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Resumo

Introdugao: As Mucolipidoses (ML) Il e Il sdo doengas lisossbmicas raras, causadas pela
atividade deficiente da GIcNAc-1-fosfotransferase, codificada pelos genes GNPTAB e
GNPTG, causando alteracdo na atividade das hidrolases lisossomais (aumentadas em
plasma, reduzidas em fibroblastos e normal em leucécitos). O padrdo-ouro para o
diagnéstico de ML 1I/11l é a demonstragao da deficiéncia intracelular da atividade da GIcNAc-
1-fosfotransferase e/ou identificagdo de mutagbes patogénicas em GNPTAB ou GNPTG,
que estao disponiveis em poucos centros. Deste modo, a confirmagdo diagndstica
geralmente é baseada na medida da atividade hidrolases lisossomais, tanto em plasma
como em fibroblastos. Entretanto ndo ha consenso sobre quais enzimas devem ser
pesquisadas e diferentes painéis sdo randomicamente utilizados, com fracas evidéncias para
embasar esta pratica. Ha poucos estudos sobre a histdria natural das ML II/lll, ndo existindo
estudos brasileiros sobre o tema.

Objetivos Gerais: 1) Identificar manifestagbes clinicas e caracterizar a funcionalidade em
uma amostra de pacientes brasileiros com ML Il e lll. 2) Caracterizar a atividade das
enzimas lisossomais em pacientes brasileiros com diagndstico confirmado de ML /111,
visando propor um protocolo diagnostico custo-efetivo. Objetivos Especificos: 1) Estudar
as diferencas clinicas entre os subtipos de mucolipidose Ill (gama e alfa/beta); 2)
Caracterizar a funcionalidade dos pacientes com ML Il e Ill no Brasil; 3) Classificar os
fototipos dos pacientes com ML e compara-los com seus pais e com controles (individuos
saudaveis), a fim de ser detectada possivel tendéncia de hipomelanogénese; 4) Estudar a
associacao entre cor de pele, olhos e cabelos e os seguintes SNPs: rs1126809 (TYR gene),
rs16891982 (SLC45A2 gene), rs1426654 (SLC24A5 gene) and rs1129038 (HERC2 gene).
Metodologia: Estudo transversal, amostragem por conveniéncia, incluindo pacientes com
diagnéstico clinico e bioquimico ou genético de ML II/lll. Os dados clinicos foram obtidos de
forma retrospectiva, por entrevista com familiares e revisdo de prontuario. Pacientes com
MLII/IIl, >1 ano e seus pais, assim como controles saudaveis e pais destes,avaliados sobre

caracteristicas de pele, cabelo e olhos usando a escala de Fitzpatrick e classificacdo visual.



SNPs [rs1126809 (TYR gene), rs16891982 (SLC45A2 gene), rs1426654 (SLC24A5 gene) e
rs1129038 (HERC2 gene)] foram genotipados por KASP (LGC Genomics:
www.lgcgenomics.com). Para o protocolo bioquimico, desenvolvemos uma pontuagao
baseada em 11 itens para escolher quais enzimas deveriam ser inclusas no painel do
protocolo (quanto maior a pontuagéo, mais adequada).

Resultados: 1) Para caracterizagdo clinica, inclusos 27 pacientes (ML [I=15, ML llI
alfa/beta= 9, ML Illll gama=3). Sintomas relacionados ao sistema esquelético foram
predominantes em ambos grupos. Pacientes ML Il demonstraram maior gravidade do
envolvimento cognitivo e somatico. Pacientes ML Il alfa/beta apresentaram atraso nos
marcos iniciais do desenvolvimento e possuiam comprometimento somatico maior que ML Il
gama. Os nossos dados também sugerem que pacientes ML Il apresentam
hiperparatireoidismo transitério no inicio da infancia, sem evidéncia de necessidade de
tratamento. 2) Para caracterizagdo bioquimica, incluidos 26 pacientes (ML [1=14, ML Il
alfa/beta=9, ML lll gama=3). Destes, todos possuiam atividade enzimatica avaliada no
plasma e 15 em fibroblastos. Em plasma, todas as enzimas exibiram média da atividade
elevada, com excecgdo da quitotriosidase; em fibroblastos apenas a média da atividade da
beta-glicosidase foi normal, enquanto todas as outras foram reduzidas. As pontuagbes mais
altas foram atingidas por alfa-manosidase (29 pontos), alfa—L-iduronidase (28 pontos), beta-
hexosaminidase total (27 pontos), beta-glicuronidase (26 pontos), e alfa—N-
acetilglicosaminidase (25 pontos). 3) No estudo de pigmentacao, 17 pacientes (MLII=7, MLIII
alfa/beta=7, ML Il gama=3) e 29 pais foram incluidos, assim como 20 controles saudaveis e
34 pais de controles. A maioria dos pacientes apresentou fototipo (Fitzpatrick) I-Ill (n=14/17,
82%) taxa discrepante do fototipo de seus pais (n=19/29, 66%), dos controles saudaveis
(n=14/20, 70%) e pais de controles (n=25/34, 74%). Quanto a associagao gendtipo-fendtipo,
as diferencas entre fendtipo e cor esperada como suposto pelo fenétipo foram: para
rs1126809, 2/17 pacientes tiveram cabelos mais claros; para rs16891982, 4/17, 6/17 e 10/17
pacientes apresentavam, respectivamente, olhos, cabelos e da pele e 3/17, 4/17 and 2/17

pacientes, respectivamente, olhos, cabelo e pele mais escuros; e para rs1426654, 2/17,



1/17, 1/17 pacientes tiveram olhos, cabelos e pele mais clara e 9/17 e 3/17 h tinham cabelo e
pele mais escuro; para rs1129038, 6/16 pacientes apresentavam olhos mais escuros que o
esperado. 3) Em relagdo a testagem genética, os nossos dados sugerem que a analise de
GNPTAB e GNPTG pode ser feita por seqlienciamento de nova geragdo, € que a a
identificacdo das mutacgdes patogénicas que segregam na famiia € de suma importancia
para a identificacdo de heterozigotos e diagndstico pré-natal.

Conclusao: Esta é a primeira série de casos de pacientes ML IlI/lll no Brasil, onde a MLII
parece ser o tipo mais comum. Além disso, as ML Il/lll tem diagnéstico tardio, sintomas
multissistémicos e aparentam exibir modificagbes na melanogénese (mais comum
hipomelanose), porém estudos adicionais sao necessarios para confirmar estes achados.
Levando em consideracado as enzimas avaliadas neste estudo, sugerimos aferir a atividade
enzimatica em ao menos trés enzimas que obtiveram pontuacdo mais alta na nossa analise.
Este painel enzimatico propde ser um método mais rapido, simples e com menor custo para
o diagnéstico bioquimico. O sequenciamento de nova geragdo parece ser uma boa

alternativa para a confirmagéo diagndstica desses pacientes.



Abstract
Introduction: Mucolipidosis (ML) Il and Ill are rare lysosomal diseases caused by GIcNAc-1-
phosphotransferase deficiency, which is encoded by the GNPTAB and GNPTG genes,
leading to altered activity of lysosomal hydrolases (increased in plasma, reduced in
fibroblasts, and normal in leukocytes). Gold-standard method for diagnosis of ML Il / 1l is the
demonstration of intracellular deficiency of GIcNAc-1-phosphotransferase activity and/or
identification of pathogenic mutations in GNPTAB or GNPTG, which are available in few
centers. Thus, the diagnostic confirmation of ML Il / Il is usually based on measurement of
many lysosomal hydrolases activities, both in fibroblasts and in plasma. However, there is no
consensus about which enzymes should be investigated, and different random panels are
used, with weak evidence to support this practice. Few studies about the natural history of ML
[I/lll are available, besides that, there are no Brazilian studies about this theme. General
Objectives: 1) ldentify clinical manifestations and characterize functionality in a sample of
Brazilian patients with ML Il and Ill; and 2) To characterize the activity of lysosomal enzymes
in Brazilian patients with confirmed diagnosis of ML Il / lll, aiming to propose a cost-effective
diagnostic protocol. Specific Objectives. 1) Study clinical differences between mucolipidosis
subtype Il (alpha/beta and gamma; 2) To characterize functionality of ML Il and Il patients in
Brazil; 3) To classify phototypes of ML Il / lll patients and compare them to their parents and
to controls (healthy individuals), to identify possible trends to hypomelanogenesis; and 4) To
study the association between skin, eyes, and hair color and the following SNPs: rs1126809
(TYR gene), rs16891982 (SLC45A2 gene), rs1426654 (SLC24A5 gene), and rs1129038
(HERC2 gene). Methods: Cross-sectional study, with convenience sample, including patients
with a clinical and biochemical, or genetic, diagnosis of ML Il/lll. Clinical and demographic
data were obtained retrospectively by chart review and / or interview with the family. Brazilian
patients with ML 1l/lll, >1yo, and parents, as well as healthy controls and their parents, were
evaluated on characteristics of skin, hair, and eyes using the Fitzpatrick scale and visual
classification. SNPs [rs1126809 (TYR gene), rs16891982 (SLC45A2 gene), rs1426654
(SLC24A5 gene), and rs1129038 (HERC2 gene)] were genotyped with KASP genotyping



assay (LGC Genomics: www.lgcgenomics.com). For biochemical protocol, we developed a
score based on 11 items to choose from which enzymes should be included in the protocol
panel (the higher the score, the better suited). Results: 1) For clinical characterization we
included 27 patients (ML lI= 15, ML Il alpha/beta= 9, ML Ill gamma=3), Skeletal system-
related symptoms were predominant in both groups. ML |l patients demonstrated greater
physical and cognitive severity, ML Il alpha / beta had delay in initial developmental
milestones and somatic impairments were greater than ML Ill gamma. Our data also suggest
that the ML Il patients presented transient hyperparathyroidism in early infancy without
apparent need of treatment; 2) For biochemical characterization, a total of 26 patients were
included (ML [I=14, ML Il alpha/beta=9, ML Ill gamma=3). Of these, all 26 had lysosomal
enzyme activity evaluated in plasma and 15 in fibroblasts. In plasma, all enzymes exhibited
high mean activity, except for chitotriosidase; in fibroblasts, only mean beta-glucosidase
activity was normal, while all others were reduced. The highest scores were assigned to a-
mannosidase (29 points), o—L-iduronidase (28 points), total B-hexosaminidase (27 points), -
glucuronidase (26 points), and a—N-acetylglucosaminidase (25 points). 3) In the pigmentation
study, 17 patients (ML 11=7, ML lll alpha/beta=7, ML Ill gamma=3) and 29 parents were
included in the study, as well as 20 healthy controls and 34 control parents. Most patients had
Fitzpatrick skin types I|-lll (n=14/17, 82%), discrepant rate of their parents' skin type
(n=19/29, 66%), of healthy controls (n=14/20, 70%), and control parents (n=25/34, 74%).
Regarding genotype-phenotype association, for rs1126809, 2/17 had lighter hair than
expected; for rs16891982, 4/17, 6/17, and 10/17 patients had, respectively, lighter eyes, hair,
and skin color, and 3/17, 4/17, and 2/17 patients had, respectively, darker eyes, hair, and skin
color than expected; and for rs1426654, 2/17, 1/17, and 1/17 had lighter eyes, hair, and skin
and 9/17 and 3/17 had darker hair and skin than expected; for rs1129038, 6/16 patients had
darker eyes than expected. 4) Regarding genetic analysis, our data suggest that analysis of
GNPTG and GNPTAB can be done by next generation sequencing, and that the identification
of pathogenic mutations which segregate in family is of paramount importance for the

identification of heterozygotes and for conducting prenatal diagnosis. Conclusion: This is the



first case series of patients ML Il / lll in Brazil, where ML |l seems to be the most common
type. Moreover, the ML Il / lll has delayed diagnosis, multisystemic symptoms, and appear to
display changes in melanogenesis (as most common, Hypomelanosis), but further studies
are needed to confirm these findings. Taking into consideration the enzymes evaluated in this
study, we suggest measurement of plasma and fibroblast levels of at least three of the
enzymes which had the highest scores in our analysis. This enzyme panel proposes to be a
faster, simpler, and less expensive method for biochemical diagnosis. The next generation

sequencing seems to be a good alternative for diagnostic confirmation of these patients



1. INTRODUGCAO

1.1 Mucolipidoses

Os erros inatos do metabolismo (EIM) englobam um grupo heterogéneo de defeitos
genéticos que afetam a sintese, degradagao, processamento e transporte de moléculas no
organismo. As doengas lisossbmicas (DL) sdo um grupo de EIM que engloba
aproximadamente 50 doencas que podem ser classificadas, de acordo com o substrato
acumulado, em esfingolipidoses, mucopolissacaridoses (MPS), glicoproteinoses e outras DL
(Gieselmann, 1995; Wraith et al, 2002). Dentro do grupo das glicoproteinoses (ou
oligossacaridoses), situam-se as Mucolipidoses tipo Il (ML Il, doenga das células de inclusao
ou doenga das células |, MIM#252500) ou tipo Il (ML IlI, polidistrofia pseudo-Hurler, MIM#
252600 e 252605), doencas autossémicas recessivas, causadas por deficiéncia da enzima
UDP-N-acetil-glicosamina-1-fosfotransferase (GIcNAc-fosfotransferase; EC 2.7.8.17) (Hasilik
et al, 1981; Reitman et al, 1981). Esta enzima cataliza o passo inicial na sintese do marcador
manose 6-fosfato (M6P), essencial para o enderegamento das hidrolases da rede trans-Golgi
e da membrana celular até os lisossomos (Hasilik & Neufeld, 1980; Kornfeld & Sly, 2010).
Com a atividade deficiente da GIcNAc-fosfotransferase, as enzimas nao possuem o
marcador M6P e ndo podem se ligar aos receptores na superficie do lisossomo; desta forma,
as hidrolases ndo séo internalizadas pelo lissosomo, sendo liberadas no espaco intracelular
e nos fluidos corporais (Cathey et al, 2008). E valido observar que varios tipos celulares e
orgao apresentam niveis de enzimas lisossomais proximos do normal, o que sugere a
existéncia de uma via alternativa e independente de M6P (Braulke e Bonifacio, 2009).

Outras duas doengas eram denominadas como mucolipidose tipo | e tipo IV, mas
posteriormente concluiu-se que eram bioquimica e clinicadmente diferentes da deficiéncia da
GlcNAc-fosfotransferase (mucolipidoses Il e Ill). A mucolipidose tipo | decorre da deficiéncia
da neuraminidase e atualmente € denominada sialidose, caracteriza-se por displasia
esquelética, mancha vermelho-cereja macular e sinais de neurodegeneragdo envolvendo

células neurais e mielina (Souza et. al, 2009). A mucolipidose IV é uma doencga



neurodegenerativa causada por mutagdes no gene MCOLN1, que codifica a mucolipina-1,
uma proteina de membrana pertencente a familia do canais ibnicos conhecidos como
receptores de potencial trasitério; clinicamente cursa com grave atraso do desenvolvimento

neuropsicomotor, deficiéncia visual progressiva e acloridia (Souza et. al, 2009).

1.1.2 Epidemiologia

Individualmente raros, os EIM em seu conjunto representam uma situagao frequente,
com prevaléncia estimada de 1:2.500 individuos (Blau et al, 2006). A incidéncia da ML Il e IlI
varia de acordo com a populagido estudada. Considerando os recém-nascido vivos, estima-
se em 1:120.000 em Portugal (Tiede et al, 2006), 1:252.000 no Japéo (Okada et al, 1985),
1:422.000 na Australia (incluindo diagnéstico pré e poés-natal de doengas lisossdbmicas)
(Meikle et al, 1999) e 1:642.000 na Holanda (Poorthuis et al, 1999). Acredita-se que em
algumas populagdes esta a incidéncia seja maior, como na regido de Quebec, no Canada,
onde estima-se que a incidéncia de MLIl seja de 1:6.184 recém-nascidos vivos e que a
frequéncia de heterozigotos seja 1:39 (De Braekeleer, 1991). Nao foram encontrados
estudos na populacao geral. Nao ha estudos avaliando a prevaléncia de ML Il alfa/beta, mas
alguns autores acreditam que a prevaléncia pode ser na mesma magnitude que ML Il
(Cathey & Leroy, 2012ab); ja sobre a ML Il sabe-se apenas que é muito rara mas (Cathey &

Leroy, 2012b). No Brasil, ndo existem dados relativos a incidéncia das ML Il e Il

1.1.3 Bases moleculares das mucolipidoses Il e lll

As hidrolases lisossdmicas catalisam a degradacdo de diversas macromoléculas
incluindo proteinas, carboidratos, acido nucleico e lipidios. Elas s&o sintetizadas no reticulo
endoplasmatico e transportadas especificamente através do aparato de Golgi, de onde sao
transportadas em vesiculas e entregues ao compartimento endossomal/lisossomal
(Coutinho, Prata, Alves, 2011).



A explicagdo de como as enzimas lisossOmicas sao especificamente reconhecidas e
selecionadas, entre muitas outras proteinas, na rede trans-Golgi, depende da identificagao
por um marcador unico: o grupo M6P, que é adicionado as hidrolases lisossdmicas. A
geracao de marcador de M6P depende de uma reagao envolvendo a atividade sequencial de
duas enzimas: inicialmente, a GlcNAc-fosfotransferase catalisa a transferéncia do GIcNAc 1-
fosfato do UDP-GIcNAc aos residuos terminais de manose das cadeias de oligossacarideos
ligadas as asparaginas das hidrolases lisossémicas; posteriormente, a GIcNAc-
fosfodiesterase remove o GIcNAc adicionado, expondo os residuos de M6P terminais (Kang
et al, 2010; Kornfeld & Sly, 2010). O grupos de M6P sao reconhecidos por receptores
transmembrana, presente na rede trans-Golgi, essas proteinas ligam-se as hidrolases
lisossdbmicas no lado luminal da membrana e auxiliam a empacotar as hidrolases em
vesiculas que brotam da rede trans-Golgi e levam seu conteudo aos endossomos que irdo
desenvolver-se em lisossomos maduros, onde as hidrolases comecardo digerir o material
endocitado (Coutinho, Prata, Alves, 2011).

Deste modo, os pacientes com ML Il e lll, manifestam deficiéncia de diversas
enzimas lisossomais em varios tipos celulares, juntamente com niveis elevados de atividade
enzimatica em fluidos extracelulares, tais como soro e plasma. Esta conducado inadequada
de multiplas hidrolases lisossOmicas também resulta no acumulo de seus substratos que
entdo aparecem como corpos de inclusdo intracitoplasmatica, que constituem um dos
marcos da MLII e MLIII (Kornfeld & Sly, 2010).

A analise de células e tecidos de pacientes com ML Il que ndo possuem enzimas
marcadas com residuos de M6P, devido auséncia de atividade da GlcNAc-fosfotransferase,
demonstra niveis de enzimas lisossdmicas normais em muitos érgaos, como, por exemplo,
hepatdcitos, células de Kupffer, leucécitos, figado, bago, rim e cérebro; este achado que
sugere a existéncia, nestas células, de uma via independente do M6P para o direcionamento

das enzimas lisossdmicas (Braulke e Bonifacio, 2009; Kornfeld & Sly, 2010)



1.1.4 Alteragoes bioquimicas nas mucolipidoses Il e lll

O direcionamento inadequado das enzimas ao lisossomos leva a complicacbes
clinicas. A degradacédo adequada de glicoproteinas tem importante relevancia médica, uma
vez que ocorre dentro de lisossomos e requer hidrolases especificas, as glicosidases. Nos
humanos, foram identificadas varias afecgdes hereditarias, conhecidas como doengas
lisossOmicas, causadas por defeitos em genes que codificam as glicosidases, levando ao
acumulo excessivo de glicoproteinas parcialmente degradadas. Os fendtipos de muitas
dessas doencas se sobrepdem em algumas caracteristicas.

Os pacientes com ML Il geralmente apresentam da atividade residual da enzima
GIcNAc-fosfotransferase ausente ou quase ausente, e os com ML Il detém uma atividade
residual em niveis superiores (Kornfeld & Sly, 2010). Em decorréncia desta anormalidade,
0os pacientes apresentam alta concentracao das enzimas lisossémicas no plasma ou em
outros fluidos bioldgicos (hipersecrecdo para o meio extracelular), e baixa concentragao
destas enzimas no meio intracelular (Kornfeld & Sly, 2010). Da mesma forma, observa-se
aumento na excregdo urinaria de oligossacarideos (Cathey et al, 2008). Entretanto, nem
todas as enzimas lisossOmicas sao afetadas do mesmo modo (Brooks et al, 2007), abaixo
estdo sintetizadas algumas das descricoes disponiveis na literatura sobre as alteracoes
bioquimicas na ML (Tabela 1). A quitotriosidase encontra-se aumentada em muitas doencgas
lisossdbmicas (Hollak et.al, 1994).

A concentragdo das hidrolases lisossémicas em papel filtro foi avaliada por dois
autores. Chamoles et al, em 2001, demonstraram aumento na atividade da beta-
hexosaminidase em amostras de cinco pacientes ML II/lll. Fuller et al, em 2011, estudaram a
concentragao da sulfaminidase, esfingomielinidase acida, alfa-iduronidase, LAMP-1, alfa-
glicosidase, beta-glicosidase, saposina C, alfa-galactosidase, arilsulfatase A, iduronato-2-
sulfatase, N-acetilgalactosamina 4-sulfastase (arilsulfatase B), quitotriosidase, CD 45 e N-
acetilglicosaminidase em fibroblastos de 10 pacientes ML Il/lll e encontraram aumento

expressivo da arilsulfatase-A, esfingomielinidase acida, iduronato-2-sulfatase, N-



acetilgalactosamina 4-sulfastase e N-sulfaminidase, em relagdo aos controles; ja a enzima
alfa-N-acetilglicosaminidase estava aumentanda em menor intensidade que as anteriores. As

outras hidrolases avaliadas apresentaram comportamento semelhante aos controles.



Tabela 1: Sintese da literatura, enzimas com atividade aumentada em plasma e

reduzidas em fibroblastos em pacientes com ML Il ou Il

Autor Tipo celular

Enzimas alteradas

Hultberg & Sjoblad, 1980 Fibroblastos

Hultberg et al, 1980 Soro

Potier et al, 1979 Fibroblastos
Natowicz & Wang, 1996 Plasma

Song et al, 2003 Leucdcitos,
Plasma e
Fibroblastos

Takashi et al, em 2005 Fibroblastos

Bargal et al, em 2006 Plasma e
Fibroblastos

Tappino et al, em 2009 Plasma e
fibroblastos

Cathey et al, em 2010 Plasma

alfa-fucosidase, alfa-manosidase, alfa-galactosidase, beta-
glicuronidase, beta-galactosidase, N-acetil-beta-
glicosaminidase

alfa-manosidase, alfa-fucosidase, alfa-galactosidase, beta-
galactosidase, beta-glicuronidase e alfa -N-
acetilglicosaminidase

neuraminidase

alfa-manosidase, beta-glicuronidase e beta-
hexosaminidase.

N-acetilglicosaminidase, beta-hexosaminidase, alfa-
galactosidase, beta-galactosidase, beta-glicosidase e beta-
glicuronidase (normal em leucécitos, aumentadas em
plasma e reduzida em fibroblastos). Apenas beta-
glicosidase foi normal em fibroblastos

esfingomielinase

Arilsulfatase A, beta-hexosaminidase e alfa-manosidase

Alfa-fucosidase, alfa manosidase e beta-hexosaminidase
total

alfa-fucosidase, arilsulfatase A, beta-galactosidase, beta-
glicuronidase e N-acetilglicosaminidase

O anexo VI demonstra os valores de referéncia para a atividade das enzimas

estudadas neste projeto, de acordo com o LEIM-HCPA.

1.1.5 Genoma

A GIcNAc-fosfotransferase € uma enzima hexamérica, formada por trés subunidades

(alfa2, beta2, gama?2) (Bao et al, 1996); sugere-se que a atividade catalitica da enzima esteja

nas subunidades alfa e beta, enquanto a subunidade gama seja responsavel pelo



reconhecimento das proteinas lisossémicas (Raas-Rothschild et al, 2000; Kornfeld & Sly,
2010). As subunidades séo codificadas por dois genes separadamente: alfa e beta por
GNPTAB e a gama por GNPTG (Raas-Rothschild et al, 2000; Tiede et al, 2005; Kudo et al,
2005).

GNPTAB localiza-se no brago longo do cromossomo 12, na posi¢ao 23.2 (12923,2) e
€ composto por 22 éxons, 85.442 bases e 1256 aminoacidos. GNPTG encontra-se no
cromossomo 16p13.3, composto por 11 éxons, 11,453 bases e 305 aminoacidos
(http://www.ncbi.nlm.nih.gov/gene).

A classificagdo da ML ocorre de acordo com as alteragdes moleculares, sabe-se que
os pacientes com ML Il e a maioria dos pacientes com ML Il sdo homozigotos ou
heterozigotos compostos para as mutagcbées no GNPTAB e, por consequéncia, alteragdes
nas subunidades alfa e beta, sendo denominados como ML Il alfa/beta e ML Il alfa/beta. Ja
um segundo grupo de pacientes ML Ill sdo homozigotos ou heterozigotos compostos para
mutagdes no GNPTG, com modificagbes na subunidade gama, sendo denominados ML Il
gama (Cathey et al, 2008).

1.1. 6 Fendtipo

A ML Il originalmente foi denominada de doencga das células de inclusao (“I-cell
disease”) devido inclusbes citoplasmaticas caracteristicas observadas em pacientes com
apresentagao semelhante a MPS | (sindrome de Hurler) (Leroy e DeMars, 1967) O quadro
clinico das ML Il e lll, especialmente da ML Il, é bastante grave e parecido, respectivamente,
com os das formas mais graves e mais brandas das MPS, especialmente da MPS | (DL
caracterizada pela excre¢ao urinaria aumentada de GAGs e atividade deficiente da alfa-L-
iduronidase somente) (Souza et al, 2009; OMIM, 2014). Os pacientes com ML Il costumam
apresentar sintomatologia mais precoce e ndo costumam apresentar opacificagao de cornea
importante (achado tipico da MPS 1) (Souza et al, 2009). A doencga é clinicamente evidente

ao nascimento, apresenta curso progressivo e geralmente apresenta desfecho fatal na



infancia (Cathey et al, 2010; Kornfeld & Sly, 2010). Os casos “mais leves” podem apresentar
sobrevida normal e auséncia de envolvimento cognitivo, mas o comprometimento somatico
associado acaba por diminuir a qualidade de vida dos pacientes.

A ML [l alfa/beta, originalmente descrita como polidistrofia pseudo-Hurler (Maroteaux
& Lamy 1966; Taylor et al, 1973), € de patogénese semelhante a ML Il , mas apresenta
inicio dos sintomas na infancia, progressdo mais lenta e geralmente ¢é fatal no inicio da vida
adulta. A ML Il gama é muito rara (Raas-Rothschild et al, 2000; Raas-Rothschild et al,
2004). Na auséncia de bons marcadores genéticos e bioquimicos, as ML Il e Ill séo
distinguidas com base em critérios clinicos (Souza et al, 2009; Cathey et. al, 2010; Kornfeld
& Sly, 2010).

As manifestacdes clinicas da ML Il e Il sdo multissistémicas e apresentam amplo
espectro, levando a grande variabilidade entre os individuos afetados. A tabela 1 apresenta
algumas das principais caracteristicas fenotipicas descritas para as ML Il e Ill (Okada et al,
2006; Encarnacéo et al, 2009; Otomo et al, 2009; Persichetti et al, 2009; Pohl et al, 2010)



Tabela 2: Principais caracteristicas fenotipicas descritas para as mucolipidoses.

(Okada et al, 1985; Traboulsi et al, 1986; Toscano et al, 1998; Bargal et al, 2006; Encarnacéo et al,
2009; Otomo et al, 2009; Persichetti et al, 2009; Cathey et.al, 2010; Pohl et al, 2010; Kornfeld & Sly,
2010, Raas-Rothschild & Spiegel, 2010)

Manifestagao
ISistema

Mucolipidose Il

Mucolipidose Il alfa/beta

Mucolipidose Il gamma

Idade de
aparecimento
dos sintomas

Curso clinico

Aparéncia geral

Crescimento
lestatura

Desenvolvimento

Envolvimento
neurolégico

Sistema
esquelético

Sistema
Respiratério

Sistema
Cardiovascular

Manifestagoes
oftalmolégicas

Abdémen

Prognéstico

Do nascimento a infancia precoce (por volta
de 1 ano de idade)

“Failure to thrive”; grave atraso do
desenvolvimento,

Hiperplasia gengival, face infiltrada, dobras
epicanticas proeminentes, ponte nasal
plana, macroglossia

Crescimento intra-uterino restrito a normal;
baixa velocidade de crescimento linear e

ganho ponderal. Estatura final média <80cm.

Atraso motor e da linguagem grave,
raramente caminham sozinhos e
apresentam linguagem limitada. Atraso
cognitivo leve a moderado, raramente grave

EEG normal, auséncia de crises
convulsivas, hipotonia

Méaos curtas, em garra. Cifoescoliose,
vétebras biconcavas, contornos irregulares,

deformidade na coluna lombar, contraturas e

restricao articular, displasia congénita do
quadril. Podem ocorrer fraturas intra-utero e
hiperparatireoidismo neonatal

InfecgOes repetidas de vias aéreas
superiores, pneumonia menos frequente.

Hipertrofia de septo e ventriculo esquerdo,
espessamento das valvas mitral e aértica,
sopro cardiaco, insuficiéncia cardiaca

Cérnea: raros casos de opacificagao,
granularidades estromais difusas

Protuso, hérnia umbilical e inguinal, diatese
de retos abdominais
Sobrevivéncia até os 5 a 8 anos de idade,
relatos até adolescéncia.

Infancia precoce a tardia
(entre 2 a 4 anos)

Lentamente progressivo

Caracteristicas faciais gradualmente
grosseiras. Leve hiperplasia gengival e
macroglossia.

Crescimento intra-uterino normal; redugao
do crescimento linear apds os 4 anos de
idade, estatura final em média>115cm;
puberdade normal.

Desenvolvimento normal da linguagem;
motor normal a atraso minimo. Podem ter
dificuldade de aprendizado a retardo
mental

Anormalidades subclinicas do SNC.
Sindrome do tunel do carpo pode ocorrer

Mé&os normais a longas. Hipoplasia
anterior dos corpos vertebrais lombares,
escoliose. Destruigédo progressiva da
articulagéo do quadril, hipoplasia do iliaco.
Osteopenia e aumento do turnover e
reabsor¢ao 6ssea podem estar presentes

Sem alteragdes descritas

Envolvimento valvular, insuficiéncia aértica
e/ou mitral; insuficiéncia cardiaca
sintomatica é rara

Cérneas geralmente claras,
granularidades estromais; pode ocorrer
retinopatia leve.

Hérnia umbilical, inguinal,
hepatoesplenomegalia pode ocorrer
Sobrevivéncia até a idade adulta, pouco se
sabe apos a terceira década de vida.

Por volta dos 7- 10 anos de
idade

Rigidez articular progressiva

Sem dismorfias faciais.
Pescoco e tronco curto

Estatura baixa a normal

Podem ter dificuldade de
aprendizado.

Sem descri¢ao

Rigidez articular progressivas,
principalmente maos, quadril
e coluna.
Hiperlordose, joelho valgo,
pés chatos, contraturas dos
ombros, displasia espondilo-
epifisaria

Sem alteragbes descritas

Doenga cardiaca valvular
pode estar presente

Miopia pode ocorrer

Auséncia de
hepatoesplenomegalia
Pouco se sabe sobre o curso
natural




1.1.7 Relagao genétipo-fenétipo

O espectro mutacional do GNPTAB é caracterizado por uma alteragbes que causam
impacto no processamento GNPTAB. Variabilidade clinica intra-familial € descrita, mais
ainda ndo esta estabelecida uma relagao clara gendétipo-fenétipo (Encarnagao et al, 2009;
Tappino et al, 2009; Otomo et al, 2009; Cathey et al, 2010). Este achado pode ser explicado,
entre outros, pela existéncia de genes modificadores e pelo diferente fluxo através de vias
metabdlicas relacionadas (“dindmica dos sistemas”). Estudos em pacientes de diferentes
etnias e buscaram demonstram relagéo entre as mutagdes no gene GNPTAB e o fendtipo. A
sintese de alguns dos maiores estudos de asociagao encontram-se abaixo.

Otomo et al, em 2009 estudaram o gene GNPTAB em 40 pacientes japoneses nao
relacionados. Demonstraram que homozigotos ou heterozigotos compostos de mutagdes
sem sentido ou que alteram a matriz de leitura apresentavam fenétipo mais grave (ML II).

Encarnacéo et al, em 2009, identificaram muta¢cdes GNPTAB em nove pacientes nao-
relacionados, de origem principalmente portuguesa. Encontraram mutag¢des sem sentido em
homozigose num paciente com ML |l e em heterozigose em trés pacientes com um fendtipo
menos grave (ML Ill). Concluiram que o fendtipo de ML Il esta mais associado a presenca de
mutagdes sem sentido ou que alteram a matriz de leitura em homozigose, enquanto a
presenca de pelo menos uma mutacao leve no gene GNPTAB esta associada com a ML 1.

Tappino et al, em 2009, estudaram 46 pacientes, em sua maioria italianos,
demonstrarando que todos os pacientes foram homozigotos para mutagées sem sentido ou
que alteram a matriz de leitura em homozigose manifestaram MLII, sendo que homozigose
para tais mutagdes nao foram vistas em pacientes ML lll. Além disso, encontraram mutagbes
sem sentido associadas com ML lll, sugerindo que na presenga destas permanece um
atividade enzimatica residual.

Cathey et al, em 2010, identificaram alteragbes patogénicas no gene GNPTAB de 63
pacientes (61 probandos) provenientes principalmente dos EUA. Aqueles com ML Il tinha um

fenotipo mais grave, com evidéncia de problemas craniofaciais e ortopédicos ao nascer,



retardo psicomotor grave e atividade enzimatica de menos de 1% dos valores controle.
Crescimento, deambulagao, fala e fungédo cognitiva estavam prejudicadas. A atividade da
enzima GIcNAc-1-fosfotransferase em leucécitos, comparada a controles, completamente
abolida em paciente ML Il, variava ente 0,84 e 10% em 4 amostras de paciente ML Ill e era
3% dos controles em um paciente ML intermediario. A ML Il estava associada com mutacdes
alteram a matriz de leitura, enquanto ML Il foi associado com mutagdes hipomorficas.

Cury et al, em 2013 descreveram as mutacdes de GNPTAB em pacientes brasileiros
com MLII e MLIII alfa/beta. Foram inclusos 12 pacientes de varias regides brasileiras, sendo
demonstrado que a mutagéo patogénica mais comum foi a ¢.3503_3504delTC, localizada no
éxon 19.

Velho et al, em 2014 descrevem um paciente brasileiro com ML Il gama e mutagao
patogénica em GNPTG, sendo um alelo mutante paterno e outro proveniente de uma

mutacdo germinativa materna ou uma mutagao de novo.

1.1.8 Diagnéstico

O passo inicial no diagnéstico da ML envolve a suspeita clinica. O diagnéstico
definitivo envolve a identificagdo da deficiéncia na atividade da GIcNAc-fosfotransferase
(Varki et al, 1981), porém esta analise € complexa ndo se encontra amplamente disponivel,
atualmente sendo realizada apenas em centros de pesquisa. Nao existe relato, na literatura,
de pacientes que apresentem ML Il e Ill devido a atividade deficiente da GIcNAc-
fosfodiesterase (todos os casos relatados s&o secundarios a deficiéncia de GIcNAc-
fosfotransferase) (Kornfeld & Sly, 2010).

Como o diagndstico definitivo ndo encontra-se amplamente acessivel, frente a
suspeita diagnostica, sdo realizados varios ensaios enzimaticos: medida dos niveis das
enzimas lisossomais no plasma e em fibroblastos. Em decorréncia da atividade deficiente da

GlcNac-fosfotransferase, os pacientes com ML |l e lll apresentam alta concentragdo das



enzimas lisossdmicas no plasma ou em outros fluidos biolégicos (ocorre hipersecregao das
enzimas para o meio extracelular), e baixa concentragcao destas enzimas no meio intracelular
(principalmente em fibroblastos), desta forma, nem todas as enzimas sdo afetadas com a
mesma intensidade na ML (Brooks et al, 2007). A atividade intracelular de algumas destas
enzimas, entretanto, parece ser normal em leucécitos e tecidos de origem ndo-mesenquimal,
sugerindo a existéncia de uma via independente do M6P para sua internalizagao (Kornfeld &
Sly, 2010). Na literatura ndo ha um consenso sobre as enzimas a serem pesquisadas para o
diagnéstico bioquimico de ML, seja em fibroblastos ou plasma. Muitos dos autores citam
“hidrolases lisossbmicas”, sem relatar a sensibilidade e especificidade da enzima ou ainda
quantas enzimas seriam suficientes para estabelecer o diagnéstico. A tabela 3 sintetiza as
recomendagdes dos principais autores para o diagnéstico bioquimico da ML.

O diagndstico pré-natal pode ser feito através da identificacdo de uma atividade
aumentada das enzimas lisossdbmicas em liquido amniético e sua diminuigdo nos amnidcitos
cultivados, ou, mais recentemente, por meio da atividade da GlcNac-fosfotransferase em
células fetais cultivadas ou pesquisa da mutagéo especifica em amostra de DNA fetal (Leroy
& Cathey, 2012ab; Alegra & Koppe, 2014).

Destacam-se novos meios de rastreio diagnéstico das ML Il/lll, ainda em fase
experimental, como a triagem de oligossacarideos livres em urina e analise de
glicoaminoacidos por matriz assistida por desadsorcao a laser tempo de voo de ionizagéo
(“glycoaminoacid analyses by matrix-assisted laser desorption ionization time-of-flight”
MALDI-TOF/TOF) (Xia et al, 2013; Bonesso et al, 2014). O sequenciamento de nova
geracao (next-generation sequencing) também tem sido utilizado como método diagnéstico
principalmente das ML lll-gamma, uma vez que o quadro clinico de alguns pacientes pode
ser tdo atenuado a ponto da hipétese diagndstica de MLIII ndo ser aventada clinicamente
(Yang et al, 2013).



Tabela 3: Enzimas sugeridas por diferentes autores para o diagndstico bioquimico

das ML Il e Il em plasma e fibroblastos.

Referéncia

Enzimas em plasma

Enzimas em Fibroblastos

Livro: Lysosomal
storage disorders
(Brooks et al, 2007)

Laboratério Australiano
de Referéncia Nacional
para diagnésticos de
doencgas lisossémicas
(Adelaide — Australia)
(Brooks et al, 2007)

Livro: The Metabolic
and Molecular Bases of
Inherited Disease
(Kornfeld & Sly,2010)

Livro Eletronico: Gene
Reviews (Leroy &
Cathey 2012ab)

Alfa-L-iduronidase
Arilsulfatase A
Esfingomielinase
Iduronato-sulfatase
Sulfaminidase

Alfa-L-fucosidase
Alfa-N-
acetilglicosaminidase
Alfa-manosidase
Arilsulfatase A
Beta-hexosaminidase A

Arilsulfatase A
Hexosaminidase total
Iduronato sulfatase

Alfa-manosidase
Arilsulfatase A
Beta-Galactosidase
Beta-Glicuronidase
Hexosaminidase total

Alfa-L-iduronidase
Dosagem da GlcNac-fosfotransferase é o padréo-
ouro, mas nao encontra-se facilmente disponivel

Alfa-fucosidase
Alfa-galactosidase
Arilsulfatase A
Beta-Glicosidase
Beta-Hexosaminidase A e B
Beta-Manosidase.

Sugere usar o padrao caracteristico de deficiéncia
das hidrolases lisossémicas, ndo cita nenhuma
enzima especificamente. Dosagem da GlcNac-

fosfotransferase é o padrao-ouro, mas n&o encontra-
se facilmente disponivel

Nao cita quais enzimas avaliar.
Dosagem da GlcNac-fosfotransferase é o padrao-
ouro, mas nao encontra-se facilmente disponivel

1.1.9 Tratamento

O unico tratamento especifico disponivel € o transplante, seja de células-tronco

hematopoiéticas (TCH), medula 6ssea (TMO) ou corddo umbilical. Tais procedimentos foram

realizados em um numero relativamente pequeno de pacientes com ML Il e sua eficacia néo

esta ainda comprovada (Kurobane et al,1986; Peters et al, 2003; Grewal et al, 2003; Li et al,

2004; Martin et al, 2006). Os estudos disponiveis na literatura relatam sobretudo variaveis

relativas ao sucesso do transplante e seus efeitos adversos, mas poucos avaliam o impacto

dessa intervengao nas complicagoes da doenga, modificagdo da histéria natural e sobrevida.



Uma menina transplantada aos 8 meses de idade demonstrou normalizacdo da
atividade enzimatica em plasma das enzimas alfa-manosidase, N-acetil-glicosaminidase,
alfa-fucosidase, arilsulfatase A e beta-galactosidase; além disso, trés meses apos o
tratamento, houve redugéo progressiva da hepatomegalia, melhora da elasticidade da pele e
a opacificacao de cérnea nao evoluiu (Kurobane et al, 1986). Trés pacientes transplantados
pelo grupo da universidade de Minnesota, EUA, apesar de terem sido transplantados em
idade precoce (0,3-1,7 ano de idade), mostraram evolugdo heterogénea do ponto de vista
cardio-respiratério (1/3 desenvolveu hipertensdo pulmonar, 2/3 permaneceram estaveis)
(Peters et al, 2003) Entretanto, o TCH permanece como alternativa para os pacientes com
ML Il diagnosticados em idade precoce. Grewal et al, em 2003 relatam o seguimento de uma
menina ML Il submetida TCH com 19 meses de idade. Cinco anos apdés o TCH ela néo
apresentava histéria de infeccdes respiratérias, permanecia com fungdo cardiaca normal,
continuava lentamente ganhando marcos do neurodesenvolvimento, entretanto as
deformidades esqueléticas pioraram apesar do TCH . Nao ha relatos de TCH para ML Il
(Leroy & Cathey, 2012b; OMIM, 2014).

O transplante de células-tronco provenientes de corddo umbilical também esta
descrito. Uma menina de 12 meses de idade recebeu o transplante com células de cordao
de doador nao-relacionado e, apesar do sucesso do transplante, no seguimento a curto
prazo nao houve redugéo da atividade enzimatica em plama (os autores nao relatam o
tempo exato nem enzimas pesquisadas) (Li et al, 2004). Em outro centro, 36 criangas ML Il
receberam transplante de células do corddo umbilical, houve pequena incidéncia de efeitos
adversos, entretanto os autores nao relatam se houveram modificagdes na histéria natural da
ML (Martin et al, 2006).

Assim, a intervengdo a ser adotada € essencialmente sintomatica e paliativa,
baseada no atendimento global ao paciente e no aconselhamento genético (Souza et. al,
2009). As alteracbes do metabolismo 6sseo podem ser tratadas, quando indicado, com
bisfosfonados. Robinson et al (2002) relataram dois irmaos com ML Ill, aventando a

presenca de um disturbio distinto do metabolismo 6sseo. Os marcadores bioquimicos de



remodelacdo O0ssea estavam aumentados e a bidpsia 6ssea transiliaca demonstrou tanto
osteopenia trabecular, quanto reabsorcéo 6ssea subperiosteal. Tais autores propéem que os
bifosfonatos teriam um papel importante no manejo da dor éssea nos pacientes com ML llI,
como acontece na doenga de Gaucher.

O éxito da TRE na doenca de Gaucher e o desenvolvimento da TRE nas MPS |, Il e
VI e na doenga de Fabry sinalizam que as ML seriam candidatas potenciais para este tipo de
terapia (Beutler & Grabowski, 2001; Harmatz et al, 2006; Muenzer et al, 2006; Connock et al,
2006). Todavia, como nao estdo claros quais os mecanismos celulares mais importantes
para o fenoétipo das ML Il e 1ll, ndo se pode propor um protocolo com o uso concomitante das
enzimas recombinantes atualmente existentes (a alfa-L-iduronidase, a iduronato-sulfatase, a
arilsulfatase B e a alfa-galactosidase A).

Uma alternativa terapéutica que vem sendo estudada in vitro em fibroblastos
humanos de mucolipidose Il é a genisteina, uma isoflavona de soja. Em um estudo ela
demonstrou-se capaz de reduzir heparan sulfato no meio intracelular (Otomo et al, 2011).

Alguns autores recomendam, apds o diagnostico de ML, avaliagdes do esqueleto
através de radiografias, avaliagdo cardiaca e oftalmoldgica. Entretanto ainda nao esta
claramente descrito na literatura a melhor forma de seguimento a longo prazo destes
pacientes, ndo ha consenso sobre periodicidade dos exames laboratoriais e de imagem, ou

detalhes sobre estratégias para melhor acompanhamento da evolugdo da doenca.

1.2 Melanogénese e fungao lisossémica

Os lisossomos sao organelas ricas em hidrolases acidas, capazes de degradar a
maioria das macromoléculas biolégicas, oriundas de diversas vias endociticas e
biossintéticas; além disso, em muitas células, os lisossomos também contém proteinas
secretoras, que podem ser liberadas em respostas a estimulos externos, proporcionando

uma gama de fungdes em diferentes tipos celulares (Stinchcombe et al, 2004). Estudos



geneticos, bioquimicos e estruturais demonstram que certos tipos celulares especializados
podem conter organelas relacionadas aos lisossomos (Huizing et al, 2008), tais como
melanossomos, granulos liticos, compartimentos do complexo de histocompatibilidade classe
da Il (MHC), dentre outros (Huizing et al, 2008). Disfungbes nos lisossomos e nos
melanossomos tem sido observadas em certas doencas genéticas humanas, tais como
algumas formas de albinismo, dado defeitos na pigmentacdo, e doengas com disfungao
imune; no entanto ainda ha muitas caracteristicas clinicas a desvendar como estando
relacionadas a estas organelas (Huizing et al, 2008). E interessante observar que o acimulo
de substratos pode interferir em outros processos celulares, tais como trafego vesicular e
biogénese dos lisossomos, apenas para citar a fisiopatologia diversificada neste conjunto
complexo de transtornos (Parkinson-Lawrence et al, 2010).

A ML Il e Ill estda relacionada ao direcionamento inadequado das hidrolases
lisossbmicas, mas ainda € uma doenga cuja fisiopatologia ainda esta sendo desvendada;
deste modo pouco sabe-se a respeito da funcdo dos melanossomos nesta afeccdo. Ha
descricdo de um unico paciente chinés com uma coloragao atipica do cabelo: loiro ao
nascimento, em contraste com os cabelos negros de seus pais, que escureceram aos dois
meses de vida. Os autores salientam que nao ha relatos prévios semelhantes e aventam a
possibilidade de que a modificagdo na cor do cabelo esteja ocorrendo por redugao
temporaria da produgédo de melanina, relacionada a algumas mutagées do GNPTAB, mas
comentam que ainda nao esta claro de que forma isto ocorreria (Ma et al, 2011). Assim,
frente aos estudos de fisiopatologia das doengas com alteragdes no trafego vesicular
intracelular, somados as nossas observagoes clinicas, sugerimos que o0s pacientes com
mucolipidose Il e lll possam ter menor pigmentagao da pele e cabelos; hipotese inédita até o
momento.

A pigmentacao em humanos ¢ influenciado por uma série de genes. Destes diversos
SNPs relacionados a variagdo na cor dos olhos, cabelo e pele foram escolhidos e
sequenciados numa amostra de pacientes com ML Il e Il [rs1126809 (gene TYR),
rs16891982 (gene SLC45A2), rs1426654 (gene SLC24A5) e rs1129038 (gene HERC2)] O



gene TYR é responsavel pela tirosinase, uma enzima que desempenha um papel-chave na
sintese de melanina, influenciando variagbes na cor da pele, olhos e cabelo; de fato, alguns
polimorfismos estdo associados com risco de céancer de pele (Sturm, 2009). HERC2
influencia a expressdo do OCA2, que codifica um transportador especifico nos melandcitos,
uma proteina de membrana integral envolvidas no transporte de pequenas moléculas,
especificamente tirosina - um precursor da melanina que atua na via de maturagao de
melanossomos na iris (Donnelly et al, 2012; Visser et al, 2012). SLC45A2 codifica a proteina
associada a membrana de transportador (MATP), também conhecidas como a familia
transportadora de soluto 45 membro 2 (SLC45A2) ou antigénio de melanoma aim1, um
transportador que medeia a sintese de melanina (Sturm, 2009). SLC24A5 codifica o trocador
de sdédio/potassio/calcio 5 (NCKX5), também conhecida como familia carregadora de soluto
24 membro 5 (SLC24A5). Sugere-se que a melanogénese e desenvolvimento dos
melanossomas possam ser dependente dos niveis de calcio no melanossomo, regulada pelo
gene SLC24A5 (Lamason et al 2005;. Sturm, 2009); além disso, alguns estudos
demonstraram que o0 gene desempenha papel importante na pigmentacdo em varias
populagdes humanas (Norton et al., 2007). O alelo A rs1126809 (gene TYR) esta relacionada
com os olhos azuis, e com maior sensibilidade da pele a luz solar (Sulem et al, 2008), e
statetes heterozigotos favorece fenétipo mais leve, bem como (Cerqueira et al, 2014). O
374Phe (C) alelo de rs16891982 (gene SLC45A2) esta associada com pele clara, e o

374Leu (L) alelo, com pele cor de oliva.

1.3 Classificagao de fototipos

A cor natural da pele & multifatorial, ou seja, controlada por fatores genéticos que
atuam em todas as etapas da melanogénese e fornecem caracteristicas especificas aos
melanossomas e por fatores ambientais, tais como exposicdo ao sol, processo de

envelhecimento, agdo de hormdnios, tabagismo, alcoolismo e a polui¢ado. (Fitzpatrick, 1988).



Com intuito de classificar as diferentes caracteristicas fisicas e respostas da pele a
radiagdo solar e — portanto — as diferentes coloragbes da pele, Fitzpatrick (1988) propés uma
classificagdo em categorias, que abrange um espectro variavel desde o tipo mais sensivel ao
sol, até aqueles que apresentam grande tolerancia. Esta classificacdo € amplamente
utilizada no meio dermatolégico tanto na assisténcia quanto na pesquisa e, além da
queimadura solar, considera caracteristicas como cor dos cabelos e olhos, conforme

demonstrado na tabela 4.

Tabela 4: Classificacao da pele de acordo com a sua cor, proposta por Fitzpatrick

Fototipos Descricao Sensibilidade
ao Sol
| - Branca Queima com facilidade, nunca bronzeia Muito sensivel
Il - Branca Queima com facilidade, bronzeia pouco Sensivel
Il - Morena Clara Queima e bronzeia moderadamente Normal
IV - Morena Moderada Queima pouco, bronzeia com facilidade Normal
V - Morena Escura Queima raramente, bronzeia bastante Pouco sensivel

VI - Negra Nunca queima, totamente pigmentada Insensivel




2. JUSTIFICATIVA

O conhecimento acerca da ML Il e Ill na literatura nacional e internacional ainda é
restrito, embora tenha evoluido significativamente nos ultimos anos. No Brasil ainda néo
existe estudo sobre o perfil clinico das ML Il e lll em pacientes brasileiros. Algumas questdes
praticas da assisténcia ainda s&o controversas entre os autores internacionais e necessitam
de resposta, tais como a melhor estratégia para diagnodstico bioquimico dos individuos sob
suspeita, como deve ser 0 seguimento apos este periodo ou como € a qualidade de vida ou
funcionalidade dos afetados. Além disso, como a ML II/lll decorre de alteragbes complexas
na rota dos endossomos/lisossomos, levantamos a hipétese de que a melanogénese destes
pacientes possa estar alterada, como ja descrita para outras doencgas lisossGmicas. Assim
exploramos esta hipotese ja que ndo ha nenhum estudo em ML II/1ll avaliando pigmentagao
de pele, olhos e cabelos.

O presente trabalho é um dos seguimentos de uma ampla pesquisa ja em
andamento, coordenada pela Profa. Dra. Ida D. Schwartz (“Estudo abrangente sobre as
mucolipidoses Il e Ill no Brasil: uma oportunidade para a compreensido dos processos
genéticos que controlam o trafego intracelular de proteinas”). Esperamos gerar dados
consistentes sobre a ML no Brasil, contribuindo tanto para o delineamento clinico e
molecular destas doencas quanto para o desenvolvimento de estratégias que permitam um
diagnéstico mais rapido e econdmico, bem como um acompanhamento adequado das
mesmas. A caracterizacdo molecular dos pacientes esta sendo realizada por pesquisadores
sob orientacdo da professora supracitada. O conjunto destas informagdes poderao ser
utilizadas para o entendimento e tratamento nao somente da ML 1l/lll, mas de outras DLDs.
Acreditamos que o melhor entendimento da histéria natural da doenga podera contribuir para
as terapias que estdo em andamento e para futuros tratamentos que possam vir a surgir.

O laboratério do SGM-HCPA (LEIM-HCPA) é um servigo de referéncia internacional
para o diagnéstico dos Erros Inatos do Metabolismo (EIM), além disso, esta integrado com o
Servico de Genética Médica do Hospital de Clinicas de Porto Alegre (SGM-HCPA) e



Departamento de Genética da Universidade Federal do Rio Grande do Sul (UFRGS),
propiciando aos pacientes atendimento multidisciplinar por uma equipe experiente em EIM.
O LEIM-HCPA, com auxilio da Rede MPS Brasil, concentra uma casuistica significativa (se
nao a maior do pais) em pacientes com diagndstico de ML, porém ainda ndo ha nenhum
estudo publicado sobre esta coorte de pacientes. Além disso enfrentamos dificuldades
praticas no diagndstico bioquimico destes pacientes, ja que na literatura ndo ha consenso

sobre a forma eficaz e com menor custo para investigacgao.



3. OBJETIVOS

Obijetivos primarios:

1) Caracterizar aspectos clinicos de uma amostra de pacientes brasileiros com ML Il e
[l
2) Caracterizar o fenétipo bioquimico de pacientes brasileiros com ML 1l e lll, visando a

elaboragao de um protocolo laboratorial custo-efetivo para o diagnéstico das ML.

Objetivos secundarios:

1) Estudar as diferencgas cllinicas entre os subtipos de mucolipidose Il (gama e
alfa/beta);

2) Classificar os fototipos dos pacientes com ML e compara-los com seus pais e
controles (individuos saudaveis), a fim de ser detectada possivel tendéncia de
hipomelanogénese;

3) Estudar a associagao entre a classificagdo de Fitzpatrick para cor da pele e os
seguintes SNPs: [rs1126809 (TYR gene), rs16891982 (SLC45A2 gene), rs1426654

(SLC24A5 gene) and rs1129038 (HERC2 gene)]



4. RESULTADOS

Os resultados serdo apresentados na forma de artigos cientificos ja
publicados (n=2), em processo de elaboragao (n=1) ou em fase final de
preparacao e revisao para ser submetido a publicacédo (n=3).



4.1 Capitulo 1

Biochemical characterization of a sample of Brazilian patients with
mucolipidosis Il/ lll: towards a more cost-effective protocol for
diagnosis

Artigo em fase final de preparacéao, sera submetido a Revista Molecular
Genetics and Metabolism
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Abstract

Introduction: Mucolipidosis (ML) Il and Ill are rare lysosomal diseases caused by
deficiency of GIcNAc-1-phosphotransferase, which is encoded by the GNPTAB and GNPTG
genes, leading to altered activity of lysosomal hydrolases (increased in plasma, reduced in
fibroblasts, and normal in leukocytes). The golden standard methods for diagnosis of ML Il/Il
are the demonstration of intracellular deficiency of GIcNAc-1-phosphotransferase activity
and/or identification of pathogenic mutations in GNPTAB or GNPTG, which are available in
few centers. Thus, the confirmation of diagnosis of MLII/Il is usually based on measurement
of many lysosomal hydrolases activities both broblasts and in plasma. However, there is no
consensus as to which enzymes should be investigated, and different random panels are
used in different centers, with weak evidence to support this practice. Objective: To
characterize activity of lysosomal enzymes in a sample of Brazilian patients with confirmed
diagnosis of ML II/lll so as to propose a more cost-effective panel for diagnosis. Methods:
Retrospective, cross-sectional study including patients with a clinical and biochemical or
genetic diagnosis of ML Il/lll established at a referral center for diagnosis of lysosomal
disorders in Southern Brazil. We developed a score based on 11 items to choose which
enzymes should be included in the panel (the higher the score, the better suited the enzyme).
We only analyzed enzymes investigated in at least four patients. Results: A total of 26
patients were included (14 with ML Il, 9 with ML IIl alpha/beta, and 3 with ML Il gamma). Of
these, all 26 had lysosomal enzyme activity evaluated in plasma and 15 in fibroblasts. In
plasma, all enzymes exhibited high mean activity, except for chitotriosidase; in fibroblasts,
only mean beta-glucosidase activity was normal, with all others reduced. On comparison
between ML Il and ML lll, levels of a-N-acetylglucosaminidase were higher in ML Il, and
levels of B-glucosidase in fibroblasts were lower in ML Il. The enzyme which exhibited the
greatest magnitude of increase in plasma and the greatest reduction in fibroblasts was a-
mannosidase. The highest scores were assigned to a-mannosidase (29 points), o-L-
iduronidase (28 points), total f-hexosaminidase (27 points), B-glucuronidase (26 points), and
o—N-acetylglucosaminidase (25 points). Discussion/Conclusion: Our data suggest that
differences exist in the biochemical phenotypes of ML Il and ML Ill. Taking into consideration
the enzymes evaluated in this study, we suggest measurement of plasma and fibroblast
levels of at least three of the enzymes which had the highest scores in our analysis. This
panel would be a faster, simpler, and less expensive method for biochemical diagnosis of ML
[I/111.

Keywords: mucolipidosis II/lll, biochemical diagnosis, lysosomal enzymes, diagnostic
protocol



Abbreviations:
LSD: lysosomal storage disorders; ML: mucolipidosis,



1. Introduction
Mucolipidosis (ML) 1l and ML Ill (OMIM##252500, #252600, #252605) are rare,

autosomal recessive genetic diseases caused by deficient activity of N-acetylglucosamine-1-
phosphotransferase (GIcNAc-1-phosphotransferase, EC 2.7.8.17) (Hasilik et al, 1981;
Reitman et al, 1981). This enzyme catalyzes the synthesis of mannose 6-phosphate (M6P), a
recognition marker that plays an essential role in directing hydrolases from the trans-Golgi
network and cell membrane to the lysosomes; if this process fails, acid hydrolases are not
internalized by the lysosomes, and are instead released into the intracellular space and body
fluids (Hasilik & Neufeld, 1980; Kornfeld & Sly, 2010). However, several cell types, such as
leukocytes, exhibit near-normal lysosomal enzyme levels, which suggests the existence of an
alternative, MG6P-independent pathway (Braulke & Bonifacio, 2009). GIcNAc-1-
phosphotransferase is a hexameric enzyme composed of three subunits (two alpha, two beta,
and two gamma) (Bao et al, 1996). The alpha and beta subunits are encoded by the
GNPTAB gene, and the gamma subunit, by the GNPTG gene (Raas-Rothschild et al, 2000;
Tiede et al, 2005; Kudo et al, 2005, Cury et.al, 2013).

ML II/ll are classified according to the clinical and genetic manifestations present.
Although there is a phenotypic spectrum, ML Il (MIM #252500) is more severe, clinically
evident at birth, and generally fatal in childhood; ML Il (MIM #252600 and #252605) presents
with a later onset of symptoms and slower disease progression (Cathey et al 2010).
Symptoms include skeletal changes similar to dysostosis multiplex, failure to thrive, and

coarse facial features (Cathey et al, 2010, Leroy & Cathey, 2012b). In milder cases, the



lifespan may be normal and cognitive involvement may be absent (Okada et al, 2006;
Encarnagéo et al, 2009; Otomo et al, 2009; Persichetti et al, 2009; Pohl et al, 2010; Cathey et
al, 2010, Leroy & Cathey, 2012ab). Patients with ML Il (and most with ML Ill) are
homozygous or compound heterozygous for mutations in GNPTAB, which lead to changes in
the alpha and beta subunits of the enzyme (the resulting disease is known as ML Il or llI
alpha/beta), whereas a minority of patients with ML Ill are homozygous or compound
heterozygous for GNPTG mutations, which lead to changes in the gamma subunit of the
enzyme and, consequently, to ML Il gamma (Cathey et al, 2008).

The variable phenotypic spectrum of the ML and the overlap of their signs and
symptoms with those of other lysosomal storage disorders (LSD), particularly the
mucopolysaccharidoses (MPS), may hinder or delay diagnosis. Clinical suspicion is the first
step for diagnosis of ML, but definitive diagnosis requires identification of a pathogenic
GNPTAB or GNPTG mutation or demonstration of deficient intracellular GIcNAc-1-
phosphotransferase activity (Kornfeld & Sly, 2010), which is a complex test available only in a
select few research centers. Thus, GIcNAc-1-phosphotransferase activity is usually assessed
indirectly by measuring the activity of lysosomal hydrolases in plasma, fibroblasts, and
leukocytes, as patients with ML Il and Ill have elevated levels of hydrolases in plasma and
other body fluids and decreased levels of these enzymes in the intracellular compartment
(particularly in fibroblasts). However, there is no consensus in the literature as to which
enzymes should be tested for biochemical diagnosis of ML II/lll (Brooks et al, 2007, Kornfeld

& Sly, 2010, Leroy & Cathey, 2012ab). The present study sought to evaluate the activity of



various lysosomal hydrolases in plasma, fibroblasts, and leukocytes in a sample of Brazilian
patients with ML Il and lll, all of whom presenting a confirmed biochemical or molecular
diagnosis of ML established at the same laboratory, so as to propose a more cost-effective

enzyme panel for diagnosis of these conditions.

2. Patients and methods

This cross-sectional, retrospective study was carried out at a nationwide reference
center for LSD diagnosis and management located in Southern Brazil. The sample comprised
patients with a clinical and biochemical/DNA diagnosis of ML Il or Il established at the Inborn
Errors of Metabolism Laboratory of the Medical Genetics Service, Hospital de Clinicas de
Porto Alegre, Brazil (LEIM-HCPA), between 1983 and 2013. As direct measurement of
GIcNAc-1-phosphotransferase is not available in Brazil, diagnosis of ML is confirmed
indirectly by the finding of altered lysosomal enzyme activities (elevated in plasma and
reduced in fibroblasts). Until 2007, routine practice at LEIM-HCPA involved diagnostic
confirmation of ML Il/lll only after analysis of, on average, 4.9+2 lysosomal hydrolases in
plasma and 3.50+7 in fibroblasts, but the choice of which enzymes to include in the panel
was not standardized. Between 2007 and 2013, a panel including measurement of, on
average, 5.4 12 hydrolases in plasma and 643 in fibroblasts was used, but there was still no

standard guideline as to which enzymes should be included. Furthermore, since 2007, the



panel sometimes has included measurement of plasma chitotriosidase levels (which are
elevated in some LSDs), and the analysis of GNPTAB and GNPTG mutations (Cury et al.,
2013).

In the present study, subjects for whom no fibroblasts were available and whose
workup had consisted solely of measurement of enzyme activity in plasma were included only
if they had DNA analysis results confirming the presence of pathogenic mutations in GNPTAB
or GNPTG. The diagnostic algorithm used at LEIM-HCPA is shown in Figure 1.

FIGURE 1

Only those enzymes measured in at least four patients in the sample were included for
analysis in the present study. To systematize the decision process, we created a score based
on the characteristics of the enzyme assays employed and on methodological aspects of our
sample (such as the number of patients available) (Table 1). This score included 11 items,
scored on a scale of 0 to 3 each for a maximum of 33 points (the higher the score, the greater
the suitability of the assay for inclusion in the diagnostic panel). At the authors’ discretion,
enzyme assay results were considered abnormal if 220% above or below the upper or lower
limit of the reference range.

Clinical data were collected by means of a specific form, which was completed by each
patient’s attending physician. Patients were classified as having ML Il or ML Il at their

physician’s discretion. Subclassification of ML Il into alpha/beta or gamma was based on



genotype. When available, the results of any urine screens for LSDs (thin-layer
chromatography of glycosaminoglycans [GAGs], direct GAG measurement, or thin-layer
chromatography of sialylated oligosaccharides) were also analyzed.

Data were analyzed in the Statistical Package for the Social Sciences (SPSS) 22.0
software environment. Data were expressed as means and standard deviations when
normally distributed or as medians otherwise. The significance level was set at 5% (p<0.05).
Student’s t-test for independent samples was used for pairwise comparison of the mean
difference in enzyme activity between patients with ML Il, ML 1ll, and ML Ill gamma.

The ethical and methodological aspects of this study were approved by the HCPA

Research Ethics Committee.

3. Results

Twenty-six patients were included in the study. All 26 had undergone enzyme activity
measurement in plasma, 19 in leukocytes, and 15 in fibroblasts (Table 2). Twenty-two
patients had also undergone GNPTAB and GNPTG analysis. The sister of one patient whose
ML Il diagnosis had been confirmed by biochemical analysis (enzyme activity in plasma and
fibroblasts) and genetic testing had a clinical picture consistent with ML 1l and enzyme assays

only in leukocytes and plasma; she was also included in the study.



3.1 Plasma

Plasma activities of eight enzymes were included in the study. All enzymes had mean
activity above the upper level of normal, except for chitotriosidase (Table 3), which was
normal in 19 patients, high in two patients (169 and 160 nmol/h/mL, respectively; reference
range, 8.8-132), and low in one with chitotriosidase deficiency (1.4 nmol/h/mL; reference
range, 8.8-132; DNA analysis of CHIT1 showed he was homozygous for dup24 mutation).
The enzymes that diverged most from their reference ranges were, in decreasing order: o-
mannosidase; a-L-iduronidase; a-N-acetylgalactosaminidase; a-N-acetylglucosaminidase;

and total B-hexosaminidase.

3.2 Fibroblasts

Fibroblast activities of 12 enzymes were included in the study (Table 3). Most had a
mean activity below the lower bound of the reference range, except for B-glucosidase; this
enzyme was analysed in 7 patients and had low activity in only one patient with ML Il (10
nmol/h/mg protein; reference range, 257-668). The enzymes that diverged most from their
reference ranges were: neuraminidase; a-mannosidase; a-L-iduronidase; sphingomyelinase;

and total B-hexosaminidase.

3.3 Other samples
3.3.1 Leukocytes



Leukocyte activities of 11 enzymes were included in the study. Although most patients
had normal activity levels of these enzymes, the following abnormalities were observed: a-L-
iduronidase was increased in 1/13 patients and reduced (28%) in 1/13 patients (23
nmol/h/mL; reference range: 32-56); arylsulfatase B was increased in 2/7 patients (80% and
140% respectively); B-glucosidase was reduced (70%) in one patient (2.9 nmol/h/mL;
reference range:10-45); iduronate 2-sulfatase was increased (160%) in 1/8 patients; B-
glucuronidase was increased in 4/5 patients (25%, 30%, 75% and 114% respectively);
sphingomyelinase was reduced (25%) in 1/7 patients (0.56 nmol/h/mL; reference range:0.74-
4.9); and total B-hexosaminidase was increased in 3 of 6 patients (74%, 76%, and 240%
respectively). It is worth noting that, in patients with reduced enzyme activity in leukocytes,
this abnormality was found in only one enzyme per patient, and activity levels still remained
higher than those found in patients with MPS | and Niemann-Pick type A/B disease, but not
for Gaucher disease. The patient with low B-glucosidase activity has a clinical and
biochemical picture typical of ML Ill, normal levels of chitotriosidase in plasma, normal levels
of B-glucosidase in fibroblasts (526 nmol/h/mg protein; reference range, 257-668), and the
DNA analysis confirmed the diagnosis of ML Ill gamma. She was described by our group
elsewhere (Velho et. al, 2014).

3.3.2 Urine



Eighteen patients underwent urine screening for LSDs; however, not all patients
underwent all three urine assays available. GAG measurement was normal in 17 of 18
patients; Thin layer GAG chromatography revealed elevated levels of keratan sulfate in 1 of
18 patients, traces of both heparan and dermatan sulfate in 4 of 18 patients, and traces of
dermatan sulfate alone in 2 of 18 patients. Thin layer chromatography for

sialoligosaccharides was normal in 15 of 18 patients.

3.4 Comparison between mucolipidosis types

3.4.1 ML Il versus ML lll (both alpha/beta and gamma)

Age at diagnosis was significantly younger in patients with ML Il than in patients with
ML Il alpha/beta and ML Ill gamma (p<0.05 for all comparisons) (Table 2). Plasma activity
levels of a-N-acetylglucosaminidase were significantly higher in ML type Il; and activity of -
glucosidase in fibroblasts was lower in ML Il (Table 4). There were no significant differences

in activity of other enzymes, whether in plasma or fibroblasts (data not shown).

3.4.2 ML lll alpha/beta versus ML Il gamma

The only statistically significant difference between the alpha/beta and gamma subtypes
of ML IIl was chitotriosidase activity in plasma, which was higher in ML Ill gamma (mean %
SD: 26.21+19 vs. 87.3+29 nmol/h/mL; reference values= 8.8-132; p=0.004); for this analysis,

we excluded the patient with chitotriosidase deficiency.



4. Proposed biochemical diagnosis panel

The analyzed enzymes were grouped into three clusters by score: high-scoring
enzymes (25 to 29 points — o-L-iduronidase, a-mannosidase, total B-hexosaminidase, B-
glucuronidase, and a-N-acetylglucosaminidase), intermediate-scoring enzymes (17 to 22
points — Arylsulfatase A, Iduronate sulfatase, f—Galactosidase, Neuraminidase), and low-

scoring enzymes (11 to 13 points — Arylsulfatase B, f—Glucosidase, Sphingomyelinase)

4. Discussion

As the literature is lacking in evidence-based information about the biochemical
diagnosis of ML Il/lll (Brooks et al, 2007, Kornfeld & Sly,2010, Leroy & Cathey, 2012 ab), we
assessed patients at a referral center for inborn errors of metabolism in an attempt to identify
the most suitable enzymes for inclusion in a diagnostic panel, with a view to optimization of
the diagnostic process and reduction of the costs and time involved. As expected, enzyme
activity in leukocytes was normal in the majority of patients and for the majority of the tested
enzymes, and chitotriosidase activity in plasma was normal in most patients (Hollak et al,
1994).

Therefore, taking into account the cost and complexity of enzyme assays, the sample
size of the present study, the magnitude of the differences from normal observed in the tested

enzymes, and the possibility of carrying out the same enzyme assay in plasma and



fibroblasts, we propose a diagnostic protocol that involves assessment of three of the five
enzymes in the highest-scoring cluster. It bears stressing that indirect biochemical diagnosis
is not the golden standard for identification of patients with ML Il/lll, but it is still more
accessible than other methods (such as measurement of GIcNAc-1-phosphotransferase
activity of screening for GNPTAB or GNPTG mutations). Potential novel methods for ML 11/
screening still in the experimental stage include screening of free oligosaccharides (FOS) in
urine and glycoamino-acid analyses by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF/TOF) mass spectrometry (Xia et al, 2013; Bonesso et al, 2014). Next-
generation sequencing has also been used as a diagnostic method for ML 1l/lll (Yang et al,
2013).

ML 1l and ML Il still pose a challenge in terms of pathogenesis and management.
Although we detected some differences in biochemical phenotype between the severe (Il)
and mild (Ill) forms of the disease, and even between ML Ill gamma and ML Il alpha/beta,
these differences may not reflect the distinct clinical manifestations and natural history of
these forms, as we did not test enzyme activity in truly affected tissues (such as bone). From
this perspective, it is interesting to note that a-L-iduronidase was one of the enzymes that
most diverged from its reference range in our sample, both when measured in plasma and
when assessed in fibroblasts. Isolated a-L-iduronidase deficiency characterizes MPS |, a
disease that usually involves corneal opacity — which, in turn, is a very infrequent finding in
ML [I/1ll. Nevertheless, our findings suggest metabolic pathways that may be better explored

in terms of treatment potential. For instance, if enzyme replacement therapy (ERT) for ML



[I/ll were a possibility, the first treatment to be tested could be a “cocktail” of the enzymes
most affected in our patients (a-L-iduronidase, a-mannosidase, total B-hexosaminidase, and
neuraminidase). As GIcNAc-1-phosphotransferase is not only hexameric but insoluble (it is
located in the Golgi transmembrane region), its replacement by currently existing ERT
methods is a very remote possibility.

It is also very interesting our findings regarding B-glucosidase and chitotriosidase
activities. Unexpectedly, since B-glucosidase is not an M6P-dependent enzyme, a patient
with ML Ill gamma presented very low levels of this enzyme in leukocytes but normal in
fibroblasts; unfortunately, we have not been able to study the GBA17 gene sequence of this
patient. Aditionally, our data suggest B-glucosidase activity in fibroblasts is lower in ML II, and
that ML Ill gamma patients present higher levels of plasma chitotriosidase than ML Il
alpha/beta (chitotriosidase is a biomarker of Gaucher disease, and it is found to be higher in
most patients presenting this disease). Low levels of B-glucosidase in leukocytes havelalso
been described by Lo et al., 2013 in Niemann-Pick C disease (Lo et al., 2013). We suggest

the B-glucosidase metabolic pathway be better characterized in ML Il gamma.

6. Conclusion

According to the data obtained herein, we suggest that measurement in plasma and
fibroblasts of at least three of the following enzymes — a-L-iduronidase, a-mannosidase, total
B-hexosaminidase, B-glucuronidase, and a-N-acetylglucosaminidase — be performed as a

panel for indirect biochemical diagnosis of ML II/lll. Our findings suggest that differences in



biochemical phenotype exist between ML Il and ML Ill, with the former being more severe in

terms of biochemical abnormalities.
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Figure 1: Algorithm for diagnosis of mucolipidoses II/lll employed at the Inborn Errors of

Metabolism Reference Laboratory, Hospital de Clinicas de Porto Alegre, Brazil.



1, elevated, *activity at least 20% above the upper reference value; ** activity at least 20%

under the lower reference value.

Table 1. Score created by our research group for assessment of enzyme assays used in the
indirect biochemical diagnosis of mucolipidosis Il/11

. . 3 points 2 points 1 point
Incubation time 0.25-2 hours 3-5 hours >5 hours
Tissue types P'aS”?a 'Plasma Only one

Leukocytes Fibroblasts  Fibroblasts
Assay method Colorimetric Fluorometric  Radioisotopic
Difficulty 1 (easiest) 2 3 (hardest)
Cost $ $3$ $39
Fold increase from normal — plasma >10x 5-10x <bx
?old reduction from normal — >10x 5-10x <5x
ibroblasts
Sensitivity — plasma 100% 90-100% <90%
Sensitivity — fibroblasts 100% 90-100% <90%
No. of patients — plasma >20 10-20 <10

No. of patients — fibroblasts >20 10-20 <10




Table 2. Sample profile

Type lll Type lll

Overall Type ll alphal/beta gamma
Number 26 13 10 3
Mean age at . .
diagnosis+SD(y) 7410 1.61£1.2 10.54£7.6 27.6x17

Samples available

Plasma 26 13 10 3
Fibroblasts 15 9 3 3
Leukocytes 19 7 9 3
Urine 18 7 8 3
Region of origin (Brazil)
North 2 1 0 1
Northeast 8 4 4 0
Center-West 3 3 0 0
Southeast 10 5 5 0
South 3 0 1 2

y, years old; IQR, interquartile range; *p=0.04 for comparison of age at diagnosis between ML
[lelll.



Table 3. Summary of characteristics of the enzyme assays tested in this study

Time*
Biochemical investigation Sample (hours) Assay Cost Difficulty
o-L-Iduronidase (EC 3.2.1.76) Plasma 1 Fluorometric $$ 1
a—Mannosidase (EC 3.2.1.24) Plasma 1 Fluorometric $ 1
o—N-Acetylglucosaminidase (EC 3.2.1.50) Plasma 2 Fluorometric $ 1
Arylsulfatase A (EC 3.1.6.8) Plasma 1 Colorimetric $ 1
B—Glucuronidase (EC 3.2.1.31) Plasma 1 Fluorometric $ 1
B—Hexosaminidase, total (EC 3.2.1.30) Plasma 4 Fluorometric $ 1
Iduronate 2-sulfatase (EC 3.1.6.12) Plasma 28 Fluorometric $$ 2
Chitotriosidase (EC 3.2.1.14) Plasma 0.25 Fluorometric $ 1
o—L-Iduronidase (EC 3.2.1.76) Leukocyte 1 Fluorometric $$ 1
o—Mannosidase (EC 3.2.1.24) Leukocyte 1 Fluorometric $ 1
Arylsulfatase A (EC 3.1.6.8) Leukocyte 5 Colorimetric $ 1
Arylsulfatase B (EC 3.1.6.12) Leukocyte 1.5 Colorimetric $ 1
B—Galactosidase (EC 3.2.1.23) Leukocyte 1 Fluorometric $ 1
B—Glucosidase (EC 3.2.1.21 Leukocyte 1 Fluorometric $$ 1
B—Glucuronidase (EC 3.2.1.31) Leukocyte 1 Fluorometric $ 1
B—Hexosaminidases (E.C.3.2.1.30) Leukocyte 4 Fluorometric $ 1
Iduronate 2-sulfatase (EC 3.1.6.12) Leukocyte 28 Fluorometric $$ 2
Sphingomyelinase EC 3.1.4.12) Leukocyte 4 Radioisotopic ~ $$ 3
a—Fucosidase (EC 3.2.1.51) Fibroblasts 1 Fluorometric $ 1
o-L-lduronidase (EC 3.2.1.76) Fibroblasts 1 Fluorometric $$ 1
o—Mannosidase (EC 3.2.1.24) Fibroblasts 1 Fluorometric $ 1
a—N-Acetylglucosaminidase (EC 3.2.1.50) Fibroblasts 1 Fluorometric $ 1
Arylsulfatase A (EC 3.1.6.8) Fibroblasts 5 Colorimetric $ 1
B—Glucuronidase (EC 3.2.1.31) Fibroblasts 1 Fluorometric $ 1
B—Hexosaminidases, total (EC 3.2.1.30) Fibroblasts 4 Fluorometric $ 1
B—Galactosidase (EC 3.2.1.23) Fibroblasts 1 Fluorometric $ 1
B—Glucosidase (EC 3.2.1.21 Fibroblasts 1 Fluorometric $$ 1
Iduronate 2-sulfatase (EC 3.1.6.12) Fibroblasts 28 Fluorometric $$ 2
Neuraminidase (EC 3.2.1.18) Fibroblasts 0.5 Fluorometric $ 1
Sphingomyelinase (EC 3.1.4.12) Fibroblasts 1 Radioisotopic  $$ 3

*Incubation time






Table 4. Lysosomal hydrolases and chitotriosidase: summary of activity measurements in patients with mucolipidosis 1l/111.

Leukocytes Plasma Fibroblasts
Mean +SD Total

Mean * SD Meantsp  Fold (RV nmol/h/mg Fold score
Enzyme Associated LSD  (RV nmol/h/mL) Observation  (RVnmol/h/mL) elevation Sensitivity protein) reduction Sensitivity (0-33)
a—N-Acetylglucosaminidase ) 277117 19.3+11
(EC 3.2.1.50) MPS 11I-B NP NP (11-37) 7.5 12/12 (54-217) 2.8 4/4 25
a—Mannosidase Alpha- 132+42.4 _ 19781527 1648.2
(EC 3.2.1.24) mannosidosis (60-400) Normal (n=4) 17 56) 35.3 20/20 (93-359) 58 919 29
o—L-Iduronidase MPS | 47+15 Reduced in 1/13 190483 14 1420 53 711 28
(EC 3.2.1.76) (32-56) patient (28%) (6.8-13.7) (6.8-13.7) ’
Arylsulfatase A Metachromatic 13+£3.2 _ Positive in
(EC 3.1.6.8) leukodystrophy (5-20) Normal (n=4) NP NP 21/26% NP NP NP 22
Arylsulfatase B 199+123 _
(EC3.1.6.12) MPS VI (72-176) Normal (n=7) NP NP NP NP NP NP 13
B—Glucosidase . 11.424.5 Reduced in 1/8 415.4+210
(EC 3.2.1.21) Gaucher disease (15 45y patient (70%) NP NP NP (257-668) 0.6 VT "

. Gangliosidosis
B—Galactosidase . 108137 _ 132.8+194
(EC 3.2.1.23) GM1, MI'?’S. IV B (78-280) Normal (n=15) NP NP NP (394-1440) 3 12/13 18
galactosialidosis
. Tay-Sachs Elevated in 3/6
e e v v B S o M R U
e Sandhoff disease (74, 76, 240%)
B—Glucuronidase 223.2+71 Elevated in 4/5  924+460 17111
(EC3.2.1.31) MPS VI (23-151) patients (30-300) 31 25/26 (62-361) 36 oo 26
(25,30,75, 114%)
Elevated in 1/8

Iduronate 2-sulfatase 3001633 : 19591543 10.7¢4.9
(EC 3.1.6.12) MPS I (31-110) ??28[’}:? (122-463) 4 1212 (35-90) 3.3 24 20
Neuraminidase o 3.414.6
(EC 3.2.1.18) Sialidosis NP NP NP NP NP (30-38) 8.8 11/11 17



Chitotriosidase Activity increased 65148

(EC 3.2.1.14) in several LSDs NP NP (8.8-132)  |Normal . 22/23 NP NP NP 12
Sphingomyelinase Niemann-Pick 1.4+0.5 Reduced in 1/7 12.416

(EC3.1.4.12) disease (WB)  (0.74-49) patients (24%) NP NP NP (49-72) 3.9 &4 12

RV, reference value; MPS, mucopolysaccharidosis, NP, not performed, * qualitative analysis



Table 5. Comparison of lysosomal enzyme activity between mucolipidosis Il and I

Significance

Type n Mean SD (p)
Age at diagnosis IIIII 12 112 112'.23 0.04
a-N-Acetylglucosaminidase, plasma IIIII g ?ggg 1609§.33 0.014
B-Glucosidase, fibroblasts IIIII g éggg 13;; 0.046

n, number of patients; NS, not significant; SD, standard deviation.
Only enzymes with differences statistically significant are shown. The P-values refer
to comparison of means.
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Resumo

As mucolipidoses (ML) Il e Il sdo doengas lisossdbmicas de depésito, autossémicas
recessivas, raras, causadas pela deficiéncia da GIcNAc-fosfotransferase (fosfotransferase),
enzima codificada pelos genes GNPTAB (mutado nas ML Il ou Ill alpha/beta) e GNPTG
(mutado na ML Il gamma). A fosfotransferase esta envolvida na sintese do marcador manose
6-fosfato, responsavel por direcionar as hidrolases lisossdmicas ao lisossomo. As MLI/III sao
caracterizadas por alteragdes clinicas multissistémicas, das quais destacam-se as altera¢des
esqueléticas. O fendtipo mais grave é o Il. Objetivo: caracterizar aspectos clinicos de
pacientes brasileiros com ML Il e Ill. Pacientes e métodos: estudo transversal,
rmulticéntrico, com amostragem por conveniéncia. Foram incluidos pacientes com ML I/l
cujo diagnéstico bioquimico e/ou genético foi confirmado no Laboratério de Erros Inatos do
Metabolismo do Servigo de Genética Médica do Hospital de Clinicas de Porto Alegre de 1983
a 2013 (n= 27).0s dados clinicos e demograficos foram obtidos de forma retrospectiva, por
revisdo de prontudrio, e/ou entrevista com familiares. Resultados: Os pacientes incluidos (ML
[1=15, ML Il alfa/beta= 9, ML Ill gama= 3, sexo masculino= 16) eram oriundos de 20 familias
nao-relacionadas, sendo que 19 estavam vivos em 2013. Consanguinidade parental foi
relatada por 2/25 familias (8%). Nove pacientes eram provenientes da regido sudeste, cinco
da regiao sul, oito do nordeste, dois do norte e trés do centro-oeste do Brasil. A mediana de
idade ao diagndstico foi 2,7 anos (intervalo interquartil (1,8-7,3) Houve predominio de
sintomas relacionados ao sistema esquelético tanto em ML Il como lll. Os pacientes ML I
demonstraram maior gravidade fisica e cognitiva, enquanto que os ML Ill alfa/beta
apresentam comprometimento somatico maior que ML Il gama e atraso nos marcos iniciais
do desenvolvimento. Conclusdo: Este foi o primeiro estudo clinico, avaliando funcionalidade
e explorando caracteristicas de pacientes brasileiros com ML Il e lll. Observamos maior
frequéncia dos pacientes ML Il no Brasil.
Palavras-chave: mucolipidose II, mucolipidose Ill alfa/beta, mucolipidose Ill gama,

funcionalidade.



1. Introducao
As mucolipidoses (ML) Il (MIM#252500) e Il (MIM# 252600 e 252605) sao doengas

lisossOmicas de depdsito (DLDs), raras, autossdmicas recessivas, causadas por
deficiéncia da GIcNAc-fosfotransferase (EC 2.7.8.17) (Hasilik et al, 1981; Reitman et al,
1981) . Esta enzima catalisa o passo inicial na sintese do marcador manose 6-fosfato
(M6P), essencial para o enderegamento das hidrolases aos lisossomos (Hasilik &
Neufeld, 1980; Kornfeld & Sly, 2010), levando a deficiéncia de diversas enzimas
lisossomais no meio intracelular e niveis elevados no extracelular, como soro e plasma;
resultando no acumulo de seus substratos (Kornfeld & Sly, 2010). Porém alguns tipos
celulares apresentam niveis de enzimas lisossomais préximos do normal (hepatdcitos,
células de Kupffer, leucécitos, figado, bago, rim e cérebro), o que sugere a existéncia de
uma via alternativa e independente de M6P (Braulke e Bonifacio, 2009).

A incidéncia da ML Il e Illl varia de acordo com a populacdo estudada.
Considerando os recém-nascido vivos, estima-se 1:120.000 em Portugal (Tiede et al,
2006), 1:252.000 no Japado (Okada et al, 1985), 1:422.000 na Australia (incluindo
diagndstico pré e pos-natal de doencgas lisossdmicas) (Meikle et al, 1999) e 1:642.000 na
Holanda (Poorthuis et al, 1989) possuam essa doenga. As estimativas da prevaléncia do
ML Il alpha/beta com base em dados objetivos n&o estdo disponiveis. E, contudo,
possivel que a prevaléncia € da mesma ordem de grandeza que a do ML Il (Leroy &
Cathey, 2012 ab)

A classificagdo das ML ocorre de acordo com alteragdes clinicas e moleculares,
sabe-se que os pacientes com ML Il e a maioria dos pacientes com ML Il apresentam
mutagdes patogénicas em GNPTAB, sendo denominados ML Il e ML Il alfa/beta;
enquanto outro grupo de pacientes com ML Il possuem mutagbes no GNPTG, sendo
denominados ML Ill gamma (Cathey et al, 2008). As manifestagdes clinicas da ML Il e lll

ainda nao estdo completamente elucidadas, sabe-se que sdo multissistémicas, de amplo



espectro e variabilidade entre os individuos afetados. Os pacientes com ML Il
apresentam sintomatologia mais precoce, clinicamente evidente ao nascimento, curso
progressivo e geralmente desfecho fatal na infancia (Cathey et al, 2010, Kornfeld & Sly,
2010, Leroy & Cathey, 2012 a). A ML lll alfa/beta apresenta inicio dos sintomas na
infancia, progressdo mais lenta e geralmente é fatal no inicio da vida adulta.Os pacientes
apresentam face tipica, infiltrada, hiperplasia gengival, ponte nasal plana; ocorre atraso
grave no desenvolvimento. Em relagcdo ao sistema esquelético, podem apresentar maos
curtas, amplas, em garra, cifoescoliose, disostose multipla e luxagdo congénita do quadril
(Cathey et al, 2010, Kornfeld & Sly, 2010, Leroy & Cathey, 2012 a) . Os pacientes com
ML Il tém curso lentamente progressivo, caracteristicas faciais gradualmente grosseiras,
leve hiperplasia gengival; o desenvolvimento da linguagem é normal, e o
desenvolvimento motor pode ser normal ou mostrar atraso minimo. Ja a ML Ill gama é
muito rara e pouco descrita na literatura (Raas-Rothschild & Spiegel, 2010) . A historia
natural da ML Ill é pouco descrita na literatura (Cathey et al, 2010, Kornfeld & Sly, 2010,
Leroy & Cathey, 2014 b).

O conhecimento acerca da ML Il/lll na literatura e internacional é crescente, mas
ainda é restrito. O objetivo do nosso trabalho é caracterizar as manifestagées clinicas de

uma amostra de pacientes com ML Il e Il brasileiros.

2.Pacientes e Métodos

Estudo transversal, multicéntrico, aprovado pelos comités de ética locais. A
amostra foi de conveniéncia e foram incluidos pacientes ML Il/lll cujo diagnostico
bioquimico e/ou genético foi confirmado no Laboratério de Erros Inatos do Metabolismo
do Servico de Genética Médica do Hospital de Clinicas de Porto Alegre (LEIM-HCPA),
Brasil, de 1983-2013 (n= 27). O LEIM-HCPA ¢é o maior centro de referéncia nacional para
diagnostico e manejo das LSD no Brasil, e provavelmente concentra o maior nimero de

diagnésticos de ML 1I/1ll no pais. Como a medida direta da atividade da enzima GIcNAc-



fosfotransferase nao esta disponivel no Brasil, o diagnostico destes pacientes é
confirmado de modo indireto, através da atividade de enzimas lisossomais: elevadas em
plasma e reduzidas em fibroblastos. Neste estudo, os individuos sem fibroblastos
disponiveis e que haviam sido investigados somente por meio da medida da atividade
enzimatica em plasma, foram inclusos somente quando possuiam analise de DNA
confirmando a presenga de mutagdes patogénicas em GNPTAB ou GNPTG.

Os dados clinicos e demograficos foram obtidos preferencialmente pelo primeiro
autor deste estudo (n=16) ou pelo médico assistente (n=11) por meio de preenchimento
de ficha clinica especifica a partir de revisdo de prontuario e/ou entrevista com familiares.
Baixo peso ao nascimento foi definido como peso<2,5kg. No inicio da realizagdo do
estudo (2011), quatro pacientes ja haviam felecido, sendo que outros quatro faleceram no
decorrer do mesmo.

A classificagao do tipo de ML (Il/lll) foi feita de acordo com o julgamento do médico
assistente, sendo sempre revisada por dois médicos especialistas em ML Il/lll (TA e
IVDS). A classificagcdo das ML Il em alpha/beta ou gamma foi realizada de acordo com
os resultados da genotipagem de GNPTAB e GNPTG (Cury et al., 2013).

3. Resultados

Durante o periodo analisado, 35 pacientes apresentaram suspeita clinica e
bioquimica de ML II/lll (aumento da atividade das hidrolases lisossémicas em plasma),
mas este diagndstico foi confirmado somente em 27 deles por meio de andlise das
enzimas em fibroblastos e/ou analise de GNPTAB ou GNPTG (nos demais, ndao havia
fibroblastos ou DNA disponivel para confirmagéo diagndstica), sendo estes os pacientes
incluidos no estudo (ML II= 15, ML Il alfa/beta= 9, ML Ill gama= 3, sexo masculino= 16).
Entre eles, 14 nasceram entre 2000-2010, sendo 5 entre 2000-2005, e 9 entre 2006-
2010. Considerando que, neste periodo, houve no Brasil 32.996.065 nascimentos
(Ministério da Saude do Brasil, Sistema de Informacdes sobre Nascidos Vivos - SINASC),



estimamos que a incidéncia minima das ML 1I/1ll no Brasil seja de 1:2.357.000- nascidos
vivos no periodo (ou de 1: 3.696.306 entre 2000-2005, e de1:1.613.000 entre 2006-
2010).

Os 27 pacientes incluidos no estudo eram oriundos de 25 familias ndo-relacionadas
e a taxa relatada de consanglinidade parental foi de 2/25 (8%). Em relagdo a regido
brasileira de procedéncia, nove pacientes eram da regido sudeste, cinco da regido Sul,
oito da nordeste, dois da norte e trés da centro-oeste. A média de idade ao diagnéstico foi

mediana de idade ao diagndstico foi 2,7 anos (intervalo interquartil (1,8-7,3)

4. Manifestagodes Clinicas

4.1 Mucolipidose tipo Il (n= 15, tabela 1, figura 1)

Houve relato de oligoidramnio em uma gestagdo, sem relatos de outras
intercorréncias durante o pré-natal para as demais gestagdes. Entretanto, informagéo
sobre o perimetro cefalico e comprimento ao nascimento estavam disponiveis apenas
para 6 (32+1,6cm) e 8 (474 cm) pacientes, respectivamente Os sintomas iniciais foram
observados no primeiro semestre de vida, sendo os principais: face tipica (n=13),
alteragdes 6sseas (n= 7; giba téraco-lombar, deformidade toracica com estreitamento e
abaulamento do torax) ,restricdo articular em membros superiores ou inferiores (n=5),
déficit pondero-estatural (n=3) e atraso do desenvolvimento (n=3). Outros sintomas foram
descritos em um numero menor de pacientes: cabelos secos (n=2),
hepatoesplenomegalia (n=2), diastase de retos abdominais (n=1), hérnia inguinal bilateral
(n=1), infecgbes respiratorias frequentes (n=1), miocardiopatia (n=1) eoligoidramnio
(n=1). Em nenhum paciente foi descrita opacidade de coérnea ou surdez, através do
exame clinico. Apnéia obstrutiva do sono, diagnosticada por polissonografia, estava
descrito em n=5/14 pacientes com este exame disponivel. Observamos que a maioria dos
pacientes possuia atraso no marcos de desenvolvimento, predominantemente do

desenvolvimento motor, mas alguns chegaram a caminhar e falar ao redor da idade de 4



anos. (DATA NOT SHOWN). Seis pacientes faleceram todos por complicagdes

respiratorias, alguns com longa estadia em unidade de terapia intensiva.

4.2 Mucolipidose tipo lll alfa/beta (n=9, figura 2)

Os principais dados dos pacientes inclusos, estdo demonstrados na tabela 1. Nao
houve relatos de intercorréncias durante o pré-natal. Informagao sobre o perimetro
cefalico e comprimento ao nascimento ndo estavam disponiveis para todos os pacientes:
ao nascimento, o perimetro cefalico apresentou média de 34,5t0,7 (n=2) e o
comprimento de 49,612 (n=4) cm. Os sintomas iniciais foram observados proximos ou na
adolescéncia, sendo os principais: limitacdo articular em membros superiores ou
inferiores (n=5), dor na coluna (lombar ou toracica) (n=4), contratura articular maos (n=3)
e déficit pdndero-estatural (n=3). Outras alteragdes esqueléticas (n=6: aumento da cifose
dorsal, pectus carinatum, pescogo curto) atraso fala (n=1) e abdémen protuso (n=1)
foram menos freqlientes. Atraso nos marcos do desenvolvimento foi observado em trés
pacientes, mas — apesar desta dificuldade no inicio da vida— todos puderam frequentar a
escola regular aparentemente sem maiores dificuldades, alguns chegando ao cursar
ensino superior. O paciente da nossa coorte que faleceu durante o estudo tinha 20 anos
de idade ao 6ébito, hipertensdo pulmonar e alteragbes restritivas do térax, sendo as

complicacdes respiratérias a causa de o6bito.

4.3 Mucolipidose tipo lll gama (n=3, figura 3)

Nao houve relatos de intercorréncias durante o pré-natal destes pacientes.
Infelizmente, ndo foram recuperadas informacdes do nascimento para o perimetro
cefalico, ja para o comprimento o relato foi de 53cm em um deles e desconhecidos nos
demais. Os sintomas iniciais foram observados na adolescéncia, sendo os principais:
limitagdo articular em membros superiores ou inferiores (n=3), dor ou alteragbes na

coluna (n=1), déficit pondero-estatural (n=2). Os trés pacientes possuiam alteragdes na



articulagdo do quadril, dois com protese de quadril bilateral (aos 35 e 37 anos em um
paciente e 40 e41 anos no outro). Todos os individuos frequentaram escola regular e ndo
demonstravam déficit cognitivo aparente. Nao foi registrado 6bito, sendo a idade dos

pacientes na avaliagao: 20, 42 e 44 anos, respectivamente.

4.4 ML 1l alfa/beta versus ML Ill gama

Quando comparamos ML lll alfa/beta e gama observamos que a idade de inicio
dos sintomas foi significativamente menor em ML Il alfa/beta (4,1+4 versus 7,614 4,
p=0,045), mas ndo houve diferenga estatisticamente significativa quanto a idade ao
diagnéstico (10,3+7,6 versus 29,3+19,1, p=0,2) .

4.5 Alteracgoes clinicas

Quanto a aparéncia geral, todos os pacientes ML Il apresentavam hiperplasia
gengival, em ML Ill alfa/beta 2/8 pacientes, e essa alteragdo nao encontrada nos
pacientes com ML Il gama; face infilirada também foi observada em todos os ML Il, em
4/8 ML Il e 1/8 ML Il gama. Além disso, todos os pacientes apresentavam baixa estatura
em relagao a idade. Como a estatura de ambos os pais ndo estava disponivel na maioria
dos casos, nao foi realizado o calculo da estatura alvo.

Em relacdo ao sistema cardiovascular, ao exame fisico os pacientes
apresentaram alteragées na ausculta cardiaca (sopro sistélico), geralmente relacionado a
insuficiéncia leve valvular; possuiamos ecocardiograma de oito pacientes que
demonstravam fungéo sistolica do VE preservada (n=8/8), forame oval patente (n=1/8, 10
meses, MLII), espessamento mitral em (n=4/8, dos quais um MLIII), regurgitagdo mitral
leve (n=7/8), espessamento da valva aodrtica (n= 2/8, ambos MLIIl, um deles com
obstrugcao leve e aortoesclerose), insuficiéncia fisiologica da valva pulmonar (n=8/8).
Visualizada HVE em dois pacientes MLII: hipertrofia concéntrica em um (4 anos) e
discreto aumento de VE em outro (5 anos). PSAP>30mmHg em 3/8 pacientes: 2/8 com



valor limitrofe (MLIII) e 1/8 com HP (MLIII, atualmente em uso de presséo positiva
continua na via aérea — CPAP — e Sildenalfil, com boa resposta); dos demais com PSAP
<30mmHg, um paciente (MLII) usava CPAP.

As alteragdes esqueléticas mais proeminentes foram alteragcbes em quadril
(n=23/23), contratura articular em maos (de intensidade variavel) em 18/22 pacientes,
sendo que 3/22 eram ML Il alfa/beta e um ML Ill gama. Todos apresentavam contraturas
articulares em cotovelos e ombros, com gravidade variavel entre os tipos e entre os
individuos do mesmo tipo. Alteragdes na coluna lombar e toracica foram as mais
presentes.

Alteragbes oculares foram pouco estudadas, mas avaliagdo oftalmoldgica formal
estava disponivel em 13 pacientes . Destes, o achado mais relevante foi dispersédo
pigmentar na retina em um paciente ML Ill gama, n&o descrita na literatura. Nenhum dos
individuos apresentou opacidade de cérnea ou manchas em fundo de olho.

Apesar do abddbmen protuso observados em todos os individuos, apenas um
paciente ML Il apresentou hepatoesplenomegalia ao exame fisico. Hérnia umbilical foi
relatada em n=1 paciente (ML Il gama), hérnia inguinal foi vista em 2/15 pacientes com
ML II.

O exame neurologico detalhado néo estava descrito para a maioria dos pacientes,
mas nao houve relato de crises convulsivas ou compressdo medular no periodo. Um
paciente com ML Il gamma apresentava sindrome do tunel do carpo grave,
diagnosticada clinicamente e por eletroneuromiografia. Imagem do encéfalo estava
disponivel para n=3 pacientes (ML Il alfa/beta= 1, ML Ill gama n=2).

Quanto ao sistema respiratério, a principal causa de morbi-mortalidade dos
individuos, observamos restrigcdes toracicas em todos os individuos, com exce¢ao de um
ML 1l gamma. O numero de internagdes ou de infecgdes respiratérias ao ano nao foi
obtido, mas pelo relato subjetivo dos pacientes, parecia ser semelhante a populagao,

mas, quando ocorriam, em geral motivavam internacéo hospitalar. Apnéia obstrutiva do



sono foi descrita em n=5/14 pacientes, entretanto, a polissonografia para estudo desta
alteracdo nem sempre esta disponivel para os pacientes, em geral por dificuldade

relacionada a estrutura do sistema publico de saude.

5. Discussao
A ML Il predominou em nossa amostra em relacdo aos ML Ill. Na literatura néo esta

claro qual o tipo de ML mais frequente (Cathey et al, 2010, Kornfeld & Sly, 201t0), mas
alguns autores sugerem que a frequéncia de ambos seja semelhante (Leroy & Cathey,
2012 ab); como a ML Il é clinicamente mais grave, isto poderia aumentar a busca por
diagndstico e, consequentemente, o numero de individuos diagnosticados. A taxa geral
de consanguinidade em nossa amostra foi maior que o observado na literatura (8%
versus 1,5%).Houve alta taxa de cesareas em ambos grupos (50% no total), que é
semelhante a taxa brasileira de 43,8% de partos cesareos (Fonte: Ministério da Saude,
SVS - Sistema de Informagbes sobre Nascidos Vivos/2009). Ja na comparagéo entre os
subgupos ML Il e ML lll, houve mais partos cesareos nos MLII (p=0,006), cujas razdes
nao conhecemos, visto os dados peri-parto ndo estarem disponiveis. Entre ambos n&o
houve diferenga estatisticamente significativa do peso ao nascimento, entretanto
predominaram pacientes com baixo peso (<2500g) em pacientes com ML Il ( 55%, n=6)
em contraste com os pacientes ML Il alfa/beta (13% , n=1) e a populagdo brasileira
(8,43%. Fonte: Ministério da Saude, SVS - Sistema de Informacgbes sobre Nascidos
Vivos/2009). Cathey et al, em 2010 observou peso médio ao nascimento de 2400g para
ML Il e 3100g para ML Il (alfa/beta); sendo n=8/12 pacientes ML Il pequenos para a
idade gestacional. Como os nossos dados foram retrospectivos, houve prejuizo de
informacdes do periodo pré e peri natal, incluindo condigbes de nascimento, por exemplo.
Através da nossa analise observamos que a maioria dos pacientes ML Il apresentou peso
<2500g ao nascimento (sendo que nenhum com peso <1700g), mas infelizmente n&o

possuimos informagbes sobre a idade gestacional para correlacionar ao peso e



compreender se 0s pacientes também era pequenos para a idade gestacional ou se este
dado se correlacionava com prematuridade.

A idade dos primeiros sintomas em nossos pacientes foi diferente da literatura,
sendo no nosso caso a apresentagao notada mais tardiamente; no maior estudo clinico
disponivel todos os pacientes ML Il e 5/21 pacientes com ML Il alfa/beta apresentavam
sintomas ao nascer (Cathey et al, 2010) O sintoma proeminente em todos os individuos
foi restricao articular, que pudemos observar objetivamente através da goniometria em
um pequeno numero de pacientes; as articulagdes mais acometidas desta amostra foram
joelhos (flexao), quadril e tornozelo, com pior desemprenho dos pacientes com ML llI,
provavelmente por apresentarem idade superior aos os ML Il. Quando comparamos ML
Il alfa/beta e gama observamos que a idade de inicio dos sintomas foi significativamente
menor nos primeiros e com comprometimento somatico mais grave também nos
primeiros. A cogni¢cdo ndo foi medida com instrumentos formais, mas os ML Il tem o
desenvolvimento motor e a linguagem bastante afetados; dado concordante com a
literatura ( Cathey et al, 2010). Ja os ML Il alfa/beta e gama atingiram escolaridade
satisfatéria para sua idade, embora os primeiros demonstrem atraso no desenvolvimento
motor no inicio da vida.; como nao aferimos estes dados de modo formal (com o
quociente de inteliéncia — QI - por exemplo) ndo podemos comparar diretamente na
literatura; descreve-se para ML Il alfa/beta déficit cognitivo em 5/15 pacientes (Ql menor
que 70), ( Cathey et al, 2010)

6. Conclusio

Este foi o primeiro estudo clinico explorando caracteristicas de pacientes
brasileiros com ML Il e lll. A ML Il foi mais frequente e com comprometimento somatico e
cognitivo mais grave e precoce. Os pacientes ML Il alfa/beta apresentam
comprometimento somatico maior que ML Il gama e atraso do desenvolvimento apenas

nos primeiros anos de vida. Algumas questdes praticas da assisténcia ainda sao



controversas entre os autores internacionais e necessitam de resposta, além disso,
acreditamos que o melhor entendimento da histéria natural da doenca podera contribuir

para as terapias que estdo em andamento e para futuros tratamentos que possam surgir.
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Tabela 1: Sintese das principais caracteristicas clinicas dos pacientes com

Mucolipidose Il/lll incluidos no presente estudo.

Comparagao
. Tipo 1l Tipo I ML Il e lll
Tipo ll alfa-beta gamma Total (alfa/beta +
gama)
n 15 9 3 27 -
Sexo M:F 6:9 8:1 2:1 16:11 -
Consanguinidade (n) 2 0 0 2 -
Idade Diagndstico - media+DP 241 1344135  29.2+19 7,9411 p=0,007
(anos) b b b b ki
- . 6 1 7 Idade:
Obito (média Idade anos+DP) (4£1,9) (20) 0 (6,6£6,2) 0=0,006
. o o
Tipo Parto vaginal-cesarea (% 3.7 (70%)  6:3(33%) 2:1(33%) 11:11(50%)  p=0,004
cesareas)
Peso nascimento (médiatDP Kg) 2(:?:? 1? %ﬁg;’) :(Sniﬁ? 2(:::) 9? NS
% Pacientes com baixo peso o _ 0 _ 0 - _
(<2500g) 55% (n=6) 13% (n=1) 0 37% (n=7)
C .. 3,215,6
Idade inicio sintomas (médiatDP 0.3+0.3 7 447 12 5475 (mediana= 0=0,006

anos)

0,5 anos)




Figura 1 . Espectro fenotipico de pacientes com atividade deficiente da Glc-NAc-

fosfotransferase (Mucolipidose II/111).

1A-C. Mucolipidose tipo Il (2 anos de idade) Podem ser observados abdémen protruso,
giba téraco-lombar, face tipica, hiperplasia gengival e contraturas articulares em maos.

2A-C.Mucolipidose tipo Ill alfa/beta (29 anos) Pectus carinatum, contratura articular em
joelhos, ombros e discreta em maos; face infiltrada, mas com pouca intensidade.

3 A-C. Mucolipidose tipo Ill gama (41 anos). Contraturas articulares cotovelos, ombros

e maos. Este paciente possui protese de quadril bilateral.
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Abstract

Mucolipidosis (ML) Il and Il are inborn errors of metabolism caused by deficient activity
of GlcNAc-1-phosphotransferase, an enzyme responsible for correct targeting of lysosomal
hydrolases to the lysosomes. We hypothesized that melanogenesis would be altered in
patients with ML 1l/lll. Objectives: 1) To characterize the skin, hair, and eye color of patients
with ML [I/lll and compare these features to those of their parents and of healthy controls;
and 2) to establish a genotype-phenotype association involving SNPs known to be associated
with skin, hair, and eye color in normal populations. Methods: This multicenter, prospective,
controlled, cross-sectional study employed a convenience sampling strategy. Brazilian
patients with ML II/lll aged >1 year and their parents, as well as healthy controls matched by
gender and age to the patients, were examined for skin, hair, and eye characteristics using
the Fitzpatrick scale and visual classification. Patients were screened for SNPs [rs1126809
(TYR gene), rs16891982 (SLC45A2 gene), rs1426654 (SLC24A5 gene) and rs1129038
(HERC2 gene)] through KASP genotyping assay. Results/discussion: Seventeen patients
(7 with ML type Il, 7 with ML type Ill alpha/beta, and 3 with ML type Ill gamma; 13 male, 4
female; mean age, 131£12.5 years) and 29 parents were included in the study, as well as 20
healthy controls and 34 control parents. Most patients had Fitzpatrick skin types Il
(n=14/17, 82%) a rate discrepant with the skin type of their parents (n=19/29, 66%) and with
that of healthy controls (n=14/20, 70%) and control parents (n=25/34, 74%). One patient was
not genotyped for the SNPs of interest. Regarding genotype-phenotype- association, for
rs1126809 2/17 had lighter hair than expected; for rs16891982, 4/17, 6/17 and 10/17 patients
had, respectively, lighter eyes, hair and skin color, and 3/17, 4/17 and 2/17 patients had,
respectively, darker eyes, hair, and skin color than expected; and for rs1426654, 2/17, 1/17,
1/17 had lighter eyes, hair and skin and 9/17 and 3/17 had darker hair and skin than
expected; for rs1129038 6/16 patients had darker eyes than expected. Conclusion: Patients
with ML Il/lll appear to exhibit changes in melanogenesis (most commonly hypomelanosis).

Further studies are required to corroborate these findings.



Keywords: mucolipidosis [I/lll, human pigmentation, rs1126809 (TYR gene), rs16891982
(SLC45A2 gene), rs1426654 (SLC24A5 gene), rs1129038 (HERC2 gene)



1. Introduction
Mucolipidosis type Il (ML II, MIM#252500) and type Il (ML Ill, MIM# 252600 e

252605) are very rare autosomal recessive lysosomal storage disorders (LSDs) caused
by deficient activity of the enzyme UDP-N-acetylglucosamine-1-phosphotransferase
(GIcNAc-1- phosphotransferase; EC 2.7.8.17). This enzyme is encoded by two genes —
GNPTAB and GNPTG — and is responsible for catalyzing the addition of mannose 6-
phosphate (M6P) residues to lysosomal hydrolases (Kornfeld & Sly, 2010). These
residues play an essential role in receptor-mediated transport to the endosomal and
prelysosomal compartments. A breakdown in this recognition signal will cause incorrect
targeting of lysosomal enzymes. Hence, patients with ML Il/lll exhibit a deficiency of
lysosomal enzymes in several cell types, as well as elevated enzyme activity levels in
extracellular fluids such as serum and plasma (Kornfeld & Sly, 2010).

The clinical manifestations of ML Il and Il are multisystemic and cover a broad
spectrum, which is reflected by great variability among affected individuals (Kornfeld &
Sly, 2010; Cathey et al, 2010; Leroy et al, 2014ab). In the absence of useful genetic and
biochemical markers, the distinction between ML Il and Il can be made by clinical criteria
(Cathey et al, 2008). ML Il is caused by mutations in GNPTAB; patients experience
earlier onset of symptoms and greater disease severity, with a progressive course
generally leading to death in childhood (Kornfeld & Sly, 2010; Cathey et al, 2010; Leroy et
al, 2014ab). ML 1l alpha/beta is also caused by GNPTAB mutations; symptom onset is
also in childhood, but disease progression is slower, with death generally occurring in
adulthood (Kornfeld & Sly, 2010; Cathey et al, 2010; Cury et al, 2013; Leroy et al,
2014ab). ML Ill gamma is due to mutations in GNPTG, and its natural history is still
underreported in the literature (Kornfeld & Sly, 2010; Cathey et al, 2010; Leroy et al,
2014ab).



LSDs are characterized by progressive intracellular deposition of undigested
macromolecules due to gene defects that lead to deficient activity of specific enzymes.
Melanosomes are organelles similar to lysosomes (Huizing et al, 2008), and disorders in
melanosomal biogenesis and trafficking lead to syndromic albinism in humans
(Parkinson-Lawrence et al, 2010). ML II/lll is known to be associated with inadequate
targeting of lysosomal hydrolases, but its pathophysiology is still being elucidated, and
little is known about the potential role of melanosomes in ML. We hypothesize that
patients with ML 1l/lll may have abnormal melanosome function and, consequently,
alterations in skin, eye, and hair pigmentation. Within this context, the objectives of this
study were: 1) to characterize the skin, hair, and eye color of patients with MLII/IIl and
compare these characteristics to those of their parents and of healthy controls; and 2) to
establish a genotype-phenotype association involving SNPs known to be associated with

skin, hair, and eye color in some populations.

2. Patients and methods

This was a multicenter, prospective, controlled, cross-sectional study with a
convenience sampling strategy, approved by the local Ethics Committee. The study
sample included patients with a confirmed biochemical and/or genetic diagnosis of ML
[I/lll, as established at the Inborn Errors of Metabolism Laboratory of the Medical
Genetics Service, Hospital de Clinicas de Porto Alegre, Brazil (LEIM-HCPA), between
1983 and 2013. As direct measurement of GIcNAc-1-phosphotransferase is not available
in Brazil, biochemical diagnosis was confirmed indirectly by the finding of altered
lysosomal enzyme activity (normal in leukocytes, elevated in plasma, and reduced in
fibroblasts). Subjects for whom no fibroblasts were available were included if they had
molecular analysis results confirming the presence of pathogenic mutations in GNPTAB

or GNPTG. As some benign melanocyte-related skin conditions, such as Mongolian spot,



can resolve spontaneously at around age 1 year (Kikuchi, 1982; Gupta & Thappa, 2013),
we considered that younger infants can exhibit greater variation in skin pigmentation and
thus excluded all patients aged <1 year.

Healthy children were recruited from the HCPA outpatient pediatrics clinic during
routine well-child appointments to serve as age-matched controls. Patients, their parents,
controls, and controls’ parents were examined by the same investigator for skin, hair, and
eye characteristics, using the Fitzpatrick scale and visual analysis for classification (Table
1). Perhaps the most famous skin phototype classification system, the Fitzpatrick scale,
created in 1976, classifies individuals by sensitivity to sun into six types, ranging from |
(white) to VI (black) (Fitzpatrick, 1988). Eye color was classified as blue, green, brown or
black; and hair as red, blond, brown or black. Furthermore, SNPs related to these
features [rs1126809 (TYR gene), rs16891982 (SLC45A2 gene), rs1426654 (SLC24A5
gene) and rs1129038 (HERC2 gene)] were genotyped (KASP, LGC Genomics:
www.lgcgenomics.com) in patients and compared to their eye, hair, and skin phenotype
(color). These SNPs are commonly related to variation in eye, hair, and skin
pigmentation, and a previous study conducted in a Brazilian population indicated that this
association is independent of ethnic miscegenation (Cerqueira et al, 2014). The TYR
gene codes for tyrosinase, an enzyme that plays a key role in melanin synthesis, and
thus influences variations in skin, eye, and hair color; indeed, some TYR polymorphisms
are associated with risk of skin cancer (Sturm, 2009). HERCZ2 influences expression of
OCA2, which codes for the melanocyte-specific transporter protein or pink-eyed dilution
protein homolog, a protein that is believed to be an integral membrane protein involved in
small-molecule transport, specifically of tyrosine — a precursor of melanin that acts on the
melanosome maturation pathway in the iris (Donnelly et al, 2012; Visser et al, 2012).
SLC45A2 codes for membrane-associated transporter protein (MATP), also known as

solute carrier family 45 member 2 (SLC45A2) or melanoma antigen AIM1, a transporter



that mediates melanin  synthesis (Sturm, 2009). SLC24A5 codes for
sodium/potassium/calcium exchanger 5 (NCKX5), also known as solute carrier family 24
member 5 (SLC24A5). It has been suggested that melanogenesis and development of
the melanosomes themselves may be dependent on calcium levels in the melanosome,
regulated by the SLC24A5 gene (Lamason et al. 2005; Sturm, 2009); furthermore, some
studies have shown that this gene appears to play a major role in pigmentation in several
human populations (Norton et al., 2007). The A allele of rs1126809 (TYR gene) is related
to blue eyes and greater skin sensitivity to sunlight (Sulem et al, 2008), and heterozygous
statetes favours lighter phenotype as well(Cerqueira et al, 2014). The 374Phe (C) allele
of rs16891982 (SLC45A2 gene) is associated with pale skin, and the 374Leu (G) allele,
with olive skin and dark hair (Sturm & Duffy, 2012), heterozygotes tend to have darker
characteristics (Cerqueira et al, 2014). The A allele of SNP rs1426654 (SLC24A5 gene)
indicates less melanin, therefore, carriers will probably be light-skinned; however,
heterozygotes have intermediate phenotype, because there are no dominance between
the alleles (Lamason et al, 2005; Cerqueira et al, 2014). The A allele of rs1129038
(HERC2Z2 gene) increases the likelihood of blue eyes even in heterozygotes (Eiberg et al,
2008; Sturm et al, 2008; Cerqueira et al, 2014).

Due to the low sample size and aimming at a better visualization of the
relationship genotype-phenotype, we group the characteristics studied into two
categories: lighter (for green and blue eyes, red and blond hair, white skin) and darker
(for brown and black eyes, brown and black hair, darker skin),

A single investigator (TA), with experience in the management of ML Il/IlI,
classified the patients as having ML Il or Ill. Classification of ML Il into alpha/beta or
gamma was based on the results of GNPTAB and GNPTG genotyping.

As this was a small exploratory study, no formal statistical analyses were

conducted to compare patients and controls.



3. Results

A total of 17 patients from 16 families were included in the study (7 with ML type I,
7 with ML type lll alpha/beta, 3 with ML type Ill gamma), as well as 26 parents of
patients, 20 controls, and 34 parents of controls (Table 2). There were patients from all
regions of Brazil (North = 1; Northeast = 3; Center-West = 2; South = 3; Southeast = 7).

Patients with ML 1I/lll had a greater frequency of Fitzpatrick skin types I-lll as
compared with their parents or with healthy controls (Table 3). Among patients with skin
types I-lll (n=14), 7 of 14 (41%) had a mother and 6 of 10 (60%) had a father with the
same skin type. Among patients with skin types IV-V (n=4), 3 of 4 (75%) had a mother
and 2 of 2 (100%) had a father with the same skin type. Of the patients who had at least
one parent with a different Fitzpatrick skin type (I-lll or IV-V) (discordant cases; n=8,
44%), 4 had ML Il and 4 had ML Il (3 with ML Ill alpha-beta, 1 with ML Ill gamma).

Among controls with skin types |-lll (n=14), 11 of 14 (79%) had a mother with the
same skin type and 5 of 8 (63%) had a father with the same skin type. Among controls
with skin type IV-V (n=6), all had a mother with the same skin type and 1 of 6 (17%) had
a father with the same skin type. Controls who had at least one parent with a discordant

skin type accounted for 11 of 20 cases (55%).

3.1 Frequency of SNPs in patients
The frequency of each SNP is listed in Table 4.

3.2 Genotype vs. phenotype association

We compared the genotype of each patient versus the corresponding phenotype for
eye, hair, and skin color separately. Table 4 lists the frequency of genotype-phenotype
discordance for the SNPs analyzed in the patients with ML 1l/lll included in the present

study.



4. Discussion

Knowledge of ML I/l has been increasing; however, several unanswered
questions remain regarding aspects ranging from its pathophysiology to its clinical
manifestations. ML causes broad modifications to the lysosomal hydrolase pool, leading
to deposition and global impairment of lysosome-dependent pathways, including
vesicular trafficking and biogenesis, as well as a building up of substrates that can
interfere with other cell processes (Ballabio & Gieselmann, 2009; Parkinson-Lawrence et
al, 2010). On the basis of this assumption and of empirical clinical observations, we
sought to investigate whether patients with ML might exhibit abnormalities in
melanogenesis and phenotypic changes in pigmentation, affecting eye, hair, and skin
color. We found that patients with ML II/lll are more likely to have Fitzpatrick skin types |-
Il (i.e., lighter skin) and their parents, which was corroborated by a comparison of control
children and the control’s parents.

It has been established that dysfunctions in melanosome biogenesis and
trafficking, instead of impaired activity of a specific lysosomal hydrolase, leads to
syndromes of albinism in humans, such as Chediak-Higashi syndrome (MIM#214500),
Griscelli syndrome (MIM#214450), and Hermansky-Pudlak syndrome (MIM#203300,
#608233, #614072, #614073, #614074, #614075, #614076, #614077, and #614171).
Breaches in the integrity of vesicular trafficking in the endosome-lysosome network may
occur at different points along this system, but manifest as similar functional outcomes.
The altered vesicular trafficking observed in the aforementioned albinism syndromes is
somewhat similar to other LSDs, but in the latter, the effects on biogenesis are secondary
to enzyme deficiency and substrate accumulation (Parkinson-Lawrence et al, 2010).
Although a significant knowledge base has been constructed about diseases that involve

lysosomal dysfunction, we have yet to fully understand the mechanisms behind these



conditions. To the best of our knowledge, these changes have not been studied
systematically in patients with ML II/111.

As part of our investigation, we genotyped patients for SNPs known to be associated
with pigmentation in several ethnicities and recognized as valid for the Brazilian
population (Cerqueira et al, 2014). Rs1126809 is a SNP in the TYR gene, and its allele
rs1126809(A) has previously been shown to affect eye color and sun sensitivity: it is
associated with blue eyes, blond hair, and a slight increase in skin cancer risk (Sulem et
al, 2008; Duffy et al, 2010). The most important polymorphism affecting skin and hair
color is the rs16891982*Leu374Phe (G/C), SNP located at chromosome 5,
Rs16891982*Leu allele being strongly associated with olive skin and dark hair (Sturm &
Duffy, 2012). This SNP is also highly involved in variations in eye, skin, and hair
pigmentation in humans. The rs1426654(A) allele is indicative of less melanin; therefore,
its carriers are likely to be light-skinned (Lamason et al, 2005; Soejima & Koda, 2007).
The rs1129038 variant of HERC?2 is found in 97% of all Caucasians with blue eyes, and is
relatively common in Caucasians, though rare among other ethnic groups. The A allele
increases the likelihood of blue eyes (Eiberg et al, 2008; Sturm et al, 2008). We found
discrepancy in the patient group regarding eye color [rs1126809(TYR) and
rs16891982(SLC45A2)] and more prominent differences in  skin  color
[rs16891982(SLC45A2), rs1426654(SLC24A5) and rs16891982(SLC45A2)]. Despite of
the most patients exhibit changes in melanogenesis (most commonly hypomelanosis),
some patients exhibited darker pigmentation than genotypically predicted, contradicting
our expectations.

However, melanocyte-related abnormalities that cause hyperpigmentation, namely
large Mongolian spots, have previously been reported in ML Il (Su et al, 2010). Mongolian
spots are maculae consisting of spindle-shaped melanocytes in the lower dermis that

have failed to migrate to the dermal-epidermal junction during fetal life; they are present



at birth in many children, particularly those of African descent, and generally show
spontaneous regression during childhood (Jacobs & Walton, 1976). Mongolian spots
characterized by extensive distribution may be associated with other LSDs, such as
mucopolysaccharidosis (MPS) I, MPS Il, MPS VI, gangliosidosis GM1, Niemann-Pick
disease type C and alpha-mannosidosis (Ochiai et al, 2007; Su et al, 2010; Okamura et
al, 2013; Gupta & Thappa, 2013)

The present study was the first to correlate hypopigmentation changes in a cohort
of patients with ML II/lll. To our knowledge, only one other such report exists: a case
report of a Han Chinese patient whose hair was blond at birth, in contrast with the black
hair of his parents, and darkened by age 2 months (Ma et al, 2011). One of our patients
(Figure 1) had Fitzpatrick skin type Il (blond hair, blue eyes, fair skin) ate age 2 years,
while both parents were skin type IV, corroborating the biological plausibility of
pigmentation changes as manifestations of ML Il/lll. The fact that we did not genotype the
SNPs of interest in controls is a limitation of the present study. Another potential limitation
is that while our patients were drawn from all regions of Brazil, controls were all from the
South region of the country — regions with a high degree of miscegenation, but different
patterns of ancestry. However, Cerqueira et al (2014) found that such SNPs as
rs1426654 (SLC24A5) and rs16891982 (SLC45A2) were associated with pigmentation
even in two distinct regions of Brazil (states of Rio Grande do Sul and Bahia). Another
limitation is the fact that we were unable to achieve our a priori objective of including
controls that could be matched to patients by age and gender; as shown in Table 2, our
patients were older than their controls.

On analysis of our findings, it is plausible to consider that GIcNAC-1-
phosphotransferase per se may not be the main factor involved in the melanogenesis
process, as most patients did not exhibit discrepancies in eye, hair, and skin color.

However, the enzyme (and/or the accumulation of its substrate) may influence other



regulatory genes involved in melanogenesis. Corroborating our hypotheses, the greatest
discordance observed was in skin phenotype in relation to eyes and hair. This is
consistent with the fact that tissues are affected heterogeneously in ML Il/lll (Kornfeld &
Sly, 2010): fibroblasts (which are part of skin connective tissues) are affected, whereas
the brain is not (notably, the iris is derived from neural tissue, and little variation in iris

color was observed).

5. Conclusion

Our findings suggest that patients with ML I/l may exhibit alterations in
melanogenesis. Additional studies using other modalities to assess melanosome
function, from electron microscopy studies through clinical trials with larger sample sizes

to genotyping of cases and controls, should be conducted to corroborate these findings.
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Table 1: Fitzpatrick skin type classification (Fitzpatrick, 1988).

Skin type Characteristics Description Skin sensitivity
| — White Pale eyes, blond or red hair Burns easily, never tans Very sensitive
Il — White Blue, green, or light brown eyes; Burns easily, tans minimally Sensitive

blond or red hair
IIl — Light brown Brown or black eyes, red to brown Burns moderately, tans Normal
hair moderately
IV — Moderate brown Brown or black eyes, brown to Burns minimally, tans easily Normal
black hair. Includes Asians

V — Dark brown Black eyes and hair Rarely burns, tans well Minimally
sensitive

VI — Black Black eyes and hair Never burns, deeply pigmented Insensitive




Table 2. Number and age of cases, controls and parents included in this study.

Patients (n=18) Controls (n=20)
Age, years (mean £ SD) 13212 6.5+9
Male gender (n) 13 8
Fathers tested (n) 12 14

Mothers tested (n) 18 20




Table 3: Fitzpatrick skin types of subjects included in the study.

I(n) M) M (n) V() V(n) '(r:')' F;rfel‘fi‘l'f(ﬂ',/‘jf
Patients (n=18) 1 7 6 3 1 14 78
Patients’ parents (n=30) 0 6 13 8 3 19 63
Controls (n=20) 1 4 9 3 3 14 70
Controls’ parents (n=23) 0 6 19 4 5 25 74




Table 4: Discordance between SNP genotypes and eye, hair, and skin phenotype in patients
with mucolipidosis Il/lll included in the sample.

Genotype-phenotype (n/total with the genotype)

Eye color Hair color Skin color

Discordant Discordant Discordant

Gene SNP Genotype Concordant Lighter ° Darker ® Concordant Lighter® Darker’ Concordant Lighter® Darker ®
TYR rs1126809 GG 13/13 0 0 1113 2/13 0 13/13 0 0
GA 4/4 0 0 4/4 0 0 4/4 0 0
AA 0 0 0 0 0 0 0 0 0
SLC45A2 rs16891982 cCc 0 0 3/3 0 0 3/13 1/3 0 2/3
CG 5/5 0 0 4/5 1/5 0 2/5 3/5 0
GG 5/9 4/9 0 3/9 5/9 1/9 2/9 7/9 0
SLC24A5 rs1426654 GG 12 1/2 0 12 1/2 0 0 1/2 0
GA 3/5 2/5 0 3/5 2/5 0 4/5 1/5 0
AA 2/10 0 8/10 1/10 0 9/10 6/10 1/10 3/10
HERC2 rs1129038 GG 6/6 0 0 * * * *
GA 117 0 6/7 * * * *
AA 3/3 0 0 * * * *

* Not assessed, as the influence of this polymorphism is predominantly on eye color.
@ |-l in Fitzpatrick’s scale means patients with Lighter skin color.

® V-V in Fitzpatrick’s scale means patients with Darker skin color.

©Lighter eye color: green and blue eyes

9 Darker eye color: brown and black eyes

€ Lighter hair color: red and blond hair

"Darker hair color: brown and black hair

in Fitzpatrick’s scale means patients with Darker skin color.



Figure 1. A 2-year-old male patient with mucolipidosis type Il and his parents.
This family is originally from Northeastern Brazil. The patient has Fitzpatrick skin type
II, while his parents have skin type IV. (Photo obtained and used with consent.)



4.4 Capitulo 4

Exome sequencing for mucolipidosis lll: GNPTAB gene novel
mutation in a patient with a milder phenotype

Artigo em fase final de preparagéo para ser submetido



Exome sequencing for mucolipidosis lll:

GNPTAB gene novel mutation in a patient with a milder phenotype

Sperb-Ludwig F'?, Alegra T%, Voltolini R%, Ludwig, N', Kim CA*, Kok F®, Kitajima JP®,
van Meel E®, Kornfeld S° Burin MG’,Schwartz, [VD"**7%,

BRAIN (Basic Research and Advanced Investigations in Neurosciences) Laboratory, Hospital
de Clinicas de Porto Alegre (HCPA), Brazil;

Postgraduate Program in Medical Sciences: Medical Sciences, Universidade Federal do Rio
Grande do Sul (UFRGS), Brazil;

Postgraduate Program in Genetics and Molecular Biology, UFRGS, Brazil;

Genetics Unit, Instituto da Crianca da Faculdade de Medicina, Universidade de Sao Paulo,
Brazil;

Mendelics Genomic Analysis, Sao Paulo, Brazil;

Department of Internal Medicine, Washington University School of Medicine, St. Louis, USA;
Medical Genetics Service, HCPA, Brazil.

Genetics Department, UFRGS, Brazil;

*These authors contributed equally to this work.
Correspondence to: Ida Vanessa D. Schwartz, Departamento de Genética —-UFRGS, Rua

Ramiro Barcellos, 2450 — Porto Alegre — RS — Brasil, Tel.: 00 55 51 33598309, Email
address: ischwartz@hcpa.ufrgs.br



Statement of author contributions:

- Study design: Sperb F, Schwartz IVD

- Data collection: Sperb F, Alegra T, Voltolini R, Kim CA

- Data analysis: Sperb F, Alegra T, Voltolini R, Ludwig N, Kok F, Kitajima JP, van Meel E,
Kornfeld S, Burin MG, Schwartz IVD

- Data interpretation: Sperb F, Schwartz, IVD, Kok F, Kitajima JP, van Meel E, Kornfeld S,
Schwartz, IVD

- Literature search: Sperb F, Alegra T

- Writing of the manuscript: Sperb F, Schwartz, IVD, Alegra T, Voltolini R, Ludwig N, Kok F,
Kitajima JP, van Meel E, Kornfeld S, Burin MG.

All authors were involved in writing the paper and had final approval of the submitted and

published versions.



Abstract

Mucolipidosis Il and Il alpha/beta (ML II/lll alpha/beta) is a rare autosomal recessive
disease, but commonly misdiagnosed. ML Il/lll alpha/beta is caused by deficiency of N-
acetylglucosamine-1-phosphotransferase, responsible for the essential mannose-6-
phosphate recognition marker system in lysosomal hydrolases. A Brazilian patient previously
diagnosed as having ML Il was investigated through whole next-generation sequencing
(NGS). Using this approach, we identified two mutations in the GNPTAB gene confirmed to
be in trans status by parental analysis: ¢c.1208T>C (p.lle403Thr), previously reported as being
pathogenic, and the novel mutation ¢.1723 G>A (p.Gly575Arg), which is probably pathogenic.
This work demonstrates the effectiveness of using whole NGS for the molecular diagnosis of
ML [I/1Il alpha/beta.

Keywords: mucolipidosis Il/lll alpha/beta, whole exome sequencing, molecular

diagnosis



Introduction

In recent years, the use of massive parallel sequencing, or next-generation sequencing
(NGS), is revolutionizing genetic investigation as well as clinical practice, mostly when
dealing with rare diseases. It is particularly useful when the same phenotype can be caused
by mutations in different genes. As cost of sequencing is progressively coming down, it is
expected that in the near future comprehensive molecular diagnosis will become a standard
of care. NGS can be used in several ways: as a panel targeting selected genes, as a test
where the whole exome (i.e., the ~2% coding regions of the genome) is captured and
sequenced, or as an exam where the whole genome, with its coding and non-coding regions,
is sequenced. Even though sequencing a limited number of genes is apparently more
rationale than all genes, developing several panels can be expensive and burdensome.
Additionally, having a single text (as whole exome or genome sequencing) for thousands of
different genetic disorders is practical and gives opportunities for new discoveries.

Mucolipidosis Il and Il (ML Il and Ill) are autosomal recessive lysosomal disorders (LSD)
in which the essential mannose 6-phosphate (M6P) recognition marker system is deficient.
ML Il and Il are caused by mutations in the GNPTAB or GNPTG genes, which encode the
subunits a and B (GNPTAB) or y (GNPTG) of the N-acetylglucosamine-1-phosphotransferase
(phosphotransferase, EC 2.7.8.17). Phosphotransferase is a hexameric enzyme (2 subunits
a, 2 subunits B and 2 subunits y) that mediates the first step of the synthesis of M6P, but
there are other genes involved in this pathway, such as the NAGPA gene [which codifies
uncovering enzyme (EC 3.1.4.45), reviewed in 1] and the MBTPS gene that encodes the S1P
enzyme. S1P or “site-1 protease” (EC 3.4.21.112) acts post-translationally and cleaves a and
B subunits of phosphotransferase for the correct assembly of hexameric complex [2]. At least
theoretically, allelic mutations in the NAGPA or MBTPS genes could cause ML Il/lll, even
though they have never been reported.

ML is classified in Il or Il according to clinical alterations associated. Although there is a
phenotypic spectrum, ML Il (MIM#252500) is more severe, clinically evident at birth, and
usually fatal at childhood; on the other hand, ML Il (MIM# 252600 and 252605) presents a



later-onset symptomatology and a slower progression. Clinically, skeletal alterations similar to
dysostosis multiplex, failure to thrive, and infiltrated facies are observed. Milder cases may
have a normal survival rate and absence of cognitive involvement. Patients with ML Il and
most patients with ML Ill are known to be homozygous or compound heterozygous for
mutations in GNPTAB and, consequently, show alterations in subunits alpha and beta (being
called ML Il or lll alpha/beta patients). On the other hand, a second group of ML Il patients is
homozygous or compound heterozygous for mutations in GNPTG, with modifications of the
gamma subunit (thus being ML |l gamma patients) [reviewed in 3].

Schrader et al [4] was the group that first demonstrated the effectiveness of molecular
diagnosis for ML Il using NGS. They were able to show a 6-bp deletion in the GNPTG gene
in a family with retinitis pigmentosa and skeletal abnormalities, patients who were not
previously known to have ML Ill. In turn, using targeted NGS, Yang et al [5] were able to
identify two homozygous nonsense mutations in the GNPTAB gene in two Chinese families,
patients who had previously been diagnosed through biochemical assays as having ML Il

In this work, we evaluated the reliability and feasibility of molecular diagnosis by whole
exome sequencing for MLII/IIl. The study was approved by the Hospital de Clinicas de Porto
Alegre (HCPA) Research Ethics Committee.

Case Report

The first child born to a non-consanguineous couple, this male patient started with
claudication at the age of 4 years old. Until the age of 4, his development was normal, and he
had no history of respiratory infections or other significant comorbidity. Since the age of 8, his
weight had been > p95, and his height, between p10 and 25 for his age. At the age of 11,
after being followed by an orthopedics service, he was referred, for the first time, to our
medical genetics service for suspected multiple epiphyseal dysplasia. His skeletal
radiographs were suggestive of a lysosomal disorder (e.g., dysostosis multiplex was present)
and showed the following: a decrease in intervertebral spaces specially in the thoracolumbar

transition, a decrease in the T10 and T11 vertebrae, oval-shaped L1/L2 vertebrae, flattening



of the head of the humerus with an increase in the humerus-acromion distance, as well as
bilateral alterations in the femoral head suggestive of Legg-Calvé-Perthes disease. His
echocardiogram, complete ophthalmologic exam and abdominal echography were normal. In
the physical exam, he presented with atypical facies; varus knees; range of motion restriction
of shoulders as well as of wrist and knee; and absence of corneal clouding, claw hands, and
hepatosplenomegaly (Figure 1). At the age of 14, his height was 149 cm (p<5); he attended
regular school and did not present cognitive delay.

Based on the clinical findings, the diagnostic hypothesis initially raised was
mucopolysaccharidosis type IV A or Morquio A syndrome (MPS IV-A, MIM#253000 ), which
was ruled out due to the normal activity of N-acetylgalactosamine-6-sulfatase (EC 3.1.6.4) in
leukocytes (Table 1). As the patient presented dysostosis multiplex at the X-ray, a
biochemical investigation for lysosomal storage disorders was requested, which was
suggestive of ML Il/lll (presence of an increased activity of lysosomal hydrolases in plasma
and normal activity in leukocytes). As there were no fibroblasts available for biochemical
analysis, the presence of phosphorylated residues of M6P in CI-MPR affinity column was
investigated, which showed a low presence of those residues in plasma (Table 2) and
eventually confirmed the diagnosis of ML Il/III.

Due to the atypical picture of the patient and the fact that ML Il shows locus

heterogeneity, it was decided to perform whole NGS in this patient.

Whole next-generation sequencing

Peripheral blood was extracted using Easy DNA kit (Invitrogen). Whole genome
sequencing was performed with Nextera Exome Capture system, followed by NGS with
lllumina HiSeq2500 (Mendelics Genomic Analysis).

Whole NGS generated 64,363,166 sequences, each target base was read on average
92X and 94% of the target bases were read at least 10X. Two heterozygous variants
in GNPTAB were identified: ¢.1208T>C (p.lle403Thr), previously reported as deleterious [6],
and the novel variant ¢.1723 G>A (p.Gly575Arg), which was not present in more than 8,000



normal controls (Exome Server Variant and 1,000 Genomes), including 1,000 Brazilians
(processed as controls at the NGS laboratory). No pathogenic variants were found in the
GNPTG, NAGPA, and MBTPS genes. This result was confirmed by Sanger sequencing, and
a segregation study demonstrated that the father was a carrier of the variant ¢.1208T>C, and
the mother, of the transversion ¢.1723 G>A.

PolyPhen-2 predicted as probably damaging both mutations (scores of 0.993 and 0.974,
respectively). Sift v.1.1.3 prediction, however, confirmed as deleterious the first mutation
(p.lle403Thr) and pointed as tolerated/neutral the variant p.Gly575Arg. The MutPred software
interpreted the pathogenicity as a confident hypothesis for p.lle403Thr with score 0.886,
supposedly causing the following: loss of stability (p = 0.0146), loss of catalytic residue at
1403 (p = 0.0528), gain of sheet (p = 0.0827), gain of loop (p = 0.1069), and loss of
ubiquitination at K401 (p = 0.1264). The same software interpreted the pathogenicity of
p.Gly575Arg as an actionable hypothesis, with a probability score of deleterious mutation of
0.382, supposedly causing the following: gain of solvent accessibility (p = 0.0171), gain of
helix (p = 0.0425), gain of relative solvent accessibility (p = 0.0479), loss of loop (p = 0.0512),
and loss of methylation at K573 (p = 0.0536).

Discussion

The aim of this work was to evaluate the molecular diagnosis of ML Il using whole NGS,
and our results demonstrate the utility of this new technology.

The confirmation of the clinical diagnosis of ML Il/lll faces several challenges in regards
to the performance of biochemical assays, since these assays are not widely available (nor
easily done) and depend on the performance of fibroblast biopsy. The phosphotransferase
assay, for instance, is radioactive, difficult to implement, and few groups in the world perform
this technique.

Currently, biochemical diagnosis of ML IlI/lll is usually performed indirectly, through the
measurement of lysosomal hydrolases both in plasma (their activity should be high) and in

fibroblasts (their activity should be low). When fibroblasts are not available, other tests are



needed (such as the research of phosphorylated residues, which is also performed in
research basis, or DNA analysis only). Moreover, as occurred in the present case, the clinical
picture can be so attenuated, sometimes limited to bone disease, that even experienced
physicians miss its diagnosis.

Among the available technologies for DNA analysis, exome sequencing is one of the
most modern tools available. It is important to point out that ML Il/lll presents locus
heterogeneity and that Sanger sequencing of whole coding GNPTAB is made by amplification
and sequencing of the 21 exons of the gene, in other words, a situation that requires time and
investment and can delay the diagnosis. In this regard, exome sequencing is a reliable
alternative for confirmation of the diagnosis of MLII/III.

However, the prediction of the pathogenicity of the rare missense variants found is still a
problem. Different sequencing platforms vary in their ability to identify variants, even when
sequencing the same genome. In the analysis by NGS, it is important to realize that the
mixing of ethnic groups due to the exponential growth of the human population has favored
the emergence of new rare variants that are not subject to natural selection. This fact
complicates the interpretation of results in NGS [7]. Although the pathogenicity of mutation
p.Gly575Arg has not been confirmed by all bioinformatics tools used, the following evidence
suggests that it is the second mutation causing the clinical picture of the patient: 1) the patient
presents an atypical/mild phenotype and is heterozygous for a mutation that is known to
cause a mild phenotype (p.lle403Thr) [6]; 2) no other mutations causing the phenotype were
found in the GNPTAB, GNPTG, NAGPA, and MBTPS genes; 3) both mutations found are in
trans and inherited; 4) p.Gly575Arg was not found in the relatively high number of analyzed
controls from the same population as the patient.

We agree with Schrader et al [4] and reinforce the idea that the costs of NGS will
gradually come down. As soon as this happens, this technique will become the most direct
approach for the diagnosis of Mendelian disorders that are phenotypically and genetically

heterogeneous, such as ML II/111.
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Table 1 — Mucolipidosis Il and Next-Generation Sequencing: Biochemical

characterization of patient.

Biochemical Investigation Sample Patient Reference Values
o—L-lduronidase (EC 3.2.1.76) Plasma 119 6.8-13.7
B—Glucuronidase (EC 3.2.1.31) Plasma 906 30-300
o—N-Acetylglucosaminidase (EC 3.2.1.50) Plasma 875 34-162
a—Mannosidase (EC 3.2.1.24) Plasma 2026 17-56
B— Hexosaminidases A (E.C.3.2.1.30) Plasma 11747 550-1675
B— Hexosaminidases B (E.C.3.2.1.30) Plasma 27535 265-1219
B—Hexosaminidases, total (E.C.3.2.1.30) Plasma 39282 1000-2857
Chitotriosidase (EC 3.2.1.14) Plasma 98 8.8-132
Iduronate 2-sulfatase (EC 3.1.6.12) Plasma 1716 122-463
B—Galactosidase (EC 3.2.1.23) Leukocyte 162 78-280
a-L-Iduronidase (EC 3.2.1.76) Leukocyte 72 32-56
Arylsulfatase B (EC 3.1.6.12 ) Leukocyte - 72-176
B—Glucosidase (EC 3.2.1.21 Leukocyte 19 10-45
o—N-Acetylglucosaminidase (EC 3.2.1.50) Leukocyte 64 68-352
Iduronate 2-sulfatase (EC 3.1.6.12) Leukocyte 95 31-110
B—Glucuronidase (EC 3.2.1.31) Leukocyte 175 23-151
Sphingomyelinase (EC 3.1.4.12) Leukocyte 1.9 0.74-4.9
Total B—Hexosaminidases (E.C.3.2.1.30) Leukocyte 7384 552-16662
B—hexosaminidase A Leukocyte 53 150-390
N-acetylgalactosamine-6-sulfatase 29 14-81

Leukocyte
(EC 3.1.6.4)
Dosage of GAGs Urine 128 (79-256) < 9 years:44-106 mg/L
Thin-layer chromatography of GAGs Urine DS+HS+CS/HS Normal
Thin-layer chromatography of Urine Normal Normal

sialoligosaccharide

GAGs: Glycosaminoglycans; - : not available; DS:

Dermatan sulfate; HS: Heparan sulfate; CS: Chrondoitin sulfate.






Table 2 — Mucolipidosis Il and next-generation sequencing - Presence of

phosphorylated residues of mannose-6-phosphate in CI-MPR affinity column

Control 1 Control 2 Patient
a-Mannosidase 12.5 11.2 0.5
B-Glucuronidase 5.9 14.7 0.1
B-Hexosaminidase 7.7 14.3 0
B-Mannosidase 13.5 19.7 0.4




Figure 1: Male patient with mucolipidosis type Ill, aged 14 years old, presenting a milder
phenotype. A — Absence of hand joint contractures. B — Joint contractures in shoulders,
hindering arm elevation above the head; atypical facies with no noticeable infiltrate. C —
Whole body posterior image. The obesity associated is evident.
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To the Editor

A recent paper by Lin and Pitukcheewanont (1) published
in this journal highlights the therapeutic potential of
calcium and vitamin D in the treatment of rickets asso-
ciated with mucolipidosis type II (ML II). As the authors
did not raise the hypothesis that the laboratory findings
indicative of rickets in their patients might be merely tran-
sient, we would like to report a case that illustrates this
possibility.

Our patient was the firstborn son of a young, con-
sanguineous couple from a tropical city in Brazil and has
received follow-up at our service since age 14 months. He

was born full-term, by cesarean section, with a weight of
2.705kg, length of 46 cm, and head circumference of 33 cm.
The prenatal period was unremarkable. There was no
history of maternal vitamin D deficiency. At birth, the
patient was diagnosed with a right-sided inguinal hernia,
which was repaired at age 2 months. At age 8 months, a
tentative diagnosis of mucopolysaccharidosis was con-
sidered due to coarse facial features, gingival hyperpla-
sia, pectus carinatum, broad nasal bridge, and delayed
psychomotor development. A comprehensive metabolic
panel showed increased lysosomal hydrolase (beta-
glucuronidase, alfa-mannosidase, and beta-hexosami-
nidase) activity in plasma and normal alfa-iduronidase,
alfa-mannosidase, beta-galactosidase, beta-glucosidase,
and beta-hexosaminidase, and iduronate sulfatase activ-
ity inwhite blood cells, as well as normal urine glycosami-
noglycan levels. A diagnosis of ML II alpha/betawas later
confirmed by sequencing of the GNPTAB gene (homozy-
gous for the common mutation c.[3503_3504delTC]). At
age 14 months, the patient was referred to our center in
southern Brazil for clinical evaluation. Physical exami-
nation revealed low weight-for-age and height-for-age
Z scores (<-2), coarse facial features, and neuromotor
development consistent with the second trimester of
life, as well as pectus carinatum, thoracolumbar gibbus
deformity, prominent abdomen, no hepatosplenomegaly,
slightly restricted joint range of motion (particularly of
the elbow), genu varum, claw hands, and asymmetric
lower extremities (left<right). Ophthalmological exami-
nation revealed no abnormalities of the cornea or lens:
funduscopy result was normal. Skeletal radiographs
were consistent with dysostosis multiplex, with reduced
bone mineral density, brachycephaly, obliteration of the
cranial sutures (except for the coronal suture), small
sella turcica, relatively thickened long bones, underde-
velopment of the distal phalanges of the second to fifth
digits, widened ribs, protruding sternum, hypoplasia of
the inferior portions of the ilia, and bilateral subluxation
of the hip joint. There was marked bowing of the proximal
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Figure1 Radiographic appearance of a patientwith ML Il (age 14
months). There is marked bowing of the praximal portion of the left
femur.

end of the left femur, with angulation away from the
femoral axis, consistent with an old, consolidated frac-
ture (Figure 1). Serum markers of bone metabolism were
within normal limits, apart from mildly elevated alkaline
phosphatase (ALP) levels: parathyroid hormone (PTH)
32.3 pg/mL [reference values (RV) 15.0-65.0 pg/ml],
phosphate 4.4 mg/dL (RR 2.7-4.5 mg/dL), total calcium
9.3 mg/dL (RR 8.6-10.0 mg/dL), alkaline phosphatase
324 U/L (RR <281 U/L), creatinine 0.3 mg/dL, and urea
23 mg/dL. Unfortunately, the measurement of vitamin
D [25(0H)D,] and of other bone turnover markers such
as procollagen type I propeptide, bone alkaline phos-
phatase, and urinary collagen type 1 cross-linked N-tel-
opeptide was not available at our hospital at that time.
The patient's radiographic findings were consist-
ent with dysostosis multiplex, but some aspects — such
as the apparent reduction in bone mineral density, the
premature cranial suture closure, and the occurrence of
fracture — could also suggest the co-existence of other
diseases, such as rickets, hyperparathyroidism, or even
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child abuse. Furthermore, as there was no history of high-
impact trauma or falls, the consolidated femoral fracture
seen on skeletal radiographs may have occurred in the
womb or been due to minor trauma in the first months
of extrauterine life. Patients with ML II have been known
to exhibit laboratory and radiographic changes sug-
gesting hyperparathyroidism or rickets in the neonatal
period (2); however, the laboratorial changes are believed
to be transient and resolve spontaneocusly over the first
few months of life (3-5). As there were no data on PTH,
ALP, calcium, and phosphate levels during the first year
of life in our patient, one may either assume that bone
metabolism was never abnormal (which is less probable
according to the literature) or that transient, self-limiting
alterations occurred in early life. Otomo et al. (6) reported
an interesting case of ML II showing decreased mineral
density but normal PTH and suggested that apparent
reduction in bone mineral density might be related to
the elevated bone turnover caused by ML II itself instead
of hyperparathyroidism; however, the first PTH evalua-
tion of the patient by Otomo et al. (6) was performed at
the age of 2 months, and the values found at that time
were at the upper limit of normal range, so there is still
the possibility that the patient had presented a transitory
hyperparathyroidism.

The laboratory changes described by Lin and Pituk-
cheewanont (1) were detected in the neonatal period, and
the authors attributed the normalization of PTH, vitamin
D, calcium, phosphate, and ALF levels to oral vitamin D
and calcium supplementation. However, according to the
hypothesis of transient hyperparathyroidism in ML II, we
believe this improvement may reflect the natural history of
the disease rather than the results of vitamin supplemen-
tation. Of course, as noted by Lin and Pitukcheewanont
(1), ML II and rickets may coexist, which would constitute
an additional confounder for therapeutic decision-mak-
ing. In order to better understand the elevated bone tum-
over associated with ML II, we suggest that every patient
with diagnosis have the bone metabolism markers regu-
larly monitored, especially during the neonatal period
and infancy.
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Introduction

Mucolipidosis type 11 alpha/beta (ML Il alpha/beta; OMIM# 252500) is a rare autosomal recessive
inborn error of metabolism caused by reduced activity of N-acetylglucosamine-1-phosphotransferase
{GlcNAc-1-phosphotransferase; EC 2.7.8.17) due to mutations in the GNPTAB gene (NG021243; GenelD
79158). GlcNAc-1-phosphotransferease catalyzes the first step in the generation of mannose 6-phosphate
recognition marker required for efficient targeting of soluble lysosomal enzymes to lysosomes. Defectsin
GlcMAc-1-phosphotransferease lead to missorting of several Iysosomal enzymes and the lysosomal
accumulation of non-degraded macromolecules (Reitman and Kornfeld, 1981). The microscopic patho-
logical findings in these defective cells are cytoplasmic inclusions formed by accumulation of several
macromolecules, which culminate in a typical phenotype characterized by coarse facial features, gingival
hypertrophy, dysostosis multiplex, joint contractures, and death at an early age (Kornfeld and Sly, 2001).
There is no specific treatment available for ML Il alpha/beta yet, although hematopoietic-cell rans-
plantation can be tried in very early diagnosed cases (Leroy et al, 2008). As expected for autosomal
recessive disorders, individuals heterozygous for ML 11 alpha/beta are not dinically affected, but can
exhibit intermediate biochemical abnormalities (Kornfeld and Sly, 2001 ; Varki et al.,, 1982; Cathey et al,
2008; Leroy and DeMars, 1967).

Clinical suspicdion is the first step in the diagnosis of ML Il alpha/beta. Definitive diagnosis depends
on demonstration of low GlcNAc-1-phosphotransferase activity using the radioactive [*PJUDP-GlcNAC
substrate (Reitman and Kornfeld, 1981). However, as this assay is available in only very few laboratories,
an indirect diagnosis is usually established by measurement of lysosomal hydrolases both in mesenchymal
cells, where their levels should be low, and their surrounding extracellular environment, where their
levels should be high { Kornfeld and Sy, 2001 ). Although no further steps are usually required and GNPTAB
gene analysis is generally not necessary to confirm the diagnosis, DNA tests are useful when biochemical
testing is inconclusive or to diagnose camiers of the condition (Leroy et al, 2008).

Prenatal diagnosis of ML 1 alpha/beta can be established by the same biochemical approach, assessing
fetal material obtained from chorionic villus biopsy, amniocentesis, or cordocentesis { Kornfeld and Sly,
2001). Likewise, DNA can be extracted and isolated from these fetal materials and analyzed as in the
postmatal period, although this prenatal DNA-based approach requires additional information about the
parental genotype or the flow/nature of disease-causing alleles in the proband's pedigree (Leroy et al,
2008). There is no report of prenatal diagnosis of ML Il using cell free fetal DNA in maternal blood.

Although available in clinical and research grounds (Leroy et al, 2008), fetal DNA analysis of GNPTAB
has not been described in the literature yet This is the first reported prenatal identification of a fetus
heterozygous for ML Il alpha/beta.

Methods

This study, named “Com prehensive study on the Mucolipidosis 11 and 10 in Brazil: an opportunity for
understanding the genetic processes that control intracellular trafficking of proteins” was approved by the
local Erhics Committee (code GPPG 07.244) and the parents signed an informed consent form.

The biochemical and DNA analysis reported herein were performed at the laboratory of the Medical
Genetics Service-Hospital de Clinicas de Porto Alegre, Brazil (LRIEM-HCPA), which is an international
reference center for diagnosis of lysosomal disorders. The panel of lysosomal enzymes evaluated in
the pre and postnatal periods were chosen according to the experience and protocols available at
LRIEM-HCPA at the time of the investigation, as well as to the cells/tissue availability for investigation
(Burin et al., 2004). Due to the above reasons, the enzymes evaluated in both periods were not the same
(Table 1).

The DNA analysis was performed using genomic DNA extracted from leukocytes (first child) and
cultured amniocytes (second child). GNPTAB analysis in the first child was performed according to Cury et
al. (2013), and induded the sequencing of all GNPTAB exons and exon-intron boundaries. In the second
child, only the whole exon 19 was sequenced. Placental tissue was collected at birth of the second child, in
order to have the lysosomal enzymes assayed and the glycosaminoglycans { GAGs) measured. It was not
possible to assay the enzymes due to the storage conditions, but placental GAGs were extracted and
measured using the Dymethyl Blue technique.
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Table 1
Mucolipidosis Il alpha/beta; biochemical panel of selected hysosomal hydrolases assessed in both siblings,
Enzyme Enzyme activity (RV)
First child (affected) Second child (heterazymous)
Postnatal Frenatal Postnatal®
Blood leukocytes® Cultured Amniotic Cultured Blood
plasma® fibroblasts® fuid amniocytes plasma®
supernatant®
Total hexosaminidase 27427 MNP EY9G MNP 2318 1401
[ 1000-2875) (3000-134590) [2631-2622) { 1000-2857)
pGlucuronidase 875(30-300) 196 (23-151) 23 [62-361) 72 (26-86) 97 (40-254) MNP
o-Mannosidase 2640 (17-56) 127 (60—400) 4.6 (93-358) 14(12-21) NP 58 17-56)
P-Galactosidase NP 7B (78-280) 6.5(394-1440) NP 314 (521-1783) NP
o-1-lduronidase NP 3 (32-56) 34 (74-148) NP 249 (92-264) 52 (G.E-133)

RV, reference values,
* Only plasma sample was available.
" nmaolth/mL.
“ nmol/h/mg of protein,

Case report

The case reported herein is the second child of a young consanguineous couple. The firstborn male was
diagnosed with ML Il alpha/beta at age 1 year due to neurologic and psychomotor impairment, typical
coarse facial fearures, gingival hypertrophy, kyphosis, pectus carinatum, and joint contractures, and
subsequently died at age 25 month (Table 1). DNA analysis revealed the homozygous GNPTAB mutation
€.3503_3504delTC at exon 19, which is the most common ML I alpha/beta-causing mutation worldwide.
Unfortunately, there was no parental DNA available to confirm the analysis.

The male and female progenitors were 31 and 36 years old, respectively, atthe second conception. Prenatal
obstetricultrasound showed normal nuchal translucency, skeletal developmentand other fetal characteristics.
AL 16 weeks of pregnancy, amniocentesis was performed for biochemical and DNA testing, aiming at a very
early performance of hematopoietic stem-cell transplantation, if the fetus was affected. The biochemical
investigation (Table 1) showed incondusive results, since the levels B-glucuronidase and «-mannosidase
were within the normal range in the amniotic fluid (as expected for non-affected fetus), but in amniocytes
only the level of P-glucuronid ase was normal (as expected for non-affected fetus) while the levels of total
hexosaminidase, p-galactosidase and o-iduronidase were below the normal range values (as expected for an
affected fetus). DNA analysis showed the fetus was heterozygous for the c3503_3504delTC mutation. The
child was delivered at 39 weeks of pregnancy, weighing 3670 g, measuring 50 an and normal physical
examination. In the postnatal period, bioche mical testing was conducted only in plasma and showed slight
increases in oe-L-iduronidase and o-mannosidase activites, as well as normal levels of rotal hexosaminidase,
Placental GAG levels were 69 pg GAG/mg of protein, within the normal range (41-78 pg/mg). No further cells
were available for additional analysis (Table 1).

Discussion/conclusions

To the best of our knowledge, this is the first reported prenatal investigation of ML Il alpha/beta by a
DMA-based approach and the first prenatal statement of ML 11 alpha/beta heterozygosity described in the
literature as well. Reports of prenatal diagnosis of MLII alpha/beta are scarce and usually based on abnormal
sonographic findings such as fetal hydrops, bone dysplasia and growth restriction { Heo et al,, 2012; Chen et
al., 2010; Yuksel eral, 2007; Saul et al,, 2005; Carey et al, 199%; Ben-Yosephetal, 1988). The case reported by
Ben-Yoseph et al. { 1988 ) was found to have heterozygote levels of GlcNAc-1-phosphotransferase in chorionic
villi, but DNA analysis was not yet available at that time.,

This case report corroborates the concept that biochemical diagnosis of ML 1l in the prenatal period can
sometimes be inaccurate, as heterozygotes may exhibit intermediate activity of Gld¥Ac-1-phosphotransferase
and, hence, milder abnormalities in lysosomal enzyme activities ( Kornfeld and Sly, 2001; Leroy and DeMars,
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1967; Cathey et al., 2010; Varki et al, 1982). However, as expected for “rrue™ autosomal recessive disorders,
this intermediate activity is not sufficient to cause storage of the substrates of the lysosomal hydrolases (eg,
GAGs ) without clinical compromise.

In the present report, three out of the 4 enzymes evaluated in amniocytes showed low activities, but both
the two enzymes evaluated in the amniotic fluid showed normal values, which suggests that intracellular
levels of lysosomal enzymes can be more frequently abnormmnal thanextracellular ones in fetuses heterazygous
for ML Il alpha/beta.

Prenatal diagnosis of autosomal recessive diseases is usually associated with some ethical dilemmas such
as the possibility of identification of a heterozygous fetus that will never become symptomatic. However, if
the fetusisaffected, it could enable notonly anearly diagnosis but also an early treatment (e.g. hematopoietic
stem-cell transplantation). Therefore, since this case demonstrates why biochemical analyses alone cannot be
suffident for prenatal diagnoses, we suggest DNA analysis should be performed whenever possible.
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5. DISCUSSAO

As ML Il e lll sdo doencgas raras com diversos aspectos a serem esclarecidos.
Nesta tese, buscamos explorar aspectos desde o diagndstico até caracteristicas clinicas,
passando por exploragdo de novas areas como a pigmentagao.

O diagnéstico bioquimico “indireto” (medida da atividade das enzimas lisossOmicas
em plasma e fibroblastos) ndo é o padréo-ouro; entretanto € o melhor disponivel em
nosso meio, Devido a questdes praticas de assisténcia e falta de evidéncias na literatura
(Brooks et al, 2007, Kornfeld & Sly,2010, Leroy & Cathey, 2012 ab), propusemos um
protocolo diagndstico baseado em revisdo dos dados existentes em nossa coorte.
Criamos um sistema de pontuagao inédito visando a objetivar as alteragbes encontradas
e facilitar a tomada de decisdo, criando um protocolo efetivo e com menor custo
possivel. Com a evolugdo do diagndstico molecular, alguns pontos poderdao ser
discutidos como, por exemplo, a necessidade de proceder com biépsia de pele e cultura
de fibroblastos em todos os pacientes, visto que este procedimento € invasivo e o cultivo
de fibroblastos ser delicado. Assim, neste momento e na realidade do nosso pais, o
protocolo bioquimico “indireto” € util e facilita a assisténcia aos pacientes.

Embora existam relatos sobre as caracteristicas clinicas das MIs, a maioria das
evidéncia provém de relatos de casos ou séries com numero pequeno de pacientes. A
maior coorte foi de Cathey et.al, publicada em 2010, incluindo 61 probandos, proveniente
de diversos paises. O nosso estudo incluiu 27 pacientes provenientes de um unico pais,
um numero considerado razoavel para uma doenga tado rara. Conseguimos explorar
diversos aspectos e sistemas afetados, mas, infelizmente, como parte da coleta de

dados foi retrospectiva, muitas informacées nao estavam disponiveis. Nosso estudo foi



transversal, permitindo diversas inferéncias, entretanto a forma ideal de estudar estes
pacientes seria através de uma coorte prospectiva, ideia que faz parte das nossas
perspectivas futuras. Em nossa amostra houve predominancia da ML Il, o que difere um
pouco da literatura, ja que alguns autores sugerem frequéncia semelhante de ambos os
tipos Um fator de confusdo que pode existir é o fato da ML Il ser clinicamente mais
grave, aumentando a busca por diagnodstico e, consequentemente, o numero de
individuos diagnosticados. Outro ponto que exploramos foi a capacidade funcional e a
restricdo articular aferida por goniometria; como a ML Il e Ill possuem estes fatores
alterados, o uso de tais ferramentas pode intensificar a assisténcia através da
mensuragdo objetiva das dificuldades e proporcionando auxilio focado para cada
individuo.

Através das observagdes clinicas, pudemos estabelecer hipéteses como alteragdes
na melanogénese refletindo possiveis alteragbes na pigmentacdo de olhos, pele e
cabelos. Exploramos esta hipétese em um pequeno estudo clinico comparativo com
controles e com genotipagem para polimorfismos reconhecidamente ligados a
pigmentacdo em humanos. Observamos algumas alteragbes no estudo molecular,
sugerindo que os pacientes como ML Il e Ill realmente possuem alteragdes. Entretanto,
idealmente deveriamos possuir controles pareados para amostra, visando a confirmar os
achados que obtivemos. Outros polimorfismos também poderiam ser estudados, visto
que a heranga de pigmentacgao é algo complexo e que envolve diversas rotas.

O entendimento da ML Il e lll ainda ndo é completo e vem crescendo
gradativamente, entretanto hoje ainda estamos distantes de tratamento especifico para
estes pacientes. Entretanto dados clinicos e o profundo entendimento da apresentagao
da doenca sdo necessarios para proporcionar assisténcia de qualidade a estes

individuos. Ainda nao existe consenso sobre o seguimento a longo prazo, como quais



exames e com qual regularidade deveriam ser realizados, quais tratamentos paliativos
poderiam ser aplicados, além de formalizar recomendagdes como a sugestao de outros
profissionais a se envolverem no processo (fonoaudidlogo, fisioterapeuta, terapeuta
ocupacional). A aplicagéo pratica dos nossos dados estende-se desde a assisténcia aos

pacientes até aplicagdo em pesquisa, com varias lacunas a serem preenchidas.



6.CONCLUSAO

As conclusdes da presente tese estdo abaixo relacionadas, de acordo com os

objetivos inicialmente propostos.

Objetivos primario:

1. Caracterizar aspectos clinicos de uma amostra de pacientes brasileiros
com ML Il e lll.

Objetivo secundario

2. Estudar as diferencas clinicas entre os subtipos de mucolipidose il
(gama e alfa/beta);

Conclusoes:

a) ha maior frequéncia relativa dos pacientes ML |l no Brasil;

b) os pacientes com ML Il apresentam comprometimento somatico e cognitivo mais
grave e precoce que os pacientes com ML Ill;

c) os pacientes com ML Ill alfa/beta apresentam comprometimento somatico maior
que ML Il gama e atraso do desenvolvimento apenas nos primeiros anos de vida;

d) o diagnéstico das ML Il e Il ocorre na infancia, embora os sintomas surjam
precocemente;

e) os pacientes ML |l apresentam hiperparatireoidismo transitério no inicio da
infancia, e n&o existe evidéncia suficiente para o tratamento dessa complicacgéo.

f) ) o sequenciamento de nova geragcdo (NGS) pode ser utilizado como método
diagnostico de ML II/111 alfa/beta.



g) a genotipagem dos pacientes com ML Il e lll € importante para aconselhamento
genético e diagndstico pré-natal.

Objetivos primarios:

2. Caracterizar o fenétipo bioquimico de pacientes brasileiros com ML Il e lll,
visando a elaboragao de um protocolo laboratorial custo-efetivo para o
diagnéstico das ML.

Conclusao: Nos pacientes com MLII/IIl da nossa amostra, houve aumento das
enzimas lisossomais em plasma, com excegao da quitotriosidase; em fibroblastos
apenas a atividade da beta-glicosidase foi normal, com atividade das demais
enzimas reduzidas. Nossos dados sugerem diferengas no fenétipo bioquimico de
ML Il e lll: apesar de dentro dos valores de referéncia, a atividade da alfa-N-
acetilglicosaminidase em plasma foram mais elevados e da beta-glicosidase mais
reduzidas em fibroblastos na ML Il. As enzimas com maior diferenca em relacao
a normalidade e com maior pontuagdo alfa-mannosidase (29 pontos), allfa—L-
Iduronidase (28 pontos), beta-hexosaminidase total (27 pontoa), beta-
glicuronidase (26 pontos), and a—N-acetilglicosaminidase (25 pontos). Sugerimos
como painel de diagnéstico bioquimico indireto das ML Il/lll a pesquisa em

plasma e fibroblastos de pelo menos trés das enzimas supracitadas.

Objetivos secundarios:




3. Classificar os fototipos dos pacientes com ML e compara-los com seus pais
e irmaos e com controles (individuos saudaveis), a fim de ser detectada
possivel tendéncia de hipomelanogénese;

4. Estudar a associagao entre a cor dos olhos, cabelos e pele e os seguintes
SNPs: [rs1126809 (TYR gene), rs16891982 (SLC45A2 gene), rs1426654
(SLC24A5 gene) and rs1129038 (HERC2 gene)]

Conclusao: A maioria dos pacientes apresentou fototipo I-Ill em taxa
discrepante do fototipo de seus pais e de controles saudaveis comparados aos
préprios pais. Observamos discrepancia do genétipo-fendétipo, para rs1126809,
rs16891982 e rs1426654 com caracteristicas de olhos, cabelos e pele mais claro
do que esperado e caracteristicas mais escuras para rs16891982 (olhos, cabelos
e pele ), rs1426654 (cabelo e pele) e rs1129038 (olhos) . Nossos dados
evidenciam que pode haver alteracdo da melanogénese em ML Il/lll, mas que
estudos adicionais, com maior numero de pacientes, sd0 necessarios para

confirmar estes achados.



7. PERSPECTIVAS

A realizagdo deste projeto permitiu compreender a importédncia do
desenvolvimento, pelo nosso grupo de pesquisa, de novos projetos sobre ML Il e Il que
tenham como objetivos os abaixo relacionados:

. Caracterizagao da pigmentacgao dos pacientes através de outros métodos.
. Comparagao de frequéncia dos SNPs relacionados a pigmentagdo em
controles pareados por idade e sexo. -Avaliar os melanossomos de pacientes
com ML Il e Il por microscopia eletrénica.

. Avaliagdo da qualidade de vida em pacientes ML Il e Ill e seus cuidadores
através de instrumentos validados para mensurag&o objetiva da qualidade de
vida.

. Acompanhamento da coorte de pacientes inclusa no presente estudo para
maior entendimento da histéria natural da ML Il e Ill, bem como as diferencas

entre elas.



8. CONSIDERAGOES ETICAS

Este projeto é englobado por um estudo maior que foi encontra aprovado pela
Comissdo Cientifica e de Pesquisa e Etica em Saude do Grupo de Pesquisa e Pods
Graduagdo do HCPA (projeto GPPG 07-244). Além disso o projeto complementar
“Manifestacdes dermatolégicas em pacientes com mucolipidose tipos Il e Ill: um estudo
controlado com énfase no fototipo e nas alteragbes das hastes capilares” (projeto GPPG
12-0285) foi elaborado durante esta tese para estudos relacionados a pigmentacao e
igualmente aprovado pela Comissdo Cientifica e de Pesquisa e Etica em Satde do Grupo
de Pesquisa e Pds Graduagdo do HCPA. Em relagdo ao armazenamento de materiais ou
uso de materiais armazenados em pesquisas anteriores, este estudo seguira todas as
normas pertinentes, sendo que a responsavel pela guarda e pela autorizagdo de uso de

material sera a Dra. Ida Vanessa D. Schwartz.
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ANEXO |
TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

Projeto: ESTUDO ABRANGENTE SOBRE AS MUCOLIPIDOSES Il E Il NO BRASIL: UMA
OPORTUNIDADE PARA A COMPREENSAO DOS PROCESSOS GENETICOS QUE
CONTROLAM O TRAFEGO INTRACELULAR DE PROTEINAS

Investigador Responsavel: Dra. Ida Vanessa D. Schwartz. Departamento de Genética,
Universidade Federal do Rio Grande do Sul, Avenida Bento Gongalves 9500, Porto Alegre-
RS. Tel: Tel: (51) 3308-6722

Paciente:
Prezado paciente ou responsavel,

Esta pesquisa tem por objetivo a obtencao de informagdes relativas aos sintomas de
pessoas com Mucolipidose Il ou Mucolipidose lll, as alteragdes presentes em suas enzimas
e as alteragdes presentes no gene que ocasiona estas doengas. Estas informagdes serao
obtidas por meio de entrevistas com vocé e/ou com os seus médicos, e mediante consulta a
seu prontuario.

Caso a dosagem de todas as enzimas que podem estar alteradas na Mucolipidose Il
ou na Mucolipidose Ill ndo tenha sido ainda realizada em vocé, sera necessario que vocé
(paciente) seja submetido a coleta de sangue (10 mL para a analise das enzimas que podem
estar alteradas em sangue) e realizagao de biopsia de pele (para a analise das enzimas que
podem estar alteradas na pele). Caso a analise dos genes envolvidos na Mucolipidose Il e
na Mucolipidose Il ndo tenha ainda sido realizada em vocé (paciente), também sera
necessaria a coleta adicional de 05 mL de sangue. Vocé pode concordar ou ndo com a
realizacao destes exames. Os riscos e desconfortos causados pela coleta de sangue séo
semelhantes aos riscos envolvidos na coleta de sangue para exames laboratoriais de rotina
(manchas roxas e dor no local da coleta). A biépsia de pele devera ser realizada em
condigbes higiénicas e sob anestesia local; o fragmento a ser retirado € pequeno (em torno

de 0,3 cm) e superficial, ndo sendo, portanto, necessaria a realizacdo de pontos. O



desconforto e os riscos associados a estas avaliagdes serdo minimizados pela realizagao da
coleta por profissional treinado. Se vocé permitir, 0 material coletado, e que restar apds a
realizacdo dos exames previstos neste estudo, sera armazenado e utilizado em estudos
futuros. Em relagao a estas coletas, vocé declara que autorizou a coleta de (marcar com um
X):

()5 mL de sangue para a analise do gene envolvido nas Mucolipidoses Il e IlI

()10 mL de sangue para a analise das enzimas

() biopsia de pele para analise das enzimas

() eunao autorizei nenhuma das coletas acima relacionadas

Em relagdo ao armazenamento e utilizagdo de algum material (sangue ou pele) que
tenha restado apds a realizacdo dos exames previstos neste estudo, vocé declara que
autorizou (marcar com um X):

( ) que este material podera ser armazenado e podera vir a ser utilizado em estudos
futuros, desde que vocé revise e assine o termo de consentimento de tais estudos futuros.

( ) que este material ndo podera ser armazenado e n&o podera vir a ser utilizado em
estudos futuros. O material coletado devera ser utilizado somente neste estudo, e o material
que sobrar nao devera ser armazenado.

Cabe salientar que as Mucolipidoses Il e lll ndo possuem, ainda, tratamento eficaz, e
que esta pesquisa nao tem como finalidade imediata a garantia de uma melhora para os
pacientes. Pode, entretanto, contribuir para um melhor entendimento destas doencgas, o qual,
no futuro, pode levar ao desenvolvimento de uma terapia mais efetiva. A identificacdo das
mutacodes (alteracdes do DNA) presentes no gene que ocasiona estas doencas podera ser
importante para o aconselhamento genético da sua familia e para o diagnéstico pré-natal.
Nao existe um prazo exato ou estipulado para que vocé receba os resultados dos exames

realizados nesta pesquisa, mas estes lhes serdo informados assim que estiverem



disponiveis. Vocé pode optar por ndo saber o resultado dos testes quando estes estiverem

disponiveis.

DUVIDAS

Se vocé tiver alguma duvida em relagdo a pesquisa, deve contatar a Dra. Ida
Vanessa D. Schwartz, no Departamento de Genética da Universidade Federal do Rio
Grande do Sul.
AUTORIZAGAO PARA PERMITIR PESQUISA DOS REGISTROS MEDICOS

Vocé tem direito a privacidade. Os resultados deste estudo poderao ser publicados,
mas 0 seu nome nao sera revelado e todo esforgo sera feito que a sua identidade néo seja
revelada. Por meio deste termo, vocé autoriza que os pesquisadores envolvidos neste
estudo pesquisem o0s seus registros médicos a fim de obter as informagdes necessarias para
a realizacao desta pesquisa.
RECUSA OU DESCONTINUAGAO NA PARTICIPAGAO DO ESTUDO

Sua participagao no estudo é voluntaria. Se vocé decidir ndo participar do estudo, isto
nao afetara em nada o seu tratamento no seu hospital. A sua participacao pode também ser
interrompida a qualquer momento por vocé mesmo (a). Em qualquer caso, vocé nao sera
penalizado (a).

Pelo presente termo, vocé declara que foi informado (a), de forma clara e detalhada,

sobre a presente pesquisa, € que teve suas duvidas esclarecidas por

Declara ter sido esclarecido que n&o recebera nenhuma remuneracgao financeira pela
participacdo no estudo. Declara que foi informado da garantia de receber resposta ou
esclarecimento sobre a pesquisa a ser realizada, bem como da liberdade de nao participar
do estudo e da possibilidade de desistir, em qualquer momento, da participacéo. Além disso,
declara que recebeu copia deste termo de consentimento.

Data: 1




Paciente:

Responsavel legal:

Eu expliquei a 0s obijetivos, riscos, beneficios

e procedimentos necessarios para esta pesquisa, e entreguei copia deste termo de
consentimento para o mesmo.
Data: / /

Nome:




ANEXO Il

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
Controles - criangas saudaveis

Projeto: MANIFESTAGOES DERMATOLOGICAS EM PACIENTES COM MUCOLIPIDOSE
TIPOS Il E Ill: UM ESTUDO CONTROLADO COM ENFASE NO FOTOTIPO E NAS
ALTERACOES DAS HASTES CAPILARES.

Investigador Responsavel: Dra. Ida Vanessa D. Schwartz. Departamento de Genética,
Universidade Federal do Rio Grande do Sul, Avenida Bento Gongalves 9500, Porto Alegre-
RS. Tel: (61) 3308-6722

Nome do Voluntario:

Voceé esta sendo convidado(a) a participar de um estudo clinico: MANIFESTACOES
DERMATOLOGICAS EM PACIENTES COM MUCOLIPIDOSE TIPOS Il E lll: UM ESTUDO
CONTROLADO COM ENFASE NO FOTOTIPO E NAS ALTERACOES DAS HASTES
CAPILARES. Esta pesquisa tem por objetivo a obtengao de informagdes sobre os sintomas
de pessoas com Mucolipidose Il ou Mucolipidose Ill e as alteracbes que causam estas
doengas.

As mucolipidoses Il e Ill sdo doengas genéticas raras e algumas das suas
caracteristicas ainda ndo foram bem estudadas, dentre as quais podemos citar as alteragoes
de pele e de cabelo. Os dados dos pacientes com mucolipidose Il e Il serdo comparados
com o de pessoas de mesma idade e sexo sem a doenga, como no seu caso. Além disso as
caracteristicas da pele serdo comparadas a dos pais, tentando identificar diferengcas que
possam ser ocasionadas pela mucolipidose. Esses sdao o que chamamos de controles do
estudo. Vocé esta sendo convidado a participar desta pesquisa, porque gostariamos de
comparar o resultado do exame dos pacientes com mucolipidose aos pacientes com
pessoas que nao sejam portadores de uma doenga genética, ou seja, ao seu exame ou do
seu filho, para avaliarmos o que pode ser diferente das pessoas ditas saudaveis.

Sua participagao envolvera uma anamnese e um exame clinico para avaliar a cor da
pele e outras situagdes que possam vir a modificar tal coloragdo (como exposi¢ao solar,
tabagismo e consumo de alcool). Durante o exame podera ser requisitado que vocé mostre a
parte interna do seu brago, uma vez que esta regido esta menos exposta ao sol. Além disso,
se vocé concordar, cortaremos uma pequena mecha do seu cabelo, na parte posterior da
cabeca.

Os procedimentos acima descritos ndo envolvem riscos de vida. Vocé pode sentir-se
desconfortavel ao ser examinado ou por responder perguntas em relagdo aos seus habitos
de vida (como tabagismo e consumo de alcool). Podera haver pequeno desconforto durante




a coleta de cabelo, a alteracao estética sera minimizada coletando-se na parte posterior da
cabeca,de modo que fique pouco visivel. Vocé e sua familia ndo terdo nenhum beneficio
direto com a participagao neste estudo como voluntario. O beneficio que este estudo pode
trazer é a contribuicdo para um melhor entendimento das mucolipidoses tipos Il e lll, o que,
no futuro, pode levar ao desenvolvimento de uma terapia mais efetiva.

DUVIDAS
Se vocé tiver alguma duvida em relagdo a pesquisa, deve contatar a Dra. Ida

Vanessa D. Schwartz, no Departamento de Genética da Universidade Federal do Rio
Grande do Sul (Tel: (51) 3308-6722).

AUTORIZAGAO PARA PERMITIR PESQUISA DOS REGISTROS MEDICOS

Vocé tem direito a privacidade. Os resultados deste estudo poderao ser publicados,
mas o0 seu nome nao sera revelado e todo esforgo sera feito que a sua identidade nao seja
revelada. Por meio deste termo, vocé autoriza que os pesquisadores envolvidos neste
estudo pesquisem o0s seus registros médicos a fim de obter as informagdes necessarias para
a realizacao desta pesquisa.

RECUSA OU DESCONTINUAGAO NA PARTICIPAGCAO DO ESTUDO

Sua participagdo no estudo € voluntaria. Se vocé decidir ndo participar do estudo, isto
nao afetara em nada o seu tratamento no seu hospital. A sua participacao pode também ser
interrompida a qualquer momento por vocé mesmo (a). Em qualquer caso, vocé nao sera
penalizado (a).

Pelo presente termo, vocé declara que foi informado (a), de forma clara e detalhada,
sobre a presente pesquisa, e que teve suas duvidas esclarecidas por
. Declara ter sido esclarecido que nao
recebera nenhuma remuneragao financeira ou tera custos pela participagcdo no estudo.
Declara que foi informado da garantia de receber resposta ou esclarecimento sobre a pes-
quisa a ser realizada, bem como da liberdade de nao participar do estudo e da possibilidade
de desistir, em qualquer momento, da participacao. Além disso, declara que recebeu copia
deste termo de consentimento.

Data: I
Paciente:
Responsavel legal:




Eu expliquei a 0s objetivos, riscos, beneficios
e procedimentos necessarios para esta pesquisa, e entreguei copia deste termo de
consentimento para o mesmo.




ANEXO Il

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
Controles - criancas saudaveis

Projeto: MANIFESTAGOES DERMATOLOGICAS EM PACIENTES COM MUCOLIPIDOSE
TIPOS Il E Ill: UM ESTUDO CONTROLADO COM ENFASE NO FOTOTIPO E NAS
ALTERACOES DAS HASTES CAPILARES.

Investigador Responsavel: Dra. Ida Vanessa D. Schwartz. Departamento de Genética,
Universidade Federal do Rio Grande do Sul, Avenida Bento Gongalves 9500, Porto Alegre-
RS. Tel: (61) 3308-6722

Nome do Voluntario:

Voceé esta sendo convidado(a) a participar de um estudo clinico: MANIFESTACOES
DERMATOLOGICAS EM PACIENTES COM MUCOLIPIDOSE TIPOS Il E lIl: UM ESTUDO
CONTROLADO COM ENFASE NO FOTOTIPO E NAS ALTERACOES DAS HASTES
CAPILARES. Esta pesquisa tem por objetivo a obtengao de informagdes sobre os sintomas
de pessoas com Mucolipidose Il ou Mucolipidose Ill e as alteracbes que causam estas
doengas.

As mucolipidoses Il e Ill sdo doengas genéticas raras e algumas das suas
caracteristicas ainda ndo foram bem estudadas, dentre as quais podemos citar as alteragoes
de pele e de cabelo. Os dados dos pacientes com mucolipidose Il e Il serdo comparados
com o de pessoas de mesma idade e sexo sem a doenga, como no seu caso. Além disso as
caracteristicas da pele serdo comparadas a dos pais, tentando identificar diferengcas que
possam ser ocasionadas pela mucolipidose. Esses sdao o que chamamos de controles do
estudo. Vocé esta sendo convidado a participar desta pesquisa, porque gostariamos de
comparar o resultado do exame dos pacientes com mucolipidose aos pacientes com
pessoas que nao sejam portadores de uma doenga genética, ou seja, ao seu exame ou do
seu filho, para avaliarmos o que pode ser diferente das pessoas ditas saudaveis.

Sua participagao envolvera uma anamnese e um exame clinico para avaliar a cor da
pele e outras situagdes que possam vir a modificar tal coloragdo (como exposi¢ao solar,
tabagismo e consumo de alcool). Durante o exame podera ser requisitado que vocé mostre a
parte interna do seu brago, uma vez que esta regido esta menos exposta ao sol. Além disso,
se vocé concordar, cortaremos uma pequena mecha do seu cabelo, na parte posterior da
cabeca.

Os procedimentos acima descritos ndo envolvem riscos de vida. Vocé pode sentir-se
desconfortavel ao ser examinado ou por responder perguntas em relagdo aos seus habitos
de vida (como tabagismo e consumo de alcool). Podera haver pequeno desconforto durante




a coleta de cabelo, a alteracao estética sera minimizada coletando-se na parte posterior da
cabeca,de modo que fique pouco visivel. Vocé e sua familia ndo terdo nenhum beneficio
direto com a participagao neste estudo como voluntario. O beneficio que este estudo pode
trazer é a contribuicdo para um melhor entendimento das mucolipidoses tipos Il e Ill, o que,
no futuro, pode levar ao desenvolvimento de uma terapia mais efetiva.

DUVIDAS
Se vocé tiver alguma duvida em relagdo a pesquisa, deve contatar a Dra. Ida

Vanessa D. Schwartz, no Departamento de Genética da Universidade Federal do Rio
Grande do Sul (Tel: (51) 3308-6722).

AUTORIZAGAO PARA PERMITIR PESQUISA DOS REGISTROS MEDICOS

Vocé tem direito a privacidade. Os resultados deste estudo poderao ser publicados,
mas o0 seu nome nao sera revelado e todo esforgo sera feito que a sua identidade nao seja
revelada. Por meio deste termo, vocé autoriza que os pesquisadores envolvidos neste
estudo pesquisem o0s seus registros médicos a fim de obter as informagdes necessarias para
a realizacao desta pesquisa.

RECUSA OU DESCONTINUAGAO NA PARTICIPAGCAO DO ESTUDO

Sua participagdo no estudo € voluntaria. Se vocé decidir ndo participar do estudo, isto
nao afetara em nada o seu tratamento no seu hospital. A sua participacao pode também ser
interrompida a qualquer momento por vocé mesmo (a). Em qualquer caso, vocé nao sera
penalizado (a).

Pelo presente termo, vocé declara que foi informado (a), de forma clara e detalhada,
sobre a presente pesquisa, e que teve suas duvidas esclarecidas por
. Declara ter sido esclarecido que nao
recebera nenhuma remuneragao financeira ou tera custos pela participagcdo no estudo.
Declara que foi informado da garantia de receber resposta ou esclarecimento sobre a pes-
quisa a ser realizada, bem como da liberdade de nao participar do estudo e da possibilidade
de desistir, em qualquer momento, da participacao. Além disso, declara que recebeu copia
deste termo de consentimento.

Data: I
Paciente:
Responsavel legal:




Eu expliquei a 0s obijetivos, riscos, beneficios
e procedimentos necessarios para esta pesquisa, e entreguei copia deste termo de
consentimento para o mesmo.




ANEXO IV

FICHA DE AVALIAGAO CLINICA
Projeto ESTUDO ABRANGENTE SOBRE AS MUCOLIPIDOSES I E Il NO BRASIL: UMA
OPORTUNIDADE PARA A COMPREENSAO DOS PROCESSOS GENETICOS QUE
CONTROLAM O TRAFEGO INTRACELULAR DE PROTEINAS

Ficha LEIM-HCPA numero

Paciente:
Data de nascimento : / /

Sexo: () masculino
() feminino

Naturalidade:

Médico assistente:
Enderecgo:

Dados do nascimento:
-tipo de parto:
-peso:
-comprimento:
-perimetro cefalico:
-relato de manchas mongdlicas extensas? (  )sim ( )ndo
- complicagdes pré-natais: ( )sim () néao

- complicagdes durante o parto: ( )sim () néao

- complicagdes no periodo neonatal: ( )sim () nao




-outros:

Histoéria familial (construir heredograma no verso):

-Consanglinidade parental: ( )sim () néao () nao informada

-Outros afetados na familia?
() Sim. Numero e grau parentesco:

() Nao

() Nao informado

Idade de inicio da sintomatologia:

Manifestagoes clinicas iniciais:

Desenvolvimento neuropsicomotor:

idade de aquisicao

idade de perda

sustento cefalico

sentar sem apoio

caminhar sem apoio

controle esfincter vesical
(diurno e noturno)

controle esfincter anal
(diurno e noturno)

palavras com no minimo duas silabas

formar frases




Escolaridade:

Internagoes hospitalares (data, motivo):

Procedimentos cirurgicos (data, procedimento, intercorréncias):

Tem sindrome da apnéia obstrutiva do sono? fez algum estudo especifico para avaliar
a presencga desta complicagao? (por exemplo, polissonografia)

Tem ou teve crises convulsivas?

Idade do primeiro episédio:

Fez avaliagao oftalmolégica? Resultados.




Fez avaliagao cardiolégica? Resultados.

Fez avaliagao radiolégica? Resultados.

Fez avaliagao do metabolismo ésseo? Resultados.

Fez avaliagado para transplante de medula 6ssea? Resultados.

Tem hipoacusia? Fez alguma avaliagao especifica para avaliar a presenga desta
complicacdo? Resultados.

Faz uso de alguma medicagao? Qual?



Cpap/Bipap: ( )sim (
Prétese auditiva: () sim

Ultimo exame fisico:
-data:

) néo

(

) ndo

-idade:

-peso:

-comprimento:

-perimetro cefalico:

-opacificacdo de cérnea?

-lesbes papulares na pele?
-contraturas articulares?

-giba toracolombar?

-hepatomegalia?

-esplenomegalia?

-outros:

-Desenvolvimento neuropsicomotor:




Cognigao:

Outras informagodes clinicas disponiveis/exames complementares:

Data de inicio da investigacao bioquimica:

Data do diagnéstico laboratorial de ML Il ou lil:

Genétipo (gene GNTPAB): () sim. Qual?

( )néo
Obito: () sim. Idade:
Causa:

( )néao




Investigacao laboratorial realizada (plasma/leucécitos/fibroblastos):

Data Atividade enzima Tecido Valor encontrado Valor de referéncia
Acetil-CoA glicosaminide N-acetiltransferase [Leucdcitos
[J-fucosidase Leucdcitos
[J-galactosidase A Plasma

Leucdcitos
[I-galactosidase B Plasma
Leucdcitos
[I-glicosidase Fibroblastos
[J-L-iduronidase Plasma
Leucdcitos
Fibroblastos
[J-manosidase Plasma

Leucodcitos




Fibroblastos

[ -N-acetilglicosaminidase Plasma
Arilsulfatase A Plasma
Leucdcitos
Fibroblastos
Arilsulfatase B Leucdcitos
Fibroblastos
l-galactosidase Leucécitos
Fibroblastos
[J-glicosidase Leucdcitos
Fibroblastos
[J-glicuronidase Plasma
Leucdcitos

Fibroblastos




[J-hexosaminidase A

Plasma

Leucodcitos

Fibroblastos

[J-hexosaminidase B

Plasma

Leucodcitos

Fibroblastos

[J-manosidase

Leucodcitos

Fibroblastos

Esfingomielinase

Leucodcitos

Fibroblastos

Galactocerebrosidase

Leucodcitos

Fibroblastos

Galactose 6-sulfato-sulfatase

Leucdcitos

Fibroblastos




GIcNAc-fosfotransferase

Fibroblastos

Heparan sulfamidase Leucdcitos
Fibroblastos

Iduronato-sulfatase Plasma
Leucdcitos

N-acetilglicosamina-6-sulfatase Leucocitos
Leucdcitos

Fibroblastos

Neuraminidase

Fibroblastos

Quitotriosidase

Plasma

Exames realizados (urina) :

Data ‘ Exame

Valor encontrado

Valor normal




Dosagem glicosamimoglicanos

Cromatografia glicosaminoglicanos

Cromatografia de sialo-oligossacarideos

Exames realizados (papel-filtro) :

Data

Exame

Valor encontrado

Valor normal




ANEXO V
PROTOCOLO DE EXAME DERMATOLOGICO — MUCOLIPIDOSE

1. Anamnese

Nome

DN: Data do exame: Idade ao exame:
Tipo de ML: Mutacéo:

Local de Residéncia:
Local onde residiu por maior tempo:
Etnia:

Ascendéncia materna:
Ascendéncia paterna:

2, Fototipo (tabela anexa)
Se o0 exame for realizado <3 anos de idade, deve ser repetido apos este periodo
Facilidade para queimadura solar:
Cor da pele:
Cor dos olhos e do cabelo:

Estagao do ano em que foi realizado o exame:
Utiliza protetor solar? _ ndo __sim: FPS . Frequéncia: ____ diariamente/ vezes por
semana/ somente quando vai a praia ou piscina.

Exposigéo solar: costuma expor-se ao sol?

____nao( ou até 20min por dia, antes das 11h ou depois 16h)

____sim: tempo médio de exposicao por dia:

2.1 Fototipo Pais e Irmaos:
2.1.1 Pai
Fototipo:
Tabagismo? __ ndo __ sim: cigarros/dia

Consumo de dlcool? ___ndo ___ sim: doses/dia (1 dose= 1 copo cerveja ou vinho)
2.1.2 Mae

Fototipo:
Tabagismo? ___ndo ___ sim: cigarros/dia

Consumo de dlcool? ___ndo ___ sim: doses/dia (1 dose= 1 copo cerveja ou vinho)
2.1.3 Irmaos

Fototipo Irméos e idade:

Tabagismo? ___ndo ___ sim: cigarros/dia
Consumo de alcool? _ ndo __ sim: doses/dia (1 dose= 1 copo cerveja ou vinho)

3. Exame fisico
3.1 Pele
Textura:
Espessura:
Elasticidade:
Mobilidade:
Turgor:

3.1 Manchas
Mongdlicas: presentes ao nascimento? ___sim ___ ndo. Persistem?___sim ___ né&o.
Locais:

Outras (hipo ou hipercromicas):




3.2 Cabelo
Implantacéo:

Distribuicao:

Area de perda de cabelo?(se sim, local)

Quantidade:

Cor: __preto__ castanho escuro___ castanho claro__louro __ ruivo outro

Brilho:

Espessura:

Teste de tragdo: __ positivo negativo. Se positivo, coletar cabelo com bulbo

[IColeta de cabelo para tricoscopia
Resultado de exames complementares:

3.3 Unhas
Forma e configuragao, implantagéo, espessura, superficie, consisténcia, brilho e coloragao.

3.4 Pélos
Espessura, brilho, consisténcia, comprimento, distribuicdo, quantidade:

4. Sudorese
Descrigao subjetiva dos pais:




ANEXO VI

ENZIMAS LISOSSOMICAS A SEREM PESQUISADAS PARA O DIAGNOSTICO BIOQUIMICO
DAS MUCOLIPIDOSES TIPOS Il E Il NO LEIM-HCPA

Enzima lisoss6mica Doenca lisossémica | Tecido (valor de normalidade da atividade) - Referéncia
associada LEIM-HCPA
Alfa-fucosidase alfa-fucosidose Leucdcitos: 40 - 140 nmoles/h/mg proteina LEIM-HCPA,
Fibroblastos: 46 — 221 nmoles/h/mg proteina SGM-HCPA
Alfa-galactosidase A Doencga de FAbry Plasma: 8,9 — 39 nmoles/h/mL DESNICK RJ et al
Leucdcitos: 78 — 170 nmoles/h/mg proteina (1973)
MORGAN et al
(1990)

Alfa--galactosidase B

Doenca de Schindler

Plasma: 18 — 47 nmol/7h/mL

VAN DIGGELEN
et al. (1988)

Alfa--glicosidase

Doenca de Pompe

Fibroblastos: 21 — 139 nmoles/h/mg proteina

HERMANS et al.

(1991)
Alfa-L-iduronidase MPS | Plasma: 6,8 — 13,7 nmoles/h/mL HOPWOOD et al
Leucdcitos: 32 — 52 nmoles/h/mg proteina (1979)
Fibroblastos: 74 — 148 nmoles/h/mg proteina
alfa-manosidose Plasma: 17 — 56 nmol/h/mL PRENCE &
Alfa-manosidase Leucdcitos: 60 — 400 nmoles/h/mg proteina NATOWICZ
Fibroblastos: 93 — 359 nmoles/h/mg proteina (1992)
Alfa-N- MPS 111-B Plasma: 11-37 nmoles/h/mL MARSH et al
acetilglicosaminidase (1985)
Arilsulfatase A Leucodistrofia Plasma: negativo LEE-VAUPEL &
metacromatica Leucdcitos: 5 — 20 nmoles/h/mg proteina CONZELMANN
Fibroblastos: 20 — 50 nmoles/h/mg proteina (1987)
Arilsulfatase B MPS VI Leucocitos: 72 — 176 nmoles/h/mg proteina KRESSE et al
Fibroblastos: 327 — 430 nmoles/h/mg proteina (1982)

Beta-galactosidase

Gangliosidose GM1,
MPS IV-B,
galactosialidose

Leucodcitos: 78 — 280 nmoles/h/mg proteina
Fibroblastos: 394 — 1440 nmoles/h/mg proteina

SUZUKI (1977)

Beta-glicuronidase

MPS VI

Plasma: 30-300 nmoles/h/mL
Leucdcitos: 23 — 151 nmoles/h/mg proteina
Fibroblastos: 62 — 361 nmoles/h/mg proteina

BEAUDET et af
(1975)

Doencga de Tay- Plasma: 550 — 1675 nmoles/h/mL SINGER et al.
Beta-hexosaminidase A | Sachs, doenga de Leucdcitos: 48 — 89% do total (1973)
Sandhoff Fibroblastos: 46 — 81% do total
Doenca de Sandhoff | Plasma: 265 — 1219 nmoles/h/mL SINGER et al.
Beta-hexosaminidase B Leucdcitos: 11 — 52% do total (1973)
Fibroblastos: 19 — 54% do total
Esfingomielinase Doencga de Niemann- | Leucécitos: 0,74 — 4,9 nmoles/h/mg proteina LEIM-HCPA,
Pick (A ou B) Fibroblastos: 49 — 72 SGM-HCPA

Galactocerebrosidase

Doenca de Krabbe

Leucdcitos: 15 — 84 nmoles/h/mg proteina
Fibroblastos: 19 — 80 nmoles/h/mg proteina

WIEDERSCHAIN
et al, (1992)

Galactose-6-sulfato- MPS IV-A Leucdcitos: 0,44 — 1,89 nmoles/h/mg proteina VAN DIGGELEN
sulfatase Fibroblastos: 0,53 — 1,03 nmoles/h/mg proteina | et al (1990)
Heparan sulfamidase MPS llI-A Leucdcitos: 5,5 — 24 nmoles/17h/mg proteina KARPOVA et al
Fibroblastos: 26 — 84 nmoles/h/mg proteina (1996)
Iduronato sulfatase MPS I Plasma: 122 — 463 nmoles/4h/mL VOZNYI et al
Leucocitos:31 — 110 nmoles/h/mg proteina (2001)
Neuraminidase Sialidose Fibroblastos: 30 — 38 nmoles/h/mg proteina O'BRIEN &
WARNER (1980)
e Aumentada em varias | Plasma: 8,85 — 132 nmoles/h/mL HOLLAK et al.
Quitotriosidase DL (1994)

MPS, mucopolissacaridose
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Al My v coobipi dheesis 10 and 10 ML and BT adpha,/beta are rare anosomal recessve: hysosomal storage d iseases

Aocptind X Mack 2013 {150s) camsed by pathogenic varizions in the CAPTAS gene CHFTAR gene oodes for the ¢ and b subunis

Agr e i g TN of phesphotransirase, the erzyme msponsitle for synthesis of the mannoss&-phesphate (M) marker
that directs hysosamal emzymes to she s osome.

m (hjectives: The ohjsctive of #his study & o identfy ssquence ariaSons of the (MPTAY gens in Brazitian

Mhacelipidnsk patienis with ML and MU alpha/bhet

L — Method: Sequenang of the CHFEAE gene was performed in samples of gH A extracted from the penipheral

MLF lilood of patents with MUILT dizgnosed 2 2 national refenence center for 13D

T T [Fesults: Twvedwe unrdated patients, from several regions of Brazal, were indod ed in this study. Only onewas

Paratic-Hufler poiydysmrapdy bom of cnsanguineos paren . All patien s wene found to cnry 2 lexst ane nonpathogenic varnision. Nine

@l sequence wriabons were found 1 BT (pWEIL); c11200T | pRATEN); c11960T (pi39aF);
ClIAET-C | plalET); 158G A (uOs0SY ) c17590T [ pREETH); c2008A-C (n YR IT_MIT2de] nowel
muEston); o X6E_ZITIHSCAANT [pETSTMEXE novd muaton); and c 3503 _1804de0TC (p L1 1GSgE XS],
Both pathogenic vaniations wene identifisd in 2 of 12 patents; in foor pailents, onlly on e pathogenic van aian
was demified. Mutation ¢ 3503 350444 T, lomted in econ 19, was the mast frequent path ogenic van anion
found {n = 11/24 alled= | The deletnious effec of the o 238084 C mutation on splicing was confimed by
A analysis.
IDisou ssiony'oon dlosions: Gur find ings oon finm that the CNFRAE gene presents broad allebc hetsrogenedty and
suggess that, in Brzilian ML 0 and Bl patients, soeeming for metasons should begin at exon 19 of the
CMFTAE gens. Forther analysss wall be conducted on patients in whaom both pathogenic mutasons have
not been found in ghis stody.
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1. Introdhsction

Mucolipidesis type |1 alphabets ML MIM#252500) 2nd type 10
alphabeta (MLOL, MIM#252600) are inherited suloiomal reoesive
disemes cased by deficient sctivity of UDP-N-scety Ighuossmine: -
somomal  hydrolise  Nesetyl-1-plosphotiamsferase  [UDP-GlcNAc
phasphatranste rase, GleNAC-PT ar phasphatransferass; EC 2.7417)
[Broaks et al. 2007, Tiede et a1, A5 Zarghoond and Diveakand,
2009). Phes photransferase plays 3 role inthe synthesis of imaioe G-
phasphae [ MP), 2 marker molecule resporsibde for direct ng hssom-
& Tl rolies to the hsosome [Braulke ot sl 2008; Cathey o sl 3008 ;
Tiede et al, 2005 L In the slence of MgP residus, correct Largeting of
Tyssomal Ingdrolises i impairsd which resulls in madsive secretion
of thess enzymes in both the extracellulr spsce and body fuids =
woell a5 a decreme of their activity in cells auch & fbrobles [Braulke
&l 3l 2008; Cathey =t al, 2008; Encarnagda =t sl 2009). MLI i the
mee severafonm of the disexie and is often apparent st birth; progres-
sian is rapid, lasding 1o death &5 early x5 the lirst decade af like due 1o
cardiares pirary complicrtion. Gnversely, MU fallows 3 shower
clinical comrse, ane patients have been known o survive ungl the
eighth decade of life [Cathey et sl 3010; Encamada et £ 3009;
Kokt aned Shy, 20011 ML and T correspond o the exreme phena-
Iypes associsted with phos photr nasferass, deficiendy, snd patients with
intermediate clinical maniksBtions have al been described | Cathey
&L &l 201

Phosphatransfer e is a hexameric protein @mpaead of we a
subunits, two P subunits, snd two 4 subunits (Bao et &, 1996;
Tiede e al. 2005), where the a and B subunits are encoded by the
GNFTAE gene, locsted in chromasome 129233, and the v subunits
encaded by the GNPTG gene locsted in chiomasome 16p133
[Cathey et 2l 2008; Encamaclo e al, 2009 Kudo et al, 2005;
Zarghooni and Dittakavi, 2009). Patients who are himazygos o
compound hewrrygous br patogenic mutstions in GNPTAE (ML
&l phaybeta ) exhibit & phe notype mnsistentwith ML ar MU, wihere-
i patients wio re homay gous or heterozygos for pathogend c mu-
Latians in GNPTG [ ML gamima | exhibit 2 phenotype ampatible with
ML [Bargal &t &l 2006, Cathey &t al, 20010, Encamacio & al.
2009; Persichert ef al, X009, Tapping e 2, 2009

The muainobjectve of the present s tuly ws to condud an analysis
af the GNFTAR gene in Brariliai patients with MU and 00 2 pha et

2. Maverialks and methads

Twehe unrelaid patients with 2 biochemical disgnoss of MU o
ML were included in Gue study. They were recnbted Trom fue ot

A0 T
E 198 LT

C1NET-C

CAE1EG-A
CATERC.T

of patients [approxinately 40,000) imes tigaed for inbom ermos of me-
tabolism (M) 21 the Reference Lsborstory for IEM a1 Hospind de
Clinicas de Porto Alegre, Brazil (LREIM-HOPAL from 1983 1o 201 1 The
LREM-HCTA i 2 national relerence Lborsory for the disgnosis ol yso-
sonmisl i, md its dapbase of disgoses pobably includes moet
s, o MLIVN dlisgroded in Brad L RBiochemical disgnass of MLIAT 2
LEEM-HOPA inchudes anshsis of arylsullstess A (ARSA: BC 11.68) and
several ather lysmomal hydrolees, induding a-sicunmnide [ITUA;
EC 32175, iduronste-sullstase (IDS; BC 316121 Prglucuronidse
[(AEE; EC 32131, and frhexominidee (EC 321.30) in plema
Mexiurement af the schvity of these enrymes in fibrolles. xs well a5
analysis of gheoossminoghess [GAGE) and sislyloligos rcharides in
wrine, xre dka permmed whenever samples are svailable I anly filter
paper sxmples xre availsble, the sctiviyy of DS, GUSE and hexozxmini-
elriens i 5 il vzl

Whale blood samples were collected lor gTNA and RNA exirac-
tion. Dete i national clinical sever ty (ML or 11) took inte acount
the criteria usually reported in the literature. such 45 age ot disgno-
4i6, survival and extent of skeletal inval vement [and, consequently,
patient height) [Cathey et a1, 2010) The ptients induded in this
study wiere under the care af different physicians, b 2 summary
of their clinical records wag slways sent slongside esch patient’s
bload sample, so that the clssification msigned by the smending
phiysician wis slways reviewsd and confirmed by the investigaor.
Whenever peisible, 2 sample of gDNA from the parents was alia
altzined for enfimmation of the presence of the mutatians faund in
the patient.

Genomic DNA v extracted fom peripheral bload leukanofes
with the Dhexsy Blood and Tisue Kit [ Qizgen, Germany). The 21
exond that comprise the GNFTAR gene, 55 well 23 the intron-exon
ewenebaries and part of the 5' and 3* untrans] sted regims, wene am-
plified from the specilic ssquendes of aligomckotides prjaced for
this study. Am plilication was performed by the polymerse chain re-
action {PCR) using 50 ng of gDNA, 16 pmal of esch aligonucleatide,
0.6 mM ol dNTPs, 24 mM of MgOa, 1 = resdion bufler, and 1 it
af 1o DINA polymeriss The snnesling termperatures and aligonud eo-
tide sequences ahe svilabie &5 supplementary data

Sample sequencing was perfommed using the sulomatic ARFPRISM
3100 Genetic Anshymer [ Applied Biosystems | The raerence ssquences
af the GNPTAR gene was GenBank sccestion n®. NM_0243123. Each
mutation found was confirmed by sequencing performed with &
new amplicon and the aligonudeatide inverse to that sed in the
first stage.

In silic analyis of the potentisl slfect of missense mutaions
was dans by means of PolyPhen2 [Polymorplism Phenatyping)
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Fig. 1. CNPTAR geme: Doca e o off pacig enhe ssrschon e s Se precens saly doocetile o o Tappine o al (2009, e ned: svesrie d soiBead B dhee S s G e
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GK Cory e ol [ Come 529 (003§ 5564 &l

[T e netica bwh arvard e du pph2’) 2nd ST [Sarting Intoler-
ant From Talerant) [ hp: Vsl jeviong www SIFT_seq_submit2 haml)
Thee MaxE niSean sol tveare ws used to evaluate the ellect of point mu-
wtiond on generation of exchsion of splice sies ooy
gened it aduyburge Ty mase o, mase niscan_scorsseq loml L. The
Frequendy af 5y nonymous don wikge vas evaluted scording Lo he
database of codon uikge in Homo sapiens (Wi s asmeaorj '
ok nyegi-Hin & hovean don_ogi®s pecies= 0606, Toevduse the pathoge-
ity of Bie novel exonie paint mutaion fund (¢ 28084=C) 2 hundred
contral dldes were analyved wing 03 Uol Hyp 1881 restriction enzyme
[Mew Englond Biolsts, USAL 2 pil af buffer 4 [supphbied with the resric-
tion ensyme] and 177 pl of smplicon; ssmple wers incubsted far 3 h
a1 37 °C Totd RNA exracthonwas perfommed ond whale blood semple
fom the patient presenting this mutstion wing the Paxgene blood
RNA Kit [Qiagen, Germany), and oomersion to cDNA wai made using
the Superseriptl conversion kit [Invitrogen, UEA L aading & manulc-
twrer insructan ONA ws sulsequently sequenced &5 described
aheve

This stidy was spproved by the Hospital de Qinicas de Pori
Alegre [HCPA) Research Erhics Commiltes.

ST i il

o b
[T
F

Mbor B . [2 264972 7 b ARAT |« M|
oo o Demadl.

Farher o [1500_B04daT] o [N]
Muorke e ¢ [M] s [N Farber: BA
MR C 1503 _T0A6T] # )
Farber | e 380 Aosi] + [M]
M E [ ME0ST & [N)

Mo b, c (3503 _B04deITC] « [N
Farher o [1500_F0AdaTe] o [H]
M b ¢ [3503_B04deTC] » 5]
Farber: o [A503_B0A06ETC] <[]

HA
Farber: c [1503_B04dalTC] &[N

M E c[I5140A] 5 [N]
HA
A

Farher: o [IT550sT & M)
Marbe e o [EAETC)s M)

Pl oy
Morber o [IRICST| &)

Ey

3. Besulis
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Of the patients induded, eight were dasifisd 25 having MUL
Oy one | patient 12 ) was born of @ndsnguinsos parents Regand-
ing biochericsl investigation, Nhroblist simples were wnav Lbie
for three potients [patents &7 and 12); patient & was inves tigated
only through & drisd blood spor [DES) sample. Urinary GAG mes-
Surements were normal in 10 of 10 petiens, Buin- Lyer cloo mstogr 2-
phy of GAGS ves sbnarmal in 4af 10 patisnts [patient 4, dermsten,
kerstandullne; patients 5 and 7, dermatan sullste; patientd, kerstan
sullste], while thin-Lyer clromatography aof @ shilaliges sccdharides
wiki sbnermal in 1 of 3 patients [ patient 10 Detsiled dats on the
clinical and bischemical findings presented by the patients are avail-
alvle a5 Supplementary mae risl

Mine causl sequende varistions were found, o of which were
el ¢ 2R08A=0 (pY9ST MO 2del] and & 22360 27 3delGAAALC
(P EFS THEXD) respactively | Fig. 1, Table 1 | Both parliogsmnic i Lt o
were iklentified in 8 of 12 patiens, md only ane prhogenc mlstion
wiid identilied in four patients [Table 1] Mulation <3508_35044eMTC
oexted in exon 19, was B most frequent pathogenic mulstion [n =
11,24 alledes; Talde 1)1

At lexst ane empathogenic vaian wa found in esch patient
The mutations ¢ 365+1450>T in intron 4 (n= 17/24) and
€~41_~39deIGGE in the 5'UTR [n = 16/24) were the maost frequent
nonpathagenic varniants found, snd the nonpathogenic mulition
¢T3 +20delT [infron 3) has not been reported elewhere. Add-
tional information on nonpathoge nic mulations is silsble 5 sup-
plementary material.

H
HA
Ha
HA
W

Frobabiy delensios  bsobsrabe NI

=T
N
HA
HA

ok by dele e e herakie
Froba by defenerioes  lewberabe NI
Fraba by delensins ok M

s
HA

&
HA
M4
M&
MA
B&
M&

Phemarpe b Alco & bk of the ST B the panonis®

Mu
Mo
LW
Mu
M
M

B YT MITRE) (L EAQENS| MLE

o LT GAQEE] » L1 BRGNS
o LYEBAQENS] o (L8 BEAENS|

MO | < LR GRS 5|
] L1 EA0ENE] & [LE BRGNS

G s | |
pd LT1BAGENE] & [7)
B TIE| 5 | LETEALENS)

PiWALLI= 7]

i LE1 BAEXS] 7]

B CHOS |+ [R3AT)

FIETTR[7]

A1, The ¢ 280840 mailation

Asthe cZR0RAG rtaton [exan 14) was spparenty nolxssocied
with 2n aming xoid change, we decided b imvesigae its elled on splic-
ing. Adcording Lo MaxEntSean software [ 1ot /It fssned mitsdy)
burgellaby maseny musxent an_soorseqhtml) results, this muttion
waoukl strangly interfere with GNPTAE mRNA splicing (Fg 21 In fea,
this mntation crestd 3 smilsr sequence o the anomecs donor $plice
site. (DNA snalysis for this patient showed the presencs af an st rmal
tramscript in which the final 108 bp of exon 14 i slsent [Fig. 31 We
cliel nat perfarm expression studied, but this isokyrm is predicted o gan-
erale 3 fimoated protein [pyaIT_MET2del) with delstion of 36 sming
scck of e phesphotranderse Psubunil This mubtion was not
foumal in any af he 100 comtral ke andy=d (Fig 4).
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4. Dscussion

Tlis is the first study o describe the pathoge nig/nonpathoge nic
mitation spectrim ol the GNPTAR gene in Rrariliasn patient with
ML anel 11 alphafbets A4 in other populstions, this snshai con-
firmead that CNPTAR sxhilits grest sllelic heteragensity, that there
aré lew reairren mulations, and that 3505 _3504deITC i the mast
prevalent pathogenic mutation |Bargsl et sl 2006: Cathey ot 2.
20010 Kudo et 21, 2006; Paik et al, 2005; Tiede et 2], 3005 | Furtler-
imare, Ufes novel sequend: vanstions [two patlogenic) sre de-
S ilve] Toerein.

The number of patients induded in this study (n = 12) is signifi-
cant, ennsidering that all patients were Brxxilizn nd that ML i quite
fare and devere | hnp:) wwwogeneclinic ong). Unkrtuna ey, mot
patients had undergane biochemicl invesigation in plasr sned for
libredrlastd, It bedrs stresging, however, that all padents exhibited 2
climical phemotype consistent with ML or MLIL Patient § was inv es-
tig ated wsing [ilter paper anly, s desoibed by Chamales st 51 [2001):
5 this prfientwas later confirmed s having ML slphabe s through
DHA analysis, this finding corroborates the hy pothesis that TS sam-
s can also be wsed far MUILAN screening. nterestingly_Tour patients
et luibted an shnorma ] pabemon winary trin-layer choom stogr sphy
ol GAGAL although their levels of tata] urinary GAGS were normal_Ab-
vl catabolizm of GAGS isex peded toadur in pients with MLIY
T & hmosomal enrymes imvalved in the catsbal sm of GAGS are de-
Thcient in these disorders Level ol kerstan sullate [determminsd by
ELIA), a4 well xt dermatan sullste and heparan sullste [determined
Iy L MAS/MAS)_wiens Fenmnel i bee ineressid in plaems af some patients
weith MULA | Tomats et a1, 2005, 2000). However, secretion of sb-
narmal GAGH i usually toolow in MU patients to be deteed Iy
vin-laper durdmatog raphy.

The methodalogy wied in the present study ws sbie 1o identity 20
of 24 pathogenic alleles [roughly 3% This rate & not very different
from that reported in the litersture [approximately 95%) [hp:y
www genediniciorg). The most Trequently Tound pathogenic muta-
tian was ¢ 3500 _35046M0, which was present in hamarygosity in
tiree ML patients [patients 10, 11 and 12) and in heteras gosity
in anather twia MIT patients [patients 4 and 71 and three MUT pa-
tents [patients 3, 8 and 9): the prevalencs found lor this mutstion
in our study [45%; 11 of 24 alleles) is similar to that described in
the literature. Rargal et 2. (2006 found this same mulstion in 13 of
24 MU petients, mest ol Arsh-Mudinm arigin [11 homarygous: 2
compound heterozygous; 10 barn 10 @nsanguineous @uples).
Encarnacdo e sl [2008) found this microdeletion in five patients
with ML [n = 9 af 18 sllelet): four of thete patients were homary-
gons b the mutsion Tapping et sl [3000) identified this mutatian

A Exon 13

Fig 2. 5ch ¥

in 47 of 92 alleles: it vas Tound in lomazygasity in 14 patients with
ML mest of wham were Talisn and bom o non-oons.ang i neos
couples. Mutation ¢3503_35044e] TC was the only pethogenic muts-
tion identilied in the wample shidied by Plante o 51 [2008).

4.1, Biect an pheno fipe

O ol st sugget that nonsende and frameshift mutetions are -
ated with the severe phenotype [ ML slpla bets), wheres missense
i iations Ere socisted with the sttenusted phenatype [ ML slpha)
bets). These findings are in sgreement with those previowly described
iny the liter atire [Bargal ot al, 2006, Encarmsgbo et al, 2009, Tiede & al
2005)

Thus far. £3503_3504delTC locuted o0 the region that codes for the
[ subunit of phes phatranderse, s been rmocisted with the severe
phenotype whan fund in homozygosity or when kaund in heteney-
gosity with nonsende mudations ar framedhill mutdions Theee of our
patients with MU alpha beta presented this deletion i nhomarygosity
[ patients 10171 aned 12). However, two patients with ML alphaebe
[ ptients 3 and 8 res pectively) presented this deletion in hetereygos-
ity el the mishendse mutations ¢ 1208T=C (pMOT) and c11960=T
[ R53TF), both locsted a1 the region that codes for the o subunit of
phasphotranser se Other suthors have ko reported ciies of oom-
penindd heterazygasity for mutdion in the o and P subunits | Cahey
et sl 2010 Tapping et sl 0001 and Rargal et 5l { X006 sugge s that
there i no infragenic complementation betwesn these subunits_ The
genatype 1 1960=T - [3503_350ad &ITC | {patient B] wiis sl reparted
i 2 M French patient by Bargd et sl (2006 In that some study, the
authars reporied that this patient exhibited 2 severe MU phenoty pe
aitel that filwmbiast testing shovwed cytoplsmic indusion typial of e
tient with MLIL Our patient may ala be considersd & patient with s
vere MU slpha/hets, given the severity ol his skdetl compramise,
which is rellacesd by his present height The o 120870+ 3503
35044ITC] penatype, on e other hand, & being desribed kr the fira
time hersin [patient 3. MUI alphafbets] Mutstion 12087
[ RMO3T) has alrescy been desoribved by Tapping et d_( 2009) in hame-
zvgosly in an ltdisn patient with ML & well & by Encarnac & al
[2009) in a Poruguede patient Expression studies of the mulan
pIAIT protsin in 005 cells condued by Tappino et d_ [ 2003) shawed
tha this mutation had znes pecesd mol eouler mes of 170 kKD, and the
sl presumed Sl the resulling prtein wouk be partially dyshine
tiomal which coukd explsin the stenused ploans ipe exhibited by thee
patents

Genatype c]15140=A]+|17500C>T] was found in ane patien
with ML slphabe (patient 2] The st & & misdende mutation
[RCS05Y), while the second is 2 norsense mutstion [pRIETH L This

Ewon 14 Exon 15
Comoa splice:
a e e
3 s
m s
;I"" i BCOMG
Exon 14 Exon 15
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f e amed ivaranes 13, B amedl 55 o e CNPTAE geeee anedl aooae s olvoimed izl dhe Mo FacScan prograes Sor wild (A} and meooed (B} Soress
obr abeed fn ke precence of CIF0EASG Domed D st splicieg X opdidieg repdaced
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A: 539 bp (mnormal)
B: 431 bp

R 3. By £ ol ET-POR G2 the ¢ 280300 G mwvaseiien (parbens 7] shawring e
Fadinial I BT (A il e TSRS SR | B 1 Sl il culla 1 iy T
2 ok e comiell o C JR0ACSC ) 3 T Samigpde.

penalypeis being reparted herein for te first ime, bul the mutations
Thave alresdy been reparted by Cathey et al [2000), inoompannsd het-
EnEYEosily, in & patient with ML [p RSATX ) and in one pabient with
MLIN [pCSO5YL

Gemitype c|2M2G=Tj+(|7] was found in 4 patient with ML 11
alphabets [patient 5 EncarnegSo o al_ [2009) described this mita-
o in hamazygosin, in ong of their Portuguese patients with MLIIL
One lypothesis that might justily the phenotype ol patient 5 with
only ane pathogenic mutation identilied, would be the presence of
twedr Silent mutations in exon 1 of the setond allele: ©18G=A and
CIT0=A. The TSt indude s a change rom the ssth (UG adan | Tre-
gquency of codan uisge per thousand = 3906) o OUA [Trequency of
oodan whage per thousand = 721 The secand mutation dunges the

&

ninth CAG codon (frequency of @don usege per thouan = 342)
1o CAA [frequency of adon usege per thousand = 12.3) [hapyy
www K asurant jploodon/cgi-linshowoodn noog Papeacies = 9606
This could cruse & grester changs in the translation kine o of the
prlEin, generating a poddein with an slbered confrmation [Kamar,
2007, Ssuna and Kimchi-Serlary, 20011). Unkrunstely, parentsl
DMA andd patient fibrolyles s weere unavadl sbile, and, therefine, we ane
it able o cordicm wivether these mubtions are in d3 of in tans. Ad-
litional stuclies will be conduded to confirm this Iy pothess.

5. sl s oS,

Thiis weas the: Tirst TNA arnabysi s-hased 4 tudy cond ucted in Brasilian -
therls weith ML alphaybeta hs findings suggedt tha snal ysis of GNFTAR in
These patiends shoukd begin by @xon 19, hus apimizing Theimestigation
anl rerlucing costa The requlls obtxined herein emphsie the need for
further studlied, such x5 apeplication of ather techmigues that will endble
ompletion of genolyping of the patients wihise genolype his nol been
Tully charsterined (&g sequendng of promater and intomc regions, ex-
chesion of Large deletions rearrangements], and lor desrmination of the
Iregquendy ol recurment varin s in headthy Brarilien individwals.
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ARTICLE INFO ABSTRACT

Article history: Mucolipidosis Il (ML Ill) gamma is a very rare autosomal-recessive
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ene. The present study consists of a report of a Brazilian compound
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heterozygote patient with ML Il gamma resulting from one mutant
paternal allele and one allele that had most likely undergone a de novo
or maternal germline mutation. This is the first report of a de movo
mutation in ML Il gamma. This finding has significant implications for
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1. Introduction

Mucolipidosis 11 (ML 1 disease, inclusion cell disease or I-cell disease) and 11 (ML lil, pseudo-Hurler
polydystrophy ) are autosomal recessive disorders caused by defects in the GlcNAc-1-phosphotransferase
(EC 2.78.17) complex, which is composed by three subunits: o, B, and +. Mutations in the gene encoding
the o- and B-subunits { GNPTAB) lead to ML II alpha/beta (OMIM #252500), or to the less dinically severe

* Cormesponding author at: Servico de Gendtica Middica, Rua Ramiro Barcelos, 2350, Santa Cecilia, 90035-903 Porto Alegre, RS, Brazil
E-mail address: ischwartr@hepa ufrgs be (LV.D. Schwartz )

http://dx doLorg10.1016/f.ymeme.201401.002
221442694 2014 The Authors. Published by Elsevier Inc. This is an open access artick under the CC BY-NC-ND license
[http: feeativecommo ns.orglicenses/ by -ne-nd 3.0/).
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condition, ML Il alpha/beta (OMIM #252600). ML 1Il gamma (OMIM #252605) is caused by mutations in
the gene encoding the «y-subunit of GlcNAc-1-phosphotransferase [1,2], and is thought to be the mildest
form of the disease. Very few cases of ML Il gamma are reported in the literature, maybe because the
disease is underdiagnosed due to its reladvely mild and unspecific clinical find ings, which is suggested by
a recent report of ML [ll gamma patents diagnosed through next generation sequendng [3]. To date,
approximately 28 mutations have been reported in the GNPTG gene. A large number of these mutations
are unigue or rare [4].

De novo mutations are not rare events and the perception they are potentially important in genetic
diseases, even in autosomal recessive conditions, have major implications for genetic counseling [4,5]. The
present study consists of a report of a Brazilian compound heterozygote patient with ML Il gamma
resulting from the inheritance of one mutant paternal allele and one maternal allele that had most likely
undergone a de novo or germline mutation.

2. Materials and methods
2.1. Case report

The proband, a female bom at term toyoung (maternal and patemal age at conception was 27 years old ) and
non-consanguineous parents, has been described previously [6]. She was referred for dinical genetic evaluation
due to large joint contractures. On physical examination, the patient presented contractures and restrictions of
movement, especdially in the hands, feet and shoulders, and heart systolic murmur, audible mainly at the left
sternal border. The two-dimensional color Doppler echocardiography revealed the presence of mild thickening
of aortic valve leaflets with mild regurgitation. All other clinical parameters were within normal limits for the
patient's age. The exam was performed through the subcostal window, as thoracic deformity prevented the use
of standard echocardiographic measures of pulmonary artery systolic pressure. Electroneuromyography of the
upper limb was normal, and showed no elecmophysiological evidence of peripheral neuropathy. The
somatosensory evoked potential of the upper and lower limbs was also normal. The patient was diagnosed as
having ML 11l when she was 8 years old (Table 1), and is currently stable. At the time of the study, she was
16 years old and attended regular school. Previous GNPTAB sequencing showed no alterations.

2.2, GNPTG analysis and matemity testing

Genomic DNA was extracted from leukocytes ( patient and both parents), buccal cells (patient and mother)
and fibroblasts (patient) after informed consent was given.

GNPTG was amplified in five fragments containing exons 1 to 2, 3, 40 7, 8 to 9 and 10 to 11 as
described by Persichetti et al. [7] with modifications. The fragment which comprises exons 4 to 7, where
the mutation c.244_247dupGAGT is located, was also amplified using a second pair of primers [8]. Samples
were submitted to DNA sequencing, performed on an ABI PRISM 3500 Genetic Analyzer (Applied
Biosystems, Foster City, CA). All samples were amplified and sequenced twice. The sequence of the GNPTG
gene used as a template was GenBank accession no. NG_016985.1,

Table 1

Biochemical characterization of a patient with Mucolipidosis L gamma.
Enzy mes Sample Patient References values
Arylsulfatace A (EC 3.1.6.8) Plasma + Negative
a-i-lduronidase (EC 32.1.76) Plasma 176 32-52 nmolh/ml
B-Glucuronidase (EC32.1.31) Flasma 475 30-300 nmolh/ml
o-Mannosidase (EC 3.2.1.24) Plasma 1,548 17-56 nmolh/ml
Iduronate-sulfatase (EC 3.1.6.12) Plasma 1594 122-463 nmaol/hy'ml
Total B-hexosaminidases (EC3.2.1.52) Masma 12675 1000-2857 nmol/h/ml
o-Mannosidase (EC 3.2.1.24) Fibroblasts 16 60—400 nmol’h/mg
P-Galactosidase (EC 32.1.23) Fibroblasts 132 394-1440 nmolh/mg
p-Glucuronidase (EC 32.1.31) Fibroblasts 86 62-361 nmol'h/mg
a-Fucosidase (EC32.1.51) Fibroblasts 21 46-221 nmolh/mg
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Total RNA extraction was performed on awhole blood sample of the patient and her relatives, as well as three
controls using the Paxgene blood RMNA Kit (Qiagen, Germany), and conversion to cDNA was made using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), according to the manufacture r's instructions. The
GNPTG mRNA levels were determined by qRT-PCR using 2 = SYBR Green PCR Master Mix (Applied Biosystem)
with the Mx3000P (Soratagene, Amsterdam, NL). GAPDH was chosen as housekeeping gene. Primers and
conditions were performed as described by Ho et al. 9] with modifications. The relative quantification of the
RMAwas normalized to the level of GAPDH mRMNA in the same cDNA using the comparative CT method (2 ~22CT),

For maternity testing, DNA from each samplewas analyzed by PCR. multiplex reaction using the AmpFISTRE
Identifiler® PCR Amplification kit (Applied Biosystems®), which enables the analysis of the 15 5TR markers
(STRs) using fluorescent primers, according to the manufacturer's instructions. PCR products were then resolved
by capillary electrophoresis in an ABI3130x| genetic analyzer ( Applied Biosystems®) using GeneScan™ 500 LEZE®
as an internal marker and alleles were identified through GeneMapper® Software® v1 2 ( Applied Biosystems®),

23. Statistical analysis
Values obtained for the relative quantification of GNPTG mRNA in patient, parents and control samples were

compared using Student’s test (IBM SPSS Statistics version 20). P values lower than 0.05 were considered
statistically significant.

Patient: p.[F83X];[E110X]

p.Fiax p.EiD}(
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Mother: WT/WT Father: WT/ p.E110X
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Fig. L GNPTG gene sequencing of the patient, her mother and father (leukocytes), WT = wild type.
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