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RESUMO

A doenca de Niemann-Pick tipo C (NP-C) € uma doenca autossémica recessiva
causada por mutacbes nos genes NPCl ou NPC2 e se caracteriza
principalmente pelo acumulo do colesterol n&o esterificado no
lisossomo/endossomo tardio. Aproximadamente 95% dos pacientes apresentam
mutacao no gene NPC1 enquanto 5% em NPC2. O gene NPC1 codifica uma
glicoproteina transmembréanica de 1278 aminoécidos, com 13 dominios que
reside na membrana do lisossomo/endossomo tardio. O produto do gene NPC2
€ uma glicoproteina de 132 aminoacidos expressa em todos os tecidos, sendo
uma proteina soltvel que se liga ao colesterol. A incidéncia de NP-C é estimada
em 0,95 casos para cada 100.000 nascidos vivos. O objetivo geral deste trabalho
foi identificar o gendtipo de pacientes com NP-C, determinando a frequéncia de
muta¢des comuns e caracterizando mutacfes novas nos genes associados a
doenca, e analisar variantes de sequéncia em genes candidatos a modificadores
de fendtipo dessa doenca. As mutacdes mais frequentemente encontradas
foram p.Alal035Vval (27,3%), p.Prol007Ala (17,0%) e p.Phel221Serfs*20
(14,8%). Na identificagdo das variantes de sequéncia, foram identificadas 5
novas variantes potencialmente patogénicas, sendo 1 delecdo pequena
(p.Lys38_Tyr40del), 1 mutacdo do (p.Asnl195Lysfs*2) e 3 mutacdes de ponto
(p.Cys238Arg, p.Ser365Pro e p.Val694Met). Um outro subgrupo de amostras
(n=34), proveniente de individuos com um unico alelo mutante, foram
submetidos a uma analise molecular mais abrangente visando a identificacao de
possiveis rearranjos génicos. Os resultados obtidos confirmam os relatos que
indicam uma frequéncia muito baixa de rearranjos génicos associados a NP-C,
pois ndo foi identificado nenhum paciente com perfil anormal através desse
protocolo abrangente. Considerando que chaperonas diferentes foram
associadas a expressao do gene NPC1, polimorfismos de nucleotideos Unicos
(SNPs) nos genes que codificam a chaperona DNAJB6 e a cochaperona CHIP,
ambas proteinas do sistema de controle de qualidade proteica, foram
selecionados e analisados para investigar uma possivel associacdo com
variagcbes fenotipicas de pacientes com NP-C. Essa avaliagdo permitiu
estabelecer as frequéncias alélicas e genotipicas dos SNPs rs9647660,
rs12668448, rs4716707 e rs6459770 (no gene DNAJB6) e o rs6597 (no gene
CHIP) nos pacientes e em amostras de individuos normais. Os resultados
obtidos permitiram comparar 0s grupos (pacientes e controles) e, dentro do
grupo de pacientes, comparar os diferentes fenotipos, mas nédo foram
encontradas diferencas estatisticamente significativas. Além disso, foi avaliado
0 gene que codifica a apolipoproteina E (ApoE), uma lipoproteina envolvida no
metabolismo do colesterol, que se caracteriza por apresentar 3 alelos distintos a
partir de dois polimorfismos especificos (rs429358 e rs7412) no gene ApoE. As
frequéncias alélicas de ApoE €2, ApoE €3 e ApoE €4 no grupo de pacientes foi
estabelecida em 6,3%, 82,9% e 10,8%, respectivamente. O gendétipo mais
frequente foi 0 ApoE €3/£3 (63,8%). Apesar de ndo terem sido encontradas
diferencas  estatisticamente  significativas, ndo podemos descartar
completamente o efeito da ApoE no fenétipo dos pacientes, considerando que
esta proteina estd presente no metabolismo do colesterol. Por fim, os dados
produzidos através desse trabalho contribuem para o melhor conhecimento das
bases moleculares da NP-C.



ABSTRACT

Niemann-Pick type C (NP-C) disease is an autosomal recessive disease caused
by mutations in the NPC1 or NPC1 genes and is mainly characterized by the
storage of non-esterified cholesterol in lysosome/late endosome. Approximately
95% of patients carry mutations in the NPC1 gene while 5% in NPC2. The NPC1
gene encodes a 1278 amino acid transmembrane glycoprotein with 13 domains
placed in the membrane of the lysosome/late endosome membrane. The product
of NPC2 gene is a 132 amino acid glycoprotein expressed in all tissues, being a
soluble protein that binds to cholesterol. The incidence of NP-C is estimated to
be 0.95 cases per 100,000 live births. The general aim of this work was to identify
the genotype of patients with NP-C, determining the frequency of common
mutations and characterizing novel mutations in the genes associated with the
disease, and analyzing sequence variants in candidate genes of phenotypic
modifiers of the disease. More frequently found mutations were p.Alal035Val
(27.3%), pProl007Ala (17.0%) and p.Phel221Serfs*20 (14.8%). In the
identification of sequence variants, 5 new potentially pathogenic variants were
identified, 1 small deletion (p.Lys38_ Tyr40del), 1 mutation (p.Asn195Lysfs*2)
and 3 point mutations (p.Cys238Arg, p.Ser365Pro and p.Val694Met). A further
subgroup of samples, from individuals with a single mutant allele, were subjected
to a more comprehensive molecular analysis to identify possible gene
rearrangements. Results of this work confirms previous reports that indicate a
very low frequency of gene rearrangements associated with NP-C, since no
patient with an abnormal profile was identified through this protocol. Considering
that different chaperones were associated with NPC1 gene expression, single
nucleotide polymorphisms (SNPs) in the genes encoding the chaperone DNAJB6
and cochaperone CHIP, both proteins of the protein quality control system, were
selected and analyzed to investigate a possible association with phenotypic
variations of NP-C patients. This evaluation allowed to establish allelic and
genotype frequencies of SNPs rs9647660, rs12668448, rs4716707 and
rs6459770 (in the DNAJB6 gene) and rs6597 (in the CHIP gene) in samples of
NP-C patients and in samples from normal individuals. Results allowed to
compare both groups (patients and controls) and, within the group of patients, to
compare different clinical phenotypes, but no statistically significant differences
were found. In addition, the gene encoding apolipoprotein E (ApoE), a lipoprotein
involved in cholesterol metabolism, was evaluated, which is characterized by 3
distinct alleles from two specific polymorphisms (rs429358 and rs7412) in the
ApoE gene. The allelic frequencies of ApoE €2, ApoE €3 and ApoE €4 in patient
group were established as 6.3%, 82.9%, and 10.8%, respectively. The most
frequent genotype was ApoE £3/£3 (63.8%). No statistically significant difference
was found in the analysis performed. However, we cannot rule out the effect of
ApoE on phenotype of patients, considering that this protein is related to
cholesterol metabolism. Finally, the data produced through this work contribute
to a better understanding of the molecular basis of NP-C.
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1 INTRODUCAO

1.1 Doencas lisossémicas de depdsito e a doenga de Niemann-Pick

As doencas lisossdmicas de depdsito (DLD) sdo um grupo heterogéneo,
com mais de 40 desordens genéticas. Mutacbes nos genes que codificam
enzimas lisossomais, proteinas transmembranas, proteinas de transporte entre
outras proteinas encontradas nos lisossomos séo responsaveis pelas patologias.
A doenca de Niemann-Pick € uma doenca autossémica recessiva e classifica-se
como uma DLD, caracterizando-se pela alteracdo no metabolismo lipidico
(Marsden & Levi, 2010).

Até o momento, foram descritas trés formas da doenca: a doenca de
Niemann-Pick tipo A (NP-A), a doenca de Niemann-Pick tipo B (NP-B) e a
doenca de Niemann-Pick tipo C (NP-C). NP-A e NP-B sao causadas pela mesma
deficiéncia enzimatica: a deficiéncia da esfingomielinase acida. Entretanto, elas
apresentam manifestacdes clinicas distintas devido a diferentes mutacdes
encontradas no gene ASM. A NP-A é a forma mais grave, pois apresenta
degeneracao neuroldgica que leva a 6bito em torno dos 3 anos de idade. A NP-
B ndo apresenta manifestacées neurologicas e, consequentemente, € a forma

mais branda da doenca (Wasserstein & Schuchman, 2006).

1.2 Doenca de Niemann-Pick tipo C

A doenca de Niemann-Pick tipo C (NP-C) é uma doenca autossémica
recessiva causada por mutacdes em um dos dois genes: no gene NPC1 ou no
gene NPC2. A patologia se caracteriza pelo acumulo de colesterol nédo
esterificado nos lisossomos e no endossomo tardio causado pela falha no trafego

intracelular dos lipideos (Vanier, 2015). Também é observado niveis



aumentados de glicoesfingolipideos, que ocorre pela inibicdo da enzima
esfingomielinase acida, devido ao excesso de colesterol no interior do lisossomo
(Devlin et al., 2010).

A idade de inicio da doenca € variavel, podendo ter inicio na infancia até
a idade adulta. As manifestacdes clinicas sdo heterogéneas, diferenciando-se
entre estes grupos (Vanier, 2010; Patterson et al., 2012; Jahnova et al., 2014;
Schultz et al., 2016). O tempo de vida dos pacientes pode variar desde alguns
dias até mais de 60 anos, mas na maioria dos casos, 0 Obito ocorre entre 10 a
25 anos de idade (Vanier, 2010).

Dois genes foram identificados como os responsaveis pela doenca de NP-
C, NPC1 (OMIM ID: 607623) e NPC2 (OMIM ID: 601015) (Vanier et al., 1996).
Aproximadamente 95% dos pacientes apresentam mutacdo no gene NPC1
enquanto de 4% a 5% em NPC2, até o0 momento mais 500 mutacdes ja foram
descritas (478 no gene NPC1 e 27 no gene NPC2) (www.hgmd.cf.ac.uk). As
mutacbes podem ser do tipo missense, nonsense, frame shift (delecdes e
insercoes) e alteracdes em introns, este Ultimo podendo levar a criacdo de sitios

alternativos de splicing (Bounford and Gissen, 2014).

1.2.1 Manifestacgdes Clinicas

As manifestacdes viscerais (figado, baco e em alguns casos, pulmao) em
conjunto com sintomas neurolégicos ou psiquiatricos auxiliam no diagnostico
diferencial de NP-C, mas casos atipicos sao relativamente frequentes (Vanier,
2016). O diagnéstico na infancia acaba sendo problematico, devido ao fato que
0S mesmos sintomas podem ser encontrados em outras doencas neuroldgicas
(Vance & Karten, 2014) e, em outros erros inatos do metabolismo, como
exemplo, podemos citar Doenca de Gauche tipo 3, Doenca de Tay-Sachs,
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Sindrome de MEGDEL e doenca de Krabbe (Sobrido et al.,, 2019). Mais
recentemente, escores clinicos estdo sendo desenvolvidos para auxiliar o
diagnostico (NP-C Suspicion index — Sl) (Jahnova et al., 2014).

Os sintomas viscerais e 0s neuroldgicos e/ou psiquiatricos apresentam
diferencas temporais, ocorrendo em idades precoces até idade tardia,
respectivamente (Vanier, 2010).

Em um estudo multicéntrico, que envolveu 4 paises (Republica Tcheca,
Iran, Espanha e dois centros na Eslovaquia) 63 pacientes com diagnostico de
NP-C foram divididos em infantil (< 4 anos), juvenil (= 4 anos - <16 anos) e adulto
(= 16 anos) com idade média de diagndstico de 2,15 anos, 10,97 anos e 25,98
anos respectivamente. No grupo infantil, manifestacdes viscerais apareceram
em mais de 50% dos casos, no grupo juvenil foram observadas manifestacdes
viscerais e neurologicas, ja no grupo adulto, foram frequentes os sintomas
psicoticos (Pineda et al., 2019).

As manifestacdes perinatais sdo comumente relacionadas a alteracdes no
figado, incluindo ainda hidropisia fetal, ascite e ictericia prolongada associada
com a progressao da hepatoesplenomegalia (Yerushalmi et al., 2002). No
periodo neonatal ndo sao observadas manifestacdes neuroldgicas, as quais sdo
importantes para o diagnéstico diferencial de NP-C (Vanier & Millat, 2003).

No diagndstico infantil precoce, o qual ocorre entre 2 meses até 2 anos,
observa-se hepatoesplenomegalia, ja o atraso no desenvolvimento motor e a
hipotonia sdo os primeiros sintomas neuroldgicos a serem observados entre os
8 e 9 meses, tornando-se evidente entre 1 a 2 anos. Nestes casos, dificiimente

0s pacientes ultrapassam 5 anos de vida (Vanier, 2010).



No diagnéstico infantil tardio, de 2 até 6 anos, os pacientes podem
apresentar hepatomegalia e/ou esplenomegalia e manifestacdes neuroldgicas,
como atraso na fala, ataxia progressiva, atraso no movimento ocular, cataplexia,
atraso nos movimentos motores, atraso mental, disfagia, disartria e crises
convulsivas. O 6bito geralmente ocorre entre 7 e 12 anos de vida (Vanier, 2010).

No periodo juvenil, de 6 até 15 anos, classificado como a forma “classica”,
0S pacientes apresentam esplenomegalia, raramente hepatoesplenomegalia.
Problemas na escrita e dificuldade de atencédo também sao observadas nestes
casos. Ocorre o aparecimento de ataxia, disartria, disfagia, problemas motores
e variaveis graus de crises convulsivas. A sobrevida nestes casos é de 30 anos
ou mais (Vanier, 2010).

O periodo adulto se caracteriza pela presenca de sintomas como a ataxia
cerebelar, atraso no movimento ocular, distonia, disartria, problemas cognitivos,
epilepsia, desordem nos movimentos, disfagia, esplenomegalia e transtornos
psiquiatricos, entre eles, crises paranoicas, depressdo, problemas
comportamentais agressivos e isolamento social, ndo sendo necessario o
aparecimento concomitante destes sintomas para o diagnodstico de NP-C

(Vanier, 2010).

1.2.2 Genes NPC1 e NPC2 e interacéo de seus produtos de expressao

O gene NPCL1 esta localizado no locus 18g11-q12 e abrange 57 kb de
DNA genbmico, sendo dividido em 25 éxons (Carstea et al., 1997; Patterson,
2000). Esse gene codifica uma glicoproteina transmembranica de 1278
aminoéacidos, com 13 dominios que reside na membrana dos lisossomos e

endossomos tardio (Carstea et al., 1997). A proteina apresenta um dominio



sensivel ao esterol (SSD), o qual medeia o trafico intracelular de colesterol
atraveés de sua ligagdo ao dominio N-terminal (loannou, 2000).

O gene NPC2 esté localizado no locus 14g24.3, abrange 13,5 kb de DNA
gendmico e sua regido codificante apresenta 5 éxons. O produto desse gene é
uma glicoproteina de 132 aminoacidos, expressa em todos os tecidos com alta
concentracdo nos testiculos, rins e figado. E uma proteina soltvel, que se liga
ao colesterol e é capaz de reverter parcialmente o acumulo de lipidios celular
(Naureckiene et al., 2000). A proteina NPC2 apresenta isoformas com
glicosilacdo variavel, pesos moleculares variando entre 19 a 23 kDa e,
distribuicdo em diferentes tecidos (Vanier & Millat 2004).

A localizacdo e a estrutura dos genes NPC1l e NPC2 encontram-se

representadas, de forma esquematica, na figura 1.

Gene NPC1
Locus 18q11-q12

(B N T )

HHHHH

_.._
-
e
=
=)
e e
e
—_—
=
O
e

Gene NPC2
Locus 14924.3

(L1 NEE 'S NEN'N )

Figura 1. Representacdo esquematica dos genes NPC1 e NPC2. O gene
NPC1 é composto de 25 éxons, com tamanho total de 55,46 kb; gene NPC2 é
composto por 5 éxons com tamanho total de 13,58 kb (Fonte: Elaborada pelo
autor).

O mecanismo de transporte intracelular do colesterol vem sendo chamado

de “time NPC” por alguns autores. Entretanto, o mecanismo completo ainda nao
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esta completamente elucidado (Vance et al.,, 2010). Relacdo direta entre as
proteinas NPC1 e NPC2 ja foi evidenciada (Figura 2). Ap0s a endocitose do
colesterol para o interior do lisossomo, a proteina NPC2 liga-se a regiao
hidrofébica do colesterol, proporcionando o0 movimento deste no meio aquoso. O
colesterol ligado a NPC2 é entdo transferido para a proteina transmembranica
NPC1, a qual é responsavel pela exportacdo do colesterol para fora do
lisossomo/endossomo tardio (Wang et al., 2010).

O transporte do colesterol do lisossomo para o citoplasma via proteina
NPC1 ainda néo foi elucidado, sendo questionado se esse transporte ocorre via
insercao da molécula na membrana do lisossomo. Questdes como: na presenca
de colesterol, a proteina NPC1 pode sofrer mudancas conformacionais
importantes para a sua funcdo de transporte? O colesterol, ligando-se ao
dominio SSD vai regular as mudancas conformacionais ou vai realmente realizar
0 transporte desse composto? Estes questionamentos estdo por serem

esclarecidos (Pfeffer, 2019).

Lisossomo

Figura 2: Mecanismos proposto de exportacdo do colesterol a partir do
lisossomo/endossomo tardio mediado pelas proteinas NPC1/NPC2. O
colesterol ndo esterificado entra nos lisossomo/endossomo tardio via endocitose
mediada por receptores de LDL (low-density lipoproteins); em seguida ocorre
ligacdo a proteina NPC2, a qual encontra-se no limen da organela, sendo
transportado para a proteina transmembranica NPC1, a qual sera responsavel
pela exportacdo da molécula para o citoplasma (Fonte: Elaborada pelo autor).
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1.2.3 Dados Epidemioldgicos

NP-C é uma doenca pan-étnica com prevaléncia no oeste europeu
estimada em 1 para cada 120.000 a 150.000 nascidos vivos (Vanier & Millat,
2003). Atualmente, estima-se que a incidéncia seja de 0,95 casos em cada
100.000 nascidos vivos (Vanier, 2015). Na Republica Tcheca, a prevaléncia
estimada entre os anos de 1975-2012 foi de 0,93 casos a cada 100.000 nascidos
vivos (Jahnova et al., 2014). No Brasil, ainda ndo ha dados disponiveis referentes
a prevaléncia e incidéncia de NP-C.

Acredita-se que estes valores sejam subestimados devido a dificuldade
de diagnostico desta patologia (Mengel et al., 2013). Em uma analise mais
recente, dados gerados por sequenciamento do exoma, onde as variacdes
identificadas foram classificadas como patogénicas ou nao-patogénicas
baseadas numa combinacéo de revisédo da literatura e analise de bioinformatica,
sugeriu uma incidéncia de 1,12 a cada 100.000 nascidos vivos (Wassif et al.,

2016).

1.2.4 Diagnostico de Niemann-Pick tipo C

O diagnostico de NP-C é realizado através de uma combinacdo de
analises laboratoriais, com analises bioquimicas e moleculares (Vanier, 2016).
O teste do Filipin foi desenvolvido ha mais de 30 anos e é utilizado para o
diagnostico de NP-C. Esse teste se caracteriza pela observacédo de uma intensa
fluorescéncia ao redor do nucleo, pelo acumulo de colesterol ndo esterificado
(Wraith et al., 2009). A utilizacdo apenas deste teste para confirmar casos de
NP-C pode ser dificultada pelo fato de que formas “variantes” da doenca

resultarem em analises inconclusivas. Esses casos podem estar relacionados a
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mutacdes especificas na sequéncia génica, como € o caso da mutacao
p.Prol1007Ala e em alguns casos de heterozigotos compostos (Vanier, 2016).

A busca de novos biomarcadores que possam ser identificados em
amostras de sangue e que oferecam especificidade e baixo custo estdo sendo
colocados na rotina de triagem para diagnéstico de NP-C (Vanier, 2016). A
atividade da quitotriosidase € utilizada para diagnéstico da doenca de Gaucher,
mas também se encontra elevada em outras doencas lisossémicas, podendo
estar aumentada em casos de NP-C (Ries et al., 2006).

A dosagem de oxiesterois esta sendo utilizada para auxiliar no diagnéstico
de NP-C. Oxiesterois correspondem a uma classe de moléculas as quais sao
geradas a partir da oxidacdo do colesterol. Elevadas concentracfes destas
moléculas foram observadas em plasma de camundongos NPC1-/- e,
concentracbes levemente aumentadas foram observadas em pacientes
heterozigotos para NPC1. Dois metabdlitos em especial chamam atencéao:
cholestane-3,5a,63-triol (C-triol) e 7-ketocholesterol (7-KC). A dosagem de
oxiesterodis € uma analise que utiliza amostra de sangue como material biolégico
e, as técnicas utilizadas podem ser a cromatografia gasosa acoplada a
espectrometria de massa e cromatografia liquida acoplada a espectrometria de
massa em tandem (Porter et al., 2010; Jiang et al., 2011).

O C-triol e 7-KC apresentam uma alta correlacdo entre si, porém estes
biomarcadores ndo estdo correlacionados com a idade de inicio dos sintomas e
nem com a gravidade da doenca (Pajares et al., 2015). Mais de 30 laboratérios
ao redor do mundo ja disponibilizam a dosagem de oxiesterol no plasma para

auxiliar no diagnéstico de NP-C (Sobrido et al.,, 2019). Muitos estudos
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encontram-se em andamento para validar este biomarcador como teste auxiliar
no diagnostico desta patologia.

No laborat6rio de andlises bioguimicas do Servico de Genética Médica do
Hospital de Clinicas de Porto Alegre, 76 amostras de individuos com suspeita
para NP-C foram dosadas os niveis de oxiesterois, especificamente o C-triol e
7-KC, a atividade da quitotriosidase, além da realizacao do teste de Filipin e da
analise molecular (sequenciamento de Sanger). Os resultados obtidos neste
trabalho apresentaram 88,0% de sensibilidade e 96,1% de especificidade na
dosagem de C-triol, reafirmando, desta forma, que este metabolito pode ser um
bom biomarcador para diagndstico de NP-C (Hammerschmidt et al., 2018).

Outros candidatos a biomarcadores também vem sendo observados,
como o aumento dos lisoesfingolipideos e presenca de acidos biliares na urina.
A deteccdo destes marcadores apresenta baixo custo, sdo de facil
implementacdo em laboratorio e permitem a primeira triagem da amostra do
paciente. Porém, eles ocorrem em outras doengas e seus niveis normais nao
excluem o diagnodstico. Desta forma, ainda ndo ha dados suficientes para a
validac&o no diagnéstico complementar de NP-C (Vanier, 2015).

A andlise molecular € necessaria para confirmar o diagnostico apos a
identificacdo de biomarcadores alterados e em resultados inconclusivos no teste
de Filipin (Patterson et al., 2012). Esta andlise pode ser realizada através da
técnica de sequenciamento das regifes codificantes e flanqueadoras dos genes
NPC1 e NPC2 utilizando a metodologia de Sanger.

Além das analises bioquimicas e moleculares, o diagnoéstico de NP-C
pode contar com biomarcadores de imagem. A ressonancia magnética (Magnetic

Resonance Imaging — MRI), DaTSCAN™ SPECT (Single-photon Emission

14



Computed Tomography), tensor de difuséo (diffusion tensor imaging — DTI) e
tomografia por emissao de pasitrons (positron emission tomography — PET) séo
alguns exemplos que, apesar de ndo serem especificos para a patologia, podem
ser utilizados para verificar a gravidade da doengca bem como para o
acompanhamento de tratamentos (Benussi et al., 2018).

O sequenciamento de nova geracao (Next Generation Sequencing —
NGS) esta comecando a ser validado para ser utilizado como mais uma
ferramenta de diagndstico. O NGS apresenta maior cobertura dos genes,
permitindo uma analise que inclui introns e regides regulatérias, mas algumas
alteracdbes como duplicacbes podem passar despercebidas por essa
metodologia (Macias-Vidal et al., 2011).

Dentre os fatores que podemos considerar como sendo possiveis causas
da doenca estédo as alteracbes de maior extensdo, como grandes delecfes e
insercoes de DNA. Para tal, a técnica de amplificacdo de multiplas sondas
dependente de ligacdo (Multiplex Ligation-dependent Probe Amplification -
MLPA), descrita por Schouten e colaboradores (2002), e posteriormente
comercializada pela empresa holandesa MRC-Holland, pode ser aplicada. A
técnica se baseia no principio que a amostra de DNA gendmico € hibridizada a
uma mistura de sondas, com amplificacdo posterior dos produtos de ligacao por
PCR (Polymerase chain reaction), utilizando um par de primers universal. Os
fragmentos finais sdo resolvidos por eletroforese capilar, sendo possivel a
guantificacdo relativa de coOpias génicas. A técnica de MLPA permite avaliar
alteracoes do tipo grandes delecdes e duplicacdes de éxons e até mesmo uma

duplicacdo do gene inteiro (Macias-Vidal et al., 2011).
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Além do auxilio laboratorial, pode ser utilizado o Score NP-C Sl em
combinacdo com andlise de biomarcadores e andlise genética garantindo uma
melhor eficiéncia e uma diminuicdo do custo-efetividade para o diagndstico

preciso de NP-C (Sobrido et al., 2019).

1.2.5 Tratamentos disponiveis

O Miglustat (Zavesca®), vem sendo utilizado como tratamento paliativo
de NP-C, o qual tem apresentado reducéo de progressdo da doenca. Este
farmaco foi aprovado pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA),
pela Unido Europeia e ainda por paises como Canadad e Japao. Esse
medicamento também é utilizado para tratamento da doenca de Gaucher. O
Miglustat leva a reducdo da glicosilceramida através da inibicdo de
glicosilceramida sintase (Patterson et al., 2007). Estudos recentes apresentam
resultados que indicam que o ha uma reducdo dos scores de incapacidade em
pacientes que fazem uso deste medicamento (Pineda et al., 2019).

Exaustivos ensaios clinicos com B-ciclodextrina vem sendo realizados.
Resultados preliminares apresentaram atenuacdo do fenotipo de NP-C. A
internalizacdo da molécula para o lisossomo ocorre via pinocitose, a qual
possivelmente realiza a funcdo de NPC1 e de NPC2. Como ocorre esse efeito
ainda nao esta determinado, mas uma das hipoteses € de que ela estabiliza o
colesterol e o efluxo ocorre via transporte vesicular (Rosenbaum & Maxfield,
2010). Outra hipotese € que a B-ciclodextrina esteja associada a proteina
LAMP1, uma outra proteina relacionada com o trafego do colesterol para o
endossomo tardio bem como para o lisossomo, especialmente quando NPC1

estd ausente ou limitada (Singhal et al., 2018)
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Atualmente, os pacientes sdo assistidos com tratamentos paliativos, com
0 objetivo de amenizar os sintomas. Eles seguem acompanhados por
fisioterapeutas, fonoaudidlogos e nutricionistas, além da administracdo de
algumas drogas que amenizam a progressao da doenca, mas a recuperagao

total do fendtipo ainda néo € possivel.

1.3 Genes modificadores

Os genes NPC1 e NPC2 estdo associados a doenca NP-C. Porém, ainda
existem muitas lacunas que necessitam ser preenchidas, pois o fenétipo dos
pacientes pode ser variavel ainda que na presenca da mesma alteracao génica.
Genes modificadores, sédo aqueles capazes de modular a gravidade da doenca,
juntamente com fatores ambientais e o gene responsavel pela doenca, podendo
estar relacionados as diferencas de fendtipos observados nessa patologia.

A busca para encontrar uma possivel associacdo entre genes, pode ser
visto como encontrar uma agulha no palheiro, mas a selecédo daqueles nos quais
seus produtos estao relacionados a proteina NPC1 pode ser uma boa ferramenta
para elencar os possiveis candidatos a modificadores. Como alternativa
metodoldgica, a analise de polimorfismo de nucleotideo Unico (single nucleotide
polymorphisms — SNP) torna-se uma técnica factivel e que pode auxiliar na

tentativa de achar as respostas.

1.4 Homeostase proteica

A procura de novos candidatos que possam estar envolvidos na
fisiopatologia de NP-C é constante. Atualmente, estudos visando o controle de
gualidade tem se mostrado promissores. O controle de qualidade garante a

homeostase proteica necessaria para o correto funcionamento celular, as
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proteinas sintetizadas devem ser enoveladas ao seu estado nativo para que
consigam exercer suas funcgdes. Porém, condicbes ambientais e estresse
fisiologico podem levar a interacdes ndo-nativas que guiam para o enovelamento
incorreto bem como para a agregacao.

A proteina NPC1 € sintetizada no reticulo endoplasmatico (RE),
transportada para o complexo de Golgi onde € glicosilada para posterior envio
ao lisossomo/endossomo tardio (loannou, 2001). Em um trabalho recente, os
resultados obtidos indicaram como sendo 9 horas o tempo de meia vida da
proteina selvagem, enquanto a meia vida da proteina mutada (NPC1 p.I11061T)
foi de 6,5 horas. Neste trabalho, a degradacdo NPC1 p.11061T foi observada em
duas vias distintas, a proteossomal e a de degradacéo associada ao RE, mas
ambas com a funcao de alcancar a homeostasia proteica (Schultz et al.,2018).

A autofagia seletiva do RE (selective ER-phagy) esta associada ao RE e
se refere a uma rota autofagica descrita recentemente, a qual contempla alvos
especificos e apresenta a missdo de manter a forma e a funcdo deste
compartimento celular (Dikic, 2018). No trabalho de Schultz e colaboradores
(2018), foi evidenciada a associacdo da proteina NPC1 mutada (p.121061T) como
um substrato enddgeno pelo receptor FAM134B, o qual é um dos quatro
receptores especificos identificados até o momento como integrantes da
autofagia seletiva do RE (Schultz et al.,2018). Essa ligacdo entre a proteina
NPC1 e o receptor FAM134B, sugere gue, possivelmente, a autofagia seletiva
do RE contempla alvos especificos (Dikic, 2018).

Outro trabalho utilizou modelos celulares de NP-C para testar a

administracdo de indutores de autofagia. Como resultado, foi observado a
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diminuicdo no armazenamento do colesterol, indicando o possivel
comprometimento desta via (Sarkar et al., 2013).

Ainda para o controle proteico, ha outras rotas autofagicas que envolvem
a participacao de varias proteinas, entre elas as chaperonas (Smith & Cheetham,
2015). As chaperonas sdo moléculas que interagem com outras proteinas
participando da sua estabilizacdo e ganho de funcdo sem estarem presentes no
produto final (Ellis, 1987).

O acumulo de proteinas mal enoveladas é citotoxico e pode implicar em
patologias. Entre elas, podemos citar doencas neurodegenerativas e também
doencas lisossbmicas de deposito (Osellame & Duchen, 2013; Smith &
Cheetham, 2015). Além da funcdo de enovelamento correto, as chaperonas
participam do processo de degradacao proteica através do envio das proteinas
para o proteossomo e para a via autofagica (Kim et al., 2013).

As chaperonas Hsp70 (heat shock protein 70), Hsp90 (heat shock protein
90) e a cochaperona CHIP (Carboxy-terminus of Hsc70-interaction protein)
aparecem no controle de qualidade da proteina NPC1 selvagem e também na
mutante (p.lle1061Thr) estando a Hsc70 (heat shock cognate 70) envolvida na
degradacdo via proteossoma, enquanto Hsp70 estaria envolvida no
enovelamento e na estabilizacdo (Nakasone et al., 2014).

Além da Hsp70 (familia HSPA) e Hsp90 (familia HSPC), as chaperonas
Hsp40 (heat shock protein 40) (DNJAB6) e a cochaperona CHIP vém sendo

associadas a doencas neurodegererativas.

1.4.1 Chaperona DNAJB6

As moléculas J, também chamadas de Hsp40, estdo envolvidas na
regulacdo da atividade da Hsp70 através da inducdo da hidrolise de ATP,
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estimulando a atividade ATPase, dessa forma estabilizando a interacdo desta
com seu substrato e garantindo a especificidade do mesmo (Kampinga & Craig,
2010; Mittra et al., 2009).

Até o momento, 49 diferentes DNAJ sé@o conhecidas, sendo divididas em
trés classes de acordo com os seus dominios. Essa diversidade de dominios
promove a interacdo especifica entre a Hsp70 e sua proteina alvo (Figura 3). A
DNAJB6 é uma integrante da classe Il das Hsp40, a qual esta envolvida no
bloqueio da agregacdo beta-amiloide (AB), agregados de poliglutaminas e

toxicidade celular (Smith & Cheetham, 2015).

Proteina nativa @
Proteina nao nativa L/}q

Protema J

Dom\nloJ A~

Figura 3: Modelo de associacdo da maquinaria de Hsp70 no enovelamento
de proteinas. 1) Proteina J (Hsp40) liga-se a proteina cliente; 2) Interacéo
Hsp70 via dominio J; 3) Hidrdlise de ATP e liberacdo do dominio J; 4) Ligacao
dos NEF (Nucleotide Exchange Factor); 5) Associacdo de ADP ao complexo; 6)
Ligacdo de um ATP; 7) Proteina “cliente” é liberada devido a baixa afinidade pela
Hsp70 (ATP) (Fonte: Elaborada pelo autor).

1.4.2 Cochaperona CHIP

A CHIP pertencente a familia das E3 ligases, sendo uma cochaperona

(Ballinger et al., 1999) que se liga ao dominio C-terminal das Hsp/c70 e Hsp90,
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através do seu dominio N-terminal (Matsumura et al., 2013). Ela esta envolvida
na ubiquitinacdo das chaperonas para o envio das mesmas para a via ubiquitina-
proteossomo (Narayan et al., 2015).

Em modelos animais e celulares da doenca de Machado-Joseph, a
expressédo baixa desta cochaperona foi associada ao aumento da gravidade da
doenca (Miller et al.,, 2005; Wiliams et al., 2009). A mesma também foi
identificada em imunoprecipitado juntamente com a proteina NPC1 mutada,
indicando a participacdo no processo de ubiquitinacdo da proteina mutada para
posterior envio ao proteossomo (Nakasone et al., 2014). Apés o enovelamento,
a proteina pode ser enviada para 3 destinos distintos: para o
lisossomo/endossomo tardio, para a via proteossomal ou para a via autofagica.
Essas duas ultimas vias ndo séo utilizadas somente para proteinas mutadas,
mas também para proteinas selvagens quando mal enoveladas, o que acontece

com relativa frequéncia (figura 4).
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Figura 4: Via de degradacédo de NPC1 selvagem e mutada (p.lle1061Thr).
NPC1 é uma proteina transmembranica cujo enovelamento € facilitado pela
maquinaria calnexina/calreticulina. A marcacdo cinza indica a regido SSD,
importante para a ligacdo do colesterol. As proteinas, selvagem ou mutada,
podem ser degradadas no proteossomo se ndo tiverem um enovelamento
correto. Nao ha uma definicdo de todos os componentes que participam da via
de degradacdo ERAD  (endoplasmatic-reticulum  associated-protein
degradation), mas a maquinaria contendo Hsp70 e a CHIP ja vém sendo
descritas neste processo. A ubiquitinacdo da NPC1 ocorre em trés residuos de
lisina (318, 792 e 1180), voltados para o citoplasma. O outro processo que
também esta envolvido na degradacdo das proteinas mal enoveladas € a
autofagia, onde as proteinas sdo engolfadas pelo pré-autofagossomo (PAS), o
gual subsequentemente formard o autofagossomo que se fusionard com o
lisossomo, formando o autolisossomo onde ocorrera a degradacéo do substrato.
Ainda ndo se conhece completamente a via de degradacdo de NPC1 (Fonte:
Elaborada pelo autor).

A utilizacdo de chaperonas como ferramenta para o desenvolvimento de
farmacos para casos de NP-C vém se mostrando promissora. Além das
chaperonas bioldgicas, as chaperonas quimicas também tém funcionado para o

correto enovelamento das proteinas mutadas. Ha trabalhos indicando que na

superexpressao da proteina mutada de NPC1 e o uso de chaperonas quimicas
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€ possivel recuperar o fenétipo e, a explicacdo desse efeito € que o0 excesso de
proteina sobrecarrega a via de degradacdo. Dessa forma, proteinas mutadas
escapam do controle de qualidade e, com o auxilio de chaperonas quimicas,
conseguem ser enoveladas corretamente e tornarem-se funcionais (Gelsthorpe

et al., 2008).

1.5 Apolipoproteina E

A apolipoproteina E (ApoE), ndo faz parte das rotas autofagica e
proteossomal discutidas até o momento. Porém, ela tem sido apontada como um
possivel modificador, uma vez que se encontra diretamente relacionada ao
metabolismo do colesterol. Trata-se de uma proteina de transporte do colesterol
e de outros lipidios no plasma e no sistema nervoso central, ligando-se aos
receptores ApoE de superficie celular (Mahley & Rall, 1988; Zhong et al., 2016).
A proteina contém 299 aminoacidos, a regido N-terminal (residuos 136-150)
interage com os receptores de ApoE e a ligacao dos lipidios ocorre na regiao C-
terminal (residuos 244-272) (Hatters et al., 2006; Bu, 2009).

Em humanos, o gene ApoE apresenta dois polimorfismos (rs429358 e
rs7412) que resultam em trés alelos (€2, €3 e €4), os quais possibilitam a
ocorréncia de seis diferentes gendtipos (€2/€2, €2/€3, €2/€4, €3/€3, €3/e4, €4/€4).
O alelo €3 é o mais frequente (77,9%) e o alelo €2, o mais raro (8,4%) (Mahley,
1988; Bu, 2009; Zhong et al., 2016). A presenca do alelo €4 ocorre em
aproximadamente 15% da populacdo em geral, mas em pacientes com a doenca
de Alzheimer (DA) pode chegar a 40% (Bu, 2009).

As trés isoformas, ApoE2, ApoE3 e ApoE4, se diferenciam apenas nas
posices 112 e 158 de sua proteina, onde a cisteina (Cys) e arginina (Arg) estao
presentes: €2 (112 Cys, 158 Cys), €3 (112 Cys, 158 Arg) e €4 (112 Arg, 158 Arg).
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A diferenca de um aminoacido entre as isoformas interfere na estrutura e
influencia a associacdo de lipidios e a ligacdo com receptores (Hatters et al.,
2006).

A ApoE2 é menos eficiente no transporte de lipidios, estando associada a
hiperlipoproteinemia do tipo Ill e, em algumas populacbes, também tem
demonstrado efeito protetivo contra DA (Bu, 2009; Tyrrel et al., 1998). A ApoE4
liga-se a lipoproteinas de maior tamanho, estando associada ao risco aumentado
de doencas cardiovasculares e a DA (Bu, 2009). Ja a ApoE3 aparece como
tendo um efeito “neutro” (Fu et al., 2012).

Em uma coorte de 15 pacientes com NPC1, o alelo ApoE €4 foi associado
ao inicio precoce da doenca, enquanto o alelo ApoE €2 ao inicio tardio (Fu et al.,
2012). A presenca do alelo €4 tem sido associado como um fator de risco para a
DA, e parece estar associada a outras doencas. No primeiro trabalho, onde os
autores buscaram uma associacdo deste alelo com a gravidade da doenca de
NP-C, os resultados apontaram como um possivel modificador, mesmo com um
numero reduzido de pacientes (n=15).

Para a presente tese foram escolhidos trés genes candidatos a
modificadores, DNAJB6, CHIP e ApoE, por apresentarem dados na literatura que

indicam possivel relevancias destes na fisiopatologia da doenca de NP-C.
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2 OBJETIVOS

2.1 Objetivo Geral

O objetivo geral deste trabalho foi identificar o genétipo de pacientes com
doenca de Niemman-Pick tipo C (NP-C), determinando a frequéncia de
mutac¢des comuns e caracterizando mutacfes novas nos genes associados a
doenca, e analisar variantes de sequéncia em genes candidatos a modificadores

de fendtipo dessa doenca.

2.2 Objetivos Especificos

o Descrever o espectro de muta¢cdes em uma coorte de pacientes com NP-
C atraves de ampla analise genética;

o Determinar a frequéncia de mutacées comuns em pacientes brasileiros
com NP-C;

o Aplicar um protocolo mais abrangente para investigar a possivel
ocorréncia de rearranjos génicos nos genes NPC1 e NPC2 em individuos
com suspeita clinica de NP-C;

o Investigar polimorfismos de nucleotideo Unico em genes que codificam
chaperonas e cochaperonas como potenciais modificadores de fendtipo
em pacientes com NP-C;

o Determinar as diferentes isoformas da apolipoproteina E na coorte de
pacientes com NP-C e verificar seu potencial efeito sobre o fenétipo dos

pacientes.
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Abstract

Niemann-Pick type C (NP-C) is a rare autosomal recessive disorder characterized by storage of unesterified glycolipids and
cholesterol in lysosome and/or late endosome due to mutations in either NPCI or NPC2 gene. This study aims to identify the
spectrum of sequence alterations associated to NP-C in individuals with clinical suspicion of this disease. The entire coding region
and flanking sequences of both genes associated to NP-C were evaluated in a total of 265 individuals that were referred to our
laboratory. Clinical and/or biochemical suspicion of NP-C was confirmed by molecular analysis in 54 subjects. In this cohort, 33
different sequence alterations were identified in NPC/ and one in NPC2. Among those, 5 novel alterations in NPCI gene were
identified as follows: one deletion (p.Lys38 Tyr40del), one frameshift (p.Asn195Lysfs*2), and three missense mutations
(p.Cys238Arg, p.Ser365Pro and, p.Val694Met) that are likely to be pathogenic through different approaches, including in silico
tools as well as multiple sequence alignment throughout different species. We have also reported main clinical symptoms of patients
with novel alterations and distribution of frequent symptoms in the cohort. Findings reported here contribute to the knowledge of

mutation spectrum of NP-C, defining frequent mutations as well as novel sequence alterations associated to the disease.

Keywords Niemann-Pick type C disease - NPC1 gene - NPC2 gene - Mutation spectrum - Novel variation

Introduction

Niemann-Pick type C disease (NP-C disease; OMIM
#257220) is a rare autosomal recessive neurodegenerative dis-
order characterized by storage of unesterified glycolipids and
cholesterol in lysosome and/or late endosome (LE/L) due to
mutations in either NPCI or NPC2 genes [1]. This disorder
causes premature death, and subjects from different ethnic
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groups can be affected [2—4]. NP-C prevalence is approxi-
mately 1/100,000 live births, but incidence can vary among
different countries [4]. Hepatosplenomegaly, vertical
supranuclear ophthalmoplegia, progressive ataxia, dystonia,
and dementia are among symptoms characterized as the
“classic” phenotype [5—7]. Mutations in genes coding for
the large transmembrane endosomal NPC1 and a small solu-
ble lysosomal NPC2 proteins result in intracellular sterol
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cycling alterations [8]. Great majority of NP-C cases is due to
mutations in NPCI gene (95%) whereas the remaining are
caused by mutations in NPC2 gene [4, 9]. The human NPC1
gene is located at Jocus 18q11, spans more than 47 kb, and is
organized into 25 exons. The transcript is 4.9 kb long encoding
a protein with 1278 amino acids [10]. NPC1 protein has 13
transmembrane domains, 3 large and 4 small luminal loops, 6
small cytoplasmic loops, and a cytoplasmic tail [11]. High ho-
mology was observed among NPC1 protein and other NP-C
orthologs, such as mouse, Saccharomyces cerevisiae, and
Caenorhabditis elegans [12]. High sequence homology be-
tween NPC1 and other proteins that are involved in cholesterol
metabolism was also observed [13, 14]. The human NPC?2 gene
is located at Jocus 14q24.3, spans more than 13 kb, and is
organized into 5 exons. The transcript of 0.9 kb produces a
small soluble glycoprotein that contains 131 amino acid resi-
dues [5, 15]. NPC1 and NPC2 genes have many mammalian
orthologs with highly conserved primary sequences [16].

Diagnosis of NP-C requires biochemical evaluation, such
as Filipin staining test in fibroblasts or plasma oxysterols eval-
uation, and/or molecular analysis of NPC/ and NPC2 genes
[5, 9]. To date, more than 460 different sequence alterations
have been reported to be associated to NP-C.

This study describes the mutation spectrum of a broad ge-
netic analysis in a cohort of patients with NP-C, including five
novel sequence variants and rare mutations.

Material and Methods
Patients

In this study, we have included biological samples from 265
individuals that were sent to our laboratory from different
regions of Brazil, from 2011 to 2017, through the NPC
Network. Inclusion criteria were positive or inconclusive re-
sult in the Filipin staining test or a strong clinical suspicion of
NP-C, regardless the biochemical evaluation outcome. This
study was approved by our local Institutional Review Board
(project number 05168).

DNA Isolation and Amplification of NPC1 and NPC2
Genes

Genomic DNA was isolated from peripheral white blood cells
using standard protocols and stored at — 20 °C. Polymerase
chain reaction (PCR) was used to selectively amplify specific
fragments of NPCI (NG _012795.1) and NPC2 (NG 007117.1)
genes. Primer sequences can be found in Supplementary
Table S1. Coding sequences and flanking regions (exons 1 to
25 of NPC1 gene and exons 1 to 5 of NPC2 gene) were ampli-
fied by PCR using genomic DNA as template. The whole cod-
ing region of NPCI was divided into 24 different amplicons
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(exons 15 and 16 were amplified as one fragment). NPC2 cod-
ing region was divided into 5 different amplicons. Amplification
reaction was performed in final volumes of 25 pL containing
25 ng genomic DNA, 200 mM of each dANTP, 2.5 uM of each
primer (forward and reverse), 2.5 mM of MgCl,, 200 mM of
Tris-HCI (pH 8.4), 50 mM of KCI, and 1.25 U of Tag DNA
Polymerase (Invitrogen™, Carlsbad, CA, USA). Cycling con-
ditions were initial denaturation at 95 °C for 5 min, followed by
30 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C
for 30 s, and extension at 72 °C for 1 min, followed by final
extension at 72 °C for 10 min. Each PCR product was verified
by electrophoresis on a 1.5% (w/v) agarose gel and visualization
under UV light.

DNA Sequencing

Amplicons were purified using 2.5 U of Exonuclease I (USB,
Cleveland, OH, USA) and 0.25 U of Shrimp Alkaline
Phosphatase (USB, Cleveland, OH, USA). DNA sequencing
was performed using BigDye® Terminator Cycle Sequencing
kit v. 3.1 (Applied Biosystems, Foster City, CA, USA) from
universal M13 (= 20) forward and reverse primers, following
the manufacturer’s instructions. Sequences were analyzed
with DNA Sequencing Analysis software v. 5.2 (Applied
Biosystems) in an ABI PRISM® 3130x/ Genetic Analyzer.
All identified sequence variations were confirmed by se-
quencing an independent sample from both forward and re-
verse primers. Sequence variations were compared to data
available in the NP-C database in the Human Gene Mutation
Database (HGMD® - http://www.hgmd.cf.ac.uk), the Exome
Aggregation Consortium (ExAC) browser (http://exac.
broadinstitute.org/), the Genome Aggregation Database
(gnomAD) browser (http://gnomad.broadinstitute.org/), and
1000genomes (http://www.internationalgenome.org’/home).

Evaluation of Novel Mutations

Amino acid sequences of NPC/ from 10 different species were
compared by multiple alignment in order to determine whether
changes identified in their amino acid sequences were associat-
ed to conserved residues. Sequences were searched for using the
protein database from the National Center for Biotechnology
Information (NCBI - https://www.ncbi.nlm.nih.gov/). Amino
acid sequences were aligned with Clustal Omega using
FASTA format (https://www.ebi.ac.uk/Tools/msa/clustalo/). In
order to assess their potential pathogenicity, novel sequence
variations in the NPC! coding region were analyzed using
eight web-based tools. Those tools were PolyPhen-2
(Polymorphism Phenotyping v2, http://genetics.bwh.harvard.
edu/pph2/) [17], SNPs3D (http://www.snps3d.org/) [18],
Align GVGD (http://agvgd.iarc.fr/) [19], Mutation Taster
(http://www.mutationtaster.org/) [20], Mendelian Clinically
Applicable Pathogenicity (M-CAP) Score (http://bejerano.
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Table 1 Alleles defined by this

study. Novel sequence variants Mutation cDNA nucleotide substitution ~ Exon #of alleles  Allelic frequence
are shown in italics
NPC1 gene
p-Lys38 40Tyrdel c.114-122del9 2 1 0.011
p.Gln117* c.349C>T 4 1 0.011
p-Cys177Tyr ¢.530G > A 5 2 0.023
p-Alal83Thr + p.Ser365Pro  ¢.547G>A + ¢.1093 T> C Sand 8 1 0.011
p-Ser151Phefs*70 c.451_452delAG 4 1 0.011
p.Asnl95Lysfs*2 c.584dupA 5 1 0.011
p-Cys238Arg c712T>C 6 1 0.011
p-Cys247Tyr c.740G > A 6 1 0.011
p-Arg372Trp c.1114C>T 8 1 0.011
p-Arg615His c.1844G> A 12 1 0.011
p-Val664Met ¢.1990G > A 13 2 0.023
p-Ser667Leu ¢.2000C>T 13 1 0.011
p-Val694Met ¢.2080G> A 13 1 0.011
p.Gly710Alafs*19 ¢.2129delA 13 2 0.023
p-Pro733Serfs*10 ¢.2196 _2197insT 14 1 0.011
p.-Ala764Val c.2291C>T 15 1 0.011
p-Ser865Leu c.2594C>T 17 1 0.011
p-Ala926Thr c.2776G> A 18 1 0.011
p-Trp942Cys c.2826G>T 19 1 0.011
p-Asp945Asn c.2833G> A 19 1 0.011
p-Cys957Tyr c.2870G > A 19 1 0.011
p-Gly992Arg c2974G>C 20 1 0.011
p-Pro1007Ala ¢.3019C>G 20 15 0.170
p-Alal035Val c3104C>T 21 24 0.273
p-Ile1061Thr c3182 T>C 21 4 0.045
p.Gly1140Val c3419G>T 22 1 0.011
p-Asnl156lle c.3467A>T 22 1 0.011
p-Leull157Pro c3470 T>C 22 1 0.011
p-Vall165Met ¢.3493G> A 23 1 0.011
p-Glul166Lys c.3496G > A 23 1 0.011
p-Argl186His ¢3557G> A 23 2 0.023
p.Phe1221Serfs*20 ¢.3662delT 24 13 0.148
Total 88
NPC2 gene

p.Glu20* c.58G>T 2 1.000
Total

stanford.edu/mcap/) [21], Combined Annotation Dependent  Results

Depletion (CADD) (http://cadd.gs.washington.edu/snv) [22],
Rare Exome Variant Ensemble level (REVEL) (https://sites.
google.com/site/revelgenomics/) [23], and Variant Effect
Scoring Tool (VEST3) (http://hgl9.cravat.us/CRAVAT/) [24].
Mutalyzer 2.0 was used as a reference for naming novel
sequence variations (https://mutalyzer.nl/) [25]. Model
structure of NPCI was generated by PyMOL 2.0 software
(https://pymol.org/2/), and mutant models by Modeler 9.1
software [26], using PDB ID code 3JD8.

Genotype of NP-C patients was defined through identification
of novel and/or rare sequence alterations in NPCI or NPC2
genes. Mutant alleles were confirmed in 54 out of 265 indi-
viduals, being 29 (53.7%) females and 25 (46.3%) males.
Within NP-C confirmed patients, 18 (33.3%) were from con-
sanguineous marriage. Among NP-C cases identified in this
work, 52 (96.3%) patients have mutations in NPC! gene while
the remaining 2 (3.7%) patients carry mutations in NPC2. In
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Fig. 1 DNA sequencing of novel sequence variations identified in NPC/
gene. (a) Direct sequencing of exon 2 from the forward primer. Arrow
indicates the beggiging of the deletion in the p.Lys38 Tyr40del (c.114
122delGAGGTACAA) variation. Patient is heterozygous for this varia-
tion; therefore, after sequence variation, two different profiles can be seen
in the figure: one from wild-type allele and the other from mutant allele.
(b) Direct sequencing of exon 5 from the forward primer. The arrow
shows nucleotide duplication that characterizes the p.Asn195Lysfs*2
(c.584dupA) variation. Patient is heterozygous for this variation; there-
fore, after sequence variation, two different profiles can be seen in the

total, 34 different sequence alterations were identified, in-
cluding 5 novel variations in NPCI, and a detailed distri-
bution of mutations is shown in Table 1. Frequency of
variants was estimated using unrelated chromosomes only;
i.e., we have just considered one allele from homozygous
patients of consanguineous marriages, giving a total of 90 al-
leles. The most frequent mutation was p.Alal035Val (27.0%),
followed by p.Prol007Ala (16.9%), and p.Phel221Serfs*20
(14.6%).
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figure: one from wild-type allele and the other from mutant allele. (c)
Direct sequencing of exon 6 from the forward primer. The arrow indicates
T to C substitution in the p.Cys238Arg (c.712 T > C) variation. Patient is
heterozygous for this variation. (d) Direct sequencing of part of exon 8
from the forward primer. The arrow indicates T to C substitution in the
p-Ser365Pro (c.1093 T > C) variation. Patient is homozygous for this
variation. (e) Direct sequencing of part of exon 13 from the forward
primer. The arrow indicates G to A substitution in the p.Val694Met
(c.2080G > A) variation. Patient is homozygous for this variation

All novel variants described here are located in NPC!
gene, and distributed as follows: one small deletion
(p.Lys38 Tyr40del), one frameshift (p.Asn195Lysfs*2), and 3
missense mutations (p.Cys238Arg, p.Ser365Pro, and
p-Val694Met). Sequencing profile of novel mutations is in
Fig. 1. These novel changes were not found among 400 alleles
from normal individuals. All 5 patients carrying novel muta-
tions were previously evaluated by Filipin staining test and
results were positive. A brief clinical description of patients
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with novel sequence variations can be found in Table 2.
Variations cited in this work as novel were not found in the
Human Gene Mutation Database (HGMD®), ExaC,
gnomAD, and 1000genomes. Findings regarding these novel
changes are described below.

The p.Lys38 Tyr40del (c.114-122del9) mutation is a deletion
of nine nucleotides within exon 2 (Fig. 1(a)) that leads to a
protein with three missing amino acids (Lys, Arg, and Tyr).
This mutation was found in a compound heterozygote carrying
p.Phe1221Serfs*20 in the other allele. This male patient was
diagnosed when he was 1 year old and clinical symptoms in-
clude dysphagia, cognitive decline, and developmental delay
(Table 2).

Variation p.Asn195Lysfs*2 is due to a duplication of one
nucleotide (adenine) in exon 5 of NPCI gene (Fig. 1(b)).
This frameshift was identified in a female patient in trans
with p.Phe1221Serfs*20. She was diagnosed at 6 months of
age, and main symptoms were hepatosplenomegaly, hypoto-
nia, and developmental delay. This mutation produces a trun-
cated protein that is expected to have a defective function.

Regarding missense mutations, p.Cys238Arg is located at
exon 6, due to T to C change (Fig. 1(c)), which was found in a
female patient diagnosed at 2 years of age. Her clinical symp-
toms included cerebellar ataxia, developmental delay, and cat-
aplexy. The p.Cys238Arg was found in trans with
p.F1221Sfs*20 (patient was a compound heterozygote), and
variants were confirmed in her parents.

Novel variation p.Ser365Pro is due to T to C change in
exon 8 of NPCI (Fig. 1(d)) and it was found in cis with
p-Alal83Thr. This complex allele was found in a homozygous
male patient from a consanguineous marriage, and both mu-
tations were confirmed in his parents.

The other novel missense mutation, p.Val694Met, is due to
G to A change in exon 13 (Fig. 1(e)), and this alteration was
detected in a female patient from consanguineous marriage.
She was 14 years old at diagnosis and clinical symptoms in-
clude cerebellar ataxia, and vertical supranuclear gaze palsy.
Patient was homozygous for this alteration, and variant was
also confirmed in her parents.

All novel sequence variations were evaluated through
alignment of amino acid sequences from 10 different

organisms, and alterations are located within conserved resi-
dues, suggesting an effect on protein function or structure
(Fig. 2). Pathogenicity of novel missense variations was eval-
uated using different web-based tools (supplementary
Table S2), following the guidelines by the American College
of Medical Genetics and Genomics (ACMG) to the interpre-
tation of sequence variants [27]. Two missense mutations
(p.Cys238Arg and p.Val694Met) were defined as being path-
ogenic by all different tools. p.Ser365Pro was also classified
as pathogenic by great majority of tools except by one (CADD
software). However, considering that this serine residue is
conserved among species (Fig. 2), and that this substitution
introduces a novel imino group in the protein, a pathogenic
effect might be also expected in this case.

Finally, distribution of age at diagnosis ranged from
2 months to 46 years with an average of 11.3 years, and 32
cases (59.3%) were diagnosed in patients of up to 10 years of
age. Patients included in the analysis were from different re-
gions of Brazil, and more detailed description of symptoms
was available from 33 confirmed cases. Therefore, more fre-
quent symptoms, based on cases with complete clinical de-
scription, were splenomegaly, hepatomegaly, cerebellar atax-
ia, and vertical supranuclear gaze palsy, and distribution of
symptoms according to age group is shown in supplementary
Fig. S1.

Discussion

We identified mutations in 54 NP-C patients, being 96.3% in
NPCI gene and 3.7% in NPC2 gene. Distribution of muta-
tions shown here is similar to the described in the literature
from studies worldwide, where mutations in NPC/ gene occur
in 95% of the NP-C patients [2, 12, 15, 28].

The most frequent mutation in our sample population was
p-Alal035Val (27.0%) that is different from cohorts reported
in North hemisphere, where p.lle1061Thr is described as the
most frequent one [29-38]. As previously reported, high fre-
quency of p.Ile1061 Thr in Hispanic patients suggest a founder
effect originated in Western Europe [32, 39]. A prevalence of
a different mutation in this studied cohort suggests a different

Table 2 Brief clinical description of patients that carry novel sequence variations identified by this study

Mutation Genotype Age at diagnosis Gender  Clinical symptoms

p.Lys38_Tyr40del  p.Lys38 Tyr40del/p.Phe1221Serfs*20 1 year Male Dysphagia, cognitive decline, developmental delay

p-Ser365Pro [p.Ser365Pro + p.Alal83Thr]/ 27 years Male Neurological regression

[p-Ser365Pro + p.Alal83Thr]

p-Asn195Lysfs*2 p-N195Kfs*2/p.F1221S£s%20 6 months Female = Hepatomegaly, splenomegaly, hypotonia,
developmental delay

p-Cys238Arg p-Cys238Arg/p.Phe1221Serfs*20 2 years Female Cerebellar ataxia, developmental delay, cataplexy

p-Val694Met p-Val694Met/p.Val694Met 14 years Female Cerebellar ataxia, vertical supranuclear gaze palsy

@ Springer
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Fig. 2 Alignment of amino acid
sequences of several organisms.
Specific regions flanking
mutations are represented. (a)
Human (NP_000262.2); (b)
Chimpanzee (XP_016788941.1);
(c) Orangutan (XP_
009250570.1); (d) Domestic
guinea pig (XP_003474080.2);
(e) Rat (NP_705888.2); (f) Mouse
(NP_032746.2); (g) Horse (XP_
005612821.1); (h) Dog (NP_
001003107.1); (i) Chicken (XP_
419162.3); (j) Zebrafish (NP _
001230804.1); (k) Fruit fly (NP_
001188769.1). Boxes indicate
conserved residues associated to
novel mutations. Designation of
each mutation is given above the
appropriate box

ethnic background of NP-C patients in Brazil. The second
most common mutation in our study was p.Prol007Ala
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p.Lys38_Tyr40del
------ MTARGLA---LGLL-LLLLCPAQVFSQSCVWYGECGIAY --GDKRYNCEYSGPP

------ MIARGLA---LGLL-LLLLCPAQVFSQSCVWYGECGIAY --GDKRYNCEYSGPP
------ MTARGLA---LGLL-LLLLCPAQVFSQSCVWYGECGIAY--GDKRYNCEYSGPP
------ MGARGWA---LGLL-LLLLCPVQVFSQSCIWFGECGIAS--GDKRYNCKYSGPP
—————— MGAHHPA- - -LGLLLLLLLCPAQVFSQSCVWYGECGVAF - -GDKRYNCEYSGPP
------ MGAHHPA---LGLLL-LLLCPAQVFSQSCVWYGECGIAT - -GDKRYNCKYSGPP
—————— MSAPGPA---LDLL-LLLLCAAQVFSQSCVWYGECGIAF - -GDKRYNCEYSGPP
------ MTARRPA---VGLV-LLLLCPAQVFAQSCVWYGECGIAS--GDKRYNCQYSGPP

--MGGPQGSPGPGTRLLLLFLLLLLSPAQVLPQQCVWYGECGVAS - -GDKRYNCAYDGPP
------ MLLLGR-NHIFRLLLATVLLSHWVHGQHCIWYGECGNSPNVPEKKLNCNYTGPA
MSPRSPLRISPFGVHI--LIAAVLFTLIQSSKQDCVWYGVCNTND--FSHSQNCPYNGTA

p.Asn195Lysfs*2
SNDKALGLLCGK-DADACNATNWIEYMHANKDNGQAPFTITPVFSDF - -PVHGMEPMNNAT
SNDKALGLLCGK-DADACNATNWIEYMANKDNGQAPFTITPVFSDF - -PVHGMEPMNNAT
SNDKALGLLCGK-DADACNATNWIEYMANKDNGQAPFTITPVFSDF - -PVHGMEPMNNAT
SNDKALGLLCGR-DADTCNATNWIEYMANKDNGQAPFTITPIFSDL - -PIHGMEPMRNAT
SNEKALGLLCGR-DARACNATNWIEYMANKDNGQAPFTIIPVFSDL - -SVLGMEPMRNAT
SNEKALGLLCGR-DARACNATNWIEYMANKDNGQAPFTIIPVFSDL--SILGMEPMRNAT
SNDKALGILCGK-EAEACNATNWIEYMANKNNGQAPFTITPIFSDF --PAHGMEPMNNAT
SNDKALGLLCGK-EAEACNATNWIEYMANKDNGQAPFTIIPIFSDL - -PAHGMKPMNNAT
SNVKALGLLCGK-DVKDCNATNWIEYMANKDNGQTPFSIIPIFSDA--PVHGMNPMNNAT
SNIKALGLLCGR-DASVCTPQIWIQYMFSISNGQVPFGIEPIFTDV--PVQGMTPMNNRT
TGQLAFDLMCGAYSASRCNPTKWFNFMGDATNPYVPFQITYIQHEPKSNSNNFTPLNVTT

p.Cys238Arg

KGCDESVDEVTAPCFCQDCSIVCGPKPQPPPPPAPWTILGLDAMYVIMWITYMAFLLVFF
KGCDESVDEVTAPCFCQDCSIVCGPKPQPPPPPAPWTILGLDAMYVIMWITYMAFLLVFF
KGCDESVDEVTAPCFCQDCSIVCGPKPQPPPPPAPWTILGLDAMYVIMWITYMVFLLVFF
KACNESVDEVTGPICFCQDCSIVCGPKPQPPPPPVPWRLLGWDAMYVIMWITYMAFLVVFF
KGCNESVDEVTGPCFCQDCSAVCGPKPQPPPPPVPWRILGLDAMYVIMWVAYMAFLVLFF
KGCNESVDEVTGPICFCQDCSIVCGPKPQPPPPPMPWRIWGLDAMYVIMWVTYVAFLFVFF
KGCNESVDEVTGPCFCQDCSVVCGPKPQPPPAPAPWRILGLDAMYVIMWTTYMAF LLMFF
KGCDEPVDEVTAPCFCQDCSVVCGPKPQPPPAPAPWRILGLDAMYVIMWITYMAF LLMFF
KGCNESVDDSTGPCFCQDCSIVCGPKPQPPPLPAPWLLFGLDAVYIIMWISYMGFLLIFF
FNCSQSLDDGSEPCFCQDCSEVCGPTPVPPPIPPPWIILGLDAMSFIMWCSYIAFLLIFF
VPCNQAVSSKLPACFCSDCDLSCPQGPPEPPRPEPFKIVGLDAYFVIMAAVFLVGVLVFL

p.Ser365Pro
WGSFCVRNPGCVIFFSLVFITAQSSGLVFVRVTTNPVDLWSAPSSQARLEKEYFDQHFGP
WGSFCVRNPGCVIFFSLVFITAQSISGLVFVWVTTNPVDLWSAPSSQARLEKEYFDQHFGP
WGSFCVRNPGCVIFFSLVFVTAQSSGLVFVRVTTNPVDLWSAPSSQARLEKEYFDQHFGP
WGAFCVQRPGYVIFFSLVFIASQSSGLVFVRLTTNPVDLWSAPSSQARLEKEYFDTHFGP
WGAFCVRNPTCIIFFSLVFIAAQSSGLVFVQVTTNPVELWSAPHSQARLEKEYFDKHFGP
WGAFCVRNPTCIIFFSLAFITV(SSGLVFVQVTTNPVELWSAPHSQARLEKEYFDKHFGP
WGSFCVRNPGCVVVFSLAFIAAQSSGLVFVRVTTNPVDLWSAPSSQARLEKEYFDAHFGP
WGSFCIRNPGCIIFFSLAFIAAQSSGLVFSRVTTNPVDLWSAPGSQARLEKEYFDAHFGP
WGAFCVRNPRPVILFSVVFIAMCCSGFVYIKATTNPVDLWSAPSSQARKEKEYFDKHFGP
WGSLCVRQPLTIILSSLVLICIQSAGLSYMRITTNPVELWSAPSSRARQEKNYFDQHFGP
WGTYFASNPGLTLIAGASLVVILGYGINFIEITTDPVKLWASPNSKSRLEREFFDTKFSP

p.Val694Met

LIVIEVIPFLVL AVGVDNIFILVQAYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET
LIVIEVIPFLVLAVGVDNIFILVQAYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET
LIVIEVIPFLVLAVGVDNIFILVQAYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET
LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFCET
LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQEETLDQQLGRILGEVAPTMFLSSFSET
LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQEETLDQQLGRILGEVAPTMFLSSFSET
LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET
LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQGETLEQQLGRVLGEVAPSMFLSSFSEA
LIVAEVIPFLVLAIGVDNLFIIVQTLQRDERLEGETLDKQIGRVLGDVAPSMFLSSFSET
LIVIEVIPFLVLAVGVDNIFIIVQTYQRDERMPEEELHQQIGRILGDVAPSMFLSSFSET
LIIVEVIPFLV] AVGVDNIFILVQTHQRDQRKPNETLEQQVGRILGKVGPSMLLTSLSES
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(16.9%), and this alteration was also reported as being fre-
quent in different European countries [5]. Frequency data of
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Wild type

p.Lys38_Tyr40del

Fig. 3 Location of p.Lys38_40Tyr in the NPC1 protein. (a) Image repre-
sents the wild-type NPC1 protein; region of three amino acids (lysine,
arginine, and tyrosine) involved in the deletion is represented in pink. (b)

this mutation reported in Portuguese, British, and German
patients ranged from 15 to 20% [37].

We have observed higher frequency of some mutations in
specific regions as follows: p.Alal035Val was present in
32.0% of mutant alleles identified in Sdo Paulo state,
p.Pro1007Ala was found in 53.3% of mutant alleles from
Parana state, and p.Phel221Serfs*20 was identified in
75.0% of alleles from Pernambuco state. Although prelimi-
nary, these data indicate that regional variation of ethnic back-
ground in a huge country as Brazil might determine higher
frequencies of mutations in specific places. Several studies
have reported specific disease-causing mutations among dif-
ferent populations and ethnic groups associated to NP-C [30,
31, 38-40]. Additional analyses are required to further inves-
tigate this issue.

Distribution of confirmed cases among geographical re-
gions of Brazil was as follows: 46.3% of cases in Southeast,
followed by 25.9% of cases from Northeast, 24.1% of cases
from South, and 3.7% from West Central. This higher fre-
quency of cases in Southeast might be a combination of highly
populated region as well as a more facilitated access to health
system.

Clinical presentation of NP-C can be heterogeneous and non-
specific, which makes more difficult to reach a correct diagnosis
[9]. Symptoms of pediatric patients (<4 years) described here
are in agreement to a previous report that more discriminatory
signs for NP-C in pediatric patients are splenomegaly, hepato-
megaly, dysphagia, cognitive decline, delayed neuro-psychomo-
tor, ataxia, and cataplexy [41]. Clinical findings reported here in
adult patients, such as seizures, neurological regression, spleno-
megaly, cognitive decline, cerebellar ataxia, and vertical

Wild type + p.Lys38_Tyr40del

Image represents mutant NPC1 protein p.Lys38 40Tyr. (¢) Close-up and
superposed view of wild-type (in green) and mutant (in blue) NPC1
proteins. Figures were generated by PyMOL 2.0

Wild type

Fig. 4 Images representing wild-type NPC1 protein and NPC1 protein
produced in the presence of p.Asn195Lysfs*2. (a) Wild-type NPCI pro-
tein (1278 amino acids). (b) Mutant NPC1 protein produced by
p-Asn195Lysfs*2 mutation (197 amino acids). Figures were generated
by PyMOL 2.0
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supranuclear gaze palsy, were described as more commonly
found in older patients (supplementary Fig. S1).

Novel sequence variants appear to be widespread along
different regions in the protein: p.Lys38 Tyr40del,
p-Asnl195Lysfs*2, and p.Cys238Arg are located within lu-
men A domain, p.Ser365Pro in the transmembrane II
(TMII) domain, and p.Val694Met in the transmembrane
V (TMV). Position of these variations can be visualized
in NPC1 protein topology generated by Protter software
[42] (supplementary Fig. S2).

Mutation p.Lys38 Tyr40del is an in-frame deletion that
leads to a protein lacking three amino acids (Lys, Arg, and
Tyr). This deletion is located within the N-terminal domain
(NTD) (supplementary Fig. S2), which is the first luminal
domain composed by 240 amino acids [43]. This type of mu-
tation generates a mutant protein with a different tertiary struc-
ture (Fig. 3) that will likely affect protein function.

The frameshift variation p.Asn195Lysfs*2 produces a trun-
cated small protein that is expected to have a defective function.
The wild-type NPC1 protein has 1278 amino acids, and mutant
protein produced by this variation would be expected to have
197 amino acids only (Fig. 4). Therefore, essential domains of

\/
) \,,
> \’

=5

p.Val694

Fig. 5 Missense mutations in NPC1 when compared to the wild-type
amino acido residue. Arrows indicate location of wild-type and mutant
amino acid residue in each variant. (a) Wild-type NPC1 protein. (b) Wild-
type residue Cys (cysteine) compared to (c) mutant residue Arg

@ Springer

NPC1 protein will be missing, and normal function highly
impaired.

Missense mutation p.Cys238Arg is also located in a very
relevant domain of the protein. The amino acid cysteine at
position 238 establishes one of two disulfide bonds (C97—
C238 and C227-C243) from ¥ loop. This particular loop has
been reported before as being an important interface between
N-terminal domain (NTD) and middle luminal domain (MLD)
[44]. Therefore, the replacement of this cysteine residue by an
arginine prevents the establishment of a disulfide bond, which
changes protein conformation as can be observed in Fig. 5(b, ¢).

p-Ser365Pro variation introduces a novel imino group in
the protein (Fig. 5(d, e)). This imino group will be part of a
transmembrane domain (supplementary Fig. S2) and can
cause a very relevant change in the protein structure by itself.
In this particular case, as this mutation is found in a complex
allele in cis with another mutation, an even stronger impact in
protein function is expected due to a combination of effects.

The remaining missense mutation p.Val694Met is also lo-
cated within a transmembrane region, which is important for
NPCI1 (Fig. 5(f) and Fig. 5(g)). This region shows high ho-
mology to the sterol-sensing domains (SSD) of HMG-Co A

p.Ser365

(arginine). (d) Wild-type residue Ser (serine) compared to (¢) mutant
residue Pro (proline). (f) Wild-type residue Val (valine) compared to (g)
mutant residue Met (methionine). Figures were generated by PyMOL 2.0
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reductase that is involved in cholesterol synthesis, and to the
sterol regulatory element-binding protein (SREBP) cleavage-
activating protein (SCAP), which is an activator of a transcrip-
tion factor in cholesterol biosynthesis [11, 29, 30]. The inser-
tion of cholesterol into the lysosomal membrane involves
NPC1 transmembrane domains, including the sterol-sensing
motif that has been identified in other proteins as involved in
cholesterol homeostasis [45]. The majority of mutations in the
SSD region is associated to a severe phenotype [30, 46].

All novel variants were located within conserved regions
when multiple alignment analysis was performed with se-
quences of 10 different species (Fig. 2). These conserved re-
gions imply a requirement of those amino acids for normal
protein structure and/or activity throughout species. In addition,
all novel variations were tested for hydrophobicity prediction
and variations of hydrophobicity levels are expected in each
one. This is further evidence related to protein topology suscep-
tibility associated to novel sequences alterations reported here.

In summary, data provided here contribute to the knowl-
edge of worldwide mutation spectrum associated to NP-C.
Combination of molecular analyses with in silico tools, as well
as molecular modeling, can generate a more comprehensive
insight into NP-C associated proteins, with a potential to iden-
tify additional targets to the development of novel therapeutics
for Niemann-Pick type C.

Acknowledgements We would like to thank the patients and their fam-
ilies for providing biological material for this study. The authors also
thank investigators who enrolled patients in the NPC Brazil Network.
This study was partially supported by grants from Conselho Nacional
de Desenvolvimento Cientifico e Tecnologico (CNPq), Fundagao de
Amparo a Pesquisa do Estado do Rio Grande do Sul (FAPERGS),
Fundo de Incentivo a Pesquisa e Eventos do HCPA (FIPE-HCPA), and
INAGEMP—National Institute of Population Medical Genetics (grant
CNPq 573993/2008-4). The NPC Brazil Network is partially funded by
an unrestricted grant from Actelion (05168). MPB, HB, and FN were
supported by Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES); RG and MLSP were supported by CNPq.

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

References

1. Vance JE, Karten B (2014) Niemann-Pick C disease and mobiliza-
tion of lysosomal cholesterol by cyclodextrin. J Lipid Res 55:1609—
1621. https://doi.org/10.1194/j1.R047837

2. Vanier MT (2015) Complex lipid trafficking in Niemann-Pick dis-
ease type C. J Inherit Metab Dis 38:187-199. https://doi.org/10.
1007/s10545-014-9794-4

3. Pandi S, Chandran V, Deshpande A, Kurien A (2014) Niemann-
Pick disease type C or Gaucher’s disease type 3? A clinical conun-
drum. BMJ Case Rep 2014:10-13. https://doi.org/10.1136/bcer-
2014-203713

4. Vanier MT (2010) Niemann-Pick disease type C. Orphanet J Rare
Dis 5:16. https://doi.org/10.1186/1750-1172-5-16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Vanier M, Millat G (2003) Niemann-Pick disease type C. Clin
Genet 64:269-281. https://doi.org/10.1034/j.1399-0004.2003.
00147.x

Patterson MC, Vanier MT, Suzuki K et al (2015) Part 16:
Lysosomal disorders chapter 145: Niemann-Pick disease type C:
a lipid trafficking disorder. In: Scriver CR, Beaudet AL, Sly WS,
Valle D (eds) The metabolic and molecular bases of inherited dis-
ease. Accessed in 10/06/2015. https://doi.org/10.1036/ommbid.175
Walterfang M, Fietz M, Fahey M, Sullivan D, Leane P, Lubman DI,
Velakoulis D (2006) The neuropsychiatry of Niemann-Pick type C
disease in adulthood. J Neuropsychiatry Clin Neurosci 18:158-170.
https://doi.org/10.1176/appi.neuropsych.18.2.158

Walterfang M, Abel LA, Desmond P, Fahey MC, Bowman EA,
Velakoulis D (2013) Cerebellar volume correlates with saccadic
gain and ataxia in adult Niemann-Pick type C. Mol Genet Metab
108:85-89. https://doi.org/10.1016/j.ymgme.2012.11.009
Patterson MC, Hendriksz CJ, Walterfang M, Sedel F, Vanier MT,
Wijburg F, NP-C Guidelines Working Group (2012)
Recommendations for the diagnosis and management of
Niemann-Pick disease type C: an update. Mol Genet Metab 106:
330-344. https://doi.org/10.1016/j.ymgme.2012.03.012

Morris JA, Zhang D, Coleman KG, Nagle J, Pentchev PG, Carstea
ED (1999) The genomic organization and polymorphism analysis
of the human Niemann-Pick C1 gene. Biochem Biophys Res
Commun 261:493-498. https://doi.org/10.1006/bbrc.1999.1070
Davies JP, loannou YA (2000) Topological analysis of Niemann-
Pick C1 protein reveals that the membrane orientation of the puta-
tive sterol-sensing domain is identical to those of 3-hydroxy-3-
methylglutaryl-CoA reductase and sterol regulatory element bind-
ing protein cleavage-activating. J Biol Chem 275:24367-24374.
https://doi.org/10.1074/jbc.M002184200

Carstea ED, Morris JA, Coleman KG, Loftus SK, Zhang D,
Cummings C, Gu J, Rosenfeld MA et al (1997) Niemann-Pick
Cl isease gene: Homology to mediators of cholesterol homeostasis.
Science 277:228-231. https://doi.org/10.1126/science.277.5323.
228

Hua X, Nohturfft A, Goldstein JL, Brown MS (1996) Sterol resis-
tance in CHO cells traced to point mutation in SREBP cleavage-
activating protein. Cell 87:415-426

Millard EE, Gale SE, Dudley N, Zhang J, Schaffer JE, Ory DS
(2005) The sterol-sensing domain of the Niemann-Pick C1
(NPC1) protein regulates trafficking of low density lipoprotein cho-
lesterol. J Biol Chem 280:28581-28590. https://doi.org/10.1074/
jbc.M414024200

Naureckiene S, Sleat DE, Lackland H et al (2000) Identification of
HELI as the second gene of Niemann-Pick C disease. Science 290:
2298-2301. https://doi.org/10.1126/science.290.5500.2298

Vanier MT, Millat G (2004) Structure and function of the NPC2
protein. Biochim Biophys Acta 1685:14-21. https://doi.org/10.
1016/.bbalip.2004.08.007

Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova
A, Bork P, Kondrashov AS, Sunyaev SR (2010) A method and
server for predicting damaging missense mutations. Nat Methods
7:248-249. https://doi.org/10.1038/nmeth0410-248

Yue P, Moult J (2006) Identification and analysis of deleterious
human SNPs. J Mol Biol 356:1263—1274. https://doi.org/10.1016/
jjmb.2005.12.025

Tavtigian SV, Deffenbaugh AM, Yin L, Judkins T, Scholl T,
Samollow PB, de Silva D, Zharkikh A et al (2005)
Comprehensive statistical study of 452 BRCA1 missense substitu-
tions with classification of eight recurrent substitutions as neutral. J
Med Genet 43:295-305. https://doi.org/10.1136/jmg.2005.033878
Schwarz JM, Cooper DN, Schuelke M, Seelow D (2014)
MutationTaster2: mutation prediction for the deep-sequencing
age. Nat Methods 11:361-362. https://doi.org/10.1038/nmeth.2890

@ Springer


https://doi.org/10.1194/jlr.R047837
https://doi.org/10.1007/s10545-014-9794-4
https://doi.org/10.1007/s10545-014-9794-4
https://doi.org/10.1136/bcr-2014-203713
https://doi.org/10.1136/bcr-2014-203713
https://doi.org/10.1186/1750-1172-5-16
https://doi.org/10.1034/j.1399-0004.2003.00147.x
https://doi.org/10.1034/j.1399-0004.2003.00147.x
https://doi.org/10.1036/ommbid.175
https://doi.org/10.1176/appi.neuropsych.18.2.158
https://doi.org/10.1016/j.ymgme.2012.11.009
https://doi.org/10.1016/j.ymgme.2012.03.012
https://doi.org/10.1006/bbrc.1999.1070
https://doi.org/10.1074/jbc.M002184200
https://doi.org/10.1126/science.277.5323.228
https://doi.org/10.1126/science.277.5323.228
https://doi.org/10.1074/jbc.M414024200
https://doi.org/10.1074/jbc.M414024200
https://doi.org/10.1126/science.290.5500.2298
https://doi.org/10.1016/j.bbalip.2004.08.007
https://doi.org/10.1016/j.bbalip.2004.08.007
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1016/j.jmb.2005.12.025
https://doi.org/10.1016/j.jmb.2005.12.025
https://doi.org/10.1136/jmg.2005.033878
https://doi.org/10.1038/nmeth.2890

Mol Neurobiol

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Jagadeesh KA, Wenger AM, Berger MJ, Guturu H, Stenson PD,
Cooper DN, Bernstein JA, Bejerano G (2016) M-CAP eliminates a
majority of variants of uncertain significance in clinical exomes at
high sensitivity. Nat Genet 48:1581-1586. https://doi.org/10.1038/
ng.3703

Kircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM, Shendure J
(2014) A general framework for estimating the relative pathogenic-
ity of human genetic variants. Nat Genet 46:310-315. https://doi.
0rg/10.1038/ng.2892

loannidis NM, Rothstein JH, Pejaver V, Middha S, McDonnell SK,
Baheti S, Musolf A, Li Q etal (2016) REVEL: an ensemble method
for predicting the pathogenicity of rare missense variants. Am J
Hum Genet 99:877-885. https://doi.org/10.1016/j.ajhg.2016.08.
016

Carter H, Douville C, Stenson PD, Cooper DN, Karchin R (2013)
Identifying Mendelian disease genes with the variant effect scoring
tool. BMC Genomics 14:S3. https://doi.org/10.1186/1471-2164-
14-S3-S3

Wildeman M, van Ophuizen E, den Dunnen JT, Taschner PEM
(2008) Improving sequence variant descriptions in mutation data-
bases and literature using the Mutalyzer sequence variation nomen-
clature checker. Hum Mutat 29:6—13. https://doi.org/10.1002/
humu.20654

Sali A, Blundell TL (1993) Comparative protein modelling by sat-
isfaction of spatial restraints. J Mol Biol 234(3):779-815. https://
doi.org/10.1006/jmbi.1993.1626

Richards S, Aziz N, Bale S et al (2015) Standards and guidelines for
the interpretation of sequence variants: a joint consensus recom-
mendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet
Med 17:405-423. https://doi.org/10.1038/gim.2015.30

Vanier MT, Duthel S, Rodriguez-Lafrasse C et al (1996) Genetic
heterogeneity in Niemann-Pick C disease: a study using somatic
cell hybridization and linkage analysis. Am J Hum Genet 58:118—
125

Millat G, Margais C, Rafi M a, et al (1999) Niemann-Pick C1
disease: the I1061T substitution is a frequent mutant allele in pa-
tients of Western European descent and correlates with a classic
juvenile phenotype. Am J Hum Genet 65:1321-1329. https:/doi.
org/10.1086/302626

Yamamoto T, Ninomiya H, Matsumoto M, et al (2000) Genotype-
phenotype relationship of Niemann-Pick disease type C: a possible
correlation between clinical onset and levels of NPC1 protein in
isolated skin fibroblasts. J] Med Genet 37:707-712

Garver WS, Jelinek D, Meaney FJ, Flynn J, Pettit KM, Shepherd G,
Heidenreich RA, Vockley CMW et al (2010) The national
Niemann-Pick type C1 disease database: correlation of lipid pro-
files, mutations, and biochemical phenotypes. J Lipid Res 51:406—
415. https://doi.org/10.1194/j1r.P00033 1

Park WD, O’Brien JF, Lundquist PA et al (2003) Identification of
58 novel mutations in Niemann-Pick disease type C: correlation
with biochemical phenotype and importance of PTC1-like domains
in NPC1. Hum Mutat 22:313-325. https://doi.org/10.1002/humu.
10255

Bauer P, Knoblich R, Bauer C, Finckh U, Hufen A, Kropp J, Braun
S, Kustermann-Kuhn B et al (2002) NPC1: Complete genomic
sequence, mutation analysis, and characterization of haplotypes.
Hum Mutat 19:30-38. https://doi.org/10.1002/humu.10016

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Tarugi P, Ballarini G, Bembi B, Battisti C, Palmeri S, Panzani F, di
Leo E, Martini C et al (2002) Niemann-Pick type C disease: muta-
tions of NPC1 gene and evidence of abnormal expression of some
mutant alleles in fibroblasts. J Lipid Res 43:1908—1919. https://doi.
org/10.1194/j1r.M200203-JLR200

Ribeiro I, Marcdo A, Amaral O, S4 Miranda M, Vanier MT, Millat
G (2001) Niemann-Pick type C disease: NPC1 mutations associat-
ed with severe and mild cellular cholesterol trafficking alterations.
Hum Genet 109:24-32

Meiner V, Shpitzen S, Mandel H, Klar A, Ben-Neriah Z, Zlotogora
J, Sagi M, Lossos A et al (2001) Clinical-biochemical correlation in
molecularly characterized patients with Niemann-Pick type C.
Genet Med 3:343-348. https://doi.org/10.1097/00125817-
200109000-00003

Yamamoto T, Nanba E, Ninomiya H, Higaki K, Taniguchi M,
Zhang H, Akaboshi S, Watanabe Y et al (1999) NPC1 gene muta-
tions in Japanese patients with Niemann-Pick disease type C. Hum
Genet 105:10-16

Greer WL, Riddell DC, Murty S, Gillan TL, Girouard GS, Sparrow
SM, Tatlidil C, Dobson MJ et al (1999) Linkage disequilibrium
mapping of the Nova Scotia variant of Niemann-Pick disease.
Clin Genet 55:248-255. https://doi.org/10.1034/j.1399-0004.
1999.550406.x

Fernandez-Valero EM, Ballart a IC et al (2005) Identification of 25
new mutations in 40 unrelated Spanish Niemann-Pick type C pa-
tients: genotype-phenotype correlations. Clin Genet 68:245-254.
https://doi.org/10.1111/j.1399-0004.2005.00490.x

Millat G, Margais C, Tomasetto C, Chikh K, Fensom AH, Harzer
K, Wenger DA, Ohno K et al (2001) Niemann-Pick C1 disease:
correlations between NPC1 mutations, levels of NPC1 protein, and
phenotypes emphasize the functional significance of the putative
sterol-sensing domain and of the cysteine-rich luminal loop. Am J
Hum Genet 68:1373—1385. https://doi.org/10.1086/320606

Yang C-C, Su Y-N, Chiou P-C, Fietz MJ, Yu CL, Hwu WL, Lee MJ
(2005) Six novel NPC1 mutations in Chinese patients with
Niemann-Pick disease type C. J Neurol Neurosurg Psychiatry 76:
592-595. https://doi.org/10.1136/jnnp.2004.046045

Omasits U, Ahrens CH, Miiller S, Wollscheid B (2014) Protter:
interactive protein feature visualization and integration with exper-
imental proteomic data. Bioinformatics 30:884—886. https://doi.
org/10.1093/bioinformatics/btt607

Kwon HJ, Abi-Mosleh L, Wang ML, et al (2009) Structure of N-
Terminal Domain of NPC1 Reveals Distinct Subdomains for
Binding and Transfer of Cholesterol. Cell 137:1213—1224. https:/
doi.org/10.1016/j.cell.2009.03.049

Li X, Lu F, Trinh MN, Schmiege P, Seemann J, Wang J, Blobel G
(2017) 3.3 A structure of Niemann—Pick C1 protein reveals insights
into the function of the C-terminal luminal domain in cholesterol
transport. Proc Natl Acad Sci 114:201711716-201719121. https:/
doi.org/10.1073/pnas.1711716114

Vance JE (2010) Transfer of cholesterol by the NPC team. Cell
Metab 12:105-106. https://doi.org/10.1016/j.cmet.2010.07.004
Millat G, Chikh K, Naureckiene S, et al (2001) Niemann-Pick dis-
ease type C: spectrum of HE1 mutations and genotype/phenotype
correlations in the NPC2 group. Am J Hum Genet 69:1013-1021.
https://doi.org/10.1086/324068


https://doi.org/10.1038/ng.3703
https://doi.org/10.1038/ng.3703
https://doi.org/10.1038/ng.2892
https://doi.org/10.1038/ng.2892
https://doi.org/10.1016/j.ajhg.2016.08.016
https://doi.org/10.1016/j.ajhg.2016.08.016
https://doi.org/10.1186/1471-2164-14-S3-S3
https://doi.org/10.1186/1471-2164-14-S3-S3
https://doi.org/10.1002/humu.20654
https://doi.org/10.1002/humu.20654
https://doi.org/10.1006/jmbi.1993.1626
https://doi.org/10.1006/jmbi.1993.1626
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1086/302626
https://doi.org/10.1086/302626
https://doi.org/10.1194/jlr.P000331
https://doi.org/10.1002/humu.10255
https://doi.org/10.1002/humu.10255
https://doi.org/10.1002/humu.10016
https://doi.org/10.1194/jlr.M200203-JLR200
https://doi.org/10.1194/jlr.M200203-JLR200
https://doi.org/10.1097/00125817-200109000-00003
https://doi.org/10.1097/00125817-200109000-00003
https://doi.org/10.1034/j.1399-0004.1999.550406.x
https://doi.org/10.1034/j.1399-0004.1999.550406.x
https://doi.org/10.1111/j.1399-0004.2005.00490.x
https://doi.org/10.1086/320606
https://doi.org/10.1136/jnnp.2004.046045
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1016/j.cell.2009.03.049
https://doi.org/10.1016/j.cell.2009.03.049
https://doi.org/10.1073/pnas.1711716114
https://doi.org/10.1073/pnas.1711716114
https://doi.org/10.1016/j.cmet.2010.07.004
https://doi.org/10.1086/324068

Supplementary figures

[] 0-10years

Developmental delay

Cognitive decline

B 11-20 years

Vertical supranuclear gaze palsy

\ 21-30 years

Psychosis. NN B 31-40 years

Disorder behavior N 41-50 years
Seizures N

Cerebellar ataxia

Hypotonia

Dystonia

Dysarthria

Dysphagia

Splenomegaly

Hepatomegaly N

0 2 4 6 8 10 12 14 1
Number of patients with NP-C

%
_

@
-
(]

20

Supplementary Fig. S1 Distribution of symptoms according to age group of NP-C patients. Symptoms were available in 33

patients.

39



p.Cys238Arg

vOOOOOOOOOOOOOOOOOOOOO
000000000000000@000000
0000000000000@0000@000
0000000000000000000000
0@00&0000000000@00000@
0000000000000000000000

p.Asn1 95L<f\s’2

oooooooooooooooooooeoo
oooooeooooooeooooooooe
oooeooeoeoaooooooooooo
oooooooooeoeoooooooooo

000000000000000000

O]
0@@000000000000000000000000000“0”00000
3

p.Lys38_Tyr40del

000 O

foial 220303 w

& OOWO 2

D ) LA00
O

©o00
o2

2

00
0o
OWGWWO
RO EEROREOREE)

002042
022620
ooo@oeo

o
AL OEEEOEROEEE

090000

22

[>)
9323322

000O000000000000000000000000

00202
028333
M 32 2

© oe.

L COCEEEEEEREECEECOEES

o
e 02
022220

22020
) oooooooooooooooooooo

0202

©32220

R

K REEEOOCEERREREES

°oooo

Supplementary Fig. S2 NPCL1 protein topology and distribution the novel mutations.

OO0 .0
26228
©~0e°0cCoD)

©)
(O]
©)]
O]

p.Val694Met

p.Ser365Pro

=
000000000000000000000000000000

00000

32022
070" P00 060C00000C00000C000006000,

i

§
O,
T —

The 13 transmembrane protein domains are

cytosolic domains are shown at the bottom part, and luminal domains are shown at the upper part of the
40

figure. Novel sequence alterations are indicated at their positions.

represented in the middle



Table S1. Location and sequence of primers used to analyze NPC1 and NPC2 genes.

Primer sequence (5" > 3)

fla :Ifi?\;srae;?ons Forward Reverse Length
(bp)
NPC1 gene
1 GTAAAACGACGGCCAGTAGAAACCGTTGGCACAACTC AACAGCTATGACCATGCAGACCAACTTCCCCAGGAC 471
2 GTAAAACGACGGCCAGTTTTGCAGGTAGCATTGGAAG AACAGCTATGACCATGCACCTCCACCCTGCAATAAC 325
3 GTAAAACGACGGCCAGTTTGTCAGGAGAGGAGAGAAAGC AACAGCTATGACCATGCAATCACTGGAGCCTAGGAAG 674
4 GTAAAACGACGGCCAGTTGATGCTCCAAAGTCCCTTTAC AACAGCTATGACCATGTGGATGCAAACTTGCACATAC 753
5 GTAAAACGACGGCCAGTCATGGTGCATATGGAGTTCG AACAGCTATGACCATGCTCAGTCTCCCCAAGCACTG 623
6 GTAAAACGACGGCCAGTTTTCAGTGGGCTTTTCTTTG AACAGCTATGACCATGTGGAGGTATTTGTTTCTTGTCC 451
7 GTAAAACGACGGCCAGTGCCAGGAGGAGGAAGAAAG AACAGCTATGACCATGCACACCACCTCACCCACTG 279
8 GTAAAACGACGGCCAGTTCCTGCCATGAGATAGCAAC AACAGCTATGACCATGATACCATGACATTCAGCCCC 576
9 GTAAAACGACGGCCAGTTGACCCTCAGGGCAATG AACAGCTATGACCATGTGTTGTTTGCTCACCTCTGG 419
10 GTAAAACGACGGCCAGTCAGCCTCATCAAATGTTCACTG AACAGCTATGACCATGGGTAAGAAATTAACAAAACTGCCC 310
11 GTAAAACGACGGCCAGTGAGCCCAGAGATACAGTCCATAG AACAGCTATGACCATGCGTAACTCAGATCTGCCATTG 329
12 GTAAAACGACGGCCAGTAAAACGTGGCCTTTGTATCG AACAGCTATGACCATGTGAAGAAAATAGATGTAGGCAACAG 451
13 GTAAAACGACGGCCAGTTTCAACTCTAGGTTTAATACAGCCC AACAGCTATGACCATGCCTCACAGGTCACACTCACG 391
14 GTAAAACGACGGCCAGTGCTTAGAAGACACTGCTAATCGTC AACAGCTATGACCATGAAAGGAAGCAACACAAAGGG 667
15and 16 GTAAAACGACGGCCAGTCTGTGCTGGCTCCTTGTATC AACAGCTATGACCATGAATCTCCTTCCCAGGCTGTC 598
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17 GTAAAACGACGGCCAGTCCCTGTACTCCCTATTAGCCTG AACAGCTATGACCATGGGAAACCCTGTCACCATTTG 356
18 GTAAAACGACGGCCAGTCTCCTGGCACCCTCTTATTC AACAGCTATGACCATGAAAGCCAGATTTAACATACATTTTG 417
19 GTAAAACGACGGCCAGTCTTTGAAAGGACTAATTTACCACC AACAGCTATGACCATGATGATGACACAGGGAGACCC 430
20 GTAAAACGACGGCCAGTAAGAAAGTAATGCCCCTCACTG AACAGCTATGACCATGGAGAAGAGACGTTCCCATGC 332
21 GTAAAACGACGGCCAGTTGGGTCTGACCTCTGAGTCC AACAGCTATGACCATGCCTGAAAATCAGCATCTTGC 412
22 GTAAAACGACGGCCAGTTTTCTGCAAGGGATGTTTCC AACAGCTATGACCATGTCCATCTTTAGGGTTTACATGG 439
23 GTAAAACGACGGCCAGTTGGGTAATTAGCACCCATCC AACAGCTATGACCATGGCTTGCAATCCTTAGAAGCTG 316
24 GTAAAACGACGGCCAGTCTTGAACCTGGGAGAAATCC AACAGCTATGACCATGTTATCAAATGACCATTAGTATGAGTTC 367
25 GTAAAACGACGGCCAGTCCATCTCCAAAAGAGAGGGAG AACAGCTATGACCATGGAACTTGTGGGATGGCTTACTC 625
NPC2 gene
1 GTAAAACGACGGCCAGTGAGACTGCAGGCTTCTGGG AACAGCTATGACCATGCAGTTAGGTAGGGTCCAAGGC 413
2 GTAAAACGACGGCCAGTGAGAGCAGAGCACCTTCCC AACAGCTATGACCATGATTCATGACTGCCAATTCCC 306
3 GTAAAACGACGGCCAGTGGAATGCTGTTGCTTGGG AACAGCTATGACCATGTCTTCATCATAGAGATAAGGGGC 382
4 GTAAAACGACGGCCAGTAGCTGTGCCCACATGCTAAG AACAGCTATGACCATGCAGGAAATAGGGTCTCAGATGC 382
5 GTAAAACGACGGCCAGTGGAATGTCTGATAACTTGCCC AACAGCTATGACCATGTGTCTTCAGTGCACTCTGGG 540
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Table S2. Data from in silico analyses of novel missense variations.

NPC1 # of

Mutation

. SNPs3D Align GVGD PolyPhen2 M-CAP CADD REVEL VEST3 Classification
mutations  alleles Taster
Likely
p.Cys238Arg 1 Pathogenic Pathogenic Pathogenic  Pathogenic = Pathogenic Pathogenic Pathogenic Pathogenic
Pathogenic
Non- Likely
p.Ser365Pro 1 Pathogenic Pathogenic Pathogenic  Pathogenic  Pathogenic Pathogenic Pathogenic
Pathogenic Pathogenic
Likely
p.Val694Met 1 Pathogenic Pathogenic Pathogenic  Pathogenic = Pathogenic Pathogenic Pathogenic Pathogenic
Pathogenic
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ABSTRACT

Niemann-Pick type C (NP-C) is a neurodegenerative disorder characterized by
storage of unesterified cholesterol in liver, spleen, and central nervous system.
To date, two genes are associated to this disease, NPC1 and NPC2, being 95%
of disease-associated mutations found in the former, and just 4% in the latter.
The aim of the current study was to apply a more comprehensive genetic analysis
protocol, including Sanger sequencing and the multiplex ligation-dependent
probe amplification (MLPA), to search for sequence variants in NPC1 or in NPC2
genes. A total of 12 distinct sequences variants were found in 18 different
samples, including one frameshift novel variant (p.Val231Glyfs*2), detected in
just one allele. In addition, an update in our diagnosis strategy was implemented
using a different biomarker, due to high incidence of false positive results in the
filipin staining test. We can then conclude that a combination of a screening test
using a more specific biochemical biomarker with a more comprehensive genetic

test is essential for achieving an accurate diagnosis of NP-C.

Keywords: Niemann-Pick type C disease; NPC1 gene; NPC2 gene; Multiplex

ligation-dependent probe amplification (MLPA); NP-C diagnosis
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INTRODUCTION

Niemann-Pick disease type C (NP-C; OMIM: NP-C1 #257220, NP-C2
#607625) is a rare, autosomal recessive neurovisceral disease with a broad
clinical spectrum. NP-C is caused by mutations in one of two genes, NPC1 and
NPC2 (Vanier, 2015). NPC1 is located on chromosome 18g11-g12, spans 57 kb
divided into 25 exons (Carstea, 1997; Patterson et al., 2000). This gene encodes
for a large glycoprotein of 1278 amino acid located in late endosomes,
characterized by 13 transmembrane domains (Carstea, 1997). NPC2 maps to
14924.3 and it was found to be identical to HE1, a previously known gene
encoding a major secretory protein in the human epididymis (Naureckiene et al.,
2000). The HE1/NPC2 gene, renamed NPC2 gene, spans 13.5 kb of genomic
DNA divided into 5 exons, and encodes for a small soluble glycoprotein of 132
amino acid that is ubiquitously expressed (Vanier and Millat, 2004).

Great majority of mutations (95%) associated to NP-C is found in the
NPC1 gene, with just approximately 4% in NPC2. There are few cases with a
positive outcome in the biochemical evaluation and no pathogenic alteration
detected in those genes (Patterson et al., 2012; Papandreou and Gissen, 2016).

The estimated prevalence of NP-C is approximately 1 in 100,000 live
births, although recent studies suggest that this figure might be underestimated,
considering that many patients fails to reach a diagnosis (Wassif et al., 2016;
Hendriksz et al., 2017). Nonspecific clinical presentation can be responsible for
the delay in the establishment of a NP-C diagnosis. Therefore, an efficient

laboratorial evaluation is crucial in order to allow that the proper diagnosis is
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achieved at an early stage of disease, enabling prompt start of appropriate clinical
management (Papandreou and Gissen, 2016).

Filipin staining test used to be the ‘gold standard’ diagnostic test for NP-C,
where a positive result would be a remark of impaired intracellular cholesterol
transport (Vanier, 2010). However, both false negative as well as false positive
results have been reported; those false negatives are represented by a small
group of patients with a “variant phenotype” staining (Papandreou and Gissen,
2016; Vanier et al., 2016). Therefore, genetic analysis is recommended to confirm
a diagnosis of NP-C (Patterson et al., 2012; Vanier and Latour, 2015).

More than 460 different sequence alterations have been reported in those
genes so far [Human Gene Mutation Database (HGMD) — Professional version -
http://mww.hgmd.cf.ac.uk]. DNA sequencing is required for the analysis of the
whole coding regions of NPC1 and NPC2, and Sanger sequencing can be used
as a diagnostic tool for point mutations or small genomic rearrangements. When
gross genomic rearrangements, such as deletions and/or insertions, have to be
investigated, additional tools, such as such as multiplex ligation-dependent probe
amplification (MLPA), are required to confirm or rule out those types of variant,
as indicated by a recently revised diagnostic algorithm (Petterson et al., 2017).
More recently, next generation sequencing (NGS) is beginning to be employed
for investigation of more complex clinical phenotypes (Sudrié-Arnaud et al.,
2018). However, NGS is not successful in all cases, and depending upon type of
genomic rearrangement, this alteration might escape detection.

Therefore, the aim of the current study was to apply a more
comprehensive genetic analysis protocol, based on the revised algorithm for use

of biomarkers and genetic testing, including Sanger sequencing and the multiplex
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ligation-dependent probe amplification (MLPA) of NPC1 or in NPC2 genes, in a

cohort of individuals with clinical suspicion of NP-C.
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MATERIALS AND METHODS

Subjects

Clinical information and biological samples from 265 unrelated individuals
from different regions of Brazil were obtained through Rede NPC Brasil, a
Brazilian network for diagnosis of NP-C. From this large cohort, a subset
composed by 34 individuals was carefully selected according to the following
inclusion criteria: (i) a strong clinical suspicion of NP-C and/or (ii) a positive or
inconclusive/variant result in the filipin staining test. Strong clinical suspicion was
defined based on leading manifestations, such as ataxia, cognitive decline,
psychosis, and splenomegaly. A positive result was defined by high fluorescence
in the test while inconclusive or “variant” would be those tests showing moderate
fluorescence. This data was collected retrospectively, not being performed during
this study. The other individuals were excluded due to negative results at both
biochemical biomarker and genetic testing, excluding a NP-C diagnosis, or due
to the presence of two pathogenic mutations into two different alleles that
confirms a NP-C diagnosis. The study was approved by our local institutional
review board (IRB), Comité de Etica em Pesquisa do Hospital de Clinicas de

Porto Alegre (CEP-HCPA), under registration #05-168.

DNA Isolation
Blood samples (5 mL) were collected into EDTA containing tubes, genomic
DNA was isolated from peripheral blood leukocytes according to standard

procedures and kept at —20°C until further analyses. DNA was quantified using a
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NanoDrop ND-1000 Spectrophotometer, and samples were diluted to 50 ng/uL

before molecular analysis.

Genetic testing

Polymerase chain reaction (PCR) was used to selectively amplify the
whole coding sequences of NPC1 and NPC2 genes as specific fragments, using
DNA genomic as template. The whole coding region of NPC1 was divided into 24
different amplicons (exons 15 and 16 were amplified within the same fragment).
NPC2 coding region was divided into 5 different amplicons. Sequences of primers
used for PCR amplification, as previously reported (Polese-Bonatto et al, 2019).
Amplicons were purified using 2.5 U of Exonuclease | (USB, Cleveland, OH,
USA) and 0.25 U of Shrimp Alkaline Phosphatase (USB, Cleveland, OH, USA),
according to standard procedures. Sanger sequencing was performed using
BigDye® Terminator Cycle Sequencing kit v. 3.1 (Applied Biosystems, Foster
City, CA, USA) using universal M13 primers, following manufacturer’s
instructions.

Multiplex Ligation-Dependent Probe Amplification (MLPA) was carried out
using MRC-Holland commercial kits for NPC1 and NPC2 (SALSA P193-A2),
according to the manufacturer’s instructions. Following ligation and amplification
reaction, products were subjected to capillary electrophoresis on an ABI3130xI
Genetic Analyzer (Applied Biosystems — Foster City, CA, USA). Data from
electrophoresis were analyzed using GeneMapper® v 3.2 software (Applied
Biosystems — Foster City, CA, USA) and Coffalyser v.9 software (MRC-Holland,

http://mww.mrc-holland.com/).
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In silico analyses

The Human Gene Mutation Database (HGMD® — Professional version -
http://mww.hgmd.cf.ac.uk) was the primary reference database for verifying
sequence variants. The Exome Aggregation Consortium (ExXAC) browser
(http://exac.broadinstitute.org/) and The Genome Aggregation Database
(gnomAD) browser (http://gnomad.broadinstitute.org/) (Lek et al., 2016) were
also used to search for variants in this study, and the Human Splicing Finder
(HSF) software (http://www.umd.be/HSF3/) was used to additionally check the
intron variant. Different predictor tools were applied to verify the impact of variants
on protein structure and/or function, including Mendelian Clinically Applicable
Pathogenicity (M-CAP) Score (http://bejerano.stanford.edu/mcap/), Mutation
Taster (http://www.mutationtaster.org/), and Combined Annotation Dependent
Depletion (CADD) (http://cadd.gs.washington.edu/). Variants are named
according to Human Genome Variation Society (HGVS) nomenclature guidelines
(http:/lwww.hgvs.org/content/guidelines), using NM_000271.4 reference

sequence for NPC1 transcript and NM_006432.4 for NPC2 transcript.
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RESULTS

Twelve different variants (all present in just one allele) in 18 (53%)

individuals were identified by a more comprehensive genetic testing applied in

this study, from the total of 34 individuals included in this cohort. Table 1 shows

a full list of sequence variants.

Table 1. Sequence variants detected by genetic testing and result of filipin

staining test, when available.

Sequence variation in one allele

Sample Nomenclature at Nomenclatu | Result of Filipin Allele
ID : re at DNA staining test | frequency’
protein level
level
NPC1 gene
; p.Serl51Phefs*18 | c.451 452del inconclusive 4.062e-6
3 p.Val231Glyfs*2 | ¢.692_693del
4
5 p.Pro237Ser c.709C>T inconclusive 0.01039
6
Il p.Pro434Ser c.1300C>T 0.004110
8 p.Gly911Ser c.2731G>A 0.001082
9 p.Ser954Leu c.2861C>T “variant” profile 7.223e-5
10 p.Asn961Ser C.2882A>G e 0.001098
11 inconclusive
12 p.Ala1035Val c.3104C>T |—nconcusive | g 1556 6
13 positive
14 p.Valll15Phe €.3343G>T 0.0008911
. [ lusi
T p.Ag1183His | C.3548G>A | PE {6 0001589
NPC2 gene
17 p.Val30Met c.88G>A inconclusive 0.002009
18 c.363+7g>a €.363+7G>A positive 0.001252

* Allele frequencies data from the genome aggregation database

Eleven out of those 12 variants were already found at HGMD and/or in

databases that combines both exome and genome sequencing data from a wide

variety of large-scale sequencing projects (defined in the Material and Methods

section). Some of these variants are reported at a very low allelic frequencies
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(table 1). In this group, we have observed cases with either positive or
inconclusive (or “variant”) results in the filipin staining test.

Different predictors tools were employed to evaluate pathogenicity of
variants within coding sequences due to single nucleotide change, according to
publish guidelines (Richards et al., 2015; Ghosh et al., 2017). This group includes
nine variants (missense), and those with low allele frequencies were classified as
probably pathogenic mutations, according to in silico analyses using tools
indicated by Ghosh and colleagues (2017).

One variant (c.363+7G>A in NPC2 gene) was found in one sample (Table
1, #18), which was included in our subset due to a positive result in the filipin test.
This nucleotide change was detected by both Sanger sequencing (Figure 1) and
MLPA analysis (Figure 2). As this variant was located within a non-coding
sequence, HSF software was applied to confirm or ruled out a possible splicing
defect, and no significant splicing motif alteration was detected by this tool in the
presence of this variant.

Variant p.Val231Glyfs*2 (Figure 3) detected in one allele was not found
among variants listed in the databases, being an indication that this variant is a
novel finding and possibly very rare. No further sequence alterations were

identified in the remaining 16 samples after the complete genetic testing protocol.
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DISCUSSION

A highly variable clinical phenotype makes the diagnosis of NP-C a
challenge task. Therefore, the combination of a well-defined clinical suspicion
and an extensive laboratory evaluation, including biomarkers as well as genetic
confirmation, is desirable for confirming or exclude a diagnosis.

The strategy applied in this cohort was able to detect 12 different
sequences variants in total. Each of them was present in just one allele, i.e.,
individuals were heterozygous for the variant. Great majority (10 out of 12) was
located in NPC1 gene, and few were detected in more than one sample (Table
1). The most frequent variant was p.Pro237Ser that was present in samples from
3 unrelated individuals. Allele frequency of this variant is just over 1% according
to gnomAD being categorized as a polymorphism. Other variants in NPC1 gene
with low allelic frequencies were defined as rare variants. However,
p.Serl51Phefs*18, p.Asn961Ser, p.Alal035Val, and p.Argl183His were
identified in 2 unrelated individuals each. Variants located in NPC2 gene,
p.Val30Met and ¢.363+7G>A, were found in one sample each.

Variant ¢.363+7G>A (NPC2) was detected by Sanger sequencing (Figure
1), but an abnormal profile was also observed by MLPA (Figure 2). No additional
alteration was found using MLPA. Data presented here further suggest that copy
number variation is a rare event in NPC1 and NPC2 genes.

To our current knowledge, the frameshift variation p.Val231Glyfs*2 (Figure
3) is likely to be a novel variant due to the fact that this change was not found in
variant databases. In addition, produces a truncated small protein that is

expected to have a defective function. The wild-type NPC1 protein has 1278

57



amino acids, and mutant protein produced by this variation would be expected to
have just 233 amino acids. Therefore, essential domains of NPC1 protein will be
missing, and normal function highly impaired.

In the present cohort, we have seen a number of cases reported as having
a strong clinical suspicion or a positive result in the filipin staining test that no
pathogenic sequence alteration in either NP-C associated genes were found.
Outcomes like that are in line with previously published reports (Vanier et al.,
2016; Patterson et al., 2017), and confirm that more specific biomarkers have to
be included in a laboratory diagnosis protocol for NP-C. Hence, we are currently
using oxysterols measurements as an additional biomarker in the NP-C diagnosis
protocol, as recently reported (Hammerschmidt et al., 2017).

We are aware that no new case of NP-C was reported here. Nevertheless,
several individuals considered as doubtful for the diagnosis were excluded from
this clinical suspicion and are currently being reassessed for other clinical
conditions with confounder symptoms that is very relevant for those patients.

In summary, we reported here our experience on applying a revised
genetic testing in selected individuals with a strong clinical suspicion of NP-C or
a positive or inconclusive result in the filipin staining test. We have reported that
sequence variants were found in 53% of samples, including one polymorphism
and 11 potential pathogenic sequences variants. High incidence of false positive
results in the filipin staining test was also observed, even among individuals with
no variants in both NP-C associated genes that led to a recent update in NP-C
diagnostic strategy in our center. Hence, data reported here greatly support that
a combination of a screening test using a more specific biochemical biomarker

with the genetic testing is crucial to achieve an accurate diagnosis in NP-C.
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Legends of figures

Figure 1. Location and identification of ¢.363+7G>A sequence alteration in
NPC2. A) Partial sequence of the gene, including whole of exon 3 (white letters)
and introns 2 and 3. MLPA probe sequence is underline. Location of sequence
alteration (g>a) is boxed. Sequence obtained by Sanger sequencing is shown in
B) from the forward primer, where g>a alteration can be visualized, and in C) from
the reverse primer, where c>t nucleotide change represents the reported

sequence variant.

Figure 2. MLPA fragment profile. Results from sample 18 (Table 1) are shown in
A) as ratio of tested sample against a mean value of control samples while low
ratio in a specific region is represented by a red dot in the third column, and in B)
as relative fluorescence units (RFU) of each probe, where the reduced RFU peak
is indicated by an arrow. Results from a standard sample (male control) are
shown in C) as ratio of a control sample against a mean value of control samples
and in D) as RFU peaks of each probe, where normal peak is indicated by an

arrow.

Figure 3. DNA sequencing of novel sequence variation p.Val231Glyfs*2
identified in NPC1 gene. a Direct sequencing the forward primer. A) arrow
indicates the beginning of the deletion of the variation B) the arrow shows where
was deleted the nucleotide in the variation p.Val231Glyfs*2 (c.692_693del).
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Figure 1
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Figure 2
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ABSTRACT

Niemann-Pick type C (NP-C) disease is an autosomal recessive disease caused
by mutations in NPC1 or NPC2 genes, characterized by accumulation of non-
esterified cholesterol in late endosome/lysosome, with classic clinical
manifestations of hepatosplenomegaly and progressive neurodegeneration.
Although genes associated with the disease are known, genotype-phenotype
correlations are not straightforward in NP-C patients. This indicates a possible
effects of phenotype modifiers. Different chaperones have been associated with
expression of the NPC1 gene. DNAJBE6 is a chaperone of the Hsp40 family and
CHIP a co-chaperone integral to the E3 ligase group, and both are involved in
protein quality control. The aim of this study was to investigate specific
polymorphisms in DNAJB6 and CHIP genes and evaluate a possible modifying
effect in patients with NP-C. Specific SNPs of DNAJB6 gene (rs9647660,
rs12668448, rs4716707 and rs6459770) and rs6597 on CHIP gene were
selected and genotyped. Allele and genotype frequencies were established and
compared. rs6597 (CHIP gene) had the highest frequency T allele in the patient
group. Considering the DNAJB6 gene, a statistical difference was observed for
the CT genotype in rs12668448. Haplotypes were established for the DNJB6
gene and more frequents were ACAG and GTGA. In the present study, a single
gene variation was found to be more frequent in patients than in controls. The
significance of this variation has to be investigated to better define a possible role
of this variation in NP-C.

KEYWORDS: CHIP gene, DNAJB6 gene, modifiers genes, NP-C disease, NPC1

gene, NPC2 gene.
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INTRODUCTION

Niemann-Pick C (NP-C) is a rare, autosomal recessive neurovisceral disease,
caused by mutations in one of two genes, NPC1 (in 95 % of cases) and NPC2
(Vanier, 2015). NPC1 gene is located on chromosome 18qg11-g12, spans 57 kb
and contains 25 exons (Carstea, 1997; Patterson et al., 2000). This gene
encodes for a large glycoprotein of 1278 amino acid, including 13 transmembrane
domains that reside in late endosomes (Carstea, 1997).

NP-C is a lysosomal storage disorder, the lipid trafficking defected result
in intracellular accumulation of unesterified cholesterol and other compounds
(Zech et al., 2013). Age of onset (AO) of the disease is variable, and non-visceral
symptoms, such as neurological and psychiatric, can be present at different
stages of disease (Patterson et al., 2012). The estimated incidence is
0.95/100,000 lives births in Western Europe (Vanier, 2015).

Although genes associated with the disease are known as stated above,
genotype-phenotype correlations are not straightforward in NP-C patients. This
indicates a possible effects of phenotype modifiers. Moreover, modifier genes
that contribute to phenotypic variation in individual patients are largely unknown.
The analysis of single nucleotide polymorphisms (SNPs) in candidate genes can
be an option to uncover novel modifiers.

Currently, many studies related to quality control systems have shown
promising.

Chaperones of both heat shock protein 70 family (Hsp70 - HSPA family)
and heat shock protein 90 family (Hsp90 - HSPC family), heat shock protein 40

(Hsp40 - being DNAJB a member of this family), and co-chaperone Carboxy-
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terminus of Hsc70-Interaction Protein (CHIP) have been associated with
neurodegenerative diseases. Hsp70, Hsp90 and co-chaperone CHIP were
identified in the control quality of NPC1 wild and mutant (p.I1061T) protein
(Nakasone et al., 2014).

DNAJBEG is a class Il Hsp40 member, which is involved in the blockade of
beta-amyloid aggregation (AB), polyglutamine aggregates and cellular toxicity
(Smith et al., 2015).

CHIP is a co-chaperone, belong E3 ligase family (Ballinger et al., 1999)
binding to Hsp/c70 by C-terminal and Hsp90 by N-terminal (Matsumura et al.,
2013). CHIP is involved in ubiquitination process of chaperones and to their
address to the proteasome-ubiquitin pathway (Narayan et al., 2015).

In this work, DNAJB6 and CHIP genes were chosen due to their
association with neurodegenerative diseases. We have genotyped a group of 59
Brazilian NP-C patients for tag SNPs in DNAJB6 and CHIP in order to test an

association with mutation severity of these patients.
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MATERIALS AND METHODS

2.1 DNA Isolation
Blood samples (5 mL) were collected in EDTA, and genomic DNA was isolated
from peripheral blood leukocytes and kept at —20°C. DNA was quantified with a

NanoDrop ND-1000 Spectrophotometer.

2.2 Sample Collection

Fifty-nine unrelated NP-C patients that were referred to the Medical Genetics
Service of Hospital de Clinicas de Porto Alegre (HCPA) and confirmed by
molecular analysis were included in this study. We have also genotyped
unrelated healthy individuals as controls. This study was approved by our local

Institutional Review Board (project number 05168).

2.3 SNP selection and genotyping

Four tagging (tag) SNPS of the DNAJB6 gene (rs9647660, rs12668448,
rs4716707 and rs6459770) and one SNP of CHIP gene (rs6597) were selected.
These polymorphisms were chosen through SNP tagging by HAPLOVIEW
software, based on the populations evaluated in the HapMap Project (The

International HapMap Consortium, 2005).

SNPs were genotyped by TagMan® Allelic Discrimination Assays in the 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster City, USA). Assays were
performed following manufacturer instructions. In short, each reaction was

performed in a final volume of 12 pl, containing 10 ng of genomic DNA, 0.3 ul of
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TagMan (40x), 6 pl of SNP genotyping assay, and 4.7 ul of water. TagMan®
assays used for genotyping were C__ 11156514 10 (Applied Biosystems) for
rs9647660, C_ 442644 10 (Applied Biosystems) for rs12668448,
C__ 230927 _10 (Applied Biosystems) for rs4716707, C__505610_10 (Applied
Biosystems) for rs6459770, and C_7576829 10 (Applied Biosystems) for rs6597.
Allelic and genotypic frequencies were established. SNPs were tested for Hardy-

Weinberg equilibrium through Arlequin Software v3.5.

Based on genotyping data, haplotypes were reconstructed using PHASE

software v2.1 (Stephens et al., 2001).

2.4 Classification of the severity of mutations

Mutations carried by NP-C patients were classified by severity into three major
groups: severe, mild and light. This classification was based on data from UniProt
and in silico analysis using the following softwares: Clustal Omega
(http://lwww.ebi.ac.uk/Tools/msa/clustalo/),SNP3sD(http://www.snps3d.org),
SHIFT (http://sift.bii.a-star.edu.sg), PolyPhen-2
(http://genetics.bwh.harvard.edu/pph), Align GVGD (http://agvgd.iarc.fr/) and

Mutation Taster (http:/mutationtaster.org/).

2.5 Statistical analyses

Statistical analyses were performed using SPSS 18.0 software and p values

<0.05 were considered significant.
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RESULTS

We have studied a total of 59 unrelated NP-C patients. Age at diagnosis (AD) of
patients ranged from 2 months to 46 years, with average of 12.39 years. Allelic
and genotypic frequencies of SNPs are shown in Tables 1 and 2.

No statistical difference was detected in allelic frequencies of DNAJB6
gene SNPs of NP-C patients when compared to controls (Table 1). However,
higher frequency of T allele in rs6597 (CHIP gene) was shown in patients when
compared to controls (Table 1). Similar analyses were also performed comparing
genotypic frequencies of each SNP among groups, and no statistically difference
was identified (Table 2). All SNPs were tested for HWE and values obtained can
be found as supplementary material (Table S1).

Nine haplotypes were obtained (Table 3), and the most frequent was
ACAG (34.3%), followed by GTGA (28.8%), and GCAG (11.9%). Curiously, two
haplotypes (ACAA and ATGA) were only found in NP-C patients at very low
frequencies (0.2% and 0.4%, respectively) (Table 3).

In order to correlate SNPs genotypes and mutation severity, patients were
divided into 5 sub-groups according to their causing mutations at the NPC1 gene
as severe (S), mild (M) and light (L). Allelic frequencies in each category (S, M,
and L) was 39.0%, 55.1%, and 5.9%, respectively. The majority of patients
(47.5%) had two mild alleles (M/M), followed by patients with two severe alleles
(S/S) (28.8%), and 15.2% showed one severe and one mild allele (S/M). Less
represented groups were patients with one severe and one light allele (S/L),
presented by 5.1% of patients and two light alleles (L/L) in 3.4%. No patient was

found to carry one mild and one light allele (M/L). A statistically significant
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association was found in the rs12668448 with mutation severity, with a much

higher presence of heterozygous genotype (CT) in the M/M group (Table 5).

77



DISCUSSION

Neurodegenerative disease, such as Parkinson's disease and some
lysosomal storage disorders, has been associated with quality control pathways
dysfunction. Among these pathways, autophagy is a lysosomal-dependent
degradation, and chaperone-mediated autophagy is one of proteolysis pathway
(Osellame & Duchen, 2014). Identification of changes in these pathways may be
a good explanation for different phenotypes observed in NP-C patients.

Chaperone/co-chaperone/client, proteins involved in quality control
pathways, has been broadly associated to human biology. They are involved with
many diseases, such as cystic fibrosis, cancer and neurodegeneration related in
folding of specific proteins (Taipale et al., 2015). Many chaperones and co-
chaperones are already known, among them we have the chaperone DNAJB6
(Hsp 40 family) and the co-chaperone CHIP, studied in this work.

Mutations identified in the DNAJBG is responsible for Limb-girdle muscular
dystrophy (neurodegenerative disease) (Sarparanta et al., 2012; Smith et al.,
2015), and it is also identified as a genetic modifier to human cardiomyopathy
(Ding et al., 2016).

In this study, we used a strategy of group patients according to mutation
severity, in order to overcome the lack of proper age of onset of the disease in
some patients. In the association analysis, a high frequency of CT genotype for
rs12668448 was detected. This association has to be further elucidated in order
to confirm a possible role of DNAJB6 as a modifier of NP-C phenotype.

Previous published work identified CHIP with NPC1 protein by

imunoprecipitation (Nakasone et al., 2014). The co-chaperone CHIP is the largest
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proteasome degradation regulator, having numerous protein substrates as
transcription factors, signaling intermediates and cytoskeletal or structural
proteins. In this work, we have detected a statistically significant difference the
ancestral allele (T allele) in rs6597 (within CHIP gene). We are aware that number
of patients included in the study is limited, but it is unclear whether this result is
just associated to sample representation.

Polymorphisms in DNAJB6 and CHIP genes might be relevant for
interactions of these protein with NPC1 that might have an effect in expression of
mutations in the NPC1 gene. The relevance of data presented here is still unclear.
However, previous studies showed that chaperones, other than DNAJB6 can
enhance the efficiency of mutant NPC1 through protein folding (Gelsthorpe et al.,
2008; Nakasone et al., 2014).

Modifying factors in certain genes may influence possible interactions of
their proteins with effect on mutant NPC1 protein expression. Molecular
chaperones may increase efficiency and NPCL1 proteins (Gelsthorpe et al., 2008;
Nakasone et al., 2014). However preliminary, data presented here cannot rule
out an association of polymorphisms in genes related to protein control quality in

the expression of proteins associated to NP-C.
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TABLE 1: Allelic frequencies and association analyses. Allelic frequencies of
each SNP are shown for patients and controls. Association analysis were
performed among groups.

Controls
SNPs Allel Patients clo_r?tcrills from
ele
DNAJB6 gene (n=118) (=100) HapMap p
(n=330)
A (%) 51 (43.2) 36 (36.0) 119 (36.1)
rs9647660 0.373

G (%) 67(56.8) 64 (64.0) 211 (63.9)

C(%) 59(50.0) 51(51.0) 182 (55.2)
rs12668448 0.542
T(%) 59(50.0) 49 (49.0) 148 (44.8)

A(%) 63(534) 56(56.0) 174 (52.7)
rs6459770 0.853
G (%) 55(46.6) 44 (44.0) 156 (47.3)

A (%)  40(33.9) 34 (34.0) 125 (37.9)
rs4716707 0.645
G (%) 78(66.1) 66(66.0) 205 (62.1)

| Controls
SNP Patients Loca from
Allele controls HaoM p
= apMa
CHIP gene (n=118) (n=200) pMap
(n=330)
T (%) 109 (92.4) 180 (90.0) 273(82.7)
rs6597 0.008*

G (%) 9 (7.6) 20 (10.0) 57 (17.3)

The HapMap population used was CEU (Utah residents with Northern and
Western European ancestry). * represents value that is statistically significant
(Pearson chi-square test).
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TABLE 2: Genotypic frequencies and association analyses. Genotypic
frequencies of each SNP in patients and controls are shown. Association
analyses were performed among groups and of NP-C, controls and HapMap of
the DNAJB6 gene tag SNPs and the CHIP gene SNP.

SNPs Patients Local C?rnot:r?ls
DNAJB6 gene Genotype (n=59) Cz)nn_t;zl)s HapMap P
B (n=165)
AA (%) 10 (17.0) 7(14.0) 23 (14.0)
rs9647660 AG (%) 32(54.2)  22(44.0) 73(44.2) 0512
GG (%) 17 (28.8) 21 (42.0) 69 (41.8)
CC (%) 15(25.4) 11 (22.0) 50 (30.3)
rs12668448  CT (%) 29 (49.2)  29(58.0) 82(49.7) 0.681
TT (%) 15 (25.4) 10 (20.0) 33 (20.0)
AA (%) 19(32.2) 16 (32.0) 49 (29.7)
rs6459770 AG (%) 25 (42.4) 24 (48.0) 76 (46.1) 0.950
GG (%) 15 (25.4) 10 (20.0) 40 (24.2)
AA (%) 8 (13.5) 6 (12.0) 24 (14.5)
rs4716707 AG (%) 24 (40.7) 22 (44.0) 77 (46.7) 0.886
GG (%) 27 (45.8) 22 (44.0) 64 (38.8)
. Local Controls
SNP Genotype Patients controls Hz];rpol\r/lnap
CHIP gene (n=59) (n=100) "
(n=165)
TT (%) 50 (84.7) 81(81.0) 113(68.5)
rs6597 TG (%) 9 (15.3) 18 (18.0) 47 (28.5) 0.058
GG (%) - 1 (1.0) 5 (3.0)
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TABLE 3: Haplotype distribution. The haplotype each group (NP-C patients,
local controls and controls from HapMap) were inferred and distribution is

presented below.

Haplotype Patients (%) Controls (%) HapMap (%) Total (%)
(n=118) (n=100) (n=330)
ACAA 1 (0.8) - - 0.2
ACAG 44 (37.2) 33 (33.0) 111 (33.7) 34.3
ATAG 4 (3.4) 3 (3.0) 8 (2.4) 2.7
ATGA 2 (1.7) - - 0.4
GCAG 8 (6.8) 13 (13.0) 44 (13.3) 11.9
GCGA 6 (5.1) 5 (5.0) 27 (8.2) 6.9
GTAG 6 (5.1) 7 (7.0 11 (3.3) 4.4
GTGA 31 (26.3) 29 (29.0) 98 (29.7) 28.8
GTGG 16 (13.6) 10 (10.0) 31 (9.4) 10.4

The HapMap population used was CEU (Utah residents with Northern and Western

European ancestry).
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TABLE 4: Association analysis of genotypic frequencies and mutation

severity in NP-C patients.

SNPs SIS SIM S/L M/M L/L
Genotype p
DNAJBG6 gene (n=17) (n=9) (n=3) (n=28) (n=2)
AA (%) 2(3.4) 3(5.1) 2 (3.4) 3(5.1) -
rs9647660 AG (%) 9(15.1) 3(5.1) 1(1.7) 18(30.5) 1(1.7) 0.288
GG (%) 6 (10.2) 3(5.1) - 7(119 1(1.7)
CC (%) 6 (10.2) 3(5.1) 2 (3.4) 4 (6.8) -
rs12668448 CT (%) 6 (10.2) 2(3.4) - 19 (32.0) 2(3.4) 0.049*
TT (%) 5(8.5) 4 (6.8) 1(.7) 5(8.5) -
AA (%) 7 (11.9) 4 (6.8) 2(3.4) 6(10.2 -
rs6459770 AG (%) 6 (10.2) 1(1.7) 1(1.7) 15(25.2) 2(3.4) 0.196
GG (%) 4 (6.8) 4 (6.8) - 7 (11.9) -
AA (%) 2(3.4) 3(5.1) - 3(5.1) -
rs4716707 AG (%) 4 (6.8) 3(5.1) 1(2.7) 14(23.7) 2(3.4) 0.272
GG (%) 11 (186) 3(5.1) 2(3.4) 11 (18.6) -
SNP SIS SIM S/L M/M L/L
Genotype
CHIP gene (n=17) (n=9) (n=3) (n=28) (n=2)
TT (%) 13(22.0) 8(135) 2(3.4) 26(44.1) 1(1.7)
rs6597 0.164
TG (%) 4 (6.8) 1(1.7) 1(.7) 2 (3.4) 1(1.7)

*Statistically significant difference (Fisher's Exact Test)
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TABLE S1: Data from Hardy-Weinberg equilibrium test.

Controls

SNPs Patients Local controls from
DNAJB6 gene (n=59) (n=50) HapMap
(n=165)
rs9647660 0.78980 0.46545 0.61419
rs12668448 1.00000 0.50485 1.00000
rs6459770 0.29449 0.49778 0.34920
rs4716707 0.56023 0.45333 1.00000

SNP
CHIP gene

rs6597 1.00000 1.00000 1.00000
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Abstract

Niemann-Pick type C (NP-C) disease is an autosomal recessive disorder caused
by mutations in the NPC1 or NPC2 genes. Although, two genes are associated
with the disease, there is still a lot to be uncover considering that phenotype of
patient may vary in the presence of the same mutation in the causative gene.
Several studies have looked for genes as modifiers of phenotype, among them
the apolipoprotein E (ApoE) gene. Three alleles are identified in this gene: ApoE
€2, ApoE €3 and ApoE €4, resulting in three protein isoforms. The aim of this study
was to identify a possible association between different APOE alleles and
phenotype of NP-C patients. Samples from 60 unrelated patients and 60 healthy
subjects were included in this study. Patients age at diagnosis varied from 2
months to 46 years, with an average of 11 years and 2 months. DNA was isolated
and exon 4 of the ApoE gene was amplified by PCR followed by Sanger
sequencing. ApoE €2, ApoE €3 and ApoE ¢4 alleles were evaluated and 5
different genotypes were identified. Allelic frequencies of ApoE €2, ApoE €3 and
ApoOE €4 in the patient group were 6.3%, 82.9% and 10.8%, respectively. The
most frequent genotype was ApoE £3/¢3 with 63.8% and genotypes ApoE €2/¢2
and ApoE £4/¢4 were not identified in this group. No statistical differences were
observed in the analysis performed. However, we cannot rule out the effect of
ApoE on the phenotype of patients considering that this protein is present in
cholesterol metabolism and has been shown to be associated with several

neurodegenerative diseases.
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Introduction

Niemann-Pick type C (NP-C) disease is an autosomal recessive disease caused
by mutations in one of two genes: the NPC1 gene or the NPC2 gene. The disease
is characterized by accumulation of unesterified cholesterol and
glycosphingolipids in lysosomes and late endosomes due to failure of intracellular
lipid trafficking (1).

Age of onset of the disease is variable, ranging from childhood to
adulthood. Clinical manifestations are quite heterogeneous, that makes a major
difference between groups (2-5). Three main types of signs and symptoms
observed in NP-C patients are visceral, neurological, and psychiatric. However,
patients with similar symptoms can have different genotypes, which can delay the
diagnosis (6). Patients lifespan may range from few days to more than 60 years;
but in most cases death occurs between 10 and 25 years of age (2).

Although, two genes are associated with the disease as described above,
there is still a lot to be uncover considering that phenotype of patient may vary in
the presence of the same mutation in the causative gene. Phenotypic variation in
inherited disorders can be due modifiers acting along with the genetic
background. And modifier genes can frequently contribute to the phenotype in
some autosomal recessive disorders.

In order to address modifier genes in NP-C, apolipoprotein E (ApoE) has
been appointed as a potential modifier due to the association with cholesterol
pathway. Cholesterol and other lipids are transported by ApoE protein in plasma
and the central nervous system, binding to ApoE receptors in the cellular surface

(7, 8). ApoE is a lipoprotein that has 299 amino acid with high expression in brain
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and plays a major role in central nervous system cholesterol homeostasis. N-
terminal region (residues 136-150) of the protein interacts with ApoE receptors
while binding of lipids occurs in the C-terminal region (residues 244-272) (9, 10).

Two specific polymorphisms (rs429358 and rs7412) present in the human
ApoE gene results in three alleles (€2, €3 and €4) (Fig 1A), and six different
genotypes (£2/€2, €2/€3, €2/e4, €3/€3, €3/€4, €4/ed). ApoE €3 allele is the most
frequent (77.9%), and ApoE €2 allele is rare (8.4%) (8, 10, 11). Frequency of
ApoE ¢4 allele has been reported to be 13.7% in the general population, but
frequency of this allele can reach 40% in patients with Alzheimer Disease (AD)
(10).

The three major isoforms (ApoE €2, ApoE €3, and ApoE €4) differ from
each other only by a Cys to Arg amino acid substitution at positions 112 or 158
(Fig 1B) (7, 9, 11). These differences among isoforms interfere in the structure
and influence the association with lipids as well as the binding with receptors (9).
ApoE €2 is low effective to transport lipids, being related to hyperlipoproteinemia
type Ill and, in a couple of populations, this allele has been identified as having a
protective effect in AD (10, 12). ApoE €4 is a risk factor for several diseases,
including neurological disorders such as tauopathies and Lewy body disease,
Parkinson’s disease (10). ApoE €3 is considered the "neutral” ApoE genotype
(13).

The different isoforms of ApoE modulate p-amyloid metabolism (AB) and
can contribute to AB toxicity (14). Neurofibrillary tangle and decreased levels of
AB40 and ApR42 are observed in NP-C. Considering that ApoE €4 allele have been

previously associated to early onset of NP-C and ApoE €2 allele with later onset
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of the disease in a small cohort (13), we have genotyped a group of 60 Brazilian

NP-C patients in order to test for this association.
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Material and Methods

Sample Collection and DNA Isolation

We have studied 60 unrelated NP-C patients confirmed by molecular analysis,
from different regions of Brazil, that were referred to the Medical Genetics Service
of Hospital de Clinicas de Porto Alegre (HCPA). We have also enrolled 60
unrelated healthy individuals as controls. This study was approved by our local
Institutional Review Board (project #05168).

Blood samples (5 mL) were collected in EDTA, and genomic DNA was isolated
from leukocytes as previously described (15) and kept at —20°C. DNA was

guantified using NanoDrop 1000 (Thermo Scientific) equipment.

Amplification of the ApoE Gene

Polymerase chain reaction (PCR) was used to amplify fragment of interest of
ApoE gene. Exon 4 of the gene were amplified using specific primers ApoE_E4F
(5 GACCATGAAGGAGTTGAAGGCCTAC 3) and ApoE E4R (5
CACGCGGCCCTGTTCCACCAG 3’), which generates a fragment of 373 bp that
includes both SNPs. The amplification reaction was performed in a final volume
of 25 pL containing 50 ng genomic DNA, 200 mM of each dNTP, 5 uM of each
primer (forward and reverse), 1.0 mM of MgClz, 10 mM of Tris-HCI (pH 8.3), 50
mM of KCI, and 1 U of AmpliTagGold® DNA Polymerase (Thermo Fischer
Scientific). Cycling conditions were initial denaturation at 95°C for 10 min,
followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 67°C for 30

s, and extension at 68°C for 1 min, followed by final extension at 68°C for 10 min.
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Each PCR product was verified by electrophoresis on a 1.5 % (w/v) agarose gel

and visualization under UV light.

Genotyping of ApoE alleles

Amplicons were purified using PEG 50% (polyethylene glycol and 2.5 M NaCl)
as follows: 20 uL PEG 50% was added to 20 pL the PCR product and incubated
at 37°C for 15 min, the mixture was centrifuged at 15.000 g at room temperature
for 15 min. Pellet was then washed using cold ethanol and amplicon was
resuspended in 8 uL. DNA sequencing was performed using BigDye® Terminator
Cycle Sequencing kit v. 3.1 (Applied Biosystems, Foster City, CA, USA) from
forwmard and reverse primers, following the manufacturer's instructions.
Sequences were analyzed with DNA Sequencing Analysis software v. 5.2
(Applied Biosystems, Foster City, CA, USA) in an ABI PRISM® 3130xI Genetic

Analyzer (Applied Biosystems, Foster City, CA, USA).

Bioinformatic tools

Severity of mutations in NP-C patients were determined using the following
bioinformatic  tools: PolyPhen-2  (Polymorphism  Phenotyping  Vv2,
http://genetics.bwh.harvard.edu/pph2/), SNPs3D (http://www.snps3d.org/), Align

GVGD (http://agvgd.iarc.fr/), Mutation Taster (http://www.mutationtaster.org/)
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Results

SNPs of interest (rs429358 and rs7412) were genotyped by Sanger sequencing
and figure 2 shows representative profiles of 5 out of 6 possible genotypes. ApoE
€2/e2 was not found in any samples neither from patients nor controls.

Allelic frequencies of ApoE €2, ApoE €3, and ApoE ¢4 alleles in NP-C
patients were 8.3%, 80.8%, and 10.8%, respectively. Similar distribution was also
observed in controls, although a slightly higher frequency of ApoE &2 allele was
observed in NP-C patients. No statistically significant difference was found
among groups. These data are summarized in Table 1.

Patients were further divided into 4 groups according to age at diagnosis:
(i) early infant (diagnosis up to 2 years old), (ii) late infant (diagnosis from 3 to 5
years old), (iii) juvenile (diagnosis from 6 to 15 years old) and, adolescent/adult
(diagnosis from 16 years old). Distribution of patients in each group was 30.00%
(18), 23.33% (14), 20.00% (12) and 26.67% (16), respectively. Allelic and
genotypic frequencies were established in each group (Table 1 and Table 2), but
no statistically difference was seen.

In the group of patients, ApoE €3/¢3 was the most frequent genotype
(68.3%), followed by ApoE £3/e4 (15.0%), ApoE €2/¢3 (10.0%), and ApoE £2/¢4
(6.7%). ApoE €4/4 genotype was just identified in the one sample in the control
group and ApoE €2/2 was not present in any group (Table 2).

Patients' mutations were subdivided into three main cluster as follows:
severe (S), mild (M) and light (L). Therefore, six groups could be potentially find
within our cohort: patients with two severe alleles (S/S), two mild alleles (M/M),

two light alleles (L/L), one severe and one mild allele (S/M), one severe and one
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light allele (S/L), and one mild and one light allele (M/L). The latter (M/L) was not
detected among patients included in this study, and no statistically significant
difference was found among groups, indicating no correlation between genotype
and phenotype (Table 2).

Analysis of presence and absence of ApoE €2 and ApoE ¢4 and
association to early or late diagnosis was also performed. However, no

correlation was observed in this analysis (Fig 3).
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Discussion

The lifespan of NP-C patients varies from months until over 60 years of age,
according to severity of symptoms. However, in the majority of cases, death
occurs between 10 to 25 years of age. NP-C clinical presentation is
heterogeneous, and age of onset can be highly variable (2, 3, 16—18). This
heterogeneous clinical presentation can delay diagnosis and increased vigilance
combining characteristic clinical disease manifestation with biomarkers and
genetic screening assay is suggested to reduce time between age of onset and
age at diagnosis (19).

Patients in our cohort were from different regions of Brazil, as previously
stated. Therefore, as age at onset was not available from all patients, we
classified patients according to age at diagnosis. In the present cohort, age at
diagnosis varied from 2 months to 46 years of age, with a median of 11.13 years,
being 27 males and 33 females. This observation emphasizes a great variation
of age of diagnosis of NP-C cases, especially in patients lacking organomegaly
in neurological and psychiatric cases, as previously reported (2). Patients were
classified into four general categories, early-infantile, late-infantile, juvenile and
adolescent/adult-onset based on age of neurological onset (20). However, poor
genotype-phenotype correlation is commonly observed even in affected siblings
(21). Unfortunately, allelic and genotypic frequencies (Tables 1 and 2) of ApoE
alone do not seem to be responsible for this clinical variation.

Some previous work has been shown association between ApoE gene
and onset of Alzheimer disease, and likely with other neurodegenerative

diseases (22). Early neurological disease onset and more severe



neuropathological findings are associated with ApoE ¢4 allele in AD (23). ApoE
was suggested to be a modifier gene that contribute but does not determine an
earlier onset of neurological symptoms in a cohort with fifteen NP-C patients (13).

In the Azores Island, allelic frequencies obtained for ApoE €2, ApoE €3,
and ApoE ¢4 were 6.75%, 83.73%, and 9.52%, respectively (24). These
frequencies are similar to the data reported in this work. This is not surprising
considering the etnic background of the Brazilian population.

In the group of patients, ApoE £3/¢3 genotype was the most frequent
(68.3%), followed by ApoE £3/e4 (15.0%), ApoE €2/¢3 (10.0%), and ApoE €2/¢4
(6.7%) (Table 2). The most frequent genotype in the Azores population was also
ApoOE €3/€3 and with a similar frequency (69.84%) as in this present cohort. And
a very low frequency was shown for ApoE €4/¢4 genotype (0.79%), and no
patients carrying ApoE €2/e2 genotype was reported (24). In a different work,
similar genotypic frequencies distribution was identified in patients with Machado-
Joseph disease (MJD), another neurodegenerative disorder (25).

As stated before, a protect effect of ApoE €2 was reported in AD (10, 12)
and ApoE €4 was associated to an increased cardiovascular risk (10). These data
indicate a possible effect of these allele in the NP-C patients. We are aware that
classifying patients according to age at diagnosis might be a limitation to evaluate
modifiers. However, in infant cases, age at diagnosis may be closer to age of
onset. Thereby, patients were also analysed based only in the presence or
absence of ApoE €2 and presence or absence of ApoE €4, but no association
was observed. These results can be explained by: i) age at diagnosis is not a

good criterion to this evaluation; ii) patients of our coorte may have a different
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genetic background from previous studied populations or; iii) ApoE €2 and ApoE
€3 have no effect on NP-C patients.

ApoE €2 allele has been associated to earlier onset in Parkinson disease
(22, 26), and in Huntington disease (27). And an increased risk for earlier onset
was reported in MJD (25) and in frontotemporal dementia (28). Studies with more
homogeneous results of ApoE allele are related to AD, where ApoE €4 is strongly
associated with increased risk for the disease, and ApoE €2 with lower risk for
AD. Therefore, it is required additional studies with other neurodegenerative

disease to further understand the correlation of ApoE gene and clinical outcomes.
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Figure Legends

Fig. 1 Schematic diagram of the human ApoE gene and protein topology.
A) Schematic diagram of the human ApoE gene, showing single nucleotide
polymorphisms (rs429358 and rs7412) that are responsible for three different
alleles (ApoE €2, ApoE €3, and ApoE €4). The three isoforms differ from each
other only by a Cys to Arg amino acid substitution at positions 112 (or 130) and/or

158 (or 176); numbers within brackets relate to position including signal peptide.

Fig. 2 DNA sequencing of rs429358 and rs7412. Nucleotide sequences
presented in this figure represents 5 out of 6 possible genotypes in the ApoE

gene.

Fig. 3 Comparison of presence or absence of ApoE €2 or ApoE &4 alleles
and age at diagnosis. Each bar represents mean age at diagnosis in 4 different
groups of patients that were divided according to ApoE €2 or ApoE €4 alleles.

Data was analyzed using Fisher’s exact test.
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Figure 1
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Figure 2
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Figure 3
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Table 1 Frequencies of ApoE alleles and association analysis among different age groups in NP-C patients.

: early late . .
S . N T = = e W e T
ApPOE £2 (%) 10 (8.3) 5(4.2) 2(1.7) 2(1.7) 4 (3.3) 2(1.7)
ApPOE £3 (%) 97 (80.8) 102 (85.0) 0.446 32(26.6) 20(16.7) 19(15.8) 26(21.7) 0.679
ApOE £4 (%) 13 (10.8) 13 (10.8) 2 (1.7) 4 (3.3) 3 (2.5) 4 (3.3)

* Pearson's chi-squared test; **Fisher’s exact test.



Table 2 Genotype frequency and association analysis among groups and the ApoE gene. Genotype frequency and association analysis
among the ApoE gene and mutation severity: severe (S), mild (M) and light (L).

Genotype P(?]t;%%t)s C(?] Tég)ls p* SIS SIM S/L M/M L/L p* ii?gri/t irlm?;i t juvenile  adult p*
ApPoE £2/€3 6 5 2 4 1 3 2

(%) (10.0) (8.3) (3.3) ] ) (6.7) ) (1.7) ) (5.0) (3.3)
ApoE €2/¢4 4 1 3 1 2 1

(%) (6.7) i ) (1.7) ) (5.0) ) (1.7)  (3.3) (1.7) )
ApoE £3/e3 41 43 15 5 03 17 1 15 9 7 10

(%) 683 (717 2?80 050y 83 (500 283 (17 2% (500 @50 (@116 @67 2374
ApPOE £3/e4 9 11 1 3 4 1 1 2 2 4

(%) (15.0) (18.3) (1.7) (5.0 ] 6.7) (1.7 (1.7) (3.3 (3.3) (6.7)
ApoOE €4/¢4 1

(%) ] (1.7) ) ) ) ) ) ) ) ] ]

*Fisher’s exact test.
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DISCUSSAO

A crescente descricdo de mutacdes vem auxiliando o diagndstico da
doenca de NP-C. No ano de 2000, havia menos de 100 muta¢des identificadas
no gene NPC1l (Yamamoto et al.,, 2000). Atualmente, esses numeros
ultrapassam 470 mutagdes no gene NPC1 e 27 no gene NPC2, dados do The
Human Gene Mutation Database (HGMD®), mas constantemente esses
nameros sdo atualizados através de novas publicacbes. No primeiro capitulo
deste trabalho ha cinco novas mutac¢@es identificadas e, que também farédo parte
deste banco.

No nosso estudo, entre os 54 pacientes diagnosticados com NP-C, 96,3%
dos casos as mutacdes foram identificadas no gene NPC1, corroborando com
os dados da literatura que inferem valores proximos a 95% (Vanier, 2010). A
mutacdo mais frequente identificada na nossa populacéo, p.Alal035Val, difere-
se da mutacdo mais frequente do Oeste Europeu e de familias dos Estados
Unidos, de origem europeia, sendo a mutacao p.llel061Thr a mais frequente
nestas localidades. Talvez essa variacdo ocorra pela populacdo brasileira
apresentar suas peculiaridades de miscigenacéo.

A segunda mutacdo mais frequente na nossa amostra, p.Prol1007Ala,
também foi observada como segunda mais frequente em paises da Europa
(Jahnova et al., 2014). Uma caracteristica interessante desta mutacao € que em
testes de Filipin, podem ser observados resultados classificados como fenotipos
variantes ou negativos (Fernandez-Valero et al., 2005) caracteristica essa
também observada em algumas amostras desse trabalho. Dessa forma, é
interessante considerar que o perfil dessa mutacao € recorrente em diferentes

populacdes.

114



A frequéncia de algumas mutagOes foram maiores em algumas regioes
especificas, como exemplo a p.Alal035Val foi mais frequente em Sdo Paulo, a
p.Prol1007Ala no Parana e a p.Phel1221Serfs*20 em Pernambuco. Isso pode ser
o reflexo de um pais considerado continental e, que apresenta uma vasta
diversidade na sua formacéo ética.

A regido sudeste, foi a que apresentou maior niumero de casos de NP-C,
possivelmente por tratar-se da regido mais populosa do pais e com mais acesso
a saude. Na regido norte, nenhum caso foi identificado. O diagnéstico € uma
dificil tarefa, pois as manifestagfes clinicas e idade de inicio dos sintomas sdo
variadas, combinado com os dificeis testes laboratoriais (testes bioquimicos e
genéticos), exigindo acesso a centros especializados (Vanier, 2016).

Além das variagbes ja descritas, 5 novas foram identificadas neste
trabalho. As alteracdes foram avaliadas por programas de bioinformatica, os
guais, atualmente, sdo ferramentas que permitem realizar diferentes analises
biologicas e inferir o efeito da alteracdo no produto final (proteina) e, de forma
rapida avaliar o impacto sobre o fendtipo. As ferramentas de bioinformaticas
utilizadas para predicéo in silico, cada vez mais tem se tornado confiaveis a
través da analise e combinac¢des de algoritmos, aumentando a fidedignidade dos
resultados (Ghosh et al., 2017) Testes in vivo ndo devem ser descartados,
porém, a quantidade de novas mutacdes que atualmente sdo descritas,
retardaria o diagndstico e as condutas clinicas para NP-C assim como para
outras patologias.

As variacoes p.Lys38 Tyr40del, p.Asn195Lysfs*2 e p.Cys238Arg estao
localizadas no limen A enquanto as variacdes p.Ser365Pro e p.Val694Met estédo

em regifes de transmembrana da proteina NPC1. A localizacdo da variacdo na

115



proteina é um fator importante para inferir se a alteracao levara a modificacéo de
fenétipo ou ndo, bem como a gravidade da mesma. As alteracdes que levam a
mudanca do quadro de leitura, tendem a terem efeitos no fenétipo, uma vez que
a estrutura da proteina € afetada. Nas alteracdes do tipo missense, a troca de
um unico nucleotideo, pode nao ser o suficiente para afetar a estrutura e/ou
funcdo da proteina, por este motivo mais ferramentas de bioinformatica devem
ser utilizadas.

A identificacdo de mutacbes especificas se faz necesséario para uma
futura compreensdo do comportamento das mesmas, 0 que permitira o
desenvolvimento de tratamentos mais especificos e eficientes para casos de NP-
C (Rosenbaum & Maxfield, 2011).

Muitos casos de pacientes com suspeita de NP-C continuam sem
diagnostico, porém sabe-se que isso pode ocorrer devido as alteracdes
patogénicas estarem acontecendo em regifes que ainda ndo se compreende
gual é a efetiva contribuicdo sobre o fenétipo.

A utilizacdo de multiplas técnicas se faz necessario devido as limitacdes
presentes em cada uma delas, como exemplo, teste positivo de Filipin pode
tratar-se de NP-A ou NP-B e ser diagnosticado erroneamente como NP-C. A
técnica de sequenciamento também pode ndo detectar algumas alteracoes,
como delecbes de maior grandeza ou até mesmo do gene inteiro, sendo
necessario neste caso o uso da técnica de MLPA. O alto custo para o
diagndstico, com o uso de multiplos testes atualmente € uma realidade, por este
motivo ha procura de novas metodologias e biomarcadores.

Para NP-C, o qual é uma doenca autossémica recessiva, dois alelos

mutados devem ser identificados para confirmacdo do diagndstico. Nas 265
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amostras testadas, 54 delas dois alelos mutados foram identificados (dados do
Capitulo | deste trabalho). Porém, houveram critérios que tornaram as amostras
gue néo tiveram seu diagndstico concluido, elegiveis para serem testadas pela
técnica de MLPA antes de serem liberadas como negativas para NP-C. Os
critérios foram os seguintes: amostras com forte suspeita clinica e/ou teste de
Filipin positivo ou variante; identificacdo de um ou nenhum alelo mutado; se
enquadrando nestes critérios 34 amostras.

Das 34 amostras elegiveis, em 18 amostras foram identificados apenas
um alelo mutado. Sabemos que grandes delecdes, insercdes e até delecdes de
genes inteiros podem passar despercebidos pelo sequenciamento. Entre as 18
amostras, foram identificadas 12 varia¢des distintas, 11 delas ja descritas no
HMGD e/ou em bancos de dados (1000genomes, EXAC, genomAD). A variacao
p.Val231Glyfs*2 nao foi identificada em nenhum dos bancos de dados utilizados,
possivelmente tratando-se de uma nova variacao.

A p.Val231Glyfs*2 € uma alteracéo que leva a producdo de uma proteina
truncada e com efeito deletério, visto que NPC1 € uma proteina de 1278 amino
acidos e, o produto dessa mutacdo sera uma proteina de 233 amino acidos.
Como exemplo, a falta significativa de regides funcionais como a SSD (regides
de deteccdo de esterol) indica a perda de funcdo da proteina (Davies et al.,
2000).

Atualmente, se considera diagndstico de NP-C quando ocorre a
identificacdo dos dois alelos mutados. A identificacdo de apenas um alelo
mutado nas 18 amostras anteriormente citadas nao permitiu a completa
elucidacdo destes casos. Alguns trabalhos vém apresentando desfechos que

podem instigar sobre a necessidade da identificacdo dos dois alelos mutados.
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Dados apresentados em um artigo, trouxe o caso de uma familia de quatro
irmaos, trés irmaos que foram a 6bito com 7, 9 e 11 anos e a quartairma, relatada
como viva na publicacdo do artigo, uma mulher de 55 anos que apresentou
hepatoesplenomegalia até os 13 anos de idade mas que néo foi o suficiente para
leva-la a ébito. Andlises posteriores identificaram apenas variacdo em um alelo,
p.lle1061Thr, sendo levantada a hipétese de que a presenca de um alelo mutado
pode ser o suficiente para algumas manifestacdes mais brandas de fenotipo
(Harzer et al., 2014).

A variagdo c.363+7G>A identificada no gene NPC2, foi detectada
primeiramente pela técnica de MLPA e posteriormente confirmada por
sequenciamento de Sanger. Na andlise dos resultados de MLPA, foi observada
uma reducdo de 50% da intensidade da sonda especifica, que indica uma
possivel delecédo da regido em analise. A técnica de Sanger evidenciou a troca
de um nucleotideo (G>A) na posicdo 7 a jusante do exon 3, permitindo concluir
gue a diminuicdo do sinal foi devido a falta de ligacado da sonda em um dos alelos
por causa do polimorfismo identificado. Analise in silico indicou que essa
alteracao nao tem efeito sobre o splicing, ndo sendo uma variacao significativa
para alteracdo de fenotipo. Este dado nos mostra que, as técnicas devem ser
complementares, pois apenas o MLPA poderia inferir uma falsa delecédo nesta
amostra. Nao ter sido identificada nenhuma alteracéo sugere que a variacao do
namero de copias, delecdes e duplicacdes sdo eventos menos frequentes nos
genes NPC1 e NPC2.

O conhecimento sobre NP-C tem avancado significativamente, porém
ainda esta longe da compreensdo completa de sua fisiopatologia, por esse

motivo a busca incessante de modificadores se fazem necessario. Genes
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modificadores sdo aqueles que, juntamente com 0 gene responsavel pela
doenca e fatores ambientais podem estar associados ao fenétipo da doenca
(Patterson et al., 2012; Vanier et al., 2016).

Neste trabalho foi possivel identificar o perfil das mutacdes em pacientes
brasileiros com NP-C, utilizar multiplas técnicas e avaliar candidatos elencados
como possiveis modificadores apds consideraveis revisées bibliograficas.
Achados em genes modificadores poderia elucidar, em parte, a diferenca de
fendtipo observada em pacientes que apresentam a mesma mutacao.

A selecao de rotas relacionadas com as proteinas NPC1 e NPC2 foi o
ponto de partida para a escolha dos genes que seriam elencados como possiveis
modificadores. Considerou-se a hipétese de que os alvos selecionados poderiam
ter efeito sobre a fisiopatologia da doencga, e a analise de SNPs foi a ferramenta
utilizada para essa analise.

Distintas rotas tém se apresentado alteradas em doencas lisoss6micas de
depdsito (DLD), entre elas NP-C, destacando-se a via proteossomal e
autofagica. Estas rotas sédo ativadas devido a instabilidade de proteinas e
enzimas o que resulta em rapida degradacdo e perda de funcdo. Devido ao
lisossomo ser uma das mais importantes organelas celulares, tem sido um dos
maiores alvos de pesquisa nos ultimos 20 anos (Suzuki, 2014).

O acumulo de proteinas mal enoveladas, possivelmente devido a
alteracdes em proteinas conhecidas como chaperonas, pode ser citotoxico e
estar relacionada a patologias, incluindo doencas lisossébmicas e
neurodegenerativas (Smith et al., 2015; Osellame & Duchen, 2014). As

chaperonas sdo moléculas que ndo se encontram no produto final, mas que
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interagem com as proteinas de maneira que estas alcance a conformacao
funcional (Ellis, 1987).

As familias das chaperonas heat shock protein 70 (Hsp70 — familia
HSPA), heat shock protein 90 (Hsp90 — familia HSPC), heat shock protein 40
(DNAJB membro da familia Hsp40) e a co-chaperona carboxy-terminus of
Hsc70-interaction protein (CHIP) estdo sendo associadas a doencas
neurodegenerativas. No trabalho de Nakasone et al. (2014) foram identificadas
as chaperonas Hsp70, Hsp90 e co-chaperona CHIP no controle de qualidade de
NPC1 selvagem e mutada (p.I11061T). Estes achados tém redobrado a atencéo

para as chaperonas em NP-C.

Na realizagéo deste trabalho foram selecionados 5 SNPs, um no gene
CHIP (rs6597) e quatro do gene DNAJB6 (rs9647660, rs12668448, rs4716707 e
rs6459770), com o objetivo de correlacionar variacbes entre esses genes € 0

efeito sobre o fendétipo dos pacientes NP-C.

A frequéncia alélica e a analise de associacdo dos SNPs (CHIP e
DNAJB6) demostrou diferenca significativa em CHIP, porém o alelo mais
frequente observado na populacédo de pacientes NP-C foi o alelo ancestral (T),
nos demais nenhuma correlacdo foi identificada. A frequéncia genotipica
também foi avaliada, mas nenhuma diferenca estatistica foi observada. Estas
analises podem ser comprometidas devido ao baixo niumero de casos utilizados

nesse estudo levando a diminuicdo do poder estatistico.

Com o objetivo de buscar uma correlacéo entre gendtipo e a gravidade da
mutacéo, estas foram classificadas em leve, média e severa. O gen6tipo CT do

SNP rs12668448 do gene DNAJBG6, apresentou diferenca significativa, porém o
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fato de haver mais gendétipos M/M (M=médio) pode ter sido o responsavel por

esse resultado.

Para a analise de frequéncia alélica e genotipica, a informacéo da idade
de inicio das manifestacdes clinicas seria de extrema valia para a correlacao
(idade de inicio x alelo ou gendtipo), mas este dado néo foi encontrado na grande
maioria das fichas dos pacientes, por este motivo utilizou-se para a analise a
idade de diagnostico. A idade de diagndstico é variavel, com atraso ou nunca
realizado se carecer de manifestacdes clinicas como organomelagia, sintomas
neurolégicos e casos psiquiatricos (Vanier, 2010).

Estudos tém demonstrado que pelo menos em algumas mutacdes no
gene NPC1 a utilizacao de terapias com chaperonas podem levar a recuperacéo
do fenotipo (Zampiere et al., 2012). Em varias DLDs, com Doenca de Fabry,
Doenca de Gaucher Doenca de Pompe entre outras, tem sido demonstrado a
possibilidade da utilizacdo de chaperonas como terapia (Suzuki, 2014).

Outro modificador que parece estar associado a NP-C é a ApoE, o gene
apresenta dois polimorfismos (rs429358 e rs7412), que resultam em trés
isoformas (E2, E3 e E4) as quais se diferem na habilidade de redistribuicdo do
colesterol. As diferencas entre as isoformas interferem na estrutura e influenciam
a associacao com lipidios e a ligacdo com receptores (Hatters et al., 2006). Sabe-
se atualmente que a isoforma E4 esta associada como um possivel fator de risco
para a doenca de Alzheimer, enquanto a isoforma E2 apresenta efeito protetivo
(Mahley & Rall, 2000). Devido a sua relacdo direta com o metabolismo do
colesterol, a ApoE se torna um forte candidato a modificador da doenca de NP-

C.
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No primeiro trabalho, onde os autores buscaram uma associagao deste
alelo com a gravidade da doenca de NP-C, os resultados apontaram como um
possivel modificador, mesmo com um numero significativamente pequeno de
pacientes (n=15) (Fun et al., 2012). Por esse motivo, os dois SNPs foram
selecionados para teste em uma populacao maior.

Para andlise, a amostra foi dividida em dois momentos, as que tinham ou
nao o alelo ApoE €2 e em seguida a amostra foi novamente dividida entre as que
tinham ou ndo o alelo ApoE 4. Nenhuma correlacao foi identificada, possiveis
justificativas para o resultado: a idade de diagnéstico ndo € um bom critério para
a avaliacdo; a diversidade da populacéo brasileira pode ndo ser similar a outras
populacdes ou; os alelos ApoE €2 e ApoE ¢4, ndo tem nenhum efeito sobre NP-
C.

A fisiopatologia de NP-C nao esta completamente estabelecida. Comisso,
nenhuma hipétese deve ser considerada como nula. Muitas rotas além das
mencionadas neste trabalho podem estar envolvidas nesta patologia. Alteracdes
lisossomais, devido a sua importancia celular, devem ser consideradas nao so
como uma consequéncia, mas também como causa de outras alteracdes

fisiolégicas no organismo.
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CONCLUSAO

O desenvolvimento do presente trabalho permitiu avaliar, por meio de
analises moleculares, amostras de pacientes brasileiros com suspeita da doenca
de Niemann-Pick tipo C e identificar o espectro de mutagdes nos genes NPC1 e
NPC2 associados a esta patologia.

Foi possivel identificar as mutacdes p.Alal035Val, p.Prol007Ala e
p.Phel221Serfs*20 como sendo as mais comuns da coorte brasileira. Além
disso, elas também apareceram com maior frequéncia em estados especificos
como Séao Paulo, Parana e Pernambuco, respectivamente.

Para a investigacdo de possiveis ocorréncia de rearranjos génicos nos
genes NPC1 e NPC2 em pacientes com suspeita clinica de NP-C, foi utilizada a
técnica de MLPA a qual ndo evidenciou nenhuma alteracdo na populacao
elegivel para esta andlise. Rearranjos génicos parecem ndo ser alteracdes
frequentes nesses genes.

Na investigacdo de nucleotideo unico nos genes DNAJB6 e CHIP como
possiveis modificadores de fenoétipo, néo foi encontrada correlagéo significativa
entre estes genes e pacientes NP-C. Frente aos resultados, os genes DNAJB6
e CHIP aparentam néo ter efeito de modificador de fenotipo.

Outro candidato a modificador, a apolipoproteina E, selecionada devido a
sua correlacdo com o metabolismo do colesterol e com outras doencas
neurodegenerativas, determinou-se as isoformas através da combinacdo de
alelos, porém ndo houve nenhuma correlagdo com o fenédtipo da coorte de

pacientes NP-C.
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A fisiopatologia de NP-C ndo estd completamente estabelecia. A
continuidade da identificacdo de mutacdes e de genes modificadores auxiliara

na compreensao desta patologia.
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ARTICLE INFO ABSTRACT

Keywords: Background: Molecular diagnosis of hereditary spastic paraplegias (HSP) is a difficult task due to great clinical
Cerebrotendinous xanthomatosis and genetic heterogeneity. We aimed to characterize clinical and molecular findings of HSP families from Rio
Diagn?SiS ) ) Grande do Sul, Brazil; and to evaluate the diagnostic yield of a next-generation sequencing (NGS) panel with
Hereditary spastic paraplegia twelve HSP-related genes.

HSP . . Methods: A consecutive series of HSP index cases with familial recurrence of spasticity, consanguinity or thin
Next-generation sequencing . . . .

PG corpus callosum (TCC) were included in this cross-sectional study.

Results: Among the 29 index cases, 51.7% (15/29) received at least a likely molecular diagnosis, and 48.3% (14/
29) a defined diagnosis. NGS panel diagnostic yield was 60% for autosomal dominant HSP (6/10, all SPG4),
47.4% for autosomal recessive HSP (9/19: 5 SPG11, 2 SPG7, 1 SPG5 and 1 cerebrotendinous xanthomatosis),
and 50% for patients with TCC (3/6, all SPG11). Remarkably, 2/6 SPG11 patients presented keratoconus, and
tendon xanthomas were absent in the patient with cerebrotendinous xanthomatosis.

Conclusion: A likely molecular diagnosis was obtained for more than half of families with the NGS panel, in-
dicating that this approach could be employed as a first-line investigation for HSP. SPG4 is the most frequent
form of autosomal dominant and SPG11 of autosomal recessive HSP in Southern Brazil.

1. Introduction

Hereditary spastic paraplegias (HSP) are a group of heterogeneous
genetic disorders caused mainly by degeneration of the corticospinal
tract longest axons [1,2]. HSP are clinically classified as pure or com-
plicated forms, with ages at onset varying from early childhood to late
adulthood [1-4]. An isolated pyramidal syndrome with predominance
at lower limbs with or without vibration sense impairment and urinary
urgency defines pure HSP; whereas complicated HSP presents a more

complex clinical picture with additional neurological findings, such as
ataxia, epilepsy, and cognitive decline [3].

All forms of inheritance are known to cause HSP with > 80 pub-
lished genes or loci [5,6]. However, a smaller number of genes are
responsible for most cases [1,5,7,8]. Most HSP-related proteins will
affect axon and vesicle transport, control of endoplasmic reticulum
morphology, mitochondrial quality control, myelination, protein
folding/degradation, or lipid and purine nucleotide metabolism [1,4].

HSP are rare diseases that represent a significant burden to affected
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individuals and families. A recent systematic review of studies from
European, Northern African and Japanese populations reported dif-
ferent prevalence estimations ranging from 0.1 to 9.6 per 100.000 in-
dividuals [7]. There is no prevalence study of HSP in Latin America.

Due to the great clinical and genetic heterogeneity of HSP,
achieving a genetic diagnosis can be a difficult task. Overall, > 50% of
autosomal dominant HSP (AD-HSP) cases and 70% of autosomal re-
cessive HSP (AR-HSP) cases never receive a genetic diagnosis by con-
ventional sequencing methods [7,8]. With the advent of next genera-
tion sequencing (NGS), simultaneous sequencing of even thousands
genes is now possible, faster and at lower cost [8,9], decreasing the
diagnostic odyssey and the need for additional tests.

Our aim was to characterize clinical and molecular findings of HSP
families from Rio Grande do Sul, Brazil, and to evaluate the diagnostic
yield of a NGS panel with twelve HSP-related genes.

2. Materials and methods
2.1. Design and subjects

Index cases from consecutive families with clinical suspicion of HSP
were recruited from April 2011 to November 2014 at Neurogenetics
outpatients' clinics, Hospital de Clinicas de Porto Alegre, in a cross-
sectional study. Eligibility was suspicion of HSP according to clinical
diagnosis criteria [10] and presence of at least one of the following
criteria: familial recurrence, consanguinity or thin corpus callosum
(TCC) on magnetic resonance imaging (MRI). Age was not an exclusion
criterion. The study was approved by the Ethics in Research Committee
of our institution (GPPG-HCPA/14-0695), which follows the Declara-
tion of Helsinki. Informed written consent was obtained from all in-
dividuals' prior participation.

2.2. Neurological and genetic evaluation

Severity of disease was evaluated with the Spastic Paraplegia Rating
Scale (SPRS, range: 0-52, crescent in severity) [10]. Peripheral poly-
neuropathy was defined on clinical grounds by abnormal tactile-algesic
and/or thermal discrimination, and decreased distal deep tendon re-
flexes and, when available, by nerve conduction studies and electro-
myography. The mode of inheritance was classified as apparently au-
tosomal dominant when HSP was reported in > 1 generation. Families
with several affected members in only one generation, those from
consanguineous marriages, and simplex cases with TCC were classified
as apparently autosomal recessive.

For simplex cases irrespective of consanguinity we excluded struc-
tural/inflammatory lesions by MRI of brain/spinal cord and examined
vitamin B12, cooper, lipid profile and lactate blood levels; thyroid and
hepatic function and HIV-1/2, HTLV-1/2 and Lues serology. For sim-
plex cases or patients with suspected AR inheritance, we systematically
screened for deficiency of lysosomal enzymes (arylsulfatase A, (3-ga-
lactosidase, hexosaminidase A/B and galactocerebrosidase) and per-
formed urine sulfatides chromatography, plasma amino acid analysis by
tandem mass spectrometry and GC/MS urinary organic acid analysis.
For simplex cases and patients with possible X-linked inheritance we
screened for elevated levels of very long chain fatty acids. Patient's with
AD inheritance were screened for SCA1, SCA2, SCA3, SCA6 and SCA7
by PCR using specific fluorescent primers followed by capillary elec-
trophoresis of respective genes.

2.3. Genetic analysis

A customized AmpliSeq™ panel (Thermo-Fisher-Scientific) was de-
signed using Ion AmpliSeq™ designer software in order to target all
coding DNA sequences and flanking regions of the 11 HSP genes ATLI,
BSCL2, CYP7B1, KIAA0196, KIF5A, NIPA1l, REEP1, SPAST, SPG7,
SPG11 and ZFYVE26 plus CYP27A1, related to cerebrotendinous
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xanthomatosis (CTX). This panel consisted of two primer pools with
257 different amplicons. NGS was performed using the Ion Torrent
Personal Genome Machine (Ion-Torrent™). For detailed NGS procedures
see Appendix 1. The raw data generated from NGS run was processed
by Torrent Suite Software v5.0 (Thermo-Fisher-Scientific). After se-
quencing, reads were mapped to hgl9 using Torrent Mapping
Alignment Program (TMAP). Coverage assessment was performed using
the Coverage Analysis plugin available in the Torrent Browser. Variants
were annotated using Ion Reporter (Thermo-Fisher-Scientific), and
Enlis Genome Research software (Enlis-LLC). Integrative Genomics
Viewer was used for variant visualization. All genes were considered for
analysis, regardless inheritance pattern classification.

2.4. Variant analysis

Sequences were searched for using the National Center for
Biotechnology Information (NCBI) protein database, and variants are
described with reference to the following transcripts: ATLI
(NM_015915.4), BSCL2 (NM_001122955.3), CYP7B1 (NM_004820.3),
CYP27A1 (NM_000784.3), KIAA0196 (NM_014846.3), KIF5A
(NM_004984.2), NIPA1 (NM_144599.4), REEP1 (NM_022912.2), SPAST
(NM_014946.3), SPG7 (NM_003119.3), SPGI11 (NM_025137.3) and
ZFYVE26 (NM_015346.3). Sequence variations were compared to data
available in the Human Gene Mutation Database (HGMD®). Mutalyzer
2.0 [11] was used for checking variants' nomenclature.

PolyPhen-2 [12], SIFT [13], M-CAP [14], Mutation Taster [15],
Human Splicing Finder v3.0 (HSF3.0) [16] and ESEfinder v.3.0
(ESE3.0) [17] were used for in silico analysis. Phylogenetic conservation
was estimated with Genomic Evolutionary Rate Profiling (GERP + +)
[18]. Allele frequencies were searched on EXAC [19], gnomAD [20] and
1000 genomes browser [21]. Variants were classified according to
American College of Medical Genetics and Genomics criteria [22].

2.5. Confirmation of disease-causing variants

Sanger sequencing was used to confirm known or likely disease-
causing variants found by NGS, for affected relatives of index cases and
for segregation analysis. Polymerase chain reaction (PCR) was used to
selective exon amplification. Annealing temperatures and primer se-
quences are given in Supplemental Table 1 and sequencing details in
Appendix 1.

2.6. Statistical analysis

All variables in the study showed normal distribution on one-sample
Kolmogorov-Smirnov test. Quantitative features are reported as mean
and standard deviation (SD). Age at onset, disease duration, and SPRS
were compared between patients with pure and complicated HSP and
between patients with and without a probable molecular diagnosis
using two-tailed unpaired Student's t-test. Statistical significance was
defined asp < 0.05.

3. Results
3.1. Clinical and genetic classifications

Twenty-nine unrelated index cases were analyzed by the NGS-HSP
panel (19 females, mean [SD] age at onset, 27.1 [14.7] years; disease
duration, 17 [10.3] years). Twelve (41.4%) index cases presented with
pure and 17 (58.6%) with complicated HSP. Pedigrees suggested AD-
HSP in 10/29 (34.5%) and AR-HSP in 19/29 (65.5%) index cases, in-
cluding two isolated cases with TCC and complicated HSP. Six (20.6%)
index cases had TCC on MRI.

Pure-HSP: 8/12 (66.7%) index cases were classified as AD-HSP;
mean (SD) age at onset was 29.7 (17.2) years, disease duration 14.5
(9.3) years and SPRS 20.9 (6.7) points. Complicated-HSP: 15/17
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A B Fig. 1. Diagnostic yield of HSP-NGS panel according to
AR-HSP genetic and clinical classification. AD, autosomal dominant;
AD-HSP AR, autosomal recessive; CTX, cerebrotendinous xantho-
SPG11 matosis.
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(88.2%) index cases were classified as AR-HSP; mean (SD) age at onset
was 25.2 (12.9) years, disease duration 17.06 (2.2) years and SPRS 28
(9.1) points. Complicated-HSP were more frequently associated to au-
tosomal recessive inheritance (X? = 9.38, p = 0.002) and higher SPRS
scores than pure-HSP, but without statistical significance (p = 0.061);
age at onset and disease duration were similar between groups.

Fifty-two individuals from these 29 families were evaluated in total
(26 with pure and 26 with complicated-HSP). Most frequent additional
feature for complicated-HSP was ataxia 14/26 (53.8%), followed by
intellectual disability 13/26 (50%), dysarthria 9/26 (34.6%),
Parkinsonism 8/26 (30.8%, mainly bradykinesia) and signs of periph-
eral neuropathy 7/26 (26.9%, without considering vibratory sense ab-
normalities). See Supplemental Table 2.

3.2. Next generation sequencing

NGS-HSP panel mean coverage on target was 116.13 reads. A total
of 94.3% of NGS fragments had at least 30-fold coverage and passed
quality control. Overall the NGS-HSP panel diagnostic yield was 51.7%
(15/29 patients) for at least a likely molecular diagnosis, and 48.3%

SPASTgene
(NM_014946.3)

(14/29 patients) for definitive molecular diagnosis. Ages at onset, dis-
ease duration and severity were similar between patients with and
without at least a probable diagnosis (data not shown).

Diagnostic yield of the NGS-HSP panel for AD-HSP was 60% (6/10,
Fig. 1A), 47.4% (9/19) for AR-HSP (Fig. 1B) and 50% (3/6) for HSP
patients with TCC. The panel diagnostic yield for pure-HSP was 75%
(9/12, Fig. 1C) and for complicated-HSP was 35.3% (6/17, Fig. 1D).

Among index cases with a confirmed genetic diagnosis, eight pre-
sented with pure (6 SPG4, 1 SPG7, 1 SPG5) and six with complicated
HSP phenotypes (4 SPG11, 1 SPG7, 1 CTX). In a single case with pure
HSP, a probable diagnosis was indicated by the presence of a homo-
zygous likely pathogenic variant on SPG11.

3.3. Sanger sequencing

Sanger sequencing confirmed all variants classified at least as likely
pathogenic on NGS. Sanger sequencing of affected relatives diagnosed
15 additional cases, totaling 30 patients; 15 patients (6 families) with
SPG4, 6 patients (5 families) with SPG11, 4 patients each with SPG7 (2
families) and SPG5 (1 family), and one patient with CTX. Detailed
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Fig. 2. Schematic representations of mutations in SPAST, SPG11, SPG7 and CYP7B1 genes. Novel mutations are depicted in bold.



D. Burguez et al.

Table 1

Novel variants in HSP genes.
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individual data is given in Supplemental Table 2.
3.4. Novel variants

Of the 18 at least likely pathogenic variants identified, 6 (identified
in 7 families) were novel (Fig. 2). All novel variants were predicted to
be pathogenic by in silico analysis and all occurred at conserved re-
sidues, see Table 1. Variant p.Ala425Pro in SPAST segregated with
disease phenotype in the index case and in three affected sons, and
occurred de novo in the index case. A homozygous indel in SPG11,
¢.7115_7123delTATTAAAGT was identified in one index case with pure
phenotype, this variant was predicted to activate an exonic cryptic
acceptor site and to alter an exonic splicing enhancer site on HSF3.0,
and to lead to the loss of the splice enhancer site SRSF2 on ESE3.0
prediction, segregation analysis of this variant; however, was not pos-
sible. A small deletion in SPG7 (c.1450-1_1457delGGAGAGGCG) was
identified in two unrelated families (HSP41 and HSP42). In HSP41,
both ¢.1450-1_1457delGGAGAGGCG and the previously reported pa-
thogenic missense variant p.Gly672Arg [23] were found in SPG7; but
segregation analysis was not possible. In HSP42, segregation analysis
confirmed that ¢.1450-1_1457delGGAGAGGCG was in trans with the
previously reported pathogenic missense variant p.Ala572Val [24].
These variants segregated with phenotype in three siblings. Variant
p-Glu321Lys in CYP7BI occurred in trans with the pathogenic missense
variant p.Thr297Ala [25]. These variants segregated with the pheno-
type in four affected siblings. We measured 27-hydroxycholesterol (27-
OHC) levels as previously described [26]. Mean 27-OHC levels were 7-
fold higher in plasma (mean = SD 1177.2 + 178.6 ng/ml; normal
range: 89-243 ng/ml) and 30-fold higher in cerebrospinal fluid (CSF)
(15.2 = 2.6 ng/ml; normal range: 0.5-0.8 ng/ml) in the affected sib-
lings when compared to healthy controls, providing functional evidence
of pathogenicity.

We also classified variants with at least 30-fold coverage and with
allele frequency of < 1% on ExAC. The list of these rare variants that
were classified from benign to uncertain significance are detailed on
Supplemental Table 3.

3.5. Autosomal dominant mutations

3.5.1. SPG4

All AD-HSP (6 families, 15 patients, 10 females) were a molecular
diagnosis was reached carried variants in SPAST; all of them presented
as pure-HSP (Table 2). Age at onset was highly variable varying from 1
to 73 years of age. Use of canes/walkers was required by 40% of SPG4
patients and only a single patient required a wheelchair. Two missense
variants were associated with early-onset. Pyramidal involvement
started in the first year of life in all carriers of p.Ala425Pro variant, and
at 4 and 7years of age in carriers of c¢.1412 1413delinsAC
(p.Gly471Asp) variant. Interestingly, p.Gly471Asp amino acid change
due to a nucleotide substitution (c.1412G > A) was also previously
associated to childhood-onset HSP phenotype [27]. No SPG4 index case
carried the p.Ser44Leu disease modifying polymorphism in SPAST.

3.6. Autosomal recessive mutations
Patients with AR-HSP are shown in Table 3.

3.6.1. SPG11

Mutations in SPG11 were identified in 5 families (6 patients, 4 fe-
males); all patients presented with a complicated-HSP phenotype ex-
cept for patient HSP8 (homozygous for the novel SPGI1 indel
¢.7115_7123delTATTAAAGT). One patient (HSP45) carried 3 SPG11
previously reported variants: ¢.1621C > T [28], ¢.6526T > C [28],
and ¢.7000G > C [29]. On segregation analysis, paternal allele carried
both ¢.1621C > T and ¢.6526T > C variants in cis while the maternal
one carried the ¢.7000G > C mutation. Both paternal variants
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Table 2

Clinical and molecular findings of families with defined autosomal dominant HSP diagnosis.
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Fam Subject Gene  Nucleotide change Predicted AA change Mutation type Phenotype AO DD SPRS Canes/ Wheel- Additional features
walker” chair®
2 HSP5  SPAST ¢.1267G > T p.Val423Leu Missense Pure 23 8 20 28 No No
9 HSP12 SPAST ¢.1492.1493 + 2delAGGT p.Arg498Alafs*13 Deletion Pure 30 11 22 43 No No
9 HSP13 SPAST ¢.1492.1493 + 2delAGGT p.Arg498Alafs*13 Deletion Pure 48 20 37 NA 63 No
9 HSP14 SPAST ¢.1492.1493 + 2delAGGT p.Arg498Alafs*13 Deletion Pure 41 3 22 44 No No
12 HSP18 SPAST ¢.1273G > C p.Ala425Pro Missense Pure 1 27 10 No No Dysarthria, mild intellectual
disability
12 HSP19 SPAST ¢.1273G > C p.Ala425Pro Missense Pure 1 7 19 7 No Mild intellectual disability
12 HSP20 SPAST ¢.1273G > C p.Ala425Pro Missense Pure 1 3 8 No No No
12 HSP21 SPAST ¢.1273G > C p.Ala425Pro Missense Pure 1 2 18 No No No
15  HSP25 SPAST c¢.1412.1413delinsAC p.Gly471Asp Missense Pure 7 26 31 24 No No
15  HSP26 SPAST c¢.1412_1413delinsAC p.Gly471Asp Missense Pure 4 2 5 No No No
20 HSP37 SPAST ¢.1378C > T p-Arg460Cys Missense Pure 55 4 20 No No No
20  HSP38 SPAST ¢.1378C >T p.Arg460Cys Missense Pure 45 11 13 55 No No
20 HSP39 SPAST ¢.1378C > T p-Arg460Cys Missense Pure 73 10 20 No No No
20 HSP40 SPAST ¢.1378C > T p-Arg460Cys Missense Pure 62 0 8 No No No
24  HSP46 SPAST ¢.1741C>T p.Arg581* Nonsense Pure 45 10 14 No No No

AO, age at onset; DD, disease duration; NA, not available; SPRS, Spastic Paraplegia Rating Scale.

@ Age in years at loss of independent walking or wheelchair dependency.

(c.1621C > T and c.6526T > C) were reported in a single patient with
amyotrophic lateral sclerosis phenotype, but authors were unable to
evaluate if variants were in cis or trans [28]. Our data suggest that
¢.1621C > T and ¢.6526T > C variants are linked and that at least the
proximal nonsense variant ¢.1621C > T (p.GIn541%) is pathogenic.
Most frequent complicating features in SPG11 were intellectual dis-
ability/dementia, 5/6 (83.3%); motor neuron involvement, 4/6
(66.7%); dysarthria, 3/6 (50%); and keratoconus, 2/6 (33.3%). Only
the patient with pure HSP phenotype was not wheelchair dependent.
TCC and the “ears of the lynx” sign was present in 3/4 (75%) SPG11
patients (Table 3). The remaining 2/6 patients did not perform brain
MRI.

3.6.2. SPG7

Mutations in SPG7 were identified in 2 families (4 patients, 2 fe-
males); one patient with pure and 3 with complicated forms. Most
frequent complicating features in SPG7 were dysarthria, 4/4 (100%);
ataxia, 3/4 (75%); ptosis, 2/4 (50%); and dysphagia, 2/4 (50%). We
had an unsolved case with SPG7 suspicion where the index patient
(HSP36) presented a single heterozygous pathogenic variant in SPG7
(p.Leu78*) that was previously reported to segregate in both recessive
and dominant manners [30,31]. The reported family with presumed
dominant segregation of p.Leu78* was of gipsy ancestry. The index case
presented the SPG7 variant in heterozygous state (age at onset of
20 years). Contrastingly, patient's mother and aunt, who were also af-
fected by a similar disorder but with later age at onset (32 and 48 years
of age), presented p.Leu78* in both alleles [30]. Copy number varia-
tions of SPG7 were not planned in our study and this case remained
unsolved.

3.6.3. SPG5 and CTX

Mutations in CYP7BI (SPG5) were identified in 1 family (4 patients,
2 females), where 3 cases showed pure HSP and the other had ataxia,
dysphagia and parkinsonism as complicating symptoms. Three out of
the four patients required canes/walkers for locomotion at mean dis-
ease duration of 15.5 years. Pathogenicity of the new p.Glu321Lys
variant in CYP7B1 was confirmed by segregation analysis and by in-
creased levels of 27-hydroxycholesterol detected in both CSF and
plasma [26]. Two patients presented dyslipidemia and were treated
with 20 mg/day simvastatin for 2 years. Both reported symptoms sta-
bilization during this period. Mutation in CYP27A1 (CTX) was identi-
fied in a single female patient with HSP-phenotype complicated by
ataxia, dysarthria, extrapyramidal findings and cognitive impairment.
She presented a complicated-HSP phenotype. Later, a follow-up brain
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MRI depicted new cerebellar white matter lesions (Supplemental Fig. 1)
suggestive of CTX. Plasma cholestanol levels were elevated, 1.64 mg/dl
(normal range: 0.17 + 0.12 mg/dl, cut-off for CTX diagnosis > 1 mg/
dl, OSHU, Oregon, USA) and both Sanger sequencing and NGS-HSP
panel revealed a homozygous p.Arg474GIn mutation in CYP27A1[32]
confirming CTX. Bilateral subcapsular cataract was present at age 47.
There was no clear xanthoma, and her spine MRI was unremarkable.

4. Discussion

HSP are a heterogeneous group of rare and neglected diseases in
which molecular analysis is essential to establish diagnosis and to
provide adequate genetic counselling. NGS panel of 12 HSP-related
genes was used as an initial molecular diagnostic approach. Genes have
been selected to represent the most prevalent forms of HSP in different
populations, including two potentially treatable conditions, SPG5 and
CTX. With this strategy, > 50% of HSP families from Rio Grande do
Sul, Brazil received at least a likely molecular diagnosis, allowing the
diagnosis of additional 15 individuals by target mutation analysis.

Several studies in the last years addressed different molecular
strategies for the diagnosis of HSP; most using NGS technologies, as
whole-exome (WES), targeted exome and panel-based sequencing
[5,6,8,31,33,34]. Most of these studies adopted multiple molecular
approaches with an overall diagnostic yield varying from 25.0%-52.5%
[5,8,31,33,34]. Mixed molecular approaches and absence of pre-spe-
cified selection criteria limit previous information on diagnostic yield
for HSP. An exception is a large series of consanguineous AR-HSP where
the genetic basis was identified in approximately 75% of cases (33%
known and 42% new genes) with WES of 2 or 3 individuals and a so-
phisticated confirmation approach [6]. With this exception, our selec-
tion of HSP genes and patients turned out to be among the most suc-
cessful approaches published so far.

Our study described a systematical evaluation of the mutation
spectrum of HSP in Rio Grande do Sul, adding information to previous
reports on SPG4 [35] and to case series of SPG11 [36] from southeast
and southern regions of Brazil. Rio Grande do Sul is the southernmost
state of Brazil, and is characterized by a major European background, as
83% of its population is self-identified as being from European descent
[37]. Six novel disease-related variants (5 with confirmed pathogeni-
city), and novel clinical findings, such as the presence of keratoconus in
SPG11, were reported. We have also strengthened evidence that CTX
should be included in the differential diagnosis of HSP, regardless the
presence of xanthomas.
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4.1. Autosomal dominant HSP

Point mutations in SPAST are the most common cause of AD-HSP in
Rio Grande do Sul, which is consistent with studies from other countries
[5,7,8]. SPAST mutations were found in 60% of AD-HSP families, a
higher relative frequency than reported in a recent collaborative Bra-
zilian study [35]. Although one could argue that our results might be
biased by a smaller sample of families, our results were very similar to
the largest cohort of HSP patients published so far (222 individuals with
AD-HSP). This German study found that 61% of AD-HSP were due to
SPAST mutations [5]. We adopted the same inheritance pattern criteria
as this study. Previous studies suggested that SPG3A is the main cause
of AD-HSP with childhood onset [38]. In our cohort, 3/10 index pa-
tients started symptoms with <10 years-old, 2/3 had mutations in
SPAST and the other remained without diagnosis. These results were
similar to the German cohort were SPG4 was twice as common in this
subgroup as SPG3A [5]. All Brazilian SPG4 families in our cohort car-
ried different mutations (Fig. 1). No other genetic diagnosis was found
for AD-HSP in our study.

4.2. Autosomal recessive HSP

This is the first systematic assessment of AR-HSP in Brazil to date.
We have obtained a higher diagnostic yield (47.4%) than previous
studies using Sanger sequencing of target genes [7]; and similar yield to
recent studies using NGS technologies [8,33,34]. SPG11 was the most
common form of AR-HSP in our region being responsible for 26.3%
families, followed by SPG7 that was diagnosed in 10.5%, and SPG5 and
CTX that were diagnosed in 5.2% of families each. Similar to previous
studies [5], SPG11 patients presented a more severe disease than other
genotypes. TCC and “ears of the lynx” sign were frequent findings on
brain MRI of SPG11 patients. Interestingly, 2/6 SPG11 patients (2 fa-
milies) presented bilateral keratoconus, an extra-neurological feature
that has not been previously associated with SPG11, broadening the
spectrum of complicating symptoms going along with this genotype.
SPG7 was the second most frequent form of AR-HSP in our population.
Patients with SPG7 had long disease durations (> 30 years) with re-
latively few handicap.

4.3. Treatable forms of HSP

We found a single family with four individuals with SPG5, which,
similarly to the German cohort [5], presented a more unfavorable dis-
ease course than SPG4 and SPG7. SPG5 is caused by the loss of function
of oxysterol-7 a-hydroxylase, an enzyme involved in the degradation of
cholesterol into primary bile acids. Recent reports suggest that statins
might be effective in reducing the levels of the accumulated toxic
oxysterol 27-hydroxycholesterol, being a potential therapy for the dis-
ease [39]. In our cohort, one case of CTX that did not present tendon
xanthomas was found. In agreement with CTX patients' reports with
spinal xanthomatosis [40] and of pure-HSP without xanthomas [41],
our study clearly indicates that CTX should be considered in the dif-
ferential diagnosis of HSP regardless the presence of xanthomas, espe-
cially as being a treatable disorder of bile acid synthesis.

4.4. Study limitations

The eligibility criteria of our study may have selected a population
with high risk of an inherited disorder. The enriched population might
have increased the diagnostic yield of our approach. However, it does not
influence the general genotype distribution that can be expected within
populations with comparable ethnicity and family history. On the other
hand, our approach may have underestimated the real frequency of gen-
otypes as MLPA analysis concerning genomic deletions/duplications was
not performed. The diagnostic yield of the NGS panel in isolated cases of
Brazilian population needs to be addressed in future studies as well as the
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proportion of HSP forms in Brazilian states from northern and northeast
regions, which present greater African and Native Americans background
and lower European descent, from 23 to 30% [37].

5. Conclusion

The targeted gene panel with twelve HSP genes seems to be an
adequate strategy for HSP diagnosis that could be employed as a first-
line investigation of patients with suspicion of HSP. Harder to interpret
and more expensive NGS approaches, as WES, could be used as the next
step for patients with negative results in the panel analysis. Due to the
great proportion of SPG4 among AD-HSP, another possible strategy
would be to perform Sanger sequencing of the 17 exons of SPAST for
patients with clear AD inheritance, followed by similar targeted panel if
negative results were found. SPG4 is the most frequent form of AD-HSP
and SPG11 of AR-HSP in Rio Grande do Sul, Brazil.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2017.10.010.
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ARTICLE INFO ABSTRACT

Keywords: Background: Niemann-Pick type C (NP-C), one of 50 inherited lysosomal storage disorders, is caused by NPC
Niemann-Pick type C protein impairment that leads to unesterified cholesterol accumulation in late endosomal/lysosomal compart-
Oxysterols ments. The clinical manifestations of NP-C include hepatosplenomegaly, neurological and psychiatric symptoms.

Filipin staining Current diagnosis for NP-C is based on observation of the accumulated cholesterol in fibroblasts of affected

zcre‘??lr_lfy individuals, using an invasive and time expensive test, called Filipin staining. Lately, two metabolites that are
ENs1vI . . . . . . . . .

Specificity markedly increased in NP-C patients are arising as biomarkers for this disease screening: 7-ketocholesterol and
Miglustat cholestane-3[3,5a,60-triol, both oxidized cholesterol products.

Therapy monitorization Objective: In this work, we aimed to evaluate the performance of cholestane-3f3,5a,6f3-triol analysis for the
screening and monitoring of NPC patients, correlating it with chitotriosidase levels, Filipin staining and mole-
cular analysis. It was investigated 76 non-treated individuals with NP-C suspicion and also 7 patients with
previous NP-C diagnosis under treatment with miglustat, in order to verify the cholestane-38,5a,6(3-triol value as
a tool for therapy monitoring.

Results: Considering molecular assay as golden standard, it was verified that cholestane-3[3,5a,6p-triol analysis
presented 88% of sensitivity, 96.08% of specificity, a positive and negative predictive value calculated in 91.67%
and 94.23%, respectively, for the diagnosis of NP-C. Chitotriosidase levels were increased in patients with po-
sitive molecular analysis for NP-C. For Filipin staining, it was found 1 false positive, 7 false negative and 24
inconclusive cases, showing that this assay has important limitations for NP-C diagnosis. Besides, we found a
significant decrease in cholestane-3(,5a,63-triol concentrations in NP-C patients under therapy with miglustat
when compared to non-treated patients.

Conclusion: Taken together, the present data show that cholestane-33,5a,6p-triol analysis has a high potential to
be an important NP-C screening assay, and also can be used for therapy monitorization with miglustat in NP-C
patients.

1. Introduction NPC1 or NPC2 genes and mainly characterized by unesterified choles-
terol accumulation in late endosomal/lysosomal (LE/L) compartments

Niemann-Pick type C (NP-C) is a lysosomal lipid storage disease (Vanier and Millat, 2003). As a result of this genetic defect, there is an
(LSD) with autosomal recessive inheritance, caused by mutations in accumulation of other lipids, such as glucosylceramide, GM1 and GM2

Abbreviations: NP-C, Niemann-Pick type C; LSD, lysosomal storage disorder; CNS, central nervous system; 7-KC, 7-ketocholesterol; GC/MS, gas chromatography/mass spectrometry; LC/
MS-MS, liquid chromatography/tandem mass spectrometry; LDL, low density lipoprotein; LE, late endosomal; ROS, reactive oxygen species; CSF, cerebrospinal fluid; HSEM, horizontal
saccadic eye movement
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gangliosides in peripheral tissues (liver, spleen and lungs) and in central
nervous system (CNS) of the affected individuals (Patterson, 2003). In
this way, clinical presentation is extremely heterogenous and includes
hepatosplenomegaly, neonatal jaundice, dysarthria, dysphagia, vertical
supranuclear gaze palsy, psychiatric and/or cognitive dysfunction and
it may vary between patients in terms of age-onset and disease severity,
delaying the recognition of the disease (Patterson, 2003). Regarding its
rarity, NP-C incidence is estimated in 1/89,000, but this data may be
significant uncertain because of a late-onset NPC1 phenotype, with a
markedly higher incidence, on the order of 1/19,0001,/36,000. (Wassif
et al., 2016).

Despite there is no cure for NP-C, the management of symptoms is
an important goal in therapy for these patients (Patterson et al., 2012).
Miglustat, a small iminosugar molecule able to cross the blood-brain
barrier and to reversibly inhibit glucosylceramide synthase (the first
enzyme in glycosphingolipid synthesis) was proposed for the treatment
of the disease (Fecarotta et al., 2015). The efficacy of miglustat on
neurological manifestations progression has been studied in NPC pa-
tients enrolled in international clinical trials and observational studies.
Data from one-year treatment of juvenile and adult NPC patients sug-
gested that miglustat improves or stabilizes several neurological man-
ifestations (Fecarotta et al., 2015; Patterson et al., 2007). Cyclodextrins
are also showing some promising results in several studies, but the
mechanisms are not yet completely established (Atger et al., 1997; Aqul
et al.,, 2011). Treatment with subcutaneously hydroxypropyl-3-cyclo-
dextrin (HPBCD) of a NP-C murine model shows an improvement in
cholesterol metabolism in the liver and the most other organs, as well as
ameliorates cerebellar neurodegeneration (Ramirez et al., 2010; Nusca
et al., 2014). Administration of intracisternal HPCD to NP-C cats with
ongoing cerebellar dysfunction slowed disease progression, increased
survival time, and decreased the accumulation of brain gangliosides
(Vite et al., 2015). Recent phase I/II clinical trial showed that patients
with NPC1 treated with intrathecal HPCD had slowed disease pro-
gression with an acceptable safety profile (Ory et al., 2017).

Due to its heterogeneity in symptoms and clinical nature, prompt
diagnosis for NP-C is a challenge. Once considered standard gold assay
for NP-C diagnosis, Filipin staining is based in a coloration using a
fluorescent antibiotic, which binds to cholesterol accumulated in fi-
broblasts from NP-C patients. However, a variant profile in fluorescent
pattern can cause doubts in assay interpretation. Besides, Filipin test is
an invasive and expensive procedure, requiring a specialized center to
perform it (Vanier et al., 2016). Fluorescence microscopy is a valuable
tool for studying intracellular transport processes, but this method can
be challenging for lipid molecules, such as cholesterol (Maxfield and
Wiistner, 2012). Alternatively, accumulated cholesterol can be also
visualized by immunofluorescence using a cholesterol-binding bacterial
toxin, perfringolysin O (Kwiatkowska et al., 2014).

Determination of chitotriosidase is also used as a general and po-
tential indicator of LSD, including NP-A, NP-B and NP-C. However,
normal levels of this enzyme may occur in these patients, showing a
lack of sensitivity and specificity of this assay (Vanier et al., 2016).
Therefore, definitive diagnosis depends on molecular analysis of NPC1
and NPC2 genes for most cases.

In NPC deficient cells, there is an association between oxidative
stress and accumulated cholesterol by increased production of reactive
oxygen species and oxidative damage (Ribas et al., 2012). Cholesterol
can suffer oxidation in different ways, what could be mediated by en-
zymes or through non-enzymatic reactions (Fig. 1). Oxidized choles-
terol products, specifically cholestane-3p,5a,6p-triol (3f3,5a,603-triol)
and 7-ketocholesterol (7-KC), are markedly increased in plasma of NP-C
patients and in animal models, whereas remain normal in other LSD
(Jiang et al., 2011). These findings indicate that 3f3,5a,6(3-triol and 7-
KC are NPC1 disease-specific biochemical markers and suggest a pos-
sible utility of these markers in diagnosis and therapeutic evaluation of
NPC1 disease (Jiang et al., 2011). Determination of these metabolites
can be performed using gas chromatography/mass spectrometry (CG/
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MS) or by liquid chromatography/tandem mass spectrometry (LC-MS/
MS) methods (Boenzi et al.,, 2016; Porter et al., 2010). Therefore,
oxysterols analysis by LC-MS/MS became an alternative and non-in-
vasive assay to screen potential NP-C patients, as well as a tool for
treatment monitoring. However, its correlation with tests currently
used for NP-C diagnosis must be better investigated.

In order to evaluate the 3[,5a,6B-triol measurement for NP-C
therapy monitorization and also as a biomarker for NP-C diagnosis, in
this work we analyzed 3[3,5a,6B-triol and chitotriosidase levels, Filipin
staining and mutations in NPC genes in biological samples from pa-
tients with NP-C suspicious and in treated NP-C patients referred to our
specialized center in South Brazil.

2. Materials and methods
2.1. Samples

Skin biopsy and blood samples were obtained from 76 individuals
with suspicious of NP-C disease in Medical Genetics Service of Hospital
de Clinicas de Porto Alegre, Brazil. Additionally, 7 blood samples from
patients with previous diagnosis of NP-C under miglustat therapy
(therapeutic regime: 200 mg thrice a day) were collected. These blood
samples were collected in tubes with EDTA as anticoagulant, cen-
trifuged for five minutes at 3000 rpm and plasma was frozen at —80 °C.
The clinical features presented by these patients included dystonia,
dysphagia, seizures, vertical supranuclear palsy and psychiatric dis-
orders.

This work was carried out according to the Code of Ethics of the
World Medical Association (Declaration of Helsinki). All subjects in this
study signed an informed consent, and this project was approved by the
Ethics Committee of Hospital de Clinicas de Porto Alegre (HCPA), RS,
Brazil under the registration number 13-0239.

2.2. Cholestane-3p,5a,6f-triol analysis

Levels of triol were determined by LC-MS/MS in EDTA-plasma,
using cholestane-3f,5a,6p-triol D7 as internal standard and derivati-
zation with dimetylglycine, according to Jiang et al. (2011), with some
modifications. The chromatographic separation was performed on a
column ACE 3 C18 (4.6 x 150 mm, 3 um) using a gradient of mobile
phase A (0.1% formic acid + 1 mM ammonium acetate in water) and
mobile phase B (0.1% formic acid + 1 mM ammonium acetate in me-
thanol). Detection was performed with a Waters Quattro Micro API
tandem mass spectrometer in positive atmospheric-pressure chemical
ionization (APCI) and multiple reaction monitoring (MRM) mode. The
optimized MS/MS conditions were as follows. APCI probe temperature
and source temperature were 500 °C and 120 °C, respectively; cone
voltage and coll energy were 30 V and 20 eV, respectively; desolvation
gas flow and cone gas flow were 600 L/h and 50 L/h, respectively;
monitored mass transitions were 591.5 — 104 for the triol and
598.8 — 103.8 for the internal standard; retention time was 5.5 min
and quantification was based on standard curve ranging from 2 to
400 ng/mL for the triol (Ribas et al., 2016).

2.3. Chitotriosidase assay

Plasma enzyme determination was performed according to Hollak
et al. (Hollak et al., 1994), using 4-methylumbelliferyl(3-DN,N’,N"’-
triacetylchitotrioside as reaction substrate. The mixture for the enzyme
assay was composed by 5 uL of acidified plasma and 26 uM of substrate
dissolved in 100 mM citrate plus 200 mM phosphate buffer (pH 5.2),
obtaining a total volume of 105 pL. This mixture was incubated for 15’
at 37 °C. Glycine-sodium hydroxide buffer (0.5 M, pH 10.3) was used as
stop solution for the reaction and the fluorescence was determined with
a Hitachi F2000 spectrofluorometer (A excitation 365 nm and emission
450 nm). Normal range was considered between 8.8 and 132.0 nmol/h/
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mL.

2.4. Filipin staining

Skin biopsy samples were used for fibroblasts culture with HAM-F-
10 medium and 10% of Fetal Calf Serum. After the cells reached con-
fluence, Low Density Lipoprotein (LDL) was added to the culture. After
two days, cells were transferred to slides and stained with Filipin re-
agent for histological examination in a fluorescent microscope.
Intracellular lipid accumulation was determined as described in
Blanchette-Mackie et al., (1988); ‘classical’ pattern of cholesterol ac-
cumulation showed a strong fluorescence in perinuclear vesicles (po-
sitive). The pattern of cells samples was categorized in normal (clear, no
fluorescence), inconclusive or variant (moderated fluorescence) or ty-
pical or “classical” (high fluorescence).

2.5. Molecular analysis

Mutation analysis was performed using DNA isolated by standard
method from patients’ blood samples. Coding sequences and flanking
regions of the NPC1 and the NPC2 genes were amplified with PCR,
purified and submitted to direct DNA sequencing using the BigDyel
Terminator Cycle Sequencing kit v. 3.1 (Applied Biosystems, Foster
City, CA, USA), following the manufacturer's instructions. Products
were then submitted to capillary electrophoresis in an ABI PRISM1
3130x]l Genetic Analyzer, and sequences were analyzed with DNA
Sequencing Analysis software v. 5.2 (Applied Biosystems). Mutations
were confirmed by sequencing an independent DNA sample with both
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forward and reverse primers. Molecular analyses were conducted in
blood of all patients of this study.

2.6. Statistical analysis

All results were expressed as mean = standard deviation (SD).
Unpaired Student’s t-test was used for groups comparison, and differ-
ence was considered significant when p < 0.05. All analysis and
graphs were performed using the software GraphPad Prism” (GraphPad
Software Inc., San Diego, CA, USA - version 7.0 for Windows") in a
compatible PC.

3. Results

Subjects were segregated in 2 different groups: patients with
3B,5a,6B-triol levels higher than 100 ng/mL (group A) and lower than
100 ng/mL (group B). This separation was established according to the
cut-off value founded for this analyte in our laboratory. Table 1 shows
that individuals from group A also presented higher chitotriosidase
activity compared to group B, although this biomarker is not specific for
NP-C, and also can be found increased in others LSD, such as Gaucher
disease and NP-A/B (Sheth et al., 2010). Molecular analysis showed
that 2 patients from group A did not have any mutation in NPC gene,
excluding the existence of the disease. On the other hand, 3 individuals
from group B presented positive molecular analysis for NPC, despite
low levels of 3f,50,6B-triol. Results of molecular analysis are sum-
marized in Table 2. Considering these data and applying MedCalc
software, the analysis of 3B,50,6B-triol levels presented 88% of
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Table 1
Results of Filipin staining, chitotriosidase activity and molecular analysis in patients with cholestane-3f,5a,6p3-triol levels higher than 100 ng/mL (Group A) and lower than 100 ng/mL
(Group B).
3B,50,6B-triol concentration (ng/mL; mean + SD) “CT activity (nmol/h/mL; mean + =+ SD) Positive Negative Inconclusive  Positive Negative
cases by  cases by cases by cases by cases by
Filipin Filipin Filipin molecular  molecular
staining  staining staining analysis analysis
Group A 164.6 = 10.67 929.3 * 346.5 10 0 2 22 2°
(n=-
24)
Group B 34.7 = 3.803 174.5 + 49.73 1 7 24 3 49
(n=-
52)

2 Chitotriosidase.

b patients later diagnosed as Niemann-Pick A/B by measurement of sphingomyelinase activity using a radioactive method adapted from Pentchev et al. (Pentchev et al., 1980).

Table 2
Results for molecular analysis.

Molecular analysis Patients

Heterozygous for mutations p.D945N and p.F1221SfsX20

Homozygous for mutation p.A1035 V

Heterozygous for mutations p.[923 V and p.A1035 V

Heterozygous for mutations p.N195Kfsp*2 and p.F1221SfsX*20

Heterozygous for mutations c.114-122del19 and p.F12215fsX20

Homozygous for mutation p.V694M

Homozygous for mutation p.F1221SfsX20

Heterozygous for mutations p.R1186H and p.F1221SfsX20

Heterozygous for sequence variation p.G992R and heterozygous for
mutation p.G1140 V.

Heterozygous for mutations p.A1035 V and p.E1166 K

Heterozygous for mutations p.S151Ffs*70 and p.F1221SfsX20

Heterozygous for variations p.G910S and p.G992W

Homozygous for mutation p.Q710Rfs*27

Homozygous for mutation p.P1007 V

Homozygous for mutation p.P1007A.

Homozygous for mutation p.R518 M

Heterozygous for variation p.G992R and heterozygous for mutations
p.A1035 V.

Heterozygous for mutations p.P1007A V and p.E1166 K 1

No pathogenic mutations in the NPC1/NPC2 genes 51

NN N e e U1

e N

sensitivity, 96.08% of specificity, a positive and negative predictive
value calculated in 91.67% and 94.23%, respectively. For these calcu-
lations, it was used molecular analysis as gold standard, since Filipin
staining could not be performed in all individuals.

The therapy with miglustat and its effect in 3f,5a,6p-triol levels
was also evaluated. It can be observed in Table 3 and Fig. 2 that
3B,5a,6p-triol levels are significantly lower in treated patients when
compared to non-treated individuals, showing that this metabolite
could be used not only for screening but also for therapy monitorization
in NP-C.

4. Discussion

NP-C is a LSD currently conceived as a lipid trafficking disorder.
Impaired egress of cholesterol from the late endosomal/lysosomal
compartments is a specific key element of the pathogenesis (Vanier,
2015). Accumulated cholesterol in viscera and CNS can be oxidized by
reactive oxygen species (ROS) in a nonenzymatic reaction forming
oxysterols, mainly 3f,5a,6f3-triol and 7-KC, which can be measured in

Table 3
Cholestane-3[3,5a,6p-triol concentration, age of NP-C patients and therapy duration.
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Fig. 2. Cholestane-3[3,5a,6B-triol concentration in treated and non-treated patients with

NP-C. Data is represented as mean = SD. Student’s t test was performed, and
*p < 0.0001 when compared with non-treated individuals.

plasma, contributing therefore for the disease investigation (Jiang
et al., 2011). In this work, we determined 3f3,5a,6-triol levels, chito-
triosidase activity, Filipin staining and NPC gene mutations from 76
individuals with NP-C suspicion, in order to investigate the potential of
3B,5a,6p-triol analysis for NP-C screening. The current method used for
diagnosis in NP-C is Filipin staining, although this analysis shows a
difficult interpretation and a variant presentation that can confuse the
analyst (Vanier and Latour, 2015). For Filipin analysis, it was found 1
false positive, 7 false negative and 24 inconclusive cases, showing the
limitations of this assay. The sensitivity (88%) and specificity (96.08%)
of 3B,5a,6p-triol analysis verified by this work is consistent with pre-
vious studies (Jiang et al., 2011; Ribas et al., 2016; Reunert et al.,
2016), and reaffirm the high potential of this metabolite for screening
and its importance in NP-C diagnosis, especially when Filipin cannot be
performed or is inconclusive. Even so, considering that the predictive
positive value of 3p,5a,6f-triol was 91%, these data reinforce the
crucial role of molecular analysis for definitive diagnosis, that should be
performed in all individuals with a strong clinical suspicion, in-
dependent of 3f3,5a,6[3-triol concentrations.

3B,50,6p-triol concentration (ng/mL; mean * SD)

Age (years; mean * SD) Treatment duration (years; mean * SD)

Treated (n = 7)
Non-treated (n = 25)

23.44 = 11.95

4.29 = 1.80
12,5 + 13.63 -
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Progressive neurological manifestations in NP-C have a profound
effect on life’s quality of patients and their families. The correct and
early identification of NP-C, as well as the appropriate use of sympto-
matic and disease-specific therapies can dramatically improve life
quality for all those affected. Currently therapy for NP-C patients con-
sists in a symptomatic treatment together with the use of miglustat to
reduce neurological impairment. Miglustat is a small molecule that can
cross the blood-brain barrier and acts as an inhibitor for the gluco-
sylceramide synthase enzyme, decreasing glycosphingolipids, GM2 and
GM3 levels in NP-C patients (Lyseng-Williamson, 2014). Besides, mi-
glustat improves the traffic lipids in lymphocytes type B of NP-C pa-
tients (Lachmann et al., 2004), and also decreases lipid peroxidation
and increases antioxidant status in NP-C1 patients (Ribas et al., 2012).
In this context, our study found significantly 3(3,50,6p-triol decreased
levels in patients treated with miglustat when compared to non-treated
patients, probably caused by reduced cholesterol availability for oxi-
dation (Lachmann et al., 2004), and also providing a less oxidative
environment at a cellular level of these patients. Currently, monitor-
ization of miglustat efficacy in NP-C patients consists in clinical eva-
luation of neurologic symptoms (e.g. ambulation, manipulation, lan-
guage and swallowing) as well as horizontal saccadic eye movement
velocity (HSEM) (Lyseng-Williamson, 2014). In this way, our data
shows that miglustat provides an improvement in biochemical status in
treated individuals by reducing 3[3,5a,6[3-triol levels, what reinforces
the potential use of this metabolite for the therapy monitorization of
NP-C patients.

Porter et al. found an increase of 3f3,5a,6[3-triol levels in mice brain
tissue and in NP-C patients cerebrospinal fluid (CSF) (Porter et al.,
2010), showing a possible role of this metabolite in neurological
manifestations of these individuals. Considering that miglustat therapy
can slow down, or even decrease neurodegeneration in NP-C by me-
chanisms not completely understood, if the reduction of 33,5a,6-triol
observed in plasma of miglustat-treated NP-C patients of this study also
occur in the CNS, the results of this work allow us to hypothesize that
3B,5a,6f-triol reduction could be associated with the neurological
improvement by miglustat. However, further studies are necessary to
explore how this mechanism works in NP-C disease.

5. Conclusion

Taken together, our presented data shows that the cholestane-
3B,5a,6p-triol analysis by LC-MS/MS can be used for Niemann-Pick
type C disease diagnosis and screening with good sensitivity and spe-
cificity. This biomarker emerges as a potential candidate to substitute
the current test for NP-C: the Filipin staining. In the other hand, the
3B,5a,6p-triol analysis also can be used for therapy monitoring, since a
significant decrease in this metabolite levels was observed in patients
treated with miglustat when compared to non-treated patients.
Although the mechanism of this effect is not completely clear, it may be
related to improve in lipid traffic and decrease in oxidative stress
caused by this treatment.
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Background: Little is known about the cognitive profile of Hereditary Spastic Paraplegias
(HSP), where most scientific attention has been given to motor features related to
corticospinal tract degeneration.

Objectives: We aimed to perform a broad characterization of the cognitive functions
of patients with pure and complicated HSP as well as to determine the frequency of
abnormal cognitive performances in the studied subtypes.

Methods: A two-center cross-sectional case-control study was performed. All
individuals underwent cognitive assessment through screening tests (Mini Mental State
Examination—MEEM and Montreal Cognitive Assessment—MOCA) and tests to assess
specific cognitive functions (Verbal fluency with phonological restriction—FAS; Verbal
categorical fluency —FAS-cat and Rey’s Verbal Auditory Learning Test -RAVLT).

Results: Fifty four patients with genetically confirmed HSP diagnosis, 36 with spastic
paraplegia type 4 (SPG4), 5 SPG11, 4 SPG5, 4 cerebrotendinous xanthomatosis (CTX),
3 SPG7 and 2 SPG3A, and 10 healthy, unrelated control subjects, with similar age,
sex, and education participated in the study. SPG4 patients had worse performances
in MOCA, FAS, FAS-cat, and RAVLT when compared to controls. Most SPG4 patients
presented cognitive changes not compatible with dementia, performing poorly in
memory, attention and executive functions. SPG5 patients scored lower in executive
functions and memory, and SPG7 patients performed poorly on memory tasks. All
evaluated cognitive functions were markedly altered in CTX and SPG11 patients.
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Conclusions:

Cognitive abnormalities are frequent in HSP, being more severe in

complicated forms. However, cognitive impairments of pure HSPs might impact
patients’ lives, decreasing families’ socioeconomic status and contributing to the overall

disease burden.
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INTRODUCTION

Hereditary Spastic Paraplegias (HSP) is a heterogeneous group
of neurodegenerative genetic diseases (> 80 loci have been
described) with spastic gait as the core feature (I, 2). HSP
subtypes are clinically classified into pure forms—in which
only a pyramidal syndrome is found (although changes in
vibratory sensation and neurogenic bladder are accepted)—
and complicated forms in which pyramidal findings are
accompanied by dysfunction in other neurological systems (e.g.,
ataxia, parkinsonism, cognitive impairment, etc.) or by systemic
involvement (3).

Although HSP are rare conditions, recent studies suggest that
its prevalence (2-10 per 100,000) is similar to or higher than
that of more studied conditions such as hereditary ataxias (4).
Spastic paraplegia type 4 (SPG4) is the most frequent autosomal
dominant subtype, whereas SPG11 and SPG7 are the most
frequent autosomal recessive subtypes of HSP worldwide (4, 5).

There are few studies that have investigated the cognitive
profile of HSP patients. Most of then focused on complicated
forms, reporting intellectual disability and cognitive deficits
perceptible by physician’s clinical evaluation in up to 100%
of SPG11 patients (6, 7). On the other hand, the cognitive
characterization of the pure forms of HSP remains unclear, with
some reports describing mild cognitive changes without the use
of tests to evaluate specific cognitive functions or only being
described through the physician’s clinical impression (2, 6-11).
Thus, the objective of this study was to characterize the cognitive
functions of memory, orientation, verbal fluency, language,
attention, and executive functions in HSP patients, to determine
the frequency of cognitive changes in the different subtypes, and
to correlate these findings with disease severity variables.

MATERIALS AND METHODS

Design and Subjects

We performed a two-center, exploratory, cross-sectional, case-
control study conducted at two teaching hospitals in the
Brazilian cities of Porto Alegre and Campinas. We included
consecutive patients followed at the Neurogenetics outpatient
clinics of these hospitals, from December 2016 to August 2018,
and who presented genetically confirmed diagnosis of HSP
or genetic or biochemical diagnosis of CTX, which can be
considered as a complicated form of HSP (5). Healthy, unrelated
subjects, with similar sex, age, and education characteristics
were recruited from the local community of Porto Alegre
as the control group for the adult population. Concomitant
neurological or systemic conditions that could present cognitive

alterations were exclusion criteria. The project was approved
by the institutions’ ethics committees under review numbers
170012 and 62653816.7.0000.5404, which follows the Declaration
of Helsinki. Informed written consent was obtained from all
individuals’ prior participation.

Cognitive Evaluation

Cognitive assessments were performed by a single evaluator
(LAJS) through standardized tests validated for the Brazilian
population, which analyze a range of competencies, namely:

2.1 Mini Mental State Examination (MMSE): screening test
for cognitive function evaluation. The maximum score is
30 points and, in the Brazilian population, a score of 28
points or more is indicative of normal cognitive function
for individuals who have been formally educated for >8
years (12).

2.2 Montreal Cognitive Assessment (MoCA): screening test for
cognitive function evaluation. The maximum score is 30
points and a score of 26 point or more is indicative of normal
cognitive function (13).

2.3 Verbal fluency with phonological restriction (FAS): it
consists in naming words beginning with the letters F, A, and
S, respectively, and assesses executive function, language and
semantic memory. Performance can be affected by education
and by age (14).

2.4 Verbal categorical fluency (animals) (FAS-cat): this measure
is a variation of the verbal fluency test and it is restricted
to a semantic category. The score may be affected by
education (15).

2.5 Rey’s Verbal Auditory Learning Test (RVALT): is a tool
to assess immediate memory (RVALT) as well as short
(A6) and long-term (A7) retention. The test involves five
consecutive repetitions and retrievals of stimuli from a list
of 15 words (16).

Cognitive performance for the study population under 17 years-
old was evaluated with the Wechsler Intelligence Scale for
Children (WISC III) (17). This test can be used as an IQ
(Intelligence Quotient) test for children and it is most often used
as a clinical tool to measure individual’s cognitive abilities. We
used the Cubes and Vocabulary subtests to evaluate children’s
performance. Dementia diagnosis was based on Diagnostic and
Statistical Manual of Mental Disorders (DSM-V) (18) criteria.

Evaluation of Depressive Symptoms

In order to verify if depressive symptoms could act as
a confounding factor for cognitive performance, the Beck
Depression Inventory (BDI) was applied. BDI is a self-reported
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TABLE 1 | Demographics of the enrolled individuals.

Controls SPG4 SPG11 CTX SPG5 SPG7 SPG3A
(N =10) (N=5) (N=4) N=4) (N=3) N=2)
Adult Children
(N =31) (N =5)
Female sex 6 (60%) 17 (47%) 2 (40%) 4 (80%) 2 (50%) 2 (50%) 1(33%) 2 (100%)
Age 46.5 (12.3) 45 (18) 9(2.9 36.4 (5.7) 47.5(10.5) 54 (6.5) 53.3(25.6) 38.5(17.7)
Educational level 9.4 (3.1) 7.16 (3.9 3.8 (3.11) 10 (2.8) 8(4.8) 4.5(1) 16.3 (1.6) 9(4.2)
Age at onset - 34.7 (16.8) 1.75 (1.30) 17.4 (2.8) 25.7 (20.2) 34 (4.9) 21.7(12.5) 11.5(0.7)
Disease duration - 16.4 (11.3) 8.2 (2.77) 20.4 (4.2) 22 (16.9) 21.2(5.4) 32.3(17.5) 27 (18.4)
SPRS - 18.7 (9.8) 11.4 (5.9 37.2 (6.1) 27 (16.1) 33.2(11.2) 22.6(10.6) 8.5(3.5)
Disease stage - 0-0 (0%) 0-0 (0%) 0-0 (0%) 0-0 (0%) 0-0 (0%) 0-0 (0%) 0-0 (0%)
1-1 (3%) 1-2 (40%) 1-0 (0%) 1-1 (25%) 1-0 (0%) 1-0 (0%) 1-1 (650%)
2-5 (16%) 2-3 (60%) 2-0 (0%) 2-1 (25%) 2-0 (0%) 2-0 (0%) 2-0 (0%)
3-8 (26%) 3-0 (0%) 3-0 (0%) 3-0 (0%) 3-1 (25%) 3-1(33%) 3-1 (50%)
4 —15(49%) 4-0 (0%) 4-1 (20%) 4-1 (25%) 4-3 (75%) 4-2(66%) 4-0 (0%)
5-2 (6%) 5-0 (0%) 5-4 (80%) 5-1(25%) 5-0 (0%) 5-0 (0%) 5-0 (0%)
Cross-sectional disease - 1.138 1.39 1.82 1.22 1.56 0.48 0.31
progression
BDI - 8.6 (5.9 NA NA 9 (1) 4.75 (3.6) 6.3 (5.5) 7(1.4)

Data are shown as means in years (standard deviation), except for sex and disease stage that are shown as frequencies. CTX, cerebrotendinous xanthomatosis;, SPRS, Spastic
Paraplegia Rating Scale; BDI, Beck Depression Inventory; NA, not available—patients unable to perform this test.

questionnaire composed of 21 questions that assess the intensity
of depressive symptoms. Scores range from 0 to 63 points that are
crescent in severity (19).

Motor Neurological Evaluation

Neurological severity was assessed by the Brazilian Portuguese
version of the Spastic Paraplegia Rating Scale (SPRS). SPRS scores
ranges from 0 to 52 and are crescent in severity (20). Disease
stage was classified as: (0) asymptomatic; (1) no functional
handicap, but signs at examination (slight gait stiffness); (2)
mild gait stiffness, walking unlimited, and running still possible;
(3) moderate gait stiffness, limited walking without aid, and
running impossible; (4) moderate to severe gait stiffness, walking
possible with aid; and (5) walking impossible, wheelchair bound.
We also estimated the cross-sectional disease progression as the
cross-sectional quotient of disease severity (SPRS) and disease
duration, as previously established (2). Disease duration and age
of onset of the first motor symptom were reported by patients and
their relatives.

Statistical Analysis

Statistical tests were selected according to the distribution of
data given by Shapiro-Wilk test and histograms. Descriptive
analysis of cognitive assessment scores was carried out based
on the tests cut-offs for normal performance according to age
and education level in the Brazilian population. Comparisons
between SPG4 and controls individuals’ scores and between SPG4
patients with truncating and non-truncating variants scores
were performed by Students t-test or Mann-Whitney U-test.
The 95% confidence interval (CI) for differences in means
between groups was also provided. Correlations of cognitive
performance scores with independent variables (age, education

level, age at onset, SPRS, disease stage, disease duration, cross-
sectional disease progression) were performed with the Pearson
or Spearman correlation tests. A linear regression model was
built with independent variables that presented P < 0.2 in the
simple correlation test, where only variables that maintained P <
0.05 after adjustment for covariates were kept in the final model.
Statistical significance was defined as P < 0.05.

RESULTS

A total of 54 patients with HSP were enrolled in the
study, including 36 (5 children) SPG4 (17 families), 5 SPG11
(4 families), 4 SPG5 (1 family), 4 CTX (4 families), 3
SPG7 (3 families), and 2 SPG3A (1 family) patients and
10 healthy control subjects. See Table1 for the clinical and
demographical characterization of the study population and
Supplementary Table 1 (21-26) for detailed individual data
of subjects.

Patients’ Performance in Relation to

Cognitive Test Scores

Table 2 details the cognitive performance of HSP patients
and controls. Most SPG4 patients presented cognitive changes
not compatible with dementia, performing poorly in memory,
attention and executive function. SPG5 patients scored lower in
executive functions and memory, and SPG7 patients performed
poorly on memory tasks, also presenting cognitive changes not
compatible with dementia. All evaluated cognitive functions
were altered in patients with CTX (2/4 with dementia) and
SPG11 (all with dementia) patients. The 2 patients with SPG3A
performed within normal limits on cognitive tests. Of note,
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TABLE 2 | Group performances in cognitive tests.

Controls SPG4 SPG5 SPG7 SPG11 CTX SPG3
(N =10) (N =313) N=4) (N=3) (N =5) N=4) N=)
MMSE 25 26 24 28 18 20 29.5
(26-27.25) (23-27) (22.5-27) (27.5-28.5) (14-19) (17.5-25) (29-30)
40% 64% 50% 66% 100% 75% 0%
MOCA 24.9 19.1 20.75 22.33 6.4 18.5 27
(+£2.84) (+4.81) (+4.42) (+£0.57) (£3.91) (+3.05) (£1.41)
40% 87% 100% 100% 100% 75% 0%
FAS 31.3 18.67 20 21 6.6 23 31
(+£9.15) (£9.47) (+£9.76) (+5.56) (+£3.97) (+8.96) (+8.48)
0% 45% 50% 66% 100% 25% 0%
FAS-cat 18.1 1.77 13.5 14 4.8 1.5 21
(+£5.64) (+4.71) (+£2.38) (£2) (+£2.86) (£3.31) (£0)
0% 41% 0% 33% 100% 25% 0%
RAVLT 39.3 24.22 30.75 25.66 1.4 23 40.5
(£7.9) (+8.49) (£5.43) (+£2.51) (£10.89) (+8.08) (+0)
60% 83% 75% 66% 100% 100% 0%
A6 8.2 3.93 6.5 4 0.2 2.75 9
(+2.86) (+2.26) (+£4.12) (+£1.73) (+0.44) (+£2.98) (£1.41)
40% 83% 75% 100% 100% 75% 0%
A7 8 3 2.5 4 0 2.5 9
(6-10.25) (1.5-4) (2-7.5) (3-4) ) (1-4.5) 0)
40% 96% 75% 66% 100% 75% 0%

Data are shown as means (standard deviation), except for MMSE and A7 that are shown in median (interquartile range), and percentages of altered performances according to the
normal standards for the given test. CTX, cerebrotendinous xanthomatosis; FAS, verbal fluency with phonological restriction; FAS-cat, verbal categorical fluency (animals); MMSE, Mini
Mental State Examination; MOCA, Montreal Cognitive Assessment; RVALT, A6 and A7, Rey’s Verbal Auditory Learning Test.

a0nly adult patients with SPG4 were considered.

SPG11 patients were unable to respond to BDI, because of
cognitive impairment.

Comparative Analysis Between SPG4 and
Control Subjects

While the performance of SPG4 patients was similar to controls
in the MMSE (P = 0.800, FigurelA), their scores were
lower than those of the control subjects in all other cognitive
testss MOCA (—4.93, 95% CI, —8.20 to —1.66, P = 0.004,
Figure 1B), FAS (—12.62, 95% CI, —19.54 to —5.70, P = 0.001,
Figure 1C), FAScat (—6.32, 95% CI, —9.96 to —2.68, P = 0.001,
Figure 1D), RAVLT (—15.05, 95% CI, —21.22 to —8.92, P <
0.001, Figure 1E), A6 (—4.26,95% CI, —6.04 to —2.48; P < 0.001,
Figure 1F) and A7 (P < 0.001, Figure 1G).

Which Factors Correlated to Cognitive
Decline in SPG4 Patients?

Although no statistically significant difference was found
between SPG4 patients and control subjects in MMSE, both
disease duration (Beta = —0.351, 95% CI, —0.170 to —0.014,
R? = 0.116, P = 0.022, Figure 2A) and education years (Beta
= 0.492, 95% CI, 0.152 to 0.614, R? = 0.227, P = 0.002) were
independently correlated with MMSE in the linear regression
model. For each additional year of disease duration, there was
a decrease of 0.092 points in MMSE, and for each additional
education year there was an increase of 0.383 points in the
MMSE results. Education and disease duration were also the

only variables independently correlated in the linear regression
model with MOCA. For each additional year of disease duration
there was a decrease of 0.162 points in MOCA (Beta = —0.382;
95% CI, —0.294 to —0.030, R? = 0.137, P = 0.018, Figure 2B),
and for each additional education year there was an increase of
0.525 points in MOCA (Beta = 0.416, 95% CI, 0.134 to 0.916,
R? =0.163, P = 0.01). Age was the only variable correlated with
FAS (R = —0.520, P = 0.003) and RAVLT (R = —0.428, P =
0.016), and neither significant correlations were found between
the independent variables and performances in the FAScat, nor
A6 and A7. BDI scores did not correlate with cognitive tests
performance (P > 0.2 for all comparisons), making it very
unlikely that depressive symptoms were influencing the results
of the cognitive evaluation.

Genotype-Phenotype Correlation in SPG4
Variants in SPAST were classified as truncating (nonsense and
frameshift variants, N=11 individuals) and non-truncating
(missense and in-frame insertion, N=20 individuals).
Clinical, demographical and cognitive findings of patients
with truncating and non-truncating variants did not differ; see
Supplementary Table 2 for details.

Cognitive Performance in Children

The WISC-III results showed low average IQ scores in 60%
(3/5) of the children with SPG4 and average IQ in the others.
There were no children in the other HSP subtypes. Mean cubes
subtest (executive subscale) performance was 9.2 (4.16) and mean
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FIGURE 1 | Comparison between control and SPG4 subjects performances in
cognitive tests. Bars represent mean values and standard deviation. Box-plots
represent median values and interquartile ranges. **P < 0.01 e ***P < 0.001.
FAS, verbal fluency with phonological restriction; FAS-cat, verbal categorical
fluency (animals); MMSE, Mini Mental State Examination; MoCA, Montreal
Cognitive Assessment; RVALT, A6 and A7, Rey’s Verbal Auditory Learning
Test. (A) MEEM, (B) MOCA, (C) FAS, (D) FAS-cat, (E) RVALT, (F) A6 -
short-term retention, (G) A7 - long-term retention.

vocabulary test (verbal subscale) was 7.2 (2.51), which are low
average values. All evaluated children had missense pathogenic
variants in SPAST.

DISCUSSION

Over the last years, non-motor symptoms of movement disorders
have received greater attention (27, 28), albeit in a more
timid manner for hereditary spastic paraplegias (29). Classically
the pure forms of HSP have been described as solely motor
syndromes in which only pyramidal signs are found. However,
these descriptions are generally based on the neurologists

impression, without a more formal assessment of non-motor
symptoms, such as subtle cognitive changes (2). In this study,
we found impairments in memory, attention, executive functions
and verbal fluency in SPG4 patients, the most prevalent HSP
subtype worldwide and the prototype of pure forms of the
disease, and we confirmed the more severe cognitive dysfunction
of complicated forms of HSP.

We found cognitive changes not compatible with dementia
in most evaluated SPG4 patients, with abnormal cognitive
performances ranging from 41 to 96%, depending on the utilized
test and domain, with memory (immediate and recent) being
the most frequently altered cognitive function. Our results are
partially in agreement with descriptions of subtle cognitive
deficits in these patients in a few case series (2, 7, 8, 10,
11). The inverse correlation between MMSE and MOCA with
disease duration and the normal, albeit low average, performance
in children on intelligence tests might suggest that cognitive
dysfunction in SPG4 is progressive and worsens with disease
progression. SPG4 patients with truncating and with non-
truncating variants had similar cognitive performances, which is
in agreement with a previous study (8).

Neuroimaging findings from previous studies (30, 31) are in
agreement with the cognitive changes we have found, suggesting
a more widespread central nervous system involvement in
SPG4. Extensive fractional anisotropy reduction in non-motor
regions (posterior cingulate gyri and splenium of the corpus
callosum) were found in SPG4 patients on magnetic resonance
(MRI) diffusion tensor imaging (30), as well as decreased
brain activity in the left insular cortex in functional MRI
(31), which regulates a wide range of cognitive and emotional
functions (32).

Despite the cognitive impairment of SPG4 patients in
the overall evaluation, no differences to controls were found
with MMSE screening test. On the other hand, most SPG4
patients (87%) scored below normal thresholds for MOCA. The
discrepancy of MMSE and MOCA was also verified among
patients with SPG5 and SPG7 and was suggested by a previous
study, even though this particular tool was not used by that
authors (10). Therefore, MOCA is likely to be a more sensitive
screening tool for cognitive changes in HSP, especially for
pure forms.

Most SPG11 and CTX patients presented major cognitive
deficits and scores well below what would be expected for all
cognitive functions tested (not only memory). These results
corroborate previous findings of severe intellectual disability
in this population confirming the higher prevalence and
severity of cognitive dysfunction when compared to pure HSP
forms (33, 34).

Due to the exploratory nature of the study we neither
performed sample size calculation nor definition of the study
power and main outcome. Nevertheless, statistically significant
differences between SPG4 and controls were found in all tests,
except MMSE. There was no trend for lower MMSE scores in
SPG4 (P = 0.800) when compared to controls and therefore there
is a low chance of Type 2 error. Finally, we should mention
that we were unable to compare the cognitive performances of
children and adults due to the different nature of cognitive tests
according to age.
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CONCLUSION

Cognitive abnormalities are frequent in HSP, with dementia
being commonly observed in complicated forms and cognitive
changes not compatible with dementia in pure forms of the
disease. SPG4, the most frequent and the prototype of pure
HSP, present multiple cognitive abnormalities that might impact
patients’ lives and result in difficulties at school, on their
careers and, consequently, might decrease patients’ and families’
socioeconomic status. Longitudinal studies are needed to assess
the rate of progression of cognitive changes and to verify whether
motor and cognitive functions have similar or different patterns
of progression and thus different pathophysiological processes.
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