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1 INTRODUCAO

Erros Inatos do Metabolismo (EIM) sao disturbios de natureza genética que
acarretam anormalidades na sintese ou catabolismo de proteinas, carboidratos ou
lipidios através de defeito enzimatico ou transporte de proteinas, resultando em
blogueio ou prejuizo do funcionamento de vias metabdlicas (Rao et al., 2009; El-
Husny, Fernandes-Caldato, 2006). S&o conhecidas mais de 500 doencas associadas
aos EIM, representando cerca de 10% de todas as doencas genéticas (Sanseverino
et al, 2000).

Entre os EIM estdo as doencas lisossomicas (DL), um grupo heterogéneo
composto de mais de 50 doencas genéticas distintas, caracterizadas por progressivo
acumulo de substratos especificos nos lisossomos. As DLs séo a causa mais comum
de doenca neurodegenerativa pediatrica (Coutinho; Alves; 2016). Embora as primeiras
descricdes clinicas de pacientes com DLs tenham sido feitas em 1881 por Warren
Tay, apenas cerca de 50 anos depois se descobriu a natureza bioguimica de alguns
dos produtos acumulados. S6 depois, em 1963, Hers finalmente demonstrou uma
correlagcdo entre defeito enziméatico e problemas de acumulo de substrato
intralisossomal (Filocamo; Morrone, 2011; Coutinho; Alves; 2016). Esse acumulo de
substrato, parcialmente ou ndo digerido, pode ocasionar uma cascata de efeitos
patogénicos, resultando em complexos quadros clinicos caracterizados por
envolvimento multissistémico, que ocorre devido a deficiéncia de enzimas, proteinas
lisossémicas e, em alguns casos, até proteinas nao lisossémicas, mas envolvidas na
biogénese lisossdbmica. A maioria das proteinas relacionadas com essas doencas
reside no limen do lissosomo e uma minoria sao proteinas de membrana (Kingma et
al, 2015; Filocamo; Morrone, 2011; Ballabio; Gieselmann, 2009; Coutinho; Alves,
2016).

As DLs normalmente sédo classificadas quanto ao  substrato
predominantemente acumulado, o que é uma classificacdo considerada Gtil e muito
bem aceita clinicamente. Entretanto, na maioria das DLs mais de um composto é
acumulado e em outras os substratos acumulados podem ser bastante heterogéneos

(Ballabio; Gieselmann, 2009). A maioria delas apresenta um padrdo de heranca
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autossémico recessivo sendo normalmente monogénicas e, para um grande nimero

delas, numerosas mutagfes foram descritas no mesmo gene. Algumas dessas
mutacOes levam a total perda de atividade enzimética, enquanto outras levam a
atividade reduzida. No entanto, ndo foi encontrada ainda para varias dessas doencas
uma correlagéo clara entre genotipo e fenoétipo. (Filocamo; Morrone, 2011; Futerman;
van Meer, 2004).

Embora as DLs sejam doencas consideradas raras isoladamente, quando
analisadas em conjunto, apresentam frequéncia relevante: sua incidéncia foi estimada
em 1:7700 nascimentos (Meikle et al, 1999). Em paises com alta taxa de
consanguinidade, pode haver uma incidéncia maior de disturbios hereditarios
(Moammar et al, 2010). As manifesta¢des clinicas variam de leves a graves, podendo
nao ser evidentes logo no nascimento na maioria dos casos, aparecendo geralmente
na infancia. Além disso, os métodos de diagndstico sao relativamente sofisticados, o
que dificulta o mesmo em paises em desenvolvimento e implica uma incidéncia

provavelmente subestimada dessas doencas (Giugliani, 2017).

1.1 LISOSSOMOS E ROTA ENDOSSOMO-LISOSSOMAL

Os lisossomos séo organelas citoplasmaticas responsaveis pela degradacéo
de varios tipos de macromoléculas. Embora sejam organelas consideradas digestivas,
as hidrolases acidas e proteinas associadas que compdem a membrana lisossémica
sdo relativamente duradouras, enquanto o0s constituintes endbgenos sé&o
continuamente substituidos por compostos mais recentemente sintetizados (Kornfeld,
1989).

Os lisossomos sao constituidos de uma membrana externa limitante e
vesiculas intralisossomais (Sandhoff; Kolter, 1996; Futerman; van Meer, 2004).
Atualmente ndo sado mais consideradas apenas organelas digestivas ou o destino final
dos compostos degradados, mas organelas centrais para a homeostase celular
metabdlica, coordenando uma rede complexa e interativa de organelas intracelulares.

O lisossomo possui funcdes especificas e envolvidas integralmente na fagocitose,
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autofagia, exocitose, regulacdo de receptores, sinalizacao intracelular, imunidade,

pigmentacao e neurotransmisséo; o aprofundamento dos estudos acerca das doengas
que derivam de falhas na biogénese desta organela pode esclarecer muitos
mecanismos celulares ainda desconhecidos (Coutinho; Ales; 2016; Futerman; van
Meer, 2004).

Os lisossomos fazem parte da rota endossomo-lisossomal, juntamente com
endossomos precoces, tardios e corpos multivesiculares — também podendo ser
chamados de compartimentos lisossomais — e constituem até 5% do volume
intracelular das células animais (Hu et al, 2015).

O compartimento lisossémico como um todo consiste de uma colegcdo de
vacuolos de composicdo, morfologia, localizacdo e densidade heterogénea. Essa
distincdo se da pelas diferencas de nivel de degradacao dos substratos dentro dos
vacuolos individuais, além de elementos de fusdo entre os vacuolos (Huotari;
Helenius, 2011). Essa caracteristica reflete a maneira pela qual os lisossomos séo
formados e contrasta com a relativa uniformidade das outras organelas celulares,
sendo diferenciados de endossomos tardios pela auséncia de receptores de Manose-
6-fosfato (M6P) (Luzio; Pryor; Bright; 2007; Alberts et al, 2014). Ja os endossomos
precoces nao tém tantas semelhancas com a estrutura final do lisossomo, inclusive
posicionando-se na periferia da célula, sendo o local onde a maioria das moléculas
internalizadas sdo mantidas (Hu, et al, 2015).

Os lisossomos possuem um ambiente intracelular 4cido com pH de até 4.5,
distinto do pH citoplasmatico que é de cerca de 7.0-7.2, 0 que sO é possivel pela
existéncia da bicamada lipidica limitante que os envolve, possibilitando também que
haja condi¢des 6timas para funcionalidade das hidrolases e de outras enzimas que ali
estdo localizadas. Esse ambiente 4cido é formado por uma queda rapida progressiva
— devido a acidificagdo vacuolar — no pH luminal dos endossomos precoces, quando
transformados em endossomos tardios e posteriormente fusionados com o0s
lisossomos na rota endossomo-lisossomal, ocorrendo concomitantemente ao
aumento da concentracdo das hidrolases acidas e a migracao para o centro da célula.
A formacao de corpos multivesiculares é resultante desse processo, representando a

transformacao dos endossomos precoces em tardios (Hu et al, 2015).
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Além disso, todas as interagcbes celulares nas quais 0s lisossomos estao

envolvidos sdo mediadas pela membrana e representam o principal mecanismo pelo
qual os substratos séo internalizados ao lisossomo para degradacao (Settembre;
Ballabio, 2014). Os produtos dessa degradacédo séo transportados de volta para o
citoplasma por proteinas especificas de transporte localizadas nas membranas
(Coutinho; Alves; 2016; Tettamanti et al, 2003).

Sao conhecidas mais de 60 hidrolases &acidas contidas nos lisossomos:
fosfatases, nucleases, glicosidases, proteases, peptidases, sulfatases e lipases, as
quais séo responsaveis pelo processo de degradacao da maioria das macromoléculas
e mais de 100 proteinas de membrana, incluindo as que propiciam a funcionalidade
das hidrolases lisossémicas (Luzio et al, 2014; Schwanke; Schroder; Saftig, 2013).
Também, os lisossomos agem como local de ativacdo de diversas atividades
proteoliticas (Hu et al, 2015). As proteinas transmembranas lisossdmicas mais
abundantes registradas séo as LIMP-1 e LIMP-2, constituindo cerca de 50% de todas
as proteinas da membrana (Luzio et al, 2014). A maioria delas é altamente glicosilada,
0 que auxilia a proteger a membrana das proteases localizadas no limen do lisossomo
(Alberts et al, 2014).

Os lisossomos podem ser caracterizados como o destino comum para o qual
diversas rotas distintas de trafego intracelular convergem; seu processo de sintese &
bastante complexo e ainda ndo bem entendido, no qual uma rota que leva para fora
do Reticulo Endoplasméatico através do Complexo de Golgi entrega a maioria das
hidrolases, enquanto ao menos quatro outras rotas fornecem outros substratos para
gue sejam digeridos nos lisossomos (Alberts et al, 2014).

As hidrolases acidas, conforme sintetizadas, sdo enderecadas aos lisossomos
através de elementos de transi¢cao, processo que comeca a ocorrer no Complexo de
Golgi (Rohrer; Kornfeld, 2001). Essas hidrolases recebem marcadores Manose-6-
Fosfato (M6P) pela acdo de duas enzimas: N-acetilglicosamina-1-fosfotransferase
(referida também como GIcNAc-1-fosfotransferase, E.C. 2.7.8.17, codificada pelo
gene GNPTAB e GNPTG) e N-acetilglicosamina-1-fosfodiester alfa-N-
acetilglicosaminidase (E.C 3.1.4.45, codificada pelo gene NAGPA) logo depois que

saem do Reticulo Endoplasmatico Rugoso, ainda na parte cis do complexo de Golgi
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e, devido ao reconhecimento do M6P, localizado na ponta das cadeias de

oligossacarideos N-ligados das hidrolases (fig. 1), podem adentrar os endossomos
tardios e em seguida os lisossomos (por fusédo) através de receptores de M6P (M6PR).
Ou seja, a adicao e posterior reconhecimento do marcador sdo processos-chave para
o enderecamento correto das hidrolases lisossdmicas e, portanto, para o

funcionamento correto dos lisossomos (fig. 2; Alberts et al, 2014).
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Figura 1: Localiza¢&o do marcador M6P nas hidrolases lisossdmicas
Fonte: Alberts et al, 2014

lysosomal hydrolase M6P

[EE——]
®- P8
P 4 BINDING OF SIGNAL PATCH
N-linked TO RECOGNITION SITE OF
oligosaccharide THE PHOSPHOTRANSFERASE
with terminal ‘\y\/ rGeImb?Ke
mannose residue signal m TRANSFER OF cNAC
patch GlcNAc— P TO
P ’ MANNOSE IN
' N CATALYTIC P-E=
ug — @ ' SITE =y
PP | 1 - :
BINDING TO l ’
CATALYTIC RELEASE
UDP-GIcNAc
SITE OF THE m_ 3
PHOSPHO- lysosomal hydrolase
TRANSFERASE ump with GIctNAc—( P attached
o \ tomannose in oligosaccharide
GlcNAc phosphotransferase catalytic site recognition site

Figura 2: Reconhecimento da uma hidrolase lisossomica.
Fonte: Alberts et al, 2014.

1.2 AN-ACETILGLICOSAMINA-1-FOSFOTRANSFERASE

A identificacdo e caracterizacdo da enzima N-acetilglicosamina-1-
fosfotransferase foi realizada primeiramente por Bao et al. em 1996, através de
bovinos, onde foi determinada sua associacdo a membrana e sua localizacdo no
complexo de Golgi, caracterizando-a em um complexo de 540kDa composto de seis

subunidades de homodimeros de 166kDa e 51kDa, ligados a dissulfitos e
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subunidades ndo covalentemente associadas de 56kDa (Bao et al, 1996a). Esses

achados possibilitaram que propriedades especificas da enzima fossem atribuidas a
subunidades especificas, além de determinar que a proteina promove a fosforilacédo
(adicdo de um grupo fosfato) seletivamente a enzimas lisossémicas e que essa
seletividade € uma propriedade da enzima em si e ndo um fator acessorio. A atividade
da enzima foi registrada em pH de 5.7 a 9.4, com funcionalidade 6tima em pH 6.7 a
7.5, porém, a estabilidade da enzima foi identificada em pH 5 a 11 (Bao et al, 1996b).
SO entdo, no ano de 2005, Tiede et al. caracterizaram a enzima humana com 1256
aminoacidos e com massa molecular de 144kDa. Demonstraram também que sao
dois dominios transmembrana e 19 potenciais sitios de N-glicosilacao. Além disso, a
organizacdo modular do gene GNPTAB é preservada em proteinas equivalentes em
ratos, caes, galinhas e zebrafish.

Essa enzima é codificada por um processo complexo e de interacdo de 2 genes
distintos: GNPTAB e GNPTG. O gene GNPTAB tem tamanho de 85kB, é formado por
21 éxons, esta localizado no cromossomo 12, na posicao 23.2 do braco longo (q) e
codifica os precursores de quatro subunidades (duas a e duas ) da enzima GlcNac-
1-phosphotrasnferase, sendo as outras duas subunidades y codificadas pelo gene
GNPTG que, distintamente do GNPTAB, estad localizado no cromossomo 16, na
posicdo 13.3 do braco curto (p) e contém 11 éxons. (Raza, et al, 2015; Hashemi-Gorji
et al 2016; Cathey et al, 2008; Tiede et al, 2005).

No primeiro passo de formacdo, o gene GNPTAB sintetiza a proteina
precursora das duas subunidades a e 3, que tém funcéo catalitica. Esse precursor é
uma proteina de membrana tipo Il de 1256 aminoacidos e tamanho de cerca de
144kDa, com terminacfes N e C viradas para o citosol (Tiede et al, 2005; Franke;
Braulke; Storch, 2013).

A clivagem do precursor ocorre entre os residuos Lys-928 e Asp-929 e é
catalisada pela “site-1-protease” (S1P) localizada no complexo de Golgi, 0 que resulta
nas subunidades a e 3 cataliticamente ativas. Ja as subunidades y séo sintetizadas
como uma glicoproteina soltuvel de 305 aminoacidos e tém como fun¢des a otimizacao
da atividade catalitica das subunidades a e 3 e auxilio no reconhecimento da proteina
determinante das hidrolases (Qian et al, 2013; Tiede et al, 2005).
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A principal funcionalidade dessa enzima € no processo de adigcdo do marcador

M6P para enderecamento de hidrolases lisossémicas, 0 que ocorre pela agao
conjunta de duas enzimas distintas que se relacionam nessa funcéo: no primeiro
passo, a enzima GIcNAc-1-fosfotransferase catalisa a ligacdo covalente entre N-
acetilglicosamina-1-fosfato a partir do UDP(Uridina Difosfato)-N-acetilglicosamina,
para grupamentos hidroxil no carbono 6 de residuos terminais de manose das cadeias
de oligossacarideos das enzimas destinadas aos lisossomos, gerando um fosfodiéster
intermediario. No segundo passo, a Enzima Descobridora (Uncovering Enzyme —
UCE), codificada pelo gene NAGPA, remove um grupamento de N-acetilglicosamina,
hidrolisando-o0 e expondo o marcador M6P para que seja reconhecido e, entdo, as
hidrolases sdo direcionadas aos endolisossomos e finalmente aos lisossomos. O
processo inicia-se na porcao cis do complexo de Golgi e a ultima parte ocorre na
porcao trans do complexo de Golgi, ou Trans-Golgi Network (TGN) (Kang et al, 2010;
Kornfeld et al, 1989).

O sucesso da adicdo do marcador e consequente transporte ao lisossomo
ocorre devido a especificidade de ligacdo do marcador a enzimas lisossémicas. Varias
hidrolases ja tiveram sequéncias clonadas e n&o foi encontrada nenhuma
similaridade, indicando que a proteina ndo reconhece uma sequéncia especifica, mas
sim uma funcionalidade especifica comum (Kornfeld, 1989; Luzio et al, 2014).
Segundo Qian et al (2013), a especificidade da reacao de fosforilacdo de hidrolases
acidas é determinada pela habilidade da enzima N-acetilglicosamina-1-
fosfotransferase de reconhecer um determinante de proteina dependente de
conformacado, presente em hidrolases &cidas e ausente em glicoproteinas nao

lisossomais.

1.3 MUCOLIPIDOSES Il E 1l ALFA/BETA E MUCOLIPIDOSE Ill GAMA

As Mucolipidoses (MLs) Il e 1l alfa/beta e ML Illl gama s&o doencgas
lisossdmicas, genéticas e raras, com padrdo de heranca autossdmico recessivo,

caracterizadas por defeito na enzima GIcNAc-1-fosfotransferase, o que ocasiona
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perda total ou parcial da atividade enzimética. O defeito enzimético acaba

prejudicando o trafego das hidrolases lisossémicas, tendo como consequéncia a
secrecdo excessiva de enzimas lisossémicas (Bargal et al, 2006; Coutinho et al, 2011;
Koehne et al, 2016). As deficiéncias celulares de multiplas enzimas nos lisossomos
levam ao acumulo de macromoléculas ndo degradadas como proteinas, lipidios ou
glicosaminoglicanos (GAGs), e mal funcionamento dos lisossomos devido a
deficiéncia intracelular das hidrolases acidas (Koehne et al, 2016; Encarnacéo et al,
2009).

A ML Il alfa/beta é a forma mais severa da doenca, com quadro clinico
composto de crescimento ésseo prejudicado, face infiltrada, hipertrofia gengival,
macroglossia, hérnias inguinais, infiltracdes cutaneas, limitacdo articular, surdez,
atraso psicomotor e baixa estatura (Cathey et al, 2010; Koehne et al, 2016; Plante et
al, 2008). Os sintomas podem ser detectados até antes do nascimento e, devido a
progressdo da doenca, geralmente ocorre o0 6bito na primeira década de vida em
funcado de problemas cardiopulmonares (Hashemi-Goriji et al, 2016).

Apresentando caracteristicas clinicas mais brandas, as ML Il alfa/beta e ML 11|
gama apresentam progressdo mais lenta que as ML Il alfa/beta, ocorrendo o
aparecimento dos sintomas nas primeiras décadas de vida. Devido a essa progressao
mais lenta, a sobrevivéncia se estende até a vida adulta, podendo chegar a 82 década.
As primeiras manifestacdes clinicas da doenca geralmente sdo a rigidez de
articulagdes das méos e ombros, escoliose, baixa estatura e “maos em garra” (Ludwig
2016; van Meel; Kornfeld, 2016).

As ML Il e Il alfa/beta sdo ocasionadas por mutacdes no gene GNPTAB, e a
ML Il gama por mutacdes no gene GNPTG (Cathey et al, 2010).

O diagnéstico dessas doencas € feito através de métodos bioquimicos e
moleculares. No centro de referéncia de Erros Inatos do Metabolismo do Hospital de
Clinicas de Porto Alegre, o diagnostico bioquimico é realizado através da medigéo da
atividade das enzimas Arilsulfatase A (ARSA, EC 3.1.6.8), a-l-iduronidase (IDUA; EC
3.2.1.76), iduronate-sulfatase (IDS; EC 3.1.6.12), B-glucuronidase (GUSB; EC
3.2.1.31), e B-hexosaminidase (EC 3.2.1.30) em fibroblastos, assim como a analise

de Glicosaminoglicanos (GAGS). A andlise molecular é feita através de
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sequenciamento dos genes GNPTAB e GNPTG (Cury et al, 2013). Em outros centros,

o diagnostico é feito através de ensaio enzimético da GIcNAc-1-fosfotransferase com
substancia radioativa.

Até dezembro de 2016, 160! mutacdes foram identificadas no gene GNPTAB,
sendo 153 causadoras das MLs Il e Ill alfa/beta e o restante das mutacdes causadoras
de gagueira. Para o gene GNPTG, foram identificadas 422 mutagdes patogénicas, 26
causadoras de ML Il gama e o restante causadoras de gagueira (Raza et al, 2016).
Os estudos de Raza et al (2016) corroboram a informacdo de que as mutacfes
causadoras de MLs sao fundamentalmente distintas das causadoras de gagueira.

Embora exista um numero alto de muta¢fes distintas causadoras de MLs e
ainda que a maioria seja considerada Unica ou rara, a microdelecdo
c.3503_3504delTC (rs34002892) foi encontrada como uma mutacdo associada a
efeito fundador na populacdo franco-canadense, além de ter sido encontrada em
variadas populacdes, registrando uma ampla distribuicdo geogréafica, sendo esta a
mutacdo mais frequente causadora de ML Il/lll alfa/beta. Essa mutacdo é
caracterizada como uma mutacado patogénica de mudanca de fase de leitura e esta
posicionada no éxon 19. Ocasiona, na primeira posicdo da delecdo, a troca do
aminoécido Leucina para Glutamina e a consequente troca de toda a fase de leitura e
dos aminoécidos ali presentes 3(Coutinho et al, 2011; Plante et al, 2008).

Na populacdo dos Estados Unidos foi estimada uma frequéncia de 22% de
presenca da mutacdo em 61 pacientes de ML IlI/lll alfa/beta (Cathey et al, 2010);
Tappino et al (2009) encontrou 51% de 38 pacientes (maioria - 83% - Italianos, 4
Argentinos e 2 Paquistaneses) de MLs com a mutacéo, e Plante et al (2008) detectou
a mutacdo em 16 pacientes e 9 pais de pacientes em uma populacédo fundadora do
Canada.

Na populagdo latina, a frequéncia encontrada para a mutagdo
€.3503_3504delTC foi de (0,043%), 5/11540 alelos afetados/alelos analisados

segundo o Projeto EXAC. Segundo o ABraOM, banco de dados de variantes

1 HGMD: The Human Gene Mutation Database. Disponivel em: http://www.hgmd.cf.ac.uk/ac/index.php

2 HGMD: The Human Gene Mutation Database. Disponivel em: http://www.hgmd.cf.ac.uk/ac/index.php

3 National Center for Biotechnology Information — NCBI: dbSNP — The Single Nucleotide Polymorphism database.
Disponivel em: https://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=34002892
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genOmicas brasileiras, a frequéncia detectada foi 1/1218 alelos, (0,082%). A

frequéncia alélica total no Projeto EXAC é 0,054%, 66/121350 alelos. Segundo o
Projeto 1000 genomas, a frequéncia total € 119/245997, (0,048%) enquanto a
frequéncia para a populacao latina (referida como Americana — AMR — pelos autores)
é de 17/33541, (0,050%).

Para pacientes brasileiros de ML II/lll alfa/beta, a frequéncia foi determinada no
trabalho de Cury et al (2013) como presente em 45% (11/24) dos alelos e em 40%
dos alelos (10/25) em Ludwig et al (2016).

O estudo de Coutinho et al (2011) determinou a idade da mutacao patogénica
c.3503_3504delTC em 2063 anos (+-729 anos) e sua provavel origem através da

construcdo de haplétipos.

1.4 HAPLOTIPOS, SNPS E DESEQUILIBRIO DE LIGACAO

Os haplotipos por definicdo sdo conjuntos de alteracdes polimérficas herdados
em conjunto, e a andlise da existéncia de desequilibrio de ligacdo (DL) entre
polimorfismos e mutacées em amostras de pacientes permitem tracar um histérico
populacional de mutacBes relevantes. O desequilibrio de ligacdo refere-se a
associacao nao aleatoria entre alelos de loci adjacentes (Ahmad et al, 2003), e permite
que analises de evolucdo do gene sejam realizadas. Para tanto, a anélise de variantes
e marcadores moleculares associados a mutacdes patogénicas possibilitam tracar
também um histérico do gene relacionado, assim como a dispersao de alelos
mutantes. Nesse sentido, os SNPs (Single Nucleotide Polymorphisms) podem ser
uma importante ferramenta de analise. Aproximadamente 90% da variacdo genética
do genoma humano é composta por SNPs, resultado de mutacdo de ponto — que
podem ser substituicbes ou indels (insercbes/delecbes) — na sequéncia
cromossOmica. Recentemente, os SNPs estdo sendo cada vez mais utilizados como
marcadores moleculares para estudos de historia evolutiva de populacdes e até de
especiacdo. Ao contrario de outros marcadores, como microssatélites, os SNPs tém
uma taxa de mutacao relativamente baixa, descrita como um intervalo de 10 a 10°.

Multiplas muta¢des no mesmo loci em SNPs s&o extremamente improvaveis, entéo a
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maioria dos SNPs sao bialélicos, facilitando a genotipagem (Brumfield et al, 2003;

Turchetto-Zolet et al, 2017).

2 JUSTIFICATIVA

Embora sejam raras, as ML Il e Ill alfa/beta sdo doencas graves e que podem
culminar em O6bito. Devido a progressdao da doenca, geralmente o0s pacientes
necessitam de cuidados intensivos e em tempo integral por parte da familia, o que
ocasiona sofrimento. Como h& uma baixa incidéncia mundial, as MLs sdo ainda
relativamente desconhecidas, o que dificulta o encaminhamento devido e o
diagndstico correto.

A importancia do conhecimento da diversidade genética das populacdes, dos
haplétipos presentes e andlises de desequilibrio de ligacdo (DL) se da pela
possibilidade de mapeamento genético, identificacdo de genes associados a doencgas,
conhecimento da histéria demografica de populacdes e do funcionamento da acéo de
forcas seletivas. Além disso, tal conhecimento pode facilitar estimativas de incidéncia,
aconselhamento genético e diagndstico efetivo das MLs.

O desequilibrio de ligacédo entre os alelos carregando marcadores como SNPs
pode ser indicador das forcas seletivas que agem estruturando um genoma.
Atualmente, a maioria dos estudos com DL tem como objetivo entender a historia
evolutiva e eventos demogréaficos de populacdes, fazer mapeamento de genes que
podem estar associados a caracteres quantitativos e doencas hereditarias, além do

entendimento da evolugéo de haplotipos (Slatkin, 2009).

3 OBJETIVOS

3.1 OBJETIVOS GERAIS

- Caracterizar os haplétipos de pacientes brasileiros com MLs 1l e Il alfa/beta;

- Identificar a origem da mutacgdo ¢.3503_3504delTC na populacéo brasileira.
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3.2 OBJETIVOS ESPECIFICOS

- Caracterizar os haplétipos formados por 9 polimorfismos genéticos: c.-41_-
39delGGC  (rs76300806), c¢.18G>A  (rs4764655), <c.27G>A  (rs222504),
c.365+96_365+97delGT (rs4015837), ¢.365+145C>T (rs2108694), c.1285-166G>A
(rs7963747), c.1932A>G (rs10778148), ¢.3135+5T>C (rs759935) e ¢.3336-25T>C
(rs3736476) e pela mutacdo patogénica mais frequente em pacientes
€.3503_3504delTC, todos localizados no gene GNPTAB, em pacientes brasileiros
com diagnoéstico molecular de ML Il e Il alfa/beta;

- Determinar os passos mutacionais relacionados a evolucdo dos haplétipos
caracterizados;

- Analisar a existéncia de desequilibrio de ligacdo entre os polimorfismos
citados presentes no gene GNPTAB e também com a mutacao ¢.3503 _3504delTC;

- Determinar a origem da mutacgéo ¢.3503_3504delTC na populacéo brasileira.
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4 ARTIGO

Os dados deste estudo serdo apresentados em forma de artigo cientifico a ser
submetido a revista Clinical Genetics Wiley. Tabelas e figuras sdo apresentadas no

final do artigo.

GNPTAB ANALYSIS: HAPLOTYPE CONSTRUCTION AND ORIGIN OF THE
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ABSTRACT

N-acetylglucosamine-1-phosphotrasnferase (GlcNac-1-phosphotransferase) is a
hexameric enzyme complex encoded by two genes: GNPTAB and GNPTG. This
enzyme has a key role in lysosomal hydrolase trafficking, which is impaired in
Mucolipidosis Il/1ll alpha/beta, caused by biallelic mutations in GNPTAB, or Il gamma,
caused by biallelic mutations in GNPTG. ¢.3503_3504delTC is the most frequent
mutation in Mucolipidosis Il/lll alpha/beta. This study aims to characterize the
haplotypes found in Brazilian ML 1l/lll alpha/beta patients presenting the
€.3503_3504delTC mutation. DNA extraction from blood samples was performed and
9 regions (6 introns and 3 exons) of the GNPTAB gene were PCR-amplified and
sequenced according to samples availability. Fifteen patients (2 consanguineous) and
100 controls were analyzed. Patients were from several regions of Brazil and controls
were from Porto Alegre (RS). Software analysis allowed a network construction to
evaluate relations between haplotypes found: 11 in patients (7 bearing
c.3503_3504delTC) and 28 in controls. The most common haplotype in patients was
found widely distributed in all regions, and a core haplotype shared by 6/7
¢.3503_3504delTC bearing haplotypes was identified. Linkage Disequilibrium analysis
showed strong LD between the core haplotype markers. No founder effect was proven

in Brazil, but haplotypes containing ¢.3503_3504delTC seem to have a common origin.

Keywords: Mucolipidosis Il, Mucolipidosis Ill Alpha Beta, Haplotypes, mutation,

polymorphism.

INTRODUCTION

Mucolipidosis types Il (MLII or I-cell disease; OMIM #252500) and IIl alpha/beta
or Il gamma (MLIII alpha/beta and ML Ill gamma or pseudo-Hurler polydystrophy;
OMIM #252600) are lysosomal disorders that occur as a result of defective or absent
N-acetylglucosamine-1-phosphotransferase’s (E.C.2.7.8.17; referred to as GIcNAc-1-

phosphotransferase) activity. ML Il and Il are rare autosomal recessive diseases, with
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ML Il presenting estimated prevalence of 1:123,500 live births in Portugal?, 1:252,500

in Japan?, 1:625,500 in the Netherlands® and 1.56:100,000 in Ireland* (Northern
Ireland). An unusually high prevalence of ML Il was found in a small population in
Canada®.

GIcNAc-1-phosphotransferase has a key role in lysosomal hydrolase trafficking,
which is impaired in these conditions, leading to accumulation of non-degraded
macromolecules and intercellular deficiency of lysosomal enzymes. Biochemically,
these diseases are characterized by the failure to modify lysosomal proteins with
Manose-6-phosphate (M6P) residues, which are generated in the Golgi apparatus by
the sequential action of two enzymes: GIcNAc-1-phosphotransferase and N-
acetylglucosamine- 1-phosphodiester a-N-acetylglucosaminidase (referred to as
Uncovering Enzyme - E.C. 3.1.4.45).68

ML Il alpha/beta is the most severe form, presenting a fast-progressive course
and causing death usually in the first decade of life due to cardiorespiratory failure. It
is characterized by its early onset of symptoms that can manifest early after birth or
even in prenatal period. Those symptoms include impaired skeletal growth,
psychomotor retardation, short stature, coarse facial features, gingival hypertrophy,
macroglossia, inguinal hernias, skin infiltrates, restricted joint range of motion and
hearing loss.”® ML Il alpha/beta and ML Ill gamma are mildest forms, presenting a
slower progression course, later onset of clinical symptoms usually during the first
childhood and a higher life expectancy up to the eighth decade of life. Symptoms
include progressive joint stiffness, claw hands, carpal and tarsal tunnel syndrome,
scoliosis and decreased knees and hip joints mobility.10:11

The MLII/III diagnosis relies on a combination of clinical suspicion and
confirmatory testing and it is based on clinical, radiological, biochemical and molecular
findings. Biochemical analysis can be performed through measurement of plasma
lysosomal enzyme levels and detection of deficient intracellular enzyme activity.
Patients present high levels of lysosomal hydrolase in plasma and reduced
concentration of lysosomal hydrolases inside the cell.1?13

GIcNAc-1-phosphotransferase catalyzes the transfer of N-acetilglucosamine-1-

phosphate to C6 of specific mannose residues in high mannose-type oligosaccharides
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on newly-synthesized lysosomal enzymes®’, which is the first step in generating M6P

recognition marker required for efficient targeting of most lysosomal hydrolases.*416 In
the second step, the Uncovering Enzyme, encoded by the NAGPA gene, removes the
N-acetylglucosamine cover, exposing the M6P residue. This modification allows
recognition of lysosomal hydrolases by two types of receptors and correct addressing
to lysosome.”

GIcNAc-1-phosphotrasnferase is a hexameric complex formed by azB2y2
encoded by two genes. GNPTAB gene is located in position 12¢g23.3, spans 85kb and
is composed by 21 exons. It encodes the precursor protein of subunits a and 3 of N-
acetylglucosamine-1-phosphotransferase, a protein with 1256 amino acids and
molecular mass of 144kDa. The y subunits are encoded by GNPTG, which spans
11.13kb in 16p13.3, presenting a molecular mass of 34kDa.617.18

Pathogenic mutations in the GNPTAB gene are associated with ML [I/llI
alpha/beta and mutations in the GNPTG gene have been associated with ML Il
gamma. About 160 (HGMD) mutations have been described for GNPTAB, 153 of which
cause MLs and 7 which are associated with stuttering. For GNPTG, there are 42
mutations of which 26 cause ML IIl gamma and 15 are associated with stuttering (one
is associated with retinitis pigmentosa and spondyloepiphyseal dysplasia). In a study
performed by Raza'®, it was shown that mutations causing MLs are fundamentally
different from those associated with stuttering.’1420

Pathogenic mutations associated with MLs are rare and most are private,
however, ¢.3503_3504delTC (rs34002892, p.L1168QfsX5) was reported as the most
frequent pathogenic mutation associated with MLII around the world. The high
frequency of occurrence of one pathogenic mutation among a group of patients can be
attributed to a founder effect or to the existence of a mutational hotspot in that area of
the gene.?! Some properties of intrinsic mutation hotspots such as repetitive DNA
sequences (in this case TCTC) are related to mutagenesis processes.??
€.3503_3504delTC was also associated with a founder effect in a French-Canadian
population.>23 It is located in exon 19 of the GNPTAB gene and has been found in high
frequencies among patients diagnosed with MLs Il and Il alpha/beta in distinct

populations.?*
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It was identified in 51% in Italian patients!'®; 22% in the United States

population®, in 45% of Portuguese patients® and Bargal® found 50% alleles with the
deletion of patients analyzed from an Arab-Muslim origin. It was also the only
pathogenic mutation identified in a sample from Saguenay-Lac-St-Jean population
from Canada.® In Brazil, it has been found an allelic frequency of 45% in 12 patients?°.
Ludwig?® found an allelic frequency of 40%, similar to the findings by Cury.2°

In this scenario, we characterize the haplotypes of 15 patients with ML Il and
ML 1l alpha/beta presenting ¢.3503_3504delTC and investigate the origin of this
pathogenic mutation in Brazilian population.

MATERIALS AND METHODS

Fifteen Brazilian ML II/lll patients were analyzed (two with consanguineous
parents), all compound heterozygous or homozygous for ¢.3503_3504delTC?%:25,
Alleles from patients with consanguineous parents were considered as one. A sample
of 100 healthy anonymous blood donors from Porto Alegre (South Brazil) was also
analyzed. All 100 samples were screened for ¢.3503_3504delTC and do not presented
it.

Patients were from different locations in Brazil: three from Bahia (BA), two from
Cearé (CE), two from Piaui (PI), two from Rio de Janeiro (RJ), two from Mato Grosso
(MT), one from Alagoas (AL), one from Santa Catarina (SC) and one from Rio Grande
do Sul (RS).

In addition to pathogenic mutation ¢.3503_3504delTC, nine GNPTAB markers
with MAF between 31%-90% (table 1) were selected to compose the haplotype
analysis. In controls, only ¢.365+96 365+97delGT (rs4015837) and c.365+145C>T
(rs2108694) in intron 4, c.1285-166G>A (rs7963747) in intron 10, c.1932A>G
(rs10778148) in exon 13, ¢.3135+5T>C (rs759935) in intron 15 and ¢.3336-25T>C
(rs3736476) in intron 17 were analyzed.

Polymerase Chain Reaction (PCR) amplified target samples and was performed
as described by Cury.?° PCR products were purified with a Polyethylene Glycol (PEG)
8000 NaCl 20% solution and separated in an ABI PRISM 3500 Genetic Analyzer.
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Sequencing results were analyzed using Chromas software and compared with the

main NCBI database sequence for GNPTAB gene NG_021243.1 (RefSeqGene).

In homozygous patients for ¢.3503 3504delTC and other markers, haplotype
phase was directly inferred. In heterozygous patients, the phase was determined by
parental screening (20 parents had distinct exons and introns analyzed — all parents of
heterozygous patients for ¢.3503_3504delTC had the exon 19 sequenced) when
possible due to sample availability and by PHASE (V2.1.1)?® software.

PHASE run with 100x burn-in and 100 thinning, run multiple times and results
were compared in order to analyze reliability (results’ stability). To assist in
heterozygous phasing, an input file was made specifying heterozygous and
homozygous (known and unknown phases) for each position, so haplotypes were
inferred correctly and with more reliability.

MEGA software (V 6.0)?” was used for pairwise and multiple alignments using
the implemented function ClustalW.?® Sequences were adjusted after alignment to
maintain only one gap in each deletion in order to avoid incorrect data.

DnaSP?° was used for the analysis of DNA polymorphisms using data from
several loci. The haplotypes were constructed in DnaSP software considering variation
at nine SNP markers: c.-41 -39delGGC, c¢.18G>A, c.27G>A, ¢.365+96 97delTC,
€.365+145C>T, ¢.1285-166G>A, c.1932A>G, ¢.3135+5T>C and ¢.3336-25T>C.
These polymorphisms are referred to in dbSNP3* as previously cited, however,
€.365+145C>T, ¢.1285-166G>A, ¢.1932A>G and ¢.3135+5T>C presented the
ancestral alleles as the opposite of their representation in dbSNP. Arlequin (V
3.5.2.2)%0 was used to calculate genetic diversity, linkage disequilibrium (with two
markers from Exon 1 excluded automatically by the software) and performed neutrality
tests (Tajima’s D- which evaluates the neutral mutation hypothesis, but may depend of
sample size, and Fu’s FS - which also evaluates the neutral mutation hypothesis, but
is more independent of sample size )33 intra-groups and inter-groups (total). The
groups were patient’s region of residence: Northeast, Midwest, Southeast and South
of Brazil.

The software NETWORK was used to form haplotype networks in alleles

presenting the deletion by Median-joining network®*, implemented in the software.
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Networks constructed for patients and controls were in separate files due to the

difference of markers analyzed.
Statistical analysis of allelic frequencies of controls, patients and a database
frequency® was made using the WINPEPI software for Windows (p value>0,05 was

considered significant).

RESULTS

Inferred reconstructed haplotypes from the 15 patients (28 alleles) are
presented on table 2.

Seven haplotypes were found in 18 chromosomes presenting
€.3503_3504delTC from a total of 11 haplotypes. This deletion appears in 18 of 28
alleles (64.2%). Haplotype diversity considering all patients was 0.839 (+-0.0484).

One haplotype was predominant: H4 (7:G:G:delGT:T:A:G:C:C:delTC), which
was found in 9 alleles from 8 patients, that represent 50% of alleles with
c.3503_3504delTC, and 32.1% of total alleles. The second most frequent haplotype
(H3) did not present ¢.3503_3504delTC mutation and was found in 7 alleles from 7
patients (23.3% of total alleles).

From the 7 haplotypes presenting ¢.3503_3504delTC (18 alleles), 6 (16
alleles) among these ¢.3503_3504delTC-harbouring haplotypes present a common
core of 7:G:G:delGT:T. The other haplotype presents 8:G:G:delGT:T, varying only in
c.-41 -39delGGC site. Outside the core, variation occurs in these haplotypes in the
last four sites: ¢.1286-166G>A, ¢.1932A>G, ¢.3135+5T>C and ¢.3336-25T>C. Marker
c.365+96_97delGT do not presented variation on patient’'s alleles harbouring
€.3503 _3504delTC, but is polymorphic if all patients are considered and in general
population.

The haplotypes are presented per region of patient’s origin in table 3.
Northeast is the region with more different haplotypes (9 haplotypes in 16 alleles), in
which six present the pathogenic deletion ¢.3503 3504delTC. Bahia (BA) has the
highest number of patients in Brazil (3/15) and 4 different haplotypes from which 2
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have ¢.3503_3504delTC. Piaui (PI) has 4 different haplotypes from which 3 have

c.3503_3504delTC in 2/15 patients. There is no region showing only
c.3503_3504delTC haplotypes. Haplotypic diversity for each region is presented in
table 3, as well as average nucleotide diversity ().

Tajima’s D for patients was 2.32 (p = 0.99), indicating that these alleles are not
under selection. However, analysis within groups show Tajima’s D of 2.04 (p = 0.98)
for Northwest, -0.21 (p =0.55) for Midwest, -0.14 (p = 0.45) for Southeast and 0.37 (p
= 0.74) for South, suggesting those last three groups are suffering negative selection
(table 3)3L. Results of Fu’s FS in all haplotype analysis point to a negative selection, as
well as in Northeast and South groups (-1.4 p=0.28, -0.6 p=0.34 and -0.6 p=0.16,
respectively). These results are passive to error due to small sample size.

The haplotypes distribution is presented in a map in figure 2. The most frequent
haplotype, H4 was widely distributed in all regions. H3, the second most frequent
haplotype which does not present ¢.3503_3504delTC is also well distributed all over
Brazil. The results were used to create a network connecting all haplotypes found in
patients (figure 2A) and in controls (figure 2B). Those networks are separated due to
the difference in number of markers analyzed in both groups.

Network presenting patients’ haplotypes shows a close relation of haplotypes
carrying the pathogenic deletion. H4 is the central haplotype, distant only one
mutational step away from H6, H7 and H10, and two steps from H1, from which only
H6 do not present ¢.3503_3504delTC. This network illustrated more distant relations
(more mutational events of distance) of H4 with haplotypes who do not present
€.3503_3504delTC (H5, H11 and H3), being closer only to H6. Linkage disequilibrium
(LD) was calculated in Arlequin software between all loci within each other. The loci
presented LD, except c.-39_-41delGGC with ¢.3135+5T>C and ¢.3135+5T>C with
€.3336-25T>C (table 4) in tests with all groups. All loci presented LD with
€.3503_3504delTC except ¢.3135+5T>C.

Recombination rate (R) resulting in a minimum number of recombination
events of three (Rm = 3). Recombination has been detected between the last three
polymorphic sites (except ¢.3503_3504delTC).
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In control analysis, only 6 of the 9 markers were analyzed: ¢.365+96_97delGT,

€.365+145C>T, ¢.1285-166G>A, ¢.1932A>G, ¢.3135+5 T>C and ¢.3336-25 T>C. A
total of 28 haplotypes were found, presenting a diversity of 0.92 (p=0.0069).

The most frequent haplotype was HC3 (GT:C:G:A:T:T), present in 27 of 200
alleles (13,5%). The second most frequent haplotype in controls was HC2, similar to
H6 found in patients (which does not present the pathogenic deletion — and only differs
by the presence of the deletion from the most frequent in patients H4), appearing in a
frequency of 13% (26 of 200 alleles). H4 and H6 are both alleles from just one patient,
heterozygous for the pathogenic deletion. All haplotypes found and their frequency in
control samples are presented in table 5. Control samples showed 4 of 6 alleles with
LD (table 6). A network was constructed also for control samples and is presented in
figure 3.

Allele frequency at polymorphic sites were compared between patient
samples, control samples and database information (from phase 3 of 1000 Genomes
Project). To improve analysis of LD, a statistical analysis comparing the three sets are
presented in figure 4 Mutated alleles appeared in higher frequencies in patients except
€.1285-166G>A and ¢.3135+5T>C, but only two had significant difference when
compared with controls (c.365+96_97delGT and ¢.365+145C>T, both located at intron
4). In comparison with 1000 Genomes Project database, only ¢.365+96_97delGT and
¢.3336-35T>C had significant difference.

DISCUSSION

Several studies performing haplotype analysis are being published and there
is a growing interest in understanding haplotype structures in the human genome using
genetic markers. Due to the development of molecular biology techniques, analysis of
hundreds of samples in populations is now possible. Haplotype structures can provide
information on human evolutionary history and identification of genetic variants

underlying various traits. One of the main objectives of haplotype analysis is to identify
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Linkage Disequilibrium, the non-random allele association that provides information to

infer populational history.3’

In this study, haplotype construction and LD analysis of 15 Brazilian patients
with ML 1I/11l alpha/beta and 100 control samples was performed.

Haplotype construction was made considering nine polymorphic sites, three of
which have been used for haplotype construction and analysis of the same common
pathogenic mutation (c.3503_3504delTC), as in the work of Coutinho?®: c.-41_-
39delGGC, ¢.18G>A and c.1932A>G. Their group found 9 haplotypes in 44 patients
from six different countries, including 3 of our patients, different from our findings of 11
haplotypes only from Brazilian population. The haplotype diversity values are higher in
Brazilian population: 0.839 and in their analysis, the obtained value was 0.709, that is
not significant.

The most frequent haplotype found in Brazilian ML patients was H4, the same
haplotype found by Coutinho?® when considering common markers (7:G:G), their work
analyzed 3 Brazilian patients. In Coutinho?®s work 70% alleles presented this
haplotype and, considered as a core haplotype, it was found in 97% of all
chromosomes analyzed by them. In their work, the core haplotype 7:G:G was shared
by Italian, Portuguese and Israeli Arab-Muslim patients, peaking the high frequency of
70% in Italians and 37.5% in Portuguese. This core haplotype is presented in all
regions of Brazil in at least one allele. It is the same partial haplotype present in
Coutinho®®'s work. Rio Grande do Sul in South region (RS: n = 1) had only H4
presenting the deletion and H6, which is similar except for ¢.3503_3504delTC. This
can explain probably due to the strong European and especially Italian heritage that
occurs in Rio Grande do Sul. According to Moura3®, South region has a composition of
77% of European ancestry, 12% of African and 11% American, the biggest European
proportional composition in Brazil.

The most frequent haplotype in controls, HC3, on which all variant
polymorphisms are absent, is precisely distinct from the most frequent haplotype found
in chromosomes presenting ¢.3503_3504delTC, which could indicate that there is
indeed a relation between those positions and the deletion in Brazilian population,
which is partially corroborated by LD analysis. On the other hand, CH2, the second
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more frequent haplotype in controls, is composed by the last six polymorphisms

present in H4 and similar to H6 except for the mutation ¢.3503_3504delTC, which could
indicate that this specific haplotype could have acquired the pathogenic mutation.
Baiotto3® suggests that haplotypes found in lower frequency in relation to one
predominant haplotype indicate that they arose from separated events and suffered
recombination.

The high number of haplotypes found in controls match the number of
haplotypes described in controls for the core haplotypes, comparing common markers
in literature. Murdoch“® had also reduced main haplotypes to core haplotypes to further
analysis of historical background. Coutinho?® found 35 haplotypes in control samples
of Portuguese population with the same core haplotype (only G:G). The highest
frequency found in our controls was of 13.5%, matching the 14% found by Coutinho.??
Their core haplotype was found in controls in 27%, contrasting with their high
percentages in patients, with 46% presenting full haplotype and 97% presenting core
haplotype. In our study, the core haplotype 7:G:G:delGT:T found in patients could only
be compared with control samples if reduced to delGT:T due to absence of the first 3
positions in control analysis. This partial haplotype was present in only six haplotypes
of 28 in controls (21%), contrasting with the 81% (reduced core haplotype) and 72%
(extended core haplotype) found in patients. These findings are compatible with the
results of Coutinho.?3

H4 was distributed in patients all over Brazil and the other haplotypes
presenting the pathogenic deletion show a core haplotype, with little variation at some
markers. According to Lerner-Ellis*, this configuration is consistent with a single-
occurring background event, followed by mutation or recombination modifying the
ancestral haplotype. Coutinho?? sustain the hypothesis of a single-occurring event and
strong linkage between the three markers analyzed by them and ¢.3503_3504delTC.

Results of Tajima’s D and Fu’s FS suggest for regions Northeast, Midwest and
Southeast that a negative selection is occurring. In the other regions, Tajima’s D and
Fu’s FS positive (not significant) value demonstrates that no selection is occurring.*? It
is expected for pathogenic mutations such as ¢.3503_3504delTC, which cause a

severe phenotype, that negative selection pressure and purifying selection occur, but
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due to reduced sample size, this result can be masked to cause false

positives/negatives. On the other hand, the different haplotypes bearing the pathogenic
mutation seem to be arising from distinct events in Brazilian population.

The networks show the same relation with haplotypes bearing
€.3503_3504delTC and haplotypes similar to them in control samples. In opposite to
Coutinho?®’s work, haplotypes show a close relation within chromosomes bearing
c.3053_3504delTC and a more distant relation with chromosomes who do not. It is
noted a reticular pattern in patient’'s network in chromosomes with the pathogenic
deletion. According to Arenas“*?, a reticulated pattern is quite common in population
studies, usually accommodating events like recombination, hybridization or lateral
gene transfer. So, it would be possible to see the haplotypes that appeared by
recombination events from H4 and appear in this reticular pattern (H7, H8, H9, H10).

Coutinho?® attributed a single-occurring event and indicated that
c.3503_3504delTC arose from a single population through founder effect in a peri-
Mediterranean region of Europe and then have spread throughout the continent due
to migration. A widespread unique haplotype and haplotypes closely related
corroborate this information. According to their study, the massive emigration of
Europeans to the New World is responsible for the mutation transport to the continent.
Around 500.000 Portuguese have arrived in Brazil from 1500 to 1808 and in the period
from 1872 to 1975, Brazil received at least 5.5 million other immigrants from Europe
and other parts of the world: 34% Italians, 29% Portuguese, 14% Spanish, 5%
Japanese, 4% Germans, 2% Lebanese and Syrians, and 12% others*®. Coutinho??
attest that North and South American haplotypes fall into the category of the European
founder haplotype leading to the idea that probably, in Brazil, this mutation is also a
product of the same single event, which arose in Europe. Due to this massive
immigration and distinct proportional ancestry indices in Brazil, we can infer that
recombination events may have constructed more diverse haplotypes bearing
¢.3503_3504delTC in this highly admixed population.3®

There was no founder effect detected in Brazil or in the Brazilian population for
this mutation, probably due to several events of migration reported, and the haplotypes

maintain the same relations in control and patient’'s samples. However, we cannot
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discard the possibility of one common event occurring as the origin of this mutation in

Brazilian population, since our results are similar as the ones found in Coutinho’s work
and the ancient age attributed to the mutation tend to lead us to the same conclusions
as theirs.

A population’s demographic history leaves a genetic mark that can be seen
throughout its evolutionary history and to estimate haplotype frequencies in each group
separately to see if whether trait-influencing variants reside within or near the genomic
region spanned by the markers is a reasonable and reliable method of evaluating the
course and evolution of pathogenic mutations. By determining the extended
haplotypes at any given locus in a population, we can identify which SNPs will be
redundant and which will be essential in association studies.*®

This study determined haplotypes of patients presenting ¢.3503_3504delTC,
a pathogenic mutation of extreme relevance in this population, once it's responsible for
the majority of ML II/lll alpha/beta cases in Brazil.?%2546 This analysis enables an
omnibus comprehension of mechanisms that originated this mutation in Brazilian

population, besides being an important tool of molecular diagnose for those diseases.
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Table 1: Markers selected to compose haplotype analysis, their location in GNPTAB gene,
populational frequencies in 1000 genomes Project and RS number

Allelic frequency
(1000 genomes
Project n=)

c.-41_-39delGGC 5UTR 76300806 delGGC=70.2%

RS

Variant Location
number

c.18G>A Exonl 4764655 A=90.2%
Cc.27G>A Exonl 222504 A=90.2%
€.365+96_97delGT Intron4 4015837 delGT=33%

€.365+145C>T Intron4 2108694 T=68%
€.1285-166G>A Intron 10 7963747 A=65%
€.1932A>G Exon 13 10778148 G=65%
€.3135+5T>C Intron 15 759935 C=69%

€.3336-25T>C Intron 17 3736476 C=31%
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Table 2: Haplotypes found in 15 patients presenting ¢.3503 _3504delTC, number of patients presenting the haplotypes and number of
alleles presenting the haplotypes

Haploty géﬁlre' c18G C27G c365+96_97de c365+1 1285 c1932A 3135+ c3336- 3503 350 PAUOTS A”e'et'.s
pe no ¢ >A >A IGT 45C>T  166G>A  >G 5T>C  25T>C  4delTc ~ Presenting presenting
GC haplotype haplotype
H1 8 G G delGT T G G C C delTC 1 2
H2 7 G G delGT T G G T C delTC 2 2
H3 8 G G GT C G A T T TC 7 7
Hax 7 G G delGT T A G C C delTC 8 9
H5 7 G G delGT T A G C T TC 1 1
H6 7 G G delGT T A G C C TC 1 1
H7 7 G G delGT T A G T C delTC 2 2
H8 7 G G delGT T G G T T delTC 1 1
HO 7 G G delGT T A G T T delTC 1 1
HiO™ 7 G G delGT T A A C C delTC 1 1
H11 8 G G GT C G G C T TC 1 1

1 In position c.-41_-39delGGC, 7 represent the presence of deletion and 8 represents its absence
** Haplotypes marked with two asterisk include patients with consanguineous parents



Table 3 - Haplotypes per region, neutrality tests Tajima’s D and Fu’s FS. m indicates nucleotide diversity

Region harz\llgt?/:)es in dll\\l;: dcirals Haplotypes Hdﬁil\%(:;)i/tr))/e m TajimasD p FusFS p
Northeast 9 8 H1, H2, H3, H4, H7, H8, H9, H11, H12 0.85 0.06 3.8 2.04 0.98 -0.6 0.34
Midwest 3 2 H3 H4, H7 0.83 0.22 4.16 -0.21 0.55 1.22 0.70
Southeast 4 3 H3, H4, H5, H10 0.86 0.13 3.33 -0.14 045 042 0.56
South 4 2 H2, H3, H4, H6 1 0.17 4.5 0.37 0.74 -0.6 0.16
All 11 15 all haplotypes 0.85 0.06 3.65 2.32 0.99 -1.4 0.28
Controls 28 100 28 haplotypes 0.92 0.006* 2.9 3.51 0.99 -11  0.004*

t Haplotypes presenting c.3503_3504delTc are in bold.

*statiscally significant p value
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Figure 1. Haplotype distribution in Brazil. The circle size is proportional to the number of patients, which

vary from 1 to 3 per region. Colors represent different haplotypes
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Figure 2: Median-Joining network between eleven haplotypes found in patients (A). Area highlighted
inside the red square shows haplotypes presenting ¢.3503_3504delTC. On the right, a network showing
relations between haplotypes in controls (B). Numbers in red between haplotypes are positions of events

occurred. Haplotypes match colors with Figure 1
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Table 4. Results of Linkage Disequilibrium between all loci in the Arlequin software.

Locus c.-39_- ¢.365+96_ c.365+145 .1285- c.1932A>G €.3135+5 ¢.3336- ¢.3503_3504
41delGGC  97delGT C>T 166G>A T>C 25T>C delTC
c.-39_-41delGGC * + + + + - + +
€.365+96_97delGT + * + + + + + +
€.365+145 C>T + + * + + + + +
€.1285-166G>A + + + * + + + +
c.1932A>G + + + + * + + +
€.3135+5 T>C - + + + + * + _
€.3336-25T>C + + + + + + * +
S

1 Loci presenting LD are represented by +, - are loci without LD and * are combinations of the same loci
p<0,05
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Figure 4: Allelic frequencies at polymorphic sites, comparing patient frequencies, control and database-extracted
frequencies (global means, 1000genomes project - phase 3). Each six columns (two sets of one column for
patients, one for controls, one for database) are one polymorphic site. Statistical differences were made patients
x controls and patients x 1000G and are assigned with an asterisk. Mutated alleles come in second in each set of
data
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Table 5: Haplotypes found in controls, their frequency and matching patient’s haplotypes

.365+96_97delGT  ¢.365+145C>T fé%ff/; c.1932A>G °'3Tlf’g+5 2533;3;% Covnvqitnr:on
Haplotype ’ ’ ’ ’ , ’ Frequency patients
Intron 4 Intron 4 Intron 10 Exon 13 Intron 15 Intron 17 haplotypes
HC1 GT T A A C T 4,0%
HC2 - T A G C C 13,0% H6
HC3 GT C G A T T 13,5% H3
HC4 - C A G C C 10,5%
HC5 GT T A G T T 1,5%
HC6 - T A A T C 3,0%
HC7 GT T A G C C 5,5%
HC8 GT C A G T C 0,5%
HC9 - C A G T C 2,0%
HC10 GT T G G C T 1,5%
HC11 - T A A C C 5,0% H10
HC12 GT C A G C T 2,0%
HC13 GT T A G C T 7,5%
HC14 GT C G G T T 12,0%
HC15 GT C G A C T 3,0%
HC16 GT T A A T T 2,0%
HC17 - T A G T T 1,0% H9
HC18 - T A G T C 0,5% H7
HC19 - C A G C T 1,5%
HC20 GT C G G T C 2,5%
HC21 - C G A T T 2,0%
HC22 GT T A G T C 0,5%
HC23 GT C G G C T 0,5% H11
HC24 GT C A G C C 1,0%
HC25 - T A A C T 1,0%
HC26 - C G G T T 1,0%
HC27 - C A A C C 1,5%
HC28 GT C A A C T 0,5%




Table 6: LD results for control samples for each locus

Locus c.365+96_97delGT ¢.365+145C>T 128 ¢ 1032A5G ¢.313545T>C Gooos
C.365+96_97delGT * + + - + +
€.365+145 C>T + * + - +
€.1285-166G>A + + * + + +
C.1932A>G - ; + x + +
€.3135+5 T>C + + + * +
€.3336-25T>C + + + + + *

T Loci presenting LD are represented by +, - are loci without LD and * are combinations of the same loci

p<0,05
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