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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.
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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

(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.
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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

@ Springer
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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
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Fig. 2 Alignment of amino acid P-Lys38_Tyr40del
sequences of several organisms. a------ MTARGLA- - -LGLL-LLLLCPAQVFSQSCVWYGECGIAY - -GDKRYNCEYSGPP 48
Specific regions flanking b------ MIARGLA---LGLL-LLLLCPAQVFSQSCVWYGECGIAY - -GDKRYNCEYSGPP 48
mutations are represented. (a) C------ MTARGLA- - -LGLL - LLLLCPAQVFSQSCVWYGECGIAY - -GDKRYNCEYSGPP 48
Human (NP_000262.2); (b) d------ MGARGWA- - -LGLL-LLLLCPVQVFSQSCIWFGECGIAS--GDKRYNCKYSGPP 48
Chimpanzee (XP_016788941.1); e ------ MGAHHPA- - -LGLLLLLLLCPAQVFSQSCVWYGECGVAF - -GDKRYNCEYSGPP 49
(c) Orangutan (XP f----e- MGAHHPA- - -LGLLL-LLLCPAQVFSQSCVWYGECGIAT - -GDKRYNCKYSGPP 48
009250570.1): (d) Domestic g------ MSAPGPA- - -LDLL-LLLLCAAQVFSQSCVWYGECGIAF - -GDKRYNCEYSGPP 48
ouinea pig (XP_003474080.2); h s MTARRPA- - -VGLV-LLLLCPAQVFAQSCVWYGE CGIAS - -GDKRYNCQYSGPP 48
= i --MGGPQGSPGPGTRLLLLFLLLLLSPAQVLPQQCVWYGECGVAS - -GDKRYNCAYDGPP 56
(e) Rat (NP_705888.2); (f) Mouse [ICEEE MLLLGR-NHIFRLLLATVLLSHWVHGQHCIWYGECGNSPNVPEKKLNCNYTGPA 53
(NP_032746.2); (g) Horse (XP_ k MSPRSPLRISPFGVHI--LIAAVLFTLIQSSKQDCVWYGVCNTND--FSHSQNCPYNGTA 56
005612821.1); (h) Dog (NP_
001003107.1); (i) Chicken (XP_ p.Asn195Lysfs*2
419162.3); (j) Zebrafish (NP_ a SNDKALGLLCGK -DADACNATNWIEYMANKDNGQAPFTITPVFSDF - -PVHGMEPMNNAT 224
001230804.1); (k) Fruit fly (NP_ b SNDKALGLLCGK-DADACNATNWIEYMANKDNGQAPFTITPVFSDF - -PVHGMEPMNNAT 224
001188769.1). Boxes indicate C SNDKALGLLCGK -DADACNATNWIEYMANKDNGQAPFTITPVFSDF - -PVHGMEPMNNAT 224
conserved residues associated to d SNDKALGLLCGR-DADTCNATNWIEYMANKDNGQAPFTITPIFSDL --PIHGMEPMRNAT 224
novel mutations. Designation of € SNEKALGLLCGR-DARACNATNWIEYMANKDNGQAPFTIIPVFSDL - - SVLGMEPMRNAT 225
cach mutation is given above the f SNEKALGLLCGR-DARACNATNWIEYMANKDNGQAPFTIIPVFSDL --SILGMEPMRNAT 224
appropriate box g SNDKALGILCGK-EAEACNATNWIEYMANKNNGQAPFTITPIFSDF - -PAHGMEPMNNAT 224
h SNDKALGLLCGK-EAEACNATNWIEYMANKDNGQAPFTIIPIFSDL - -PAHGMKPMNNAT 224
i SNVKALGLLCGK-DVKDCNATNWIEYMANKDNGQTPFSIIPIFSDA--PVHGMNPMNNAT 232
j SNIKALGLLCGR-DASVCTPQIWIQYMFSISNGQVPFGIEPIFTDV--PVQGMTPMNNRT 223
k TGQLAFDLMCGAYSASRCNPTKWFNFMGDATNPYVPFQITYIQHEPKSNSNNFTPLNVTT 231
p.Cys238Arg
a KGCDESVDEVTAPCECQDCSIVCGPKPQPPPPPAPWTILGLDAMYVIMWITYMAFLLVFF 284
b KGCDESVDEVTAPCFCQDCSIVCGPKPQPPPPPAPWTILGLDAMYVIMWITYMAFLLVFF 284
€ KGCDESVDEVTAPCFCQDCSIVCGPKPQPPPPPAPWTILGLDAMYVIMWITYMVFLLVFF 284
d KACNESVDEVTGPCFCQDCSIVCGPKPQPPPPPVPWRLLGWDAMYVIMWITYMAFLVVFF 284
e KGCNESVDEVTGPCFCQDCSAVCGPKPQPPPPPVPWRILGLDAMYVIMWVAYMAF LVLFF 285
f KGCNESVDEVTG CQDCSIVCGPKPQPPPPPMPWRIWGLDAMYVIMWVTYVAFLFVFF 284
g KGCNESVDEVTGPCFCQDCSVVCGPKPQPPPAPAPWRILGLDAMYVIMANTTYMAF LLMFF 284
h KGCDEPVDEVTAPCFCQDCSVVCGPKPQPPPAPAPWRILGLDAMYVIMWITYMAF LLMFF 284
i KGCNESVDDSTGPCSFCQDCSIVCGPKPQPPPLPAPWLLFGLDAVYIIMNISYMGFLLIFF 292
j FNCSQSLDDGSEPICFCQDCSEVCGPTPVPPPIPPPWIILGLDAMSFIMWNCSYIAFLLIFF 283
k VPCNQAVSSKLPACECSDCDLSCPQGPPEPPRPEPFKIVGLDAYFVIMAAVFLVGVLVFL 291
p.Ser365Pro
a WGSFCVRNPGCVIFFSLVFITAQSSGLVFVRVTTNPVDLWSAPSSQARLEKEYFDQHFGP 401
b WGSFCVRNPGCVIFFSLVFITAQSSGLVFVWVTTNPVDLWSAPSSQARLEKEYFDQHFGP 401
C WGSFCVRNPGCVIFFSLVFVTAQSSGLVFVRVTTNPVDLWSAPSSQARLEKEYFDQHFGP 402
d WGAFCVQRPGYVIFFSLVFIASQSSGLVFVRLTTNPVDLWSAPSSQARLEKEYFDTHFGP 401
€ WGAFCVRNPTCIIFFSLVFIAAQSSGLVFVQVTTNPVELWSAPHSQARLEKEYFDKHFGP 402
f WGAFCVRNPTCIIFFSLAFITVQSSGLVFVQVTTNPVELWSAPHSQARLEKEYFDKHFGP 401
g WGSFCVRNPGCVVVFSLAFIAAQSSGLVFVRVTTNPVDLWSAPSSQARLEKEYFDAHFGP 401
h WGSFCIRNPGCIIFFSLAFIAAQSSGLVFSRVTTNPVDLWSAPGSQARLEKEYFDAHFGP 401
i WGAFCVRNPRPVILFSVVFIAMCCSGFVYIKATTNPVDLWSAPSSQARKEKEYFDKHFGP 410
j WGSLCVRQPLTIILSSLVLICIQSAGLSYMRITTNPVELWSAPSSRARQEKNYFDQHFGP 399
K WGTYFASNPGLTLIAGASLVVILGYGINFIEITTDPVKLWASPNSKSRLEREFFDTKFSP 404
p.Val694Met
a LIVIEVIPFLVLAVGVDNIFILVQAYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET 743
b LIVIEVIPFLVLAVGVDNIFILVQAYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET 744
¢ LIVIEVIPFLVLAVGVDNIFILVQAYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET 744
d LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFCET 743
e LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQEETLDQQLGRILGEVAPTMFLSSFSET 744
f LIVIEVIPFLVL.AVGVDNIFILVQTYQRDERLQEETLDQQLGRILGEVAPTMFLSSFSET 743
g LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQGETLDQQLGRVLGEVAPSMFLSSFSET 743
h LIVIEVIPFLVLAVGVDNIFILVQTYQRDERLQGETLEQQLGRVLGEVAPSMFLSSFSEA 743
i LIVAEVIPFLVLAIGVDNLFIIVQTLQRDERLEGETLDKQIGRVLGDVAPSMFLSSFSET 752
j LIVIEVIPFLVL.AVGVDNIFIIVQTYQRDERMPEEELHQQIGRILGDVAPSMFLSSFSET 740
k LIIVEVIPFLV] AVGVDNIFILVQTHQRDQRKPNETLEQQVGRILGKVGPSMLLTSLSES 745
ethnic background of NP-C patients in Brazil. The second (16.9%), and this alteration was also reported as being fre-
most common mutation in our study was p.Prol007Ala  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
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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

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.
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