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Abstract

Background: Niemann-Pick type C disease (NPC) is an autosomal recessive, neurovisceral, lysosomal storage
disorder with protean and progressive clinical manifestations, resulting from mutations in either of the two genes,
NPCT (~95% of families) and NPC2. Contrary to other populations, published evidence regarding NPC disease in

Greece is sparse.

Methods: The study population consisted of two Greek NPC patients and their extended pedigree. Patients’ clinical,
biochemical, molecular profiles and the possible correlations are presented. Genotyping was performed by direct
sequencing. Mutations’ origin was investigated through selected exonic NPCT polymorphisms encountered more
frequently in a group of 37 Greek patients with clinical suspicion of NPC disease and in a group of 90 healthy Greek

individuals, by the use of Haplore software.

Results: Two novel NPCT mutations, [[VS23 + 3insT (c.3591 + 3insT) and p. K1057R (c.3170A > C)] were identified and
each mutation was associated with a specific haplotype. One of the patients was entered to early treatment with
miglustat and has presented no overt neurological impairment after 11.5 years.

Conclusions: The splicing mutation V523 + 3insT was associated in homozygocity with a severe biochemical and
clinical phenotype. A possible founder effect for this mutation was demonstrated in the Greek Island, as well as a
different origin for each novel mutation. Longitudinal follow-up may contribute to clarify the possible effect of early
miglustat therapy on the patient compound heterozygous for the two novel mutations.
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Background

Niemann-Pick type C disease (NPC) (OMIM257220) is
a rare lethal lysosomal storage disorder characterised
by impaired lipid trafficking and subsequent intracellu-
lar accumulation of a wide spectrum of lipids, includ-
ing unesterified cholesterol, several glycosphingolipids,
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sphingomyelin, sphingosine and bis (monoacylglycero)
phosphate. A different pattern of stored lipids is iden-
tified in neuronal and nonneuronal tissues [1, 2]. The
disease follows an autosomal recessive inheritance
pattern with an estimated prevalence of 1:90.000—
104.000 live births [1, 3, 4]. Clinical phenotype is
highly protean with a constellation of non-specific or
specific visceral, neurological and psychiatric symptoms,
initiating at various ages from fetal to late adult life [5].
Visceral manifestations (neonatal cholestasis, hepatosple-
nomegaly) are frequent and usually mild early symptoms,
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with declining prevalence pertaining to increasing age of
inaugural neurological signs [6, 7]. Except in a small sub-
set of patients with a severe systemic perinatal rapidly fatal
form, clinical course and prognosis correlate with the age
of entering neurological symptomatology. On this basis,
and although a clinical continuum has been described,
categorization of patients defined by the age of onset of
neurological symptoms is particularly useful [1, 8]. In-
triguingly, recent data derived from massively parallel
sequencing projects suggest the existence of a mild late-
onset NPC phenotype with potential incidence of 1/
19.000—-36.000 [4].

Currently, miglustat (N-butyl-deoxynojirimycin), an
inhibitor of glycosphingolipid synthesis, is the only ap-
proved specific therapy -as soon as any neurological sign
arises- in Europe (2009) and other countries [8], but not
in the United States. Data from clinical trials and obser-
vational studies mainly suggest that miglustat treatment
does not prevent, but can at least decelerate the progres-
sion of some neurological manifestations, particularly in
juvenile and adult onset forms that received the treat-
ment from the very beginning of neurological impair-
ment [6, 9, 10]. A protective effect of miglustat therapy
on cerebellar and subcortical structure and function in
humans has been proposed [11]. Nevertheless, evidence
on long-term efficacy is lacking. Moreover, miglustat
does not exert a substantial impact on cholesterol
homeostasis, which is of paramount importance in the
pathogenesis of NPC. Extensive research in the field of
NPC therapy has been conducted during the last years,
aiming at different aspects of the disease. Two products,
2-hydroxypropyl-f3-cyclodextrin (NCT01747135), which
has shown significant promise in preclinical studies [12],
and Arimoclomol (NCT02435030), a heat-shock protein
70/90 co-inducer in cells under stress [13], are currently
on clinical trials.

Defects in either of the two distinct genes, NPCI, in
most cases (~95%), and NPC2 cause replicate clinical
phenotypes, with a much higher frequency of early and
severe pulmonary involvement in NPC2 patients being
the only remarkable difference. Although the exact func-
tion of NPC1 & NPC2 proteins remains elusive, it is
supported that both interact in a convergent metabolic
pathway regulating cholesterol and sphingolipid homeo-
stasis and transport [2, 14].

The NPCI gene is highly polymorphic, with more
than 400 disease-causing mutations reported so far
(www.hgmd.cf.ac.uk) [3, 15]. Many NPC patients are
compound heterozygotes, with a significant propor-
tion of private mutations. However, some mutations
are recurrent globally or among distinct populations:
p- [11061T the most frequent one in the western world,
p. P1007A (second most frequent) in German, p.
R1186H in Czech Republic and p. G992W typically in
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patients of Nova-Scotia ancestry [3, 16—23]. Numerous
NPC1 genetic variations have also been identified in
multiple studies, scattered over the whole gene [4].
High frequency for some of them has been recorded.
Among them, the exonic variations ¢.387 T>C
(rs12970899), ¢.2793C>T (rs1140458), c.644A >G
(rs1805081), ¢.1926G >C (rs1788799), ¢.2572A>G
(rs1805082) and ¢.3797G > A (rs1805084) have been
recurrently observed in various populations in Europe,
USA and Japan [16, 18, 24, 25]. In Greece, only three
NPC patients, originating from two Aegean Sea
Islands, have been reported so far. One of them was a
compound heterozygote [p. F284Lfs*26 (c.852delT)
and a 432 kb chromosomal microdeletion at 18q11—
q12] [26] and the others were homozygous for the p.
A1132P (¢.3394G > C) mutation [27].

In the present work, we describe the clinical, biochem-
ical and molecular profiles of two Greek NPC patients; a
12-year old female (Patient 1) with two novel NPCI
mutations (IVS23 + 3insT and p. K1057R), and her
cousin (Patient 2), a boy homozygous for the IVS523 +
3insT mutation. Patient 2 died at 3.5 years of age from
the early infantile neurological form of the disease. On
the basis of the family history, patient 1 was entered to
early treatment, the response to which is discussed in
detail. Genetic analysis of the extended kindred revealed
a significant number of carriers, a different segregation
for each mutation and a possible founder effect. Muta-
tions” origin was performed using the most frequent ex-
onic polymorphisms of the NPC1 gene, which occurred
in a series of 37 Greek patients with clinical suspicion of
NPC disease and 90 healthy Greek individuals.

Methods

Patients and Sampling

The study population consisted of two NPC patients and
their relatives; 75 members of 3 pedigrees. The pedigrees
were constructed based on oral information and ques-
tionnaires completed by the parents of each nuclear
family of the extended kindred.

NPC Patients

Our proband (Patient 1) is a 12-year-old female, the first
child of phenotypically healthy non-consanguineous par-
ents, originating from a Greek island. She was born at
39 weeks gestation age, with a birth weight of 3.2 kg (47th
percentile), via caesarean section. Both pregnancy and
perinatal history were without complications. At 20 days
of age the neonate was admitted to the Neonatal Unit for
the evaluation of icterus and hepatosplenomegaly.

Initial laboratory investigation was suggestive of neo-
natal hepatitis with elevated serum transaminases (SGOT
270U/L, SGPT 69U/L), y-GT (91U/L), ALP (722U/L) and
total bilirubin (193.2 umol/L), with a conjugated fraction
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of 77% (148.8 umol/L). Further investigation of neo-
natal cholestasis and comprehensive metabolic work-
up were negative, except for elevated chitotriosidase
levels (390nmoles/hr/ml; normal range 0—150 nmoles/
ml/h). Bone marrow aspiration demonstrated storage
cells compatible with NPC disease. Neurological
evaluation revealed mild head lag, mild truncal hypo-
tonia and mild upper limb hypertonia.

Niemann-Pick type C diagnosis was established at
4 months of age by biochemical and cytochemical stud-
ies on cultured skin fibroblasts. Filipin staining revealed
a massive accumulation of unesterified cholesterol in
perinuclear vesicles, and the early rate of Low Density
Lipoprotein (LDL)-induced cholesterol esterification was
almost nil (20 pmol/mg protein/4.5 h, normal values:
2950 + 1200 pmol/mg/4.5 h) (classical biochemical sub-
type of the disease) [28].

At 7.5 months of age, substrate reduction therapy with
miglustat was introduced, based on infant’s mild hypo-
tonia and mainly on the worrisome family history of a
relative deceased from the severe infantile form of the
disease (see below). Cholestatic jaundice subsided slowly
at 6 months of age but hepatosplenomegaly persisted, al-
beit mild, with a waxing and wane course, consistent
with the usual progress of visceral symptomatology.
Hypotonia completely subsided at around 20 months of
age and independent walking was acquired by 16 months
of age. The rest of physical and psychomotor development
evolved according to her chronological age. Findings of
neurophysiologic, neuroradiologic and ophthalmological
studies remain within normal range. All these years
neurological examination has revealed no pathological
findings, apart from slight clumsiness firstly noticed at the
age of 20 months. This mild developmental coordination
disorder, without overt neurological signs (reflexes, tan-
dem gait, one leg stand and cerebellar tests are within
normal range), is improving overtime and therefore, it
could be considered as an innate trait rather than a mani-
festation of the disease. Generally, treatment with dose ad-
justed to body surface has been well tolerated, apart from
occasional soft stools that could be overcome by a lactose-
free diet. Currently, at the age of 12 years, her weight is
62 kg, her height 169.5 c¢cm, she has normal menses
(menarche at 10 years of age) and leads a common life,
successfully attending normal school and extracurricular
activities such as, drawing and exercising (ballet, swim-
ming and volleyball).

As mentioned above, the early clinical and biochemical
diagnosis of patient 1 was expedited owing to a previ-
ously diagnosed affected cousin who had died in 1990 at
the age of 3.5 years. Patient 2, a male, had been born at
term to phenotypically healthy parents sharing a com-
mon origin, after an uneventful pregnancy. He had been
hospitalized after birth due to cholestatic jaundice,
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which subsided. However, the patient progressively
developed the severe early infantile neurological form of
the disease with generalised hypotonia, profound devel-
opmental motor delay and rapid neurological deterior-
ation. Diagnosis of NPC was established at 2 years of age
by biochemical/cytochemical studies on cultured skin
fibroblasts, showing the classical biochemical subtype of
the disease [28]. The genetic defects of both patients
were investigated later on.

Haplotype analysis-NPC1 gene variations

In lack of published evidence regarding the type and
frequency of NPCI variations in Greek population, the
study of mutations’ origin was based on the data derived
from the comparison of polymorphisms between 37
Greek patients with clinical suspicion of NPC disease
(SG) and 90 healthy Greek individuals (CG), which had
been collected in a 4-year period (May 2011 to May
2015). The five exonic variations encountered more
frequently were further studied in the 75 relatives of
NPC patients 1 and 2. Haplotype analysis was performed
by the use of Haplore software [29].

Genotyping

Sequencing of NPCI and NPC2 genes (exons 1-25 and
1-5, respectively, and intron-exon boundaries) was
performed at the Research Laboratory of the Third
Department of Pediatrics in Athens and at the Gillet-
Merieux Laboratory in Lyon, France (patient 1). For
studies performed in Greece, genomic DNA was isolated
from peripheral blood samples using the GFX Genomic
Blood DNA Purification kit (Amersham, Biosciences),
according to the manufacturer’s instructions. Investiga-
tion for genetic alterations was performed by Polymerase
Chain Reaction (PCR) and direct sequencing of PCR
products in an ABI genetic analyzer (310 Applied
Biosystems, UK), as previously described with minor
modifications [30, 31]. Targeted detection of the
index case/parental mutations and of the selected
polymorphisms was performed in participants-members
of the patients’ pedigree and a control group of 90
Greek individuals.

Results

NPC Patients and Pedigree

Patient 1 was found a compound heterozygote for one
missense p. K1057R (c.3170A > C), in exon 21, and one
splicing mutation IVS23 + 3insT (¢.3591 + 3insT) in exon
23 splice site. The splicing mutation leads to transcrip-
tional splicing error and subsequent deletion of exon 23.
Parental genetic testing revealed a maternal origin of the
p. K1057R mutation and a paternal origin of the /VS23
+ 3insT one. Molecular analysis on the parental NPCI
genes of the deceased patient (Patient 2) revealed in
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both the same splicing mutation (/VS23 + 3insT). Conse-
quently, homozygosity for an IVS23 + 3insT mutation
was indirectly disclosed to be Patient’s 2 genetic cause of
the NPC phenotype. Neither mutation was detected in
90 unaffected Greek individuals nor was reported to our
knowledge.

Patient 1 and 2 are related as depicted in Fig. la.
Maternal pedigrees of Patient 2 (K8) and Patient 1 (K43)
are illustrated on Fig. 1b and c, respectively. No consan-
guinity was reported between these three pedigrees.
Among the 75 individuals screened, 40 were male
(47.4%) and 36 female (52.6%). Among the 20 mutation
carriers (26.7%), 12 harbored the IVS23 + 3insT mutant
allele and 8 owned the K1057R mutation.

Overall, the 1VS23 + 3insT mutation was identified in
members of the fathers’ and Patient’s 2 mother’s pedi-
grees (12/55, 21.8%). All individuals of these pedigrees
(Fig. 1a and b) shared a common geographical origin
from a region of Chania County on Crete Island. Patient
2 parents and his three siblings were all carriers of the
above mutation, whereas one pregnancy was terminated
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due to positive prenatal testing for NPC. Ancestor Z was
married twice and we assume that subject W carried the
1VS23 + 3insT mutant allele since no descendant of sub-
ject Y was found to own the mutation. K1057R mutation
was detected only in members of the maternal pedigree
of Patient 1 (8/21, 38.1%) (Fig. 1c) and was identified to
descend from an ancestor with origin from Asia Minor.
This pedigree could not be investigated in depth, as no
other relatives resided on the island.

NPC1 Polymorphisms and Haplotype Analysis

Nine genetic variations classified as benign polymor-
phisms were identified in the exonic coding region and
eleven in the intronic flanking regions of NPCI in the SG.
Two synonymous variations ¢.387 T > C (rs12970899) and
€.2793C> T (rs1140458) and four non-synonymous cod-
ing polymorphisms c.644A > G (rs1805081), ¢.1926G >C
(rs1788799), ¢.2572A >G (rs1805082) and ¢.3797G > A
(rs1805084) were the more frequent NPCI exonic poly-
morphisms in the SG and in the CG (unpublished data).
These were further studied in Patient 1 and her pedigree.
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The distribution of these genotypes and allelic frequencies
in the members of the NPC pedigrees is presented in
Table 1.

Haplotype analysis in the carriers of the two novel mu-
tations revealed that each mutation was associated with
a specific haplotype; I1VS23 + 3insT with (+,—-,+,—) haplo-
type and ¢.3170A > C mutant allele with (-,—,—,-) ha-
plotype for the tested SNPs; rs12970899, rs1805081,
rs1788799 and rs1140458 respectively. Polymorphisms
rs1805082 and rs1805084 were excluded since Hardy-
Weinberg equilibrium criterion was not met for the first
one and the frequency of the second one was only 3.4%
in this group.

Discussion

The genetic investigation of our NPC Greek patients re-
vealed two novel NPCI mutations; the splicing mutation
IVS23 + 3insT and the missense mutation p. K1057R.
Patient 1 is a compound heterozygote for the above
mutations and has displayed essentially no neurological
symptomatology till the age of 12. Her cousin (Patient
2), with a homozygocity for the 1VS23 + 3insT mutation,
had suffered from the most severe neurological form of
the disease and died early, at 3.5 years of age, indicating
that this mutation is very deleterious. Mutations in the
splice site of exon 23 affect the extracellular carboxy-
terminal part of NPC1 protein, a moiety possibly sus-
ceptible to deleterious alterations, since five different
splicing mutations have been reported so far (/VS23 +
5G>A, IVS23 +1G > A -recurrent in Portugal-, 1VS23
+3G > C, IVS23 + 4delA and 1VS23 + 4insG) [16, 18, 20,
23]. Molecular studies on total RNA extracted from
cultured skin fibroblasts of NPC patients, revealed the
formation of rather identical abnormal spliced tran-
scripts of different sizes with even complete skipping of
exon 23 [16, 23], as in our case. In homozygous state,
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the above mutations have been demonstrated to lead to
functionally unstable proteins [16] and, including the
novel mutation IVS23 + 3insT described herein, to cor-
relate biochemically with severe impaired intracellular
cholesterol trafficking (classical filipin pattern and very
low LDL-induced exogenous cholesterol esterification
rate) [16, 20, 23]. The clinical phenotype of three other
previously reported patients with homozygous mutations
at the same site [16, 23] was also very severe.

The second, missense mutation p. K1057R, consists of
a point alteration at exon 21. This novel mutation re-
sides in the cysteine-rich luminal loop L (aa 854—1098)
between TM-8 and TM-9 of NPC1 protein and is pre-
dicted to perturb its function. Indeed, integrity of loop L
has been demonstrated to be essential for proper choles-
terol trafficking, while its zinc-binding activity indicates
involvement in unloading lysosomal cargo [32]. What is
more, a high number of NPCI mutations (1/3 of the
missense mutations) is clustered in this highly conserved
among most NPC1 orthologues loop [18, 33], indicating
its functional significance [34]. The deleterious impact of
this genetic alteration was further supported by its ab-
sence from the 90 Greek healthy subjects and also from
the members of pedigrees 2a and 2b. Missense muta-
tions in the cysteine-rich domain have been associated
with both mild and severe alterations in cholesterol
transport [18, 20, 35]. It has been proposed that in com-
pound heterozygous patients one variant mutant allele is
possibly sufficient for maintaining a variant biochemical
phenotype [16, 18, 23, 34, 36]. The p. K1057R allele is
likely associated with a classical biochemical pattern, as
patient 1, carrier of IVS23 + 3insT and p. K1057R alleles,
exhibits a classical biochemical profile.

Although striking intracellular cholesterol abnormalities
are typically observed in the early infantile neurological
form of the disease, whereas a “variant” biochemical

Table 1 Distribution of NPC1 polymorphism genotype and allelic frequency among members of the extended pedigree (N =76)

Genetic variations

Genotypes detected by direct sequencing

Allelic frequency

€387 T>C (p. Y129Y) T TC

29 (38.2) 39 (51.3)
c644A > G (p. H215R) AA AG

44 (57.9) 29 (382)
€.1926G > C (p. M642I) GG GC

4(53) 36 (474)
c.2572A > G (p. 1858V) AA AG

2(27) 65 (87.8)
€.2793C>T (p. N931N) CcC @)

32(352) 37 (48.7)
c3797G > A (p. R1266Q) GG GA

69 (93.2) 5(638)

CcC T @

8 (10.5) 97 (63.8) 55 (36.2)
GG A G

339 117 (77.0) 35 (23.0)
[c@ G @

36 (47.4) 44 (28.9) 108 (71.1)
GG A G

7 (9.5) 69 (46.60) 79 (534)
T C T

7(9.2) 100 (65.8) 52 (342)
AA G A

0 143 (96.6) 5(34)

Figures in parenthesis are percentages
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phenotype is overrepresented in the adult form, clinical
severity does not necessarily correspond to the degree of
inhibition in intracellular LDL-cholesterol processing.
Indeed, about half of the patients with an adult onset
neurological form exhibit a typical filipin staining profile
[36]. The missense mutation p. A1054T, adjacent to our p.
K1057R mutation, has been correlated with early neuro-
logical disease and undetectable protein in immunobloting
studies [35]. But since the p. K1057R mutation has not
been expressed and studied by immunocytochemistry, it is
currently not feasible to predict a certain genotype/pheno-
type correlation for this allele. A number of published
patients with an adolescence/adult neurological onset is
compound heterozygotes for a null and a mild NPCI mu-
tant allele. On the other hand, the two patients referred in
literature being compound heterozygotes for IVS23 +
1G> A (mutation at the same splice site) with A1035V
[16] or 11061T, respectively [3], exhibited the severe in-
fantile phenotype, despite that I1061T has been associated
with a milder neurological course.

In patient 1, miglustat therapy was introduced soon
after diagnosis, already at 7.5 months of age, considering
mainly the natural history of the disease in her cousin and
the presence of mild axial hypotonia. She has now been
closely monitored for the last 11.5 years, showing good
tolerance to miglustat regimen and at present, she mani-
fests no overt neurological manifestations. The afore-
mentioned patients with the same splicing mutation in
compound heterozygosity [3, 16] had a very severe clinical
course, much different from that in our Patient 1, suggest-
ing that the early institution of substrate reduction therapy
might have had an effect on our proband. However, since
NPC disease presents broad heterogeneity, patient’s 1
natural history of the disease cannot be accurately deter-
mined and evidence pertaining to neurologically asymp-
tomatic patients entering substrate therapy is elusive and
sporadic [3, 37, 38], it is difficult to extrapolate any
definite conclusion.

The origin of our proband from a Greek Island in
association with the presence of another deceased NPC
patient in her broad family prompted the investigation
of the extended kindred, which revealed high prevalence
of NPC carriers. This was expected since most of the
pedigrees’ members are related or originate from a spe-
cific insular region. Indeed, the progenitors of the pedi-
grees la and 1b originated from two villages in close
proximity and though no common ancestor could be
identified, IVS23 + 3insT was associated with one specific
haplotype. This fact strengthens the hypothesis of a
founder effect, which could be further demonstrated by
microsatellite analysis. On the other hand, the maternal
mutation p. KI057R (1c pedigree) was associated with a
different haplotype, which supports its different origin.
Indeed, ancestors of patient 1’s mother belonged to
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“Diaspora” (Greeks of dispersion), who settled on the
hellenic island in 1922.

A large number of NPCI gene variations has been iden-
tified so far [4]. The frequency and the type of the more
common exonic polymorphisms observed in participants
in this subgroup of Greek population are mainly in ac-
cordance with other European populations, especially Ital-
ians and Spaniards (www.ensembl.org). Of note the non-
synonymous coding polymorphism rs1788799 has been
associated with obesity and Alzheimer Disease/aging
[39-41]. Furthermore, NPC1 protein has also been im-
plied to be involved in the clinical entity of atheromatosis
[42]. The impact of NPCI variations on human health has
been proposed to be significant and given the limited
number of functional studies in NPC1 gene, it constitutes
a promising field for further investigation [4].

Conclusions

The novel splicing mutation IVS23 + 3insT reported herein
is associated in homogyzous state with a severe biochemical
and clinical phenotype (severe infantile form) of NPC. The
new missense mutation p. K1057R is likely also associated
with a classical biochemical pattern. However, it is difficult
to conclude on a clinical correlation of their combination
since Patient 1, carrier of the two above mutations, has been
on early miglustat therapy for the last 11.5 years. The long-
term follow-up of our patient may contribute to clarify the
situation. Haplotype analysis suggested a possible founder
effect for 1VS23 + 3insT in the Greek Island as well as a
different origin for each mutation. Note: a study on NPC in
Greece has been published while our manuscript was still
under evaluation [43].

Abbreviations
CG: Control group; NPC: Niemann-Pick type C disease; PCR: Polymerase chain
reaction; SG: Suspicion group

Acknowledgements

The authors thank Dr. Irene Mavridou for her contribution in the diagnostic
procedure and are indebted to the patients and their families for
collaboration with this study.

Funding
Not applicable.

Availability of data and materials
All raw data generated or data analysed during this study are available from
the corresponding author upon request.

Authors’ contributions

E.B. and AP. performed the molecular studies, contributed to the study
design, the acquisition, the analysis, the interpretation of the data and wrote
the manuscript. M.T.V. performed and H.M. contributed to the biochemical/
cytochemical diagnosis of the two patients on cultured skin fibroblasts and
the molecular diagnosis of patient 1. MTV also contributed significantly to
the manuscript review. G.N. was involved in the clinical diagnosis and the
longitudinal therapeutic management of the patient 1. SK. contributed to
the organization of the database and reviewed the manuscript. AD. follows
up the patient and made therapy interventions. He contributed to the
design, the interpretation of the data and the manuscript review. All authors
read and approved the final version of manuscript.


http://www.ensembl.org

Bountouvi et al. BMC Medical Genetics (2017) 18:51

Competing interests

AP, GN, SK. declare no conflict of interest. E.B. has received travel
reimbursements from Actelion Pharmaceuticals. M.T.V. has received travel
reimbursement and honoraria from Actelion Pharmaceuticals for speaking
engagements and as a member of Advisory Boards. HM. and AD. have
received travel reimbursement and honoria from Actelion Pharmaceuticals
for speaking engagements and laboratory diagnosis purposes.

Consent for publication
Consent for publication was obtained from patients’ parents and from all
individuals who participated in the study.

Ethics approval and consent to participate

Written informed consent was obtained from patients’ parents and from all
individuals who participated in the study. The study was approved by the
Attikon University General Hospital Institutional review board and all
procedures performed were in accordance with the ethical standards of the
1964 Helsinki declaration and its later amendments.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Third Department of Pediatrics, Athens University Medical School, University
General Hospital “Attikon”, T Rimini Str, 12464 —Haidari Athens, Greece.
?Laboratoire Gillet-Mérieux, Groupe Hospitalier Est, Hospices Civils de Lyon,
Lyon, France. 3Departmem of Nutrition and Dietetics, Harokopio University,
Kallithea, Athens, Greece. “Department of Enzymology and Cellular Function,
Institute of Child Health, Athens, Greece.

Received: 12 July 2016 Accepted: 19 April 2017
Published online: 04 May 2017

References

1. Vanier MT. Niemann-Pick disease type C. Orphanet J Rare Dis. 2010;5:16.

2. Vanier MT. Complex lipid trafficking in Niemann-Pick disease type C.

J Inherit Metab Dis. 2015;38(1):187-99.

3. Jahnova H, Dvorakova L, Vlaskova H, Hulkova H, Poupetova H, Hrebicek
M, Jesina P. Observational, retrospective study of a large cohort of
patients with Niemann-Pick disease type C in the Czech Republic: a
surprisingly stable diagnostic rate spanning almost 40 years. Orphanet
J Rare Dis. 2014;9:140.

4. Wassif CA, Cross JL, Iben J, Sanchez-Pulido L, Cougnoux A, Platt FM, Ory DS,
Ponting CP, Bailey-Wilson JE, Biesecker LG, et al. High incidence of
unrecognized visceral/neurological late-onset Niemann-Pick disease, type
C1, predicted by analysis of massively parallel sequencing data sets. Genet
Med. 2015.

5. Mengel E, Klunemann HH, Lourenco CM, Hendriksz CJ, Sedel F, Walterfang
M, Kolb SA. Niemann-Pick disease type C symptomatology: an expert-based
clinical description. Orphanet J Rare Dis. 2013,8:166.

6. Heron B, Valayannopoulos V, Baruteau J, Chabrol B, Ogier H, Latour P,
Dobbelaere D, Eyer D, Labarthe F, Maurey H, et al. Miglustat therapy in the
French cohort of paediatric patients with Niemann-Pick disease type C.
Orphanet J Rare Dis. 2012;7:36.

7. Patterson MC, Mengel E, Wijburg FA, Muller A, Schwierin B, Drevon H,
Vanier MT, Pineda M. Disease and patient characteristics in NP-C
patients: findings from an international disease registry. Orphanet
J Rare Dis. 2013;8:12.

8. Patterson MC, Hendriksz CJ, Walterfang M, Sedel F, Vanier MT, Wijburg F.
Recommendations for the diagnosis and management of Niemann-Pick
disease type C: an update. Mol Genet Metab. 2012;106(3):330-44.

9. Fecarotta S, Romano A, Della Casa R, Del Giudice E, Bruschini D, Mansi G,
Bembi B, Dardis A, Fiumara A, Di Rocco M, et al. Long term follow-up to
evaluate the efficacy of miglustat treatment in Italian patients with
Niemann-Pick disease type C. Orphanet J Rare Dis. 2015;10(1):22.

10. Patterson MC, Mengel E, Vanier MT, Schwierin B, Muller A, Cornelisse P,
Pineda M. Stable or improved neurological manifestations during
miglustat therapy in patients from the international disease registry for
Niemann-Pick disease type C: an observational cohort study. Orphanet
J Rare Dis. 2015;10:65.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 7 of 8

Bowman EA, Walterfang M, Abel L, Desmond P, Fahey M, Velakoulis D.
Longitudinal changes in cerebellar and subcortical volumes in adult-onset
Niemann-Pick disease type C patients treated with miglustat. J Neurol. 2015;
262(9):2106-14.

Vite CH, Bagel JH, Swain GP, Prociuk M, Sikora TU, Stein VM, O'Donnell P,
Ruane T, Ward S, Crooks A, et al. Intracisternal cyclodextrin prevents
cerebellar dysfunction and Purkinje cell death in feline Niemann-Pick type
C1 disease. Sci Transl Med. 2015;7(276):276ra226.

Ingemann L, Kirkegaard T. Lysosomal storage diseases and the heat shock
response: convergences and therapeutic opportunities. J Lipid Res. 2014;
55(11):2198-210.

Vance JE. Transfer of cholesterol by the NPC team. Cell Metab. 2010;12(2):105-6.
McKay Bounford K, Gissen P. Genetic and laboratory diagnostic approach in
Niemann Pick disease type C. J Neurol. 2014;261 Suppl 2:5569-575.

Ribeiro I, Marcao A, Amaral O, Sa Miranda MC, Vanier MT, Millat G. Niemann-
Pick type C disease: NPC1 mutations associated with severe and mild
cellular cholesterol trafficking alterations. Hum Genet. 2001;109(1):24-32.
Millat G, Bailo N, Molinero S, Rodriguez C, Chikh K, Vanier MT.
Niemann-Pick C disease: use of denaturing high performance liquid
chromatography for the detection of NPC1 and NPC2 genetic variations
and impact on management of patients and families. Mol Genet Metab.
2005;86(1-2):220-32.

Park WD, O'Brien JF, Lundquist PA, Kraft DL, Vockley CW, Karnes PS,
Patterson MC, Snow K. Identification of 58 novel mutations in Niemann-Pick
disease type C: correlation with biochemical phenotype and importance of
PTCI-like domains in NPC1. Hum Mutat. 2003;22(4):313-25.

Millat G, Marcais C, Rafi MA, Yamamoto T, Morris JA, Pentchev PG, Ohno K,
Wenger DA, Vanier MT. Niemann-Pick C1 disease: the 11061T substitution is a
frequent mutant allele in patients of Western European descent and correlates
with a classic juvenile phenotype. Am J Hum Genet. 1999,65(5):1321-9.

Sun X, Marks DL, Park WD, Wheatley CL, Puri V, O'Brien JF, Kraft DL,
Lundquist PA, Patterson MC, Pagano RE, et al. Niemann-Pick C variant
detection by altered sphingolipid trafficking and correlation with mutations
within a specific domain of NPC1. Am J Hum Genet. 2001;68(6):1361-72.
Fancello T, Dardis A, Rosano C, Tarugi P, Tappino B, Zampieri S, Pinotti E,
Corsolini F, Fecarotta S, D'’Amico A, et al. Molecular analysis of NPC1 and
NPC2 gene in 34 Niemann-Pick C Italian patients: identification and
structural modeling of novel mutations. Neurogenetics. 2009;10(3):229-39.
Greer WL, Riddell DC, Gillan TL, Girouard GS, Sparrow SM, Byers DM,
Dobson MJ, Neumann PE. The Nova Scotia (type D) form of Niemann-
Pick disease is caused by a G3097—T transversion in NPC1. Am J Hum
Genet. 1998;63(1):52-4.

Macias-Vidal J, Rodriguez-Pascau L, Sanchez-Olle G, Lluch M, Vilageliu L,
Grinberg D, Coll MJ. Molecular analysis of 30 Niemann-Pick type C patients
from Spain. Clin Genet. 2011,80(1):39-49.

Bauer P, Knoblich R, Bauer C, Finckh U, Hufen A, Kropp J, Braun S,
Kustermann-Kuhn B, Schmidt D, Harzer K, et al. NPC1: Complete genomic
sequence, mutation analysis, and characterization of haplotypes. Hum
Mutat. 2002;19(1):30-8.

Yamamoto T, Nanba E, Ninomiya H, Higaki K, Taniguchi M, Zhang H,
Akaboshi S, Watanabe Y, Takeshima T, Inui K, et al. NPC1 gene mutations in
Japanese patients with Niemann-Pick disease type C. Hum Genet. 1999;
105(1-2):10-6.

Rodriguez-Pascau L, Toma C, Macias-Vidal J, Cozar M, Cormand B,
Lykopoulou L, Coll MJ, Grinberg D, Vilageliu L. Characterisation of two
deletions involving NPC1 and flanking genes in Niemann-Pick Type C
disease patients. Mol Genet Metab. 2012;107(4):716-20.

Mavridou I, Cozar M, Douzgou S, Xaidara A, Lianou D, Vanier MT, Dimitriou E,
Grinberg D, Vilageliu L, Michelakakis H. Niemann-Pick type C disease: a novel
NPC1 mutation segregating in a Greek island. Clin Genet. 2014,85(6):543-7.
Vanier MT, Rodriguez-Lafrasse C, Rousson R, Gazzah N, Juge MC, Pentchev
PG, Revol A, Louisot P. Type C Niemann-Pick disease: spectrum of
phenotypic variation in disruption of intracellular LDL-derived cholesterol
processing. Biochim Biophys Acta. 1991;1096(4):328-37.

Zhang K, Sun F, Zhao H. HAPLORE: a program for haplotype reconstruction in
general pedigrees without recombination. Bioinformatics. 2005;21(1):90-103.
Yamamoto T, Ninomiya H, Matsumoto M, Ohta Y, Nanba E, Tsutsumi Y,
Yamakawa K, Millat G, Vanier MT, Pentchev PG, et al. 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. 2000;37(9):707-12.



Bountouvi et al. BMC Medical Genetics (2017) 18:51

31

32

33

34

35

36

37

38

39

40

41

3

43

Fernandez-Valero EM, Ballart A, Iturriaga C, Lluch M, Macias J, Vanier MT,
Pineda M, Coll MJ. Identification of 25 new mutations in 40 unrelated
Spanish Niemann-Pick type C patients: genotype-phenotype correlations.
Clin Genet. 2005,68(3):245-54.

Watari H, Blanchette-Mackie EJ, Dwyer NK, Watari M, Burd CG, Patel S,
Pentchev PG, Strauss 3rd JF. Determinants of NPC1 expression and action:
key promoter regions, posttranscriptional control, and the importance of a
“cysteine-rich” loop. Exp Cell Res. 2000;259(1):247-56.

Greer WL, Dobson MJ, Girouard GS, Byers DM, Riddell DC, Neumann PE.
Mutations in NPC1 highlight a conserved NPC1-specific cysteine-rich
domain. Am J Hum Genet. 1999,65(5):1252-60.

Millat G, Marcais C, Tomasetto C, Chikh K, Fensom AH, Harzer K, Wenger DA,
Ohno K, Vanier MT. 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. 2001,68(6):1373-85.

Millat G, Marcais C, Tomasetto C, Chikh K, Fensom AH, Harzer K, Wenger DA,
Ohno K, Vanier MT. 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. 2001,68(6):1373-85.

Vanier MT, Latour P. Laboratory diagnosis of Niemann-Pick disease type C:
The filipin staining test. Methods Cell Biol. 2015;126:357-75.

Di Rocco M, Dardis A, Madeo A, Barone R, Fiumara A. Early miglustat
therapy in infantile Niemann-Pick disease type C. Pediatr Neurol. 2012;
47(1):40-3.

Di Rocco M, Barone R, Madeo A, Fiumara A. Miglustat Does Not Prevent
Neurological Involvement in Niemann Pick C Disease. Pediatr Neurol. 2015;
53(4), e15.

Meyre D, Delplanque J, Chevre JC, Lecoeur C, Lobbens S, Gallina S, Durand
E, Vatin V, Degraeve F, Proenca C, et al. Genome-wide association study for
early-onset and morbid adult obesity identifies three new risk loci in
European populations. Nat Genet. 2009;41(2):157-9.

Erickson RP, Larson-Thome K, Weberg L, Szybinska A, Mossakowska M,
Styczynska M, Barcikowska M, Kuznicki J. Variation in NPC1, the gene
encoding Niemann-Pick C1, a protein involved in intracellular cholesterol
transport, is associated with Alzheimer disease and/or aging in the Polish
population. Neurosci Lett. 2008;447(2-3):153-7.

Kresojevic N, Dobricic V, Svetel M, Kostic V. Mutations in Niemann Pick
type C gene are risk factor for Alzheimer's disease. Med Hypotheses.
2014;83(5):559-62.

Yu XH, Jiang N, Yao PB, Zheng XL, Cayabyab FS, Tang CK. NPC1, intracellular
cholesterol trafficking and atherosclerosis. Clin Chim Acta. 2014,429:69-75.
Mavridou I, Dimitriou E, Vanier MT, Vilageliu L, Grinberg D, Latour P, Xaidara
A, Lycopoulou L, Bostantjopoulou S, Zafeiriou D, et al. The spectrum of
Niemann-Pick Type C Disease in Greece. JIMD Rep. 2017.

Page 8 of 8

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients and Sampling
	NPC Patients
	Haplotype analysis-NPC1 gene variations
	Genotyping

	Results
	NPC Patients and Pedigree
	NPC1 Polymorphisms and Haplotype Analysis

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

