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CARACTERIZACAO DE VARIACAO NO NUMERO DE COPIAS (CNV) NO
GENE HMGA2 ASSOCIADO COM TAMANHO DE PREPUCIO EM BOVINOS
NELORE (BOS INDICUS)

RESUMO - O gene High Mobility Group AT-hook2 (HMGAZ2) apresentou
fortes evidéncias de estar associado com o tamanho de umbigo em bovinos da
raca Nelore através das analises de associacdo gendmica ampla (GWAS).
Diversos relatos de associacdo desse gene a fenotipos do ambito da morfologia
corporal existem para diferentes espécies, tais como altura em humanos, cées e
equinos, e tamanho da orelha em suinos. Descobertas recentes demonstraram
que o gene HMGA?2 estd associado avia metabdlica de grande importancia
fisiolégica e biolégica que tem como um dos principais fatores o PLAG1
(Pleomorphic adenoma genel), que estd associado ao fator de crescimento
semelhante a insulina 2 (IGF2), importante regulador do crescimento e da
reproducdo em bovinos. No presente trabalho, foi descrita a identificacdo e
caracterizacdo de variacdo no numero de coépias (CNV) cromossomo 5 do
cromossomo bovino, na regido do gene HMGA2 que apresenta associacdo a
caracteristica de tamanho de umbigo. Andlises da sequéncia completa do genoma
de individuos Bos taurus e Bos indicus foram empregadas para caracterizar o
CNV, sendo sua validagdo realizada através de PCR quantitativo (qPCR). Além
disso, os resultados foram comparados com dados de sequéncia de animais
africanos B. indicus evidenciando a origem zebuina do CNV.

Palavras-chave: Bovinos, HMGA2, CNV, Umbigo, Bos taurus, Bos indicus.



CHARACTERIZATION OF VARIATION IN THE NUMBER OF COPIES (CNV)
IN THE HMGA2 GENE ASSOCIATED TO NAVEL SIZE IN NELORE BOVINES
(BOS INDICUS)

ABSTRACT —The High Mobility Group AT-hook 2 (HMGAZ2) gene presented
strong evidence of being associated with navel size in Nellore cattle through
genome association analysis (GWAS). Several reports of association of this gene
with phenotypes in the scope of body morphology exist for different species, such
as height in humans, dogs and horses, and ear size in swine. Recent discoveries
have shown that the HMGAZ2 gene is associated with a metabolic pathway of great
physiological and biological importance that has as one of its main factors PLAG1
(Pleomorphic adenoma gene 1), which is associated with insulin-like growth factor
2 (IGF2), important regulator of growth and reproduction in cattle. In the present
work, the identification and characterization of copy number variation (CNV) on
chromosome 5 of the bovine chromosome in the region of the HMGA2 gene that
has association with the navel size trait was described. Genome sequence analysis
of Bos taurus and Bos indicus individuals was used to characterize the CNV, and
its validation was performed using quantitative PCR (qPCR). In addition, the results
were compared with sequence data from a African B.indicus animals evidencing

the indicine origin of the CNV.

Keywords: Bovine; CNV; Navel; Bos taurus; Bos indicus.
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CAPITULO 2-Association of a copy number variant with navel in Bos
indicus reinforces the relevance of the HMGA2-PLAG1-IGF2 pathway in cattle
breeding

Figure 1. HMGA2-PLAG1-IGF2 pathway scheme. Protein tertiary
structures displayed in this figure were build using SWISS-MODEL

Figure 2. Haplotype-based GWAS maps navel at yearling
associations to HMGAZ2. (a) Each point in the Manhattan plot corresponds
to a 6-markers long haplotype. The dashed horizontal line corresponds to
the Bonferroni threshold (p < 2.44 x 10®). (b) Distributions of dEBVs
according to number of copies of the leading haplotype. The HMGAZ2 locus

accounted for 2.04% of the variance in dEBVSs.

Figure 3. Discovery of a B. indicus specific CNV on HMGA2
affecting navel at yearling. (a) Relative fold increase in sequence coverage
of a segment of HMGAZ2 intron 3 correlates with TCCTCCAAC haplotype
counts in Nellore cattle. Each smoothed curve corresponds to sequence
coverage averaged across samples with same haplotype count. (b)
Inspection of the CNV region in additional European B. taurus and African
B. indicus (breeds reveals specificity of copy gains in B. indicus (marked
with *).

Figure 4. Navel at yearling associations with varying haplotype sizes
(1, 5 and 10 SNPs). Dashed horizontal lines correspond to the Bonferroni-

corrected significance levels.

Figure 5. Average probe intensity data from the BovineHD assay for
the HMGA2-CNVR segment (vertical dashed lines). Each curve
corresponds to average LRR values of samples with the same
TCCTCCAAC haplotype count. Points in the curves indicate positions of
SNP markers.



CAPITULO 1 - Consideracdes Gerais
1. RESUMO

O Brasil possui o segundo maior rebanho efetivo do mundo, porém no qual
apenas 12% das fémeas em idade reprodutiva sdo inseminadas (ASBIA, 2016). Isso
faz com que o uso de touros na monta natural revista-se de grande importancia o
gue consequentemente implica na necessidade de atengcdo para com a sanidade
detouros reprodutores.

Em termos genéticos, 0s touros possuem grande importancia, especialmente
guando comparados com vacas, uma vez que sao capazes de deixar centenas de
descendentes no rebanho. Entre diversas caracteristicas a serem observadas na
funcionalidade de um touro, a ocorréncia de desordens fisicas na parte externa do
sistema reprodutivo masculino, especialmente no prepucio penduloso que é mais
susceptivel a injarias, trata-se daquela que pode levar a danos irreversiveis na
capacidade reprodutiva consequentemente ocasionando perdas econdmicas
significativas. Nesse sentido, nos processos de selecdo e melhoramento genético de
bovinos de corte, a caracteristica prepucio/umbigo € levada em consideracao por
tratar-se de fendtipo que apresenta alta herdabilidade (VIU, et al.,2002, BIGNARDI,et
al.,2011).

Atualmente, diversos programas de melhoramento genético da raca Nelore
utilizam avaliacdo visual conhecida genericamente como CPMU (Conformacao;
Precocidade; Musculatura e Umbigo), na qual se atribuem escores visuais
individuais de um a cinco para os fenoétipos: conformacao, precocidade, musculatura,
e umbigo (KOURY FILHO, 2005).

Entretanto, apesar de ser um dos fenétipos de maior importancia econémica
na raca, o tamanho de bainha prepucial para machos e o tamanho do umbigo para
fémeas é muitas vezes negligenciado.

Estudos de associacdo gendmica ampla (GWAS) tém por finalidade analisar
variagbes na sequéncia de DNA gendmico, buscando associagbes com
caracteristicas fenotipicas definidas, permitindo a localizacdo da regido

cromossOmica e, eventualmente, dos genes envolvidos na expressao do fendtipo de



interesse, auxiliando na compreensdo dos mecanismos biolégicos e fisioldgicos
desses genes (KU et al., 2010).

A presenca de um QTL de alta significancia associado a caracteristica umbigo
identificado por GWAS foi encontrado na regido do cromossomo 5 bovino que
contém o gene HMGA2 (Porto-Neto et al., 2014) que recentemente foi relacionado
como fendtipo altura corporal em humanos (Weedon et al., 2007; Yang et al., 2010).

O principal objetivo da presente dissertacdo de mestrado foi de identificar a
variante causal para o fenotipo tamanho de umbigo de bovinos da raca Nelore
através do GWAS, e avancar na compreensdo e determinagcdo da variante causal
para essa caracteristica que possam auxiliar a selecdo genética principalmente de
reprodutores.

No Capitulo 2, descreve-se a identificacdo de uma regido candidata para o
fendtipo umbigo em bovinos, na qual esta localizado o gene HMGA2. Além disso,
atraveés das técnicas de analise de dados de sequéncia completa de DNA, GWAS e
gPCR, foi possivel determinar CNV no gene HMGA2 como provavel responsavel
pela determinacdo do fendtipo, bem como identificar via pleiotropica de grande

importancia.

2.REVISAO DE LITERATURA
2.1. PANORAMA DA PECUARIA BOVINA NO BRASIL E NO MUNDO

A pecuaria bovina possui forte representatividade nas exportacdes no
mercado interno brasileiro, gerando aproximadamente seis bilhdes de reais no ano
de 2015. Esse setor representa de 6% do PIB brasileiro e 30% do PIB do
agronegocio (GOMES et al., 2017). Segundo dados do USDA (USDA, 2018) em
2018 houve aumento de 5% na exportacao global de carne mundial in natura, sendo
gue o Brasil ocupa posicao de destaque nesse panorama, sendo o maior exportador
de carne bovina em 2017 (2.02 milhées de toneladas). O Brasil ocupa também o
segundo lugar em producédo global de carne, sendo essa expansdo devida ao

aumento do peso de carcaca, da demanda domeéstica e por exportacbes (9.9



milhdes de toneladas), além do terceiro lugar como mercado consumidor, ficando
atrés apenas da China e dos Estados Unidos.

Diante desse contexto de lideranca mundial, é de crucial importancia para o
Brasil o desenvolvimento e aplicacdo de métodos de selecdo genética para as
caracteristicas associadas a eficiéncia produtiva, com o objetivo de aperfeicoar a

cadeia da carne como um todo.

2.2. RACA NELORE

As racas zebuina (Bos indicus), originarias da india, foram introduzidas no
Brasil a partir do século XIX, difundindo-se por todo territério, sendo a raca Nelore
predominante no cenario pecuario brasileiro atual.

Uma das caracteristicas da raca Nelore que possibilitou sua rapida expansao
foi a alta adaptabilidade aos sistemas de producgédo, tanto extensivos quanto
intensivos, uma vez que possui a capacidade de digerir alimentos de baixa
qualidade e converté-lo sem proteina animal com maior eficiéncia quando
comparados a outras racas, tornando-a atrativa para os produtores brasileiros
(KOURY FILHO et al., 2003).

Outros fatores importantes que devem ser considerados com relacao araca
sdo a ocorréncia depelagem branca e de pele preta (oque confere maior tolerancia
clima tropical e subtropical), a presenca do cupim, a rusticidade e resisténcia a endo
e ectoparasitas e, por fim, aeficiéncia na dissipacdo do calor endbégeno por
conducao, conveccao, irradiacao e evaporacdo (HANSEN, 2004; TAKAHASHI et.al.,
2009).

2.3.  UMBIGO/PREPUCIO: PROBLEMAS REPRODUTIVOS

7

O tamanho do preplucio é uma caracteristica morfolégica de importante
relevancia nos bovinos, principalmente nos reprodutores zebuinos, visto que estes

possuem prepucio mais penduloso do que aqueles dos animais taurinos



(NASCIMENTO e SANTOS, 2011) tornando-os mais predispostos a injurias e
traumatismos (RABELO et al., 2008).

Praticas de manejo equivocadas como a falta de controle de endo e
ectoparasitas, uso de pastagens de baixa qualidade, mal preparadas e manejadas,
sao fatores que podem contribuir para o desenvolvimento de traumas no sistema
reprodutivo do macho e, consequentemente, desencadear enfermidades como a
acrobustite, inflamacéo na extremidade externa do prepucio que, quando associada
ao estreitamento do Ostio prepucial dificulta a exposicdo peniana devido a dor,
causando a incapacidade da cépula, além de processos inflamatérios e lesbes
penianas, contribuindo assim para reducao da fertilidade geral do rebanho (RABELO
et al., 2012).

Sugere-se que aqueles animais que apresentem prepucio longo, sejam
eliminados do rebanho em razéo da alta herdabilidade genética desta caracteristica.
A herdabilidade para tamanho do prepucio/umbigo varia entre 0,29 a 0,70 (LAGOS &
FITZHUGH Jr., 1970; LIMA et al., 1989; CARDOSO et al., 1998; KOURY FILHO et
al., 2003; VIU et al., 2002; BIGNARDI et al., 2011; LIMA et al., 2013).

Diante do peso da produgédo animal para a economia brasileira e de como
asperdas impostas pelas falhas reprodutivas, através da diminuicdo da vida
reprodutiva do touro, falha na cobertura, impoténcia coeundi e altos custos de
tratamentos que muitas vezes se mostram ineficazes, essa condicdo € um limitante
importante da eficiéncia produtiva (ASHDOWN, 2006; RABELO et al.,, 2006;
RABELO et al., 2008, BOLIGON, 2016).

Sendo assim, o principal método utilizado para atenuar os problemas
advindos da ocorréncia de umbigo penduloso é a selecéo direta através dos escores
de bainha prepucial (machos) e umbigo (fémeas) de acordo com seu tamanho e
posicionamento. Salienta-se que a sele¢cdo de tamanho do umbigo para as fémeas
nao possui valor funcional, servindo apenas como um indicativo de selecdo para sua

progénie.

2.4. COLETA DE DADOS FENOTIPICOS



Programas de melhoramento genético de bovinos de corte utilizam
caracteristicas fenotipicas coletadas na desmama (sete meses) e ao sobreano (18
meses) como parametros para a selecdo uma vez que essas possuem baixo custo e
alta acuracia. O programa CPMU (Conformacéo, Precocidade, Musculosidade e
Umbigo) desenvolvido por Koury Filho et al. (2003), atribui escore visual linear para
cada animal de um grupo em relacdo a aspectos de sua estrutura corporal, 0s quis
sao integrados através de célculos matematicos que estabelecem valor chamado
DEP (diferenca esperada entre progénie) que levaem consideracdo as informacoes
de desempenho individuais e da progénie, além do pedigree.

Essas avaliagdes visuais sao realizadas em animais pertencentes ao mesmo
grupo de contemporaneos (animais do mesmo sexo, ano de nascimento, e mesmo
lote no rebanho) por dois avaliadores capacitados, ocasido em queé atribuida nota
individual em escala de 1 a 5. Para a avaliacdo de umbigo/bainha prepucial, os
maiores escores correspondem aos animais com a bainha prepucial mais pendulosa,

€ 0S menores para animais com a bainha mais retraida.

2.5. ESTUDOS DE ASSOCIACAO GENOMICA AMPLA (GWAS)

No Brasil, onde bovinos de racas zebuinas desempenham papel importante
na cadeira produtiva, o uso de ferramentas genémicas para melhorar a eficiéncia de
producdo vem sendo adotado na ultima década (UTSUNOMIYA et al.,, 2013;
SANTANA et al., 2014; PEREIRA et al., 2016).

Uma das mais importantes perspectivaspara aaplicacdo dos conhecimentos
gendbmicos na pratica, consiste na abordagem conhecida como Estudo de
Associacdo Gendomica Ampla (GWAS —“Genome Wide Association Study”), que
utiliza informacgdes sobre o tipo e frequéncia alélica demarcadores genémicos do tipo
SNP, os consistem das variagbes pontuais (mutacdes de um nucleotideo) que
ocorrem e se acumulam no DNA através das geracfes, permitindo seu uso na
diferenciacéo de individuos e na determinacdo das causas de diferencas fenotipicas

observadas.



Os resultados do GWAS permitem a identificacdo de regibes ou variantes
associadas com caracteristicas complexas de interesse, aumentando o0
entendimento sobre importantes vias moleculares e biolégicas além de indicar genes
candidatos para determinados fenétipos (SCOTT et al., 2007).

Os primeiros estudos desse tipo foram realizados em humanos, na area
epidemiologica (MCCARTHY et al., 2008), no entanto, atualmente essa abordagem
€ utilizada em diversas espécies, principalmente em espécies de interesse
agropecuario.

Do ponto de vista das alteragdes na forma e estrutura dos cromossomos, de
forma geral as variagdes gendomicas podem ser divididas em variantes neutras,
como é o caso dos SNP, e variantes estruturais, quando ocorrem em mais de um par
de bases e podem ser subdivididas em: variacbes no numero de coépias (CNV),
insercdes-delecdes (INDELS), inversdes e substituicbes (KORN et al., 2008;
BICKHART et al., 2012).

Recentemente, haplétipos (conjuntos especificos de alelos SNP em tandem e
contidos em regido especificadeum determinado cromossomo) tem sido utilizado em
diversos estudos de associacdo gendmica obtendo-se resultados semelhantes aos
obtidos como uso de SNPs (HAYES et al., 2007).

2.6. HMGA2

O gene High Mobility Group AT-hook 2” (HMGAZ2) codifica proteinas
pertencentes ao grupo HMG (do inglés: non-histone chromosomal high mobility
group protein family). Essas proteinas atuam regulando a transcricdo génica por
alteracdes de cromatina e estrutura dos cromossomos.

O HMGA2 é expresso principalmente durante o desenvolvimento embrionario
nos rins, figado e Utero,sendo que em tecidos adultos é quase indetectavel, contudo,
guando expresso é normalmente associado com formas tumorais malignas e
benignas, além de regular direta e indiretamente a expressao de diversos genes.

Delecdes, amplificagbes e rearranjosnesse gene estdo diretamente

associados a lipomas, evidenciando seu papel na adipogénese, e diferenciacdo



mesenquimal (ASHAR et al.,1995). Além disso, estudos in vitro demonstraram que a
presenca da proteina HMGA leva ao aumento da atividade proliferativa dos
condrocitos (RICHTER et al., 2009).

Estudos com camundongos nocaute demonstraram que esse gene esta
associado a obesidade induzida por dieta. Zhou et al. (1995) identificou o fenotipo
pygmy, onde ocorrem baixos niveis de gordura e falhas no crescimento pré e pés
natal. Ja& Weedon e colaboradores (2007) e Yang et al. (2010) caracterizaram a
associacdo de HMGAZ2 com altura em humanos, sendo o0 mesmo tipo de associagcéo
identificado em equinos (FRISCHKNECHT et al., 2015; MAKVANDI-NEJAD et al.,
2012) e caes (HAYWARD et al.,, 2016). Em suinos, o tamanho de orelha foi
associado com efeitos desse gene (LI et al., 2012) bem como em humanos quanto a
erupcéao dos dentes permanentes (GELLER et al., 2011).

O gene HMGA2 é altamente expresso durante a fase embrionaria e inicio do
desenvolvimento fetal, apds essa fase sua expressdo comeca a ser regulada através
do micro RNA let-7 causando sua supressao, no entanto, em casos de neoplasias
em adultos hd uma inversédo dessa regulacdo, onde ha um aumento da expressao
do HMGAZ2 e a supresséo do let-7 (Shell et al., 2007).

O fator de transcricio HMGAZ2 possui cinco exons, sendo extremamente
conservado entre os mamiferos. Os trés primeiros exéns codificam os AT-hook-
domain, que podem regular grande niumeros de genes alvos. J& os dois Ultimos
exons codificam as “acid tail regions”.

Estudos realizados por KLEMKE et al. (2014) e HABIB et al.(2017),
apontaram que o gene do HMGA2 participa da via metabdlica
(HMGA2/PLAG1/IGF2) através da auto-regulacdo dos dois genes de extremam
importancia: PLAG1 e IGF2. O HMGA2 pode atuar diretamente na regulacdo do
PLAGl e do IGF2, ou através do aumento da expressdao de PLAG1 que
indiretamente influencia no aumento da expresséao de IGF2.

O IGF do inglés ‘“insulin-like growth factor” é responsavel pela via do
crescimento celular, inibicdo da apoptose e proliferacao celular (ROSENZWEIG e
ATREYA, 2010; KING e WONG, 2012), sendo os principais participantes desse
complexo sistema o IGF1 e IGF2, que atuam diretamente na deficiéncia de

crescimento em ratos (DeCHIARA et al., 1991). Assim como o IGF2, o nocaute do


https://www.omim.org/entry/600698#4
https://www.omim.org/entry/600698#33

gene PLAGL1 (Pleomorphic Adenoma Gene 1) em camundongos levou ao retardo no

crescimento e diminuicao da fertilidade (HENSEN et al., 2004).

2.7. CNV

Alteracbes no numero de copias (CNV) de um segmento especifico da
sequéncia do genoma, através de duplicacbes ou delecbes, sdo ocorréncias
comumente descritas em varias espécies, tais como humanos (MILLS et al., 2011,
FU et al.,, 2010); ovinos (FONTANESIet al., 2011), caprinos (FONTANESIet al.,
2010), suinos (CHEN et al., 2012; LI et al.,, 2012; WANG et al.,, 2013) aves
(SKINNER et al., 2009; WANG et al., 2010; LUO et al., 2013; ABERNATHY et al.,
2014) e bovinos (BAE et al., 2010; LIU et al., 2010; BICKHART et al.. 2012; JIANG et
al., 2013). Essas modificacdes sdo essenciais para a diversidade genética e podem
também desempenhar funcdes importantes em diversas doencas em humanos,
como o Alzheimer (ROVELET-LECRUX et al., 2006), Parkinson (SIMON-SANCHEZ
et al., 2008), autismo (SEBAT et al., 2007), entre outras.

Embora as altera¢cdes de SNP ocorram em abundancia no genoma, os efeitos
de CNV sobre fendtipos tendem a apresentar maior impacto por se tratarem de
mudancas estruturais ho cromossomo que podem alterar a regulacédo génica atingir
regides codificantes de proteinas ou aquelas implicadas no seu controle (SEBAT et
al., 2004; STRANGER et al., 2007; ZHANG et al, 2009).

A existéncia de multiplas copias de um gene no genoma pode ser
considerada como mecanismo alternativo para garantir 0 processo evolutivo ao
manter a existéncia e funcionamento de genes essenciais (KONRAD, 2011), além de
também poderem estar associados com diferencas adaptativas entre racas geradas
pelos processos de selecéo artificial (BICKHART etal., 2012)

Atualmente h& quatro mecanismos provaveis para a origem dos CNVs: a
recombinacdo homologa ndo alélica, a juncdo de extremidades ndo homologas,
ocorréncia de um erro durante a replicacdo, denominado Fork Stalling and
“Templates Witching”, e a retrotransposi¢ao (CLOP et al., 2012).



No Capitulo 2 foi abordada a validacdo do gene HMGA2 como possivel
variante causal para o fenotipo tamanho de umbigo com o auxilio das ferramentas

GWAS, andlise de dados de sequéncia gendmica e qPCR.
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Abstract

Navel injuries caused by friction against the pasture can promote infection,
reproductive problems and costly treatments in beef cattle raised in extensive
systems. A haplotype-based genome-wide association study (GWAS) was performed
for visual scores of navel length at yearling in Nellore cattle (Bos indicus) using data
from 1298 animals and 503088 single nucleotide polymorphism (SNP) markers. The
strongest signal (p = 1.01 x 10°) was found on chromosome 5 spanning positions
47.9 - 48.2 Mbp. This region contains introns 3 and 4 and exons 4 and 5 of the high
mobility group AT-hook 2 gene (HMGAZ2). Further inspection of the region with whole
genome sequence data of 21 animals revealed correlations between counts of the
significant haplotype and copy number gains of a ~6.2 kbp segment of intron 3 of
HMGAZ2. Analysis of genome sequences from five African B. indicus and four
European Bos taurus breeds revealed that the copy number variant (CNV) is
indicine-specific. This intronic CNV was then validated through quantitative
polymerase chain reaction (QPCR) using Angus animals as copy neutral controls.
Importantly, the CNV was not detectable by means of conventional SNP-based
GWAS or SNP probe intensity analyses. Given that HMGAZ2 affects the expression of
the insulin-like growth factor 2 gene (IGF2) together with the pleomorphic adenoma

gene 1 (PLAG1), and that the latter has been repeatedly shown to be associated with
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guantitative traits of economic importance, these findings highlight the relevance of
the HMGA2-PLAG1-IGF2 pathway to cattle breeding.

Introduction

The insulin-like growth factor (IGF) or somatomedin pathway is a complex
system that controls the signaling cascades of the PI3K/Akt, MAPK and
Ras/Raf/MEK/ERK pathways, resulting in cell growth and proliferation and inhibition
of apoptosis(Rosenzweig and Atreya, 2010; King and Wong, 2012). The main
effectors of the IGF system, namely IGF1 and IGF2, are preferentially expressed
after and before birth, respectively (Bergman et al., 2013). In particular, IGF2 is
maternally imprinted, and disrupting mutations inherited from the male germline
cause growth deficiency in mice (DeChiara et al., 1991). Moreover, a mouse
knockout model of the pleomorphic adenoma gene 1 (PLAG1), a transcription factor
for IGF2, also presented marked growth retardation and decreased fertility (Hensen
et al., 2004). Indeed, a naturally occurring PLAG1 mutation has been shown to affect
a wide range of economically relevant traits in both Bostaurus (Karim et al., 2011;
Saatchi et al., 2014; Bolormaa et al., 2014) Bosindicus (Utsunomiya et al., 2013;
Fortes et al., 2013; Pereira et al., 2016) cattle, implicating a major contribution of the
IGF system to genetic variance of several traits in the bovine species.

Another transcription factor affecting expression of IGF2 is the high mobility
AT-hook 2 (HMGAZ2). Regulation of IGF2 by HMGAZ2 has been recently demonstrated
to occur directly or through increased expression of PLAG1 (Klemke et al., 2014; Abi
Habib et al., 2017) (Figure 1). In fact, HMGA2 has been found to harbor variants
associated with height in humans (Weedon et al., 2007; Yang et al., 2010), horses
(Frischknecht et al., 2015) and dogs (Hayward et al., 2016), as well as ear size in
pigs (Li et al., 2012). The bovine HMGAZ2 orthologue is located on chromosome
(CHR) 5 between base pairs (bp) 48053846 and 48199963 in the UMD v3.1.1
assembly (Zimin et al.,, 2009). Quantitative trait loci (QTL) encompassing this
genomic region have been reported in cattle for growth and fatness (Bolormaa et al.,
2014), and body condition score and penile sheath (Porto-Neto et al., 2014).

However, putative causal variants underlying these QTL remain elusive.
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Here we report a haplotype-based genome-wide association study (GWAS) for
navel at yearling (NY) in Nellore cattle (Bosindicus), which resulted in the discovery
of a copy number variation (CNV) in intron 3 of HMGA2 that was not detectable from
conventional GWAS or SNP probe intensity analyses. Moreover, validation of the
CNV through quantitative polymerase chain reaction (qPCR) showed that the
genome-wide significant haplotype performed well as a predictor of CNV genotype in
our samples. Finally, analysis of a panel of whole genome sequences of African B.
indicus and European B. taurus breeds revealed the CNV to be of B. indicus origin.

Igf binding proteins 1-7 Plag1
%i\' “ﬂg;_:

Hmga2
-------------- Binding .
Expression Q$
Insulin lgf1
g
Insulin receptor Igf1 receptor

Figure 1. HMGA2-PLAG1-IGF2 pathway scheme. Protein tertiary structures
displayed in this figure were built using SWISS-MODEL (Bienert et al., 2017).

Material and Methods

Genotypes
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lllumina BovineHDBeadChip assay (786799 SNPs) genotypes of 953 Nellore
bulls and 1278 Nellore cows were available for analysis from previous studies
(Carvalheiro et al., 2014; Zavarez et al., 2015). These animals comprised part of the
genomic selection reference population from a commercial breeding program that
routinely performs genetic evaluations for weight, carcass and reproductive traits. All
genotyped samples had a minimum genotyping rate of 90%. Autosomal markers with
unique genomic coordinates were filtered with PLINK v1.90b4.6 (Purcell et al., 2007;
Chang et al., 2015) for a minimum call rate of 95%, GenTrain Score of at least 70%
and minor allele frequency of at least 2%. The filtered genotypes were then phased
with the Segmented HAPlotype Estimation & Imputation Tool (SHAPEIT2) v2.r837
(O’Connell et al., 2014). Phasing was performed with a burn in of 10 iterations,
pruning of 10 iterations, 50 main iterations, 200 states, windows of 500 kbp and
effective population size of 113. The latter parameter was estimated from genotype
the data with SNeP v1.1 (Barbato et al., 2015).

Phenotypes

Pseudo-phenotypes were based on estimated breeding values (EBVS)
obtained from an animal model fitted to records of 745,466 animals. Navel at yearling
was recorded based on visual evaluation of animals by trained technicians. The navel
scores were assigned considering an absolute scale, ranging from 1 to 5, so that the
largest scores were attributed to animals with longer or more pendulous navels. For
males, the penile sheath was considered part of the navel. Animals pertaining to the
same contemporary group (i.e., animals from the same herd, sex, birth year, birth
season and management group) were evaluated by the same technicians, so that the
fixed effect of contemporary group fitted in the animal model is expected to account
for any systematic effects associated to technicians. Prior to GWAS, EBVs were

deregressed following Garrick et al., (2009).
Genome-wide association analysis

The GWAS model used here was essentially the leave-one-chromosome-out
(LOCO) procedure proposed by Yang et al., (2014), except that haplotypes were
tested instead of single SNPs. Model fitting was performed in GCTA v.1.90.2 beta
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(Yang et al., 2011) by using haplotype data as input via coding of haplotypes as
pseudo-SNP markers. More specifically, haplotype data were provided to GCTA in
binary (bed/bim/fam) format with genotypes expressed in terms of number of copies
of each haplotype (0, 1 or 2). The association analysis for each haplotype was then

based on the following mixed linear model:
y=1lu+xb+u+e

where y is the vector of deregressed EBVs, 1, is a vector of ones (length
equal to n, the number of animals with deregressed EBV), u is the intercept, X is a nx
1 vector of standardized haplotype counts, b is the fixed effect of the haplotype, u is
the n x 1 vector of accumulated contributions of random effects of all SNPs except
those located in the same chromosome as the haplotype being tested, and e is the n
x 1 vector of random residual effects. It was assumed that y ~ MVN(1pt + xb, G2 +
I06%), where G is the SNP-based genomic relationship matrix (GRM), [, is the
marked additive genetic variance, | is an identity matrix and (¢ is the residual
variance. The model above was fitted in two steps: first, variance components were
estimated using the average information restricted maximum likelihood (AI-REML)
algorithm; then, estimates of fixed effects were obtained using generalized least
squares equations. In order to reduce computational burden, variance components
were estimated only once per chromosome using a reduced model without
haplotypes. Also, only animals presenting accuracy of deregressed EBV greater than
0.70 were used to reduce influence of heterogeneity of variance in the analysis. By
conditioning all analyses on the accumulated effects of SNPs, associations
presumably reflected significant haplotype effects not captured by random SNP
effects. Moreover, the SNP-based GRM helped controlling the analyses for putative
confounding effects of cryptic relationships and population substructure. Haplotypes
were constructed with GHap v1.2.2 (Utsunomiya et al., 2016) using overlapping
segments of six consecutive markers, considering that the average intermarker
distance was ~5 kbp and that linkage disequilibrium extends up to 30 kbp in the
Nellore genome (Espigolan et al., 2013). Only haplotypes with frequency between
5% and 95% were tested (analogous to exclusion of loci with minor allele frequency
below 5% in conventional GWAS). Additionally, to assess the sensitivity of the GWAS
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procedure to the choice of haplotype size, we repeated the analysis with haplotypes
of 1 (equivalent to single marker analysis), 5 and 10 SNPs. Haplotypes were
prioritized for investigation if their p-values were lower than a stringent Bonferroni
corrected significance level of 0.05/N, where N is the total number of tested

haplotypes.
Analysis of whole genome sequence data

Next-generation sequence data of Nellore animals were obtained from a
previous study (Utsunomiya et al, 2017) and consisted of lllumina HiSeq 2000 paired-
end reads from 21 bulls aligned to the UMD v3.1.1 Bostaurus assembly (Zimin et al.,
2009). The average sequencing coverage was 9.25x. For the candidate region
detected by the GWAS analysis, single nucleotide variants and short
insertions/deletions were identified with the mpileup algorithm from SAMtools v1.3.1
(Li, 2009) and annotated with the Ensembl Variant Effect Predictor (VEP) (McLaren
et al., 2016). Copy number gains were identified by increase of nucleotide coverage
as compared to the average sample coverage. First, for each sample and nucleotide,
coverage was computed as Nreads/C, where Nreads is the number of reads
encompassing the nucleotide and C is the sample coverage. Then, bulls were
grouped according to their number of copies (0, 1 and 2) of the significant haplotype
and nucleotide coverage was averaged within groups. A last normalization step was
adopted by taking the median coverage of 1 kbp windows. This procedure was
intended to smooth out outlying values and increase the signal-to-noise ratio in the
data. Candidate variants and alignment data were also inspected with the Integrative
Genomics View (IGV) v2.3 software (Robinson et al.,, 2011; Thorvaldsdattir et al.,
2013). Occurrence of the candidate causal mutation in other cattle breeds was
investigated using re-sequencing data (n = 13) from five African zebu B. indicuscattle
breeds (BioProject PRINA312138), namely Kenana, Butana, Sudanese Baggara,
Ogaden and Kenyan Boran (Kim et al. 2017), as well as publicly available whole
genome sequence data (n = 20) of four B. taurus breeds (Angus, Holstein, Jersey
and Simmental, BioProject PRINA238491) (Daetwyler et al., 2014).

SNP probe intensity analysis
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Let X and Y be the normalized signal intensity for the A and B allele,
respectively, and R = X + Y. The normalized total signal intensity (LRR) was
calculated as 1092 (Robserved/Rexpected), Where Rexpected Was computed from linear
interpolation of the canonical genotype clusters. Since LRR is prone to genomic
“‘waves”, supposedly produced by differences in GC-content (%GC) and intensified
as the sample deviates from optimal DNA quantity (Diskin et al., 2008), LRR values
were further corrected for waviness to avoid false positive copy number variation.
Adjustment was achieved by regressing LRR values onto % GC computed over 1
Mbp windows encompassing each marker and taking residuals as the new waviness-
normalized LRR values. Calculation of %GC from a FASTA file of the UMD v3.1.1
assembly was performed with the nuc program in BEDTools v2.26.0 (Quinlan, 2014).
Values of LRR were then averaged across haplotype classes 0, 1 and 2 and

compared with coverage data obtained from whole genome sequences.
gPCR

A gPCR assay was set up in order to validate a CNV that was identified in the
whole genome sequence analysis. The pair of primers
5TCAAAGCCAACTGATTGCTG 3 (forward) and 5’TTTCCTATGGTCCCAAGCG 3
(reverse) was designed considering the limits of the CNV region using the NCBI
Primer-BLAST (http://mwww.ncbi.nIm.nih.gov/tools/primer-blast). Primers 5
GGTGCCTTGTGGGAGATGTA 3’ (forward) and 5 GTGTCAGCTGCCTGAGTCCT 3
(reverse) targeting the tumor suppressing subtransferable candidate 4 gene (TSSC4)
were used as a single copy reference. The assay was performed using a 96-samples
plate. We selected for g°PCR analysis available samples from our DNA bank from 4, 4
and 3 animals with 0, 1 and 2 copies of the significant haplotype, respectively.
Additionally, 4 Angus animals were used as copy neutral controls. All samples were
assessed in triplicate and no-DNA templates were included for each pair of primers
as a control. Each assay consisted of a reaction with a total volume of 20pul, which
contained 1 pl of genomic DNA, 0.8 ul of each primer (10uM), 7.4 ul of pure water
and 10 pl of QuantiTect® SYBER® Green RT-PCR Master Mix (QIAGEN®). Relative

2-AACt

increase of copy number was calculated for each sample using the method
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(Livak and Schmittgen, 2001). The 2*2C! calculation considered as the calibrator

sample one Angus animal.
Results

GWAS identifies a HMGAZ2 haplotype associated with navel at yearling in

Nellore cattle.

The initial data filtering reduced the SNP set to 503088 markers, which were
retained for phasing. Haplotyping of six-markers segments was carried out in all 2231
samples, but the GWAS analysis was conducted exclusively on data from 2016
animals whose accuracy of deregressed EBV was at least 0.70. Association results
pointed to a single leading QTL region on chromosome 5 mapping between 47.9 and
48.2 Mbp (Figure 2). Four haplotypes from consecutive segments spanning positions
47921750-48069099 bp were tied as the most significant haplotype (p = 1.01 x10-9),
which formed the consensus allele TCCTCCAAC. This consensus haplotype
overlapped introns 3 and 4, exons 4 and 5, and the 5’ end of HMGAZ2.
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Figure 2. Haplotype-based GWAS maps navel at yearling associations to
HMGAZ2. (a) Each point in the Manhattan plot corresponds to a 6-markers long

haplotype. The dashed horizontal line corresponds to the Bonferroni threshold (p <
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2.44 x 10'®). (b) Distributions of dEBVs according to number of copies of the leading
haplotype. The HMGA2 locus accounted for 2.04% of the variance in dEBVSs.

Nellore sequence data suggests a CNV intronic to HMGA2 as the causal

variant

Assuming that the TCCTCCAAC haplotype tagged an unobserved causal
mutation, we used TCCTCCAAC copy number to predict causal mutation genotypes
in a sample of 21 Nellore bulls with whole genome sequence data. From a total of
1185 sequence variants detected by SAMtools within the chromosome 5 range 47.9
— 48.2 Mbp, only 6 presented genotype correspondence with haplotype counts,
namely: rs209832737 (CHR5:47962011, C>G), rs521422509 (CHR5:47964144,
A>G), rs525140201 (CHR5:47965249, G>A), rs521794670 (CHR5:47966055, G>A),
rs519732918 (CHR5:47966375, T>C) and rs516281664 (CHR5:47967920, C>T).
However, none of these variants were novel and all of them were intergenic. Analysis
of coverage data revealed an additional variant comprising a ~6.2 kbp CNV spanning
positions 48074233-48080443 (Figure 3a). This CNV was located on intron 3 of
HMGAZ2, and TCCTCCAAC haplotype counts 0, 1 and 2 translated into approximate
fold changes of 4.0, 4.6 and 5.2 in sequence coverage across the ~6.2 kbp segment
in the Nellore samples. Importantly, all sequenced animals presented copy gains at
the CNV region (hereafter denoted HMGA2-CNVR), regardless of haplotype count,
suggesting a baseline copy gain instead of a copy neutral sequence background, and
co-segregation of the relevant haplotype with additional copies of the ~6.2 kbp DNA

segment.

Genome sequences from nine cattle breeds indicate a B. indicus origin
for the HMGA2-CNVR

In order to determine whether the HMGA2-CNVR was a recent derived
mutation private to Nellore cattle or an ancient variant, we inspected the candidate
chromosomal region in sequence data from five African B. indicus and four European
B. taurus breeds (Figure 3b). Four out of five B. indicus breeds presented increased

coverage compatible with the HMGAZ2-CNVR previously found in Nellore cattle,
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whereas all B. taurus breeds were copy neutral at the relevant positions on

chromosome 5. These results strongly point to an indicine-specific CNV.

a b

8 — Haplotype count 8 Baggara* Ogaden* Holstein

Butana* Boran* Jersey
— 0 Kenana* Si

7 1 7
— 2

Average sequence coverage (X)
Average sequence coverage (X)

48.05 48.06 48.07 48.08 48.09 48.10 48.05 48.06 48.07 48.08 48.09

Chromosome 5 Position (in Mbp) Chromosome & Position (in Mbp)

Figure 3. Discovery of a B. indicus specific CNV on HMGAZ2 affecting navel at
yearling. (a) Relative fold increase in sequence coverage of a segment of HMGA2
intron 3 correlates with TCCTCCAAC haplotype counts in Nellore cattle. Each
smoothed curve corresponds to sequence coverage averaged across samples with
same haplotype count. (b) Inspection of the CNVR in additional European B. taurus
and African B. indicus breeds reveals specificity of copy gains in B. indicus (marked
with *).

gPCR validates haplotype-based prediction of CNV genotypes

The TCCTCCAAC haplotype tag suggested that the frequency of additional
copy gains at the HMGA2-CNVR in our Nellore sample was 16.5%. The numbers of
animals carrying 0, 1 and 2 copies of the tag haplotype were 1554, 619 and 58,
respectively. Based on available samples in our DNA bank, we randomly chose 4
animals from each group for validation of the HMGA2-CNVR with qPCR. An
exception was the group of TCCTCCAAC-homozygote animals, which included 3
samples. We also used DNA from 4 Angus animals as copy neutral controls,
assuming that B. taurus animals were copy neutral. The average 22C values for

carriers of 0, 1 and 2 copies of the tag haplotype in the Nellore breed were

48.10
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respectively 7.04 + 1.57, 8.79 £ 1.93 and 9.02 = 2.79, whereas Angus animals
presented an average of 1.39 £ 0.62. The gPCR results were therefore in agreement
with the existence of a CNVR located in intron 3 of HMGAZ2 in Nellore cattle, for

which relative copy gain could be predicted by the TCCTCCAAC haplotype.
Conventional GWAS and SNP probe intensity data fail to detect the CNV

In order to evaluate sensitivity of GWAS results to the choice of haplotype
size, we repeated the genome-wide scan analysis with single SNPs and haplotypes
recovered from segments of 5 and 10 markers (Figure 4). Although the topology of
the chromosome 5 QTL was fairly preserved across all analyses, the single SNP
scan did not present enough power to declare the HMGAZ2 region as significant
considering a Bonferroni-corrected significance level. This suggests that haplotypes
performed better than single SNPs as tags for the putative causal mutation in this
particular study. Therefore, a conventional single-marker GWAS analysis using
Bonferroni correction would have missed the HMGA2 association reported here.
Indeed, associations were even stronger when the haplotype size was increased to
10 markers. Regarding detection of the HMGA2-CNVR via probe intensity data, a
previous study using the same Nellore genotypes (Zhou et al., 2016) did not detect
this CNV with either the CNAM optimal segmentation method from the Golden Helix
SVS v8.3.0 software (Golden Helix Inc., Bozeman, MT, USA) or the Hidden Markov
Model (HMM) implemented in PennCNV (Wang et al., 2007). Therefore, we decided
to directly inspect LRR values from SNP probes to evaluate whether intensity data
could capture information from the CNV. As shown in Figure 5, only two SNP
markers mapped to HMGA2-CNVR, indicating that the local SNP density in the
BovineHD assay was insufficient to reveal the presence of the CNV with confidence.
Moreover, only a slight increase in LRR values could be observed for these two
SNPs as compared to their neighboring markers, which was probably not high
enough to be detectable with either SVS or PennCNV.
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Figure 5. Average probe intensity data from the BovineHD assay for the
HMGA2-CNVR segment (vertical dashed lines). Each curve corresponds to average
LRR values of samples with the same TCCTCCAAC haplotype count. Points in the

curves indicate positions of SNP markers.
Discussion

Navel at yearling is an economically important trait in beef cattle raised in
extensive production systems. A pendulous navel increases the risk of injuries
caused by friction against the pasture, leading to infection, reproductive impairment
and treatment expenses (Ashdown, 2006; Rabelo et al., 2008, Boligon, 2016). This
trait is especially important to cattle raised in Brazil, the second largest beef exporter
of the world (ABIEC, 2015), where Nellore animals compose the majority of the herds
and approximately 88% of the females in reproductive age are subjected to natural
mating (ASBIA, 2016). Here, we reported the identification of a CNV located on intron
3 of HMGAZ2 associated with NY, which was detected through a combination of
haplotype-based GWAS and whole genome sequence analysis. We also showed
that this putative causal mutation was difficult to detect via conventional GWAS and
CNV detection methods. Moreover, we found that other B. indicus breeds apart from

Nellore cattle also carry copy gains of this HMGA2intronic segment.

Interactions among HMGA2, PLAG1 and IGF2, and their numerous pleiotropic
effects on traits related to growth and reproduction, have only recently started to
emerge (Klemke et al.,, 2014; Habib et al., 2017). However, the importance of
HMGA2 as an oncogene, and its regulation by a series of micro RNAs (miRNA)
binding to its 3’-UTR region, has been known for at least a decade. For instance, one
of the first characterized miRNAs, let-7, is a major negative regulator of HMGA2 and
explains the suppression of this gene in later stages of development (Lee and Dutta,
2007). Another relevant regulatory miRNA is miR-763, which is encoded by intron 3
of HMGA2 and possibly co-expressed with its host gene (Von Ahsen et al., 2008;
Artzi et al., 2008). Intron 3 of HMGAZ2 is also a frequent target of structural and
chromosomal abnormalities in human tumors. The HMGA2-CNVR identified in the
present study occurs on the same intron. The orthologous sequence in humans is

predicted to generate an anti-sense, long non-coding RNA, which is yet to be
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validated and observed in the bovine species. Nevertheless, given the major
regulatory role of this intron on HMGAZ2 transcript abundance, we propose an effect
of variation of copy number at this CNVR on HMGAZ2 expression and navel size in
Nellore cattle. This is also supported by associations between penile sheath and
SNPs close to HMGAZ2 in Brahman (B. indicus) and Tropical Composite (B. indicusx
B. taurus) cattle (Porto-Neto et al., 2014).

Apart from the observed effects of the HMGA2-CNVR on navel size, the
candidate causal variant is potentially involved with other heritable traits considering
the pleiotropic nature of HMGAZ2. For instance, HMGA2 variants have been
associated with floppy ears in dogs (Boyko et al., 2010), ear size in pigs (Li et al.,
2012), fat deposition in cattle (Bolormaa et al., 2014) and stature in humans (Weedon
et al., 2007; Yang et al., 2010), cattle (Bouwman et al., 2018), horses (Frischknecht
et al., 2015) and dogs (Hayward et al., 2016). Mice homozygous for a null HMGA2
allele present a “superpygmy” phenotype, reduced amounts of fat tissue and infertility
(Federico et al., 2014). Also, the detection of the HMGA2-CNVR in African B. indicus
cattle is intriguing. The B. indicus population in Africa descended from importation of
animals from Asia during the Arab invasions between the 7™ — 8" centuries (Hanotte
et al. 2002), whereas the Brazilian Nellore population derived from imports of Indian
animals in the mid 20" century (Ajmone-Marsan et al., 2010). Altogether, these
observations suggest that the causal variant is probably a wide spread ancient B.
indicus mutation, which might have had an adaptive value in this subspecies.
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