and proximal promoter region of the

0L0Z ‘6 1equialdag uo saoines Aeld] 10N e Blo sjewnolpioyxo By woly papeojumod



ABCAI gene were amplified in samples from six individuals
(two R230R, two R230C and two C230C) as described pre-
viously (8). Amplicons were sequenced using ABI PRISM
BigDye Terminators version 3.1 on an ABI 3100 automated
sequencer according to the manufacturer’s protocol (Applied
Biosystems, Foster City, CA, USA).

SNP genotyping

The R230C variant and 23 SNPs spanning an 800 kb region
were genotyped using TagMan assays (ABI Prism 7900HT
Sequence Detection System; Applied Biosystems). The 23
SNPs were selected from the HGDP for being informative in
Native American populations and were genotyped in 10
Kichwa, 7 Nahua and 3 Zapotec trios (mother—father—off-
spring). The names and chromosomal position of all SNPs
analyzed are given in Supplementary Material, Table S5. Gen-
otyping call rate exceeded 95% per SNP, and no discordant
genotypes were observed in 40 duplicate samples. Deviation
from Hardy—Weinberg equilibrium was not observed for
any SNP.

Generation of R230C variant constructs and cell lines

Polyclonal stable cell lines expressing the ABCAI R230C
variant were generated using the Flp-In system (Invitrogen,
Carlsbad, CA, USA) as described previously (42). The gener-
ation and detailed biochemical characterization of many of
these cell lines are described elsewhere (43). Briefly, the
R230C wvariant was generated by PCR-based site-directed
mutagenesis using the primers 230F,5-GAGCGAGTACTT
TGTTCCAACATG and 230R,5-CATGTTGGAACAAAGT
ACTCGCTC and cloned into peDNAS/FRT (Invitrogen).
The plasmid was completely sequenced prior to transfection
into 293 Flp-In cells. The MI1091T ABCAI mutation pre-
viously identified in Tangier patients was used as control (32).

Cholesterol and phospholipid efflux assay

Efflux experiments were performed as described previously
(42). Briefly, cells were loaded with | wCi of [*H] cholesterol
or 2 uCi of [*H]-choline (Amersham Biosciences, Little Chal-
font, Buckingham, UK) for 24 h. The following day, the
medium was removed and replaced with serum-free medium
containing 5 mg/ml delipidated bovine serum albumin
(Sigma, St Louis, MO, USA). After 1 h of incubation,
20 pg/ml human ApoAl (Athens Research and Technology,
Athens, GA, USA) was added for 4 h. For cholesterol efflux,
the medium was collected and cells were lysed in 0.1 N
NaOH/0.1% SDS. For phospholipid efftux, the [*H]-choline/
phospholipids/ApoAl in the medium was collected by immu-
noprecipitation with ApoAl antibody and cells were digested
for protein assay. The radioactivity in the samples was quan-
tified by scintillation counting. Cholesterol effux is expressed
as a percent of counts in medium over total (medium + cells).
Phospholipid efflux is expressed as counts of the immunocol-
lected [*H]-choline/phospholipid/ApoAl normalized to cell
protein. Data are expressed as percent of the ApoAl-
dependent efflux induced by wild-type 4BCAI. Significance
was calculated using a one-way ANOVA test with a
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Newman—Keuls post-test using GraphPad Prism 4 software
(San Diego, CA, USA). ABCAI expression was determined
by western blotting as described previously (44), using anti-
ABCAI or anfi-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibodies (Chemicon, Temecula, CA, USA).

Statistical analyses

Population genetics. Allele and genotype frequencies, Hardy—
Weinberg equilibrium and AMOVA were calculated using
Arlequin 3.11 software (45). The linguistic classification of
Native American languages was adopted from Campbell
(46). Network analyses of haplotypes from HapMap, Mexican-
Mestizo and Native American population data were performed
using a median-joining and maximum-parsimony method
(Network 4.510 software) (47).

Positive selection tests. The LRH test was applied to examine
the decay of LD (Sweep software) (48) within an 800 kb
region flanking R230C using data obtained from the 20
Native American trios described earlier. LD decay was then
compared with LRH data generated elsewhere covering a
total of 24 Mb of the genome in Native American populations
(49). To further explore the presence of positive selection sig-
natures in the ABCAI region, the iHS was estimated as
described previously (50,51), using publicly available geno-
type data for ~650 000 SNPs genome-wide distributed in
five Native American groups from the HGDP (52). With an
approach similar to that described by Nielsen et al. (53) to
detect regions with aberrant allele frequency spectra (test 1),
we applied a composite likelihood test to detect regions with
aberrant ‘iHS spectra’. We first categorized |iHS| in bins of
size 0.1 and then estimated the probability of observing an
SNP in each bin, both in the whole-genome data set (back-
ground distribution) and in each 31-SNP sliding window
over the whole genome. Two composite likelihoods were esti-
mated for each window, multiplying the probability of observ-
ing each SNP in the window, by either the probability of
observing the SNP in the genome-wide background or that
estimated from the window. A log-likelihood ratio was then
estimated comparing both likelihoods, where extreme values
indicate unusual iHS pattems compared with the rest of the
genome.

Associations with HDL-C and metabolic traits. Associations
of R230C genotypes with HDL-C and other metabolic traits
were tested using linear regression models (assuming an addi-
tive model) adjusting for covariates including age, sex and
BMI (SPSS, version 15.0, statistical package; Chicago, IL,
USA). All variables tested were log-transformed for the analy-
sis. Combined association tests were conducted using a
Mantel—-Haenszel-like model (54). The combined estimated
effect was computed as a weighted average of the individual
estimated effects using weights proportional to the inverse of
the standard errors squared (33).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Figure 1. Andlise de Componentes Principais das variaveis cefélicas considerando 6 tribos
indigenas sul-americanas: Xavante (azul), Kaingang (preto), Kayapo (vermelho), Yanomama
(cinza), Baniwa (verde) e Ticuna (rosa). O grafico mostra grande separacdo dos Xavantes em

relacdo as demais populagdes, incluindo outras populagdes Gé.

[108]
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Tabela 1. Modelo Relethford-Blangero para as 6 populacdes exibidas no grafico acima. Os
Xavantes apresentam maior varia¢do fenotipica interna; considerando todas as populagdes
estudadas apresenta uma variacdo maior que o esperado para o modelo. Mean Within-

Group Phenotypic Variance = 0,748.

Within-group Phenotypic Variance

Population  r(ii) Observed Expected Residual

XAV 0,617994 0,888 0,350 0,538
KAY 0,032154 0,711 0,886 -0,176
BAN 0,176957 0,658 0,754 -0,096
TIC 0,119905 0,644 0,806 -0,162
KAI 0,033031 0,877 0,885 -0,009
YAN 0,117953 0,712 0,808 -0,095

(109]
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Figura 2. Multidimensional Scaling Analysis com dados de sequiéncia da regido HVSI do DNA mitocondrial considerando as 6 populagdes fenotipificadas. Os

Xavantes apresentam grande diferenciacdo em relagdo as outras populagdes em nivel molecular.

[110]
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