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Abstract Niemann Pick type C (NPC) disease is an
autosomal recessive disorder characterized by the lysosomal/
late endosomal (LE) accumulation of unesterified choles-
terol and other lipids due to a defect in the intracellular lipid
trafficking. About 95% of patients present mutations in
the NPCI gene. Among the 290 mutations reported in the
NPC] gene, about 70% are missense. However, little
information is available regarding the impact of missense
mutations on NPC1 protein stability and function. In this
study, we in vitro characterized the pathogenic effect of
7 NPC1 missense mutations. In all cases, the basal levels of
mutant NPC1 expression were reduced with respect to wild
type. Treatment of fibroblasts carrying NPC1 missense
mutations in homo or hemizygosity, with the proteasome
inhibitor MG132 or glycerol 10%, a chemical chaperone
known to stabilize misfolded proteins, resulted in
a significant increase of NPC1 protein levels in all cell
lines, indicating that these mutants are subjected to
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proteasomal degradation due to protein misfolding The
increment of NPC1 mutant protein induced by the
proteasome inhibitor was associated with a localization
of NPC1 protein within lysosomal/LE compartment. In cell
lines carrying mutations p.N1156S, p.L1191F, p.V1165M,
and p.J1061T, the increment of NPCI mutant protein
resulted in an improvement of the intracellular trafficking
of cholesterol and GM1. These findings showed that it is
possible to correct the NPC cellular phenotype by increas-
ing the amount of endogenous NPCI mutated protein,
suggesting that at least some NPC/ mutations might be
potentially rescued by small molecules-based chaperone
therapy.

Introduction

Niemann Pick type C (NPC) disease (NPC1, MIM 257220;
NPC2, MIM 607625) is an autosomal recessive neuro-
visceral disorder with an estimated incidence of 1:150,000
live birth and characterized by the accumulation of a broad
spectrum of lipids including unesterified cholesterol,
glycosphingolipids (GSLs), sphingosine and sphingomyelin
within the lysosomes/late endosomes (LE) due to a defect
in the intracellular lipid trafficking (Patterson et al. 2001; te
Vruchte et al. 2004; Lloyd-Evans et al. 2008).

Clinically, NPC disease presents a highly variable
phenotype ranging from fetal to adult age. Although
it encompasses a continuous spectrum of phenotypes,
it has classically been classified by the age at onset of
neurological symptoms in a severe infantile form (onset
before 2 years of age), a late infantile form (onset between
3 and 5 years of age), a juvenile form (onset between 5 and
16 years), and an adult form (onset at age > 16 years)
(Patterson et al. 2001; Vanier and Millat 2003).
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Two disease-causing genes, NPCI (MIM#607623) and
NPC2 (MIM#601015), have been identified (Vanier et al.
1996; Carstea et al. 1993; Naureckiene et al. 2000). NPC!
gene, located on chromosome 18ql1-q12, encodes a large
membrane glycoprotein of 1,278 aminoacids containing 13
transmembrane domains and located predominantly in late
endosomes (Davies and loannou 2000). NPC2 gene is
mapped to chromosome 14q24.3 and encodes a small
soluble protein present in the lumen of the lysosomes
(Naureckiene et al. 2000; Vanier and Millat 2004).
Although it is known that both NPC1 and NPC2 bind
unesterified cholesterol and both are involved in the egress
of cholesterol and other lipids from the lysosomes, the
precise mechanisms by which these proteins exert this
function is not clear. Recent studies have begun to clarify
the roles of NPC1 and NPC2 in the lysosomal export
process. It has been demonstrated that a water soluble
fragment of NPC1 binds cholesterol in an orientation
opposite to NPC2 (Infante et al. 2008). Based on these
results, it has been postulated that, after liberation from
LDL, cholesterol is bound by NPC2 which carries it to the
lysosomal membrane, where it transfers to the N-terminal
domain of the membrane bound NPC1 (Kwon et al. 2009).

About 95% of human NPC disease is caused by
mutations in the NPCI gene, (Carstea et al. 1997), while
the other 5% is due to mutations in the NPC2 gene.

To date, more than 290 mutations of NPCI gene have
been reported (http://npc.fzk.de/) (Runz et al. 2008), most
of them are present in single families. Only three relative
frequent mutations have been found within distinct patient
groups: the p.G992W, almost exclusively seen in Acadian
patients from Nova Scotia (Greer et al. 1998), the
p.P1007A found in about 15% of mutated alleles in
different European populations (Ribeiro et al. 2001;
Fancello et al. 2009) and the p.I1061T that accounts for
15-20% of mutated alleles in Western Europe and USA
(Millat et al. 1999; Sun et al. 2001; Park et al. 2003; Millat
et al. 2005). However, a study performed in 44 Italian NPC
patients showed that the p.I1061T mutation is much less
common in Italy, representing only a 4.7% of the NPCI
alleles (Fancello et al. 2009).

Although the NPCI mutational profile is exceedingly
heterogeneous, nearly 70% of NPC1 alleles are due to point
mutations distributed throughout the coding region of the
NPC1 gene and resulting in codon replacements that may
affect the correct folding of the protein (Runz et al. 2008).

In fact, it has been recently demonstrated that the
NPCI1-11061T protein is recognized as misfolded by the
endoplasmic reticulum (ER) quality control machinery and
targeted for proteasomal degradation. Transient transfection
of npcl-deficient CHO cells with GFP-tagged
NPCI-11061T led to lysosomal localization of the mutant
protein and functional complementation of the NPC mutant
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phenotype. Therefore, it has been suggested that therapeutic
strategies directed to enhance the amount of mutated
protein, such as the use of chemical chaperones, may
rescue the pathologic phenotype in patients carrying the
p.I1061T mutation (Gelsthorpe et al. 2008).

In this study, we have characterized the effect of 7 NPC!
missense mutations on protein degradation and provided
evidences indicating that by increasing the amount of
endogenous mutated protein it is possible to correct the
cellular phenotype. Our findings suggest that some NPC/
missense mutations, other than the p.I1061T might be
potentially rescued by small molecules-based chaperone
therapy.

Materials and Methods
Cell Culture and Treatments

Human fibroblasts were obtained from skin biopsies
from seven patients affected with NPC disease and normal
controls. All NPC patients presented with the classical
biochemical phenotype characterized by massive lysosomal/
LE accumulation of unesterified cholesterol in cultured
fibroblasts. The diagnosis was confirmed by sequencing
both NPCI and NPC2 genes. All patients had mutations in
the NPCI gene. This study was approved by the ethical
committee of the University Hospital “S. Maria della
Misericordia,” and written consent was obtained from all
subjects.

Human fibroblasts were cultured in RPMI 1640 medium
supplemented with 10% (v/v) fetal calf serum (FCS), and
50 mg/ml penicillin/streptomycin (Gibco, Paisley, UK).

Fibroblasts were treated with vehicle or 15 pM of the
protease inhibitor MG132 (Sigma, St Louis, MO, USA) for
24-48 h, with 10—1,000 nM of MG132 for 10 days or with
glycerol 10% for 24 h.

Mutational Analysis

Genomic DNA from NPC patients was extracted from
cultured skin fibroblasts and amplification of NPCI gene
was performed as previously described (Tarugi et al. 2002).
After purification, the polymerase chain reaction (PCR)
fragments were sequenced in an ABI Prism 3100 Genetic
Analyzer (Applied Biosystems, Warrington, UK). In all
cases the presence of the mutation has been confirmed in
both parents who resulted to be heterozygous carriers.

Extraction of RNA, cDNA Synthesis and PCR Analysis

Total RNA was isolated from cultured fibroblasts using
Trizol reagent (EuroClone Gibco, Paisley, UK) according to
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the manufacturer’s instructions. RNA was quantified
spectrophotometrically at 260 nm in a Beckman Coulter
DU®730 spectrophotometer (Fullertone, CA, USA).
The RNA purity was evaluated by measuring the ratio
A260/A280, considering RNA with appropriate purity those
showing values between 1.8 and 2.0; its integrity was
evaluated by gel electrophoresis. Total RNA (1 pg) was
reverse transcribed using iScript'™ c¢DNA Synthesis kit
BioRad according to manufacturer’s instructions. PCR
analysis was performed as previously described (Di Leo
et al. 2004) using appropriate sets of primers, which allow
the amplification of ten overlapping fragments covering the
whole NPCI messenger RNA (mRNA) (Tarugi et al. 2002).

Real-Time Quantitative PCR

Real-Time quantitative PCR was performed in i-Cycler 1Q;
18S and GAPDH were used as housekeeping genes.
All primer pairs were synthesized by Sigma Genosys Ltd.
(London Road, UK) and were designed using the software
Beacon Designer 7.91 (PREMIER Biosoft International,
Palo Alto, CA, USA). Primer sequences and references are
specified in Table 1. PCR amplification was carried out
in 25 pL reaction volume containing 25 ng of cDNA, 1x iQ
SYBR Green Supermix [100 mM KCIl; 40 mM Tris—HCI,
pH 8.4; 04 mM each dNTP; 50 U/mL iTaq DNA
polymerase; 6 mM MgCl2; SYBR Green [; 20 nM
fluorescein; and stabilizers] and gene-specific sense and
anti-sense primers. Standard curves using a “calibrator”
cDNA (chosen among the cDNA samples) were prepared
for each target and reference gene, and the efficiency
was calculated. In order to verify the specificity of the
amplification, a melt-curve analysis was performed, imme-
diately after the amplification protocol. Nonspecific
products of PCR were not found in any case. The relative
quantification was made using the Pfaffl modification of
the AACt equation, taking into account the efficiencies of
individual genes. The results were normalized to 18S and
GAPDH, the initial amount of the template of each sample
(treated) was determined as relative expression versus
its reference sample (untreated control) which in each case
was considered the 1x sample. At least three different
determinations for each gene were performed.

Table 1 Set of primers used in real-time quantitative PCR

Western Blot Analysis

Twenty micrograms of protein extracts were resolved on
8% SDS PAGE gels and transferred to nitrocellulose
membranes (Schleicher and Schuell, Keene, NH, USA).
After overnight blocking with 5% nonfat dry milk in
PBS-Tween 0.1% (PBS-T), the membranes were probed
with anti-NPC1 polyclonal antibody (Novus Biologicals,
Littleton, USA) overnight at 4°C. Anti-rabbit HPR
conjugated antibody was used as a secondary antibody.
Immunoreactive bands were detected by enhanced
chemiluminescence ECL (Amersham). The signals were
normalized to those obtained for actin using a polyclonal
anti-actin antibody (Sigma, St Louis, MO, USA).

Filipin Staining

Filipin staining was performed using the method described
by Blanchette—Mackie et al. (Blanchette-Mackie et al.
1988). Briefly, the cells were rinsed with PBS and fixed
with 3% paraformaldehyde. After washing them with PBS,
the cells were incubated with 1.5 mg of glycine/ml PBS
for 10 min, stained with filipin (0.05 mg/ml, in PBS 10%
FCS) for 2 h and examined using a Zeiss fluorescence
microscope.

Immunolocalization of NPC1 Protein

Immunolocalization of NPC1 was performed in human
NPC and normal fibroblasts.

Cells were grown as described above on glass cover
slips. After 72 h, the cells were fixed with 4% parafor-
maldheyde (Sigma, St. Louis, MO, USA) and permeabi-
lized with 0.2% Triton X-100. The cells were then blocked
with 2% BSA (Sigma, St. Louis, MO, USA) and
immunolabeling was carried out using an anti-NPCI
polyclonal antibody (Novus Biologicals, Littleton, USA).
The secondary antibody was a FITC-conjugated anti-rabbit
IgG (DAKO, Glostrup, Denmark). For colocalization
studies, a monoclonal anti-LAMP-1 (Santa Cruz Biotech-
nology, Santa Cruz, California, USA) was used as
a primary antibody, and an alexa fluor-conjugated anti-
mouse (Invitrogen, Carlsbad, CA, USA) as a secondary

Gene Accesion Forward Reverse Concentration Efficiency
name number (nM) (%)

NPC1 NM_000271 TTCAGACACTAAAAGACAA  ACAGGTTCAGTAGGTTAT 300 100
RN18S1 NR_003286 TAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 100 95
GAPDH NM_002046 TCAGCCGCATCTTCTTTTG TCAGCCGCATCTTCTTTTG 250 96
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antibody. The glass cover slips were mounted and analyzed
using a Zeiss fluorescence microscope.

GMI Staining

Cells were grown on glass cover slips and then fixed with
3% paraformaldheyde (Sigma, St. Louis, MO, USA) for
20 min, washed with PBS and permeabilized with 0.1%
Triton X-100 in 2% BSA (Sigma, St. Louis, MO, USA) for
5 min. After washing the cells with PBS, they were
incubated with 3 pg/ml cholera toxin B subunity FITC
conjugated (Sigma, St. Louis, MO, USA) in 0,2% BSA for
30 min at room temperature. For colocalization studies,
cells were washed with PBS and stained with filipin
working solution (0,05 mg/ml, in PBS 10% FCS) for 2 h
at room temperature (Blanchette-Mackie et al. 1988). The
glass cover slips were mounted and analyzed using a Zeiss
fluorescence microscope.

Results

The genotypes of the 7 NPC patients included in this study
are summarized in Table 2. Genotypes of patients 1-6 had
been already established and published in a previous study
(Fancello et al. 2009). Patients 2—6 presented missense
mutations in homozygosity (confirmed by the presence
of the mutation in both parents), while patient 1 presented
a missense mutation associated with a nonsense mutation in
codon 670. The truncated protein that would be translated
from this allele was not detected by western blot. Therefore,
we considered that all the cell lines derived from patients
1-6 expressed only one NPC1-mutant variant.

Sequencing analysis of the entire coding region and
the intronic flanking sequencing of NPCI gene in patient
7 showed the presence of the known mutation p.V1165M

Table 2 Genotypes of NPC patients included in the study

(c.3493G>A) in one allele. The second allele presented
a new intronic mutation ¢.2795+1G>C located at the 5
donor splice site of intron 18. RT-PCR analysis of the
NPC] mRNA extracted from patient’s fibroblasts followed
by sequencing of the PCR product showed that only the
allele carrying the p.V1165M mutation was expressed
even after 40 cycles of amplification. Based on this
result, we assumed that patient 7 presents on one allele
the p.VI165M mutation and on the other a splicing
mutation that probably generates an unstable mRNA, which
would be rapidly degraded, leading to the lack of the
corresponding transcript. Therefore, we considered that the
cell line derived from patient 7 also expressed only one
NPC1-mutant variant.

To analyze the impact of the missense mutations on
protein abundance, we first analyzed the basal levels of
NPCI1 protein expression in fibroblasts cell lines by western
blot. As shown in Fig. 1, the levels of mutant NPCI
expression were reduced in NPC fibroblasts with respect to
normal controls. It has been well established, using other
disease models, including lysosomal diseases, that some
mutated misfolded proteins are retained in the ER, from
where they are retro-translocated back to the cytosol to be
eliminated by the ubiquitin—proteosomal pathway. This
process is known as ER-associated degradation (ERAD)
(Kopito 1997). In order to determine whether the reduction
of NPC1 mutant protein is due, at least in part, to an
increase in the rate of proteasomal degradation, normal and
NPC fibroblast cell lines were treated for 24 h- with 15 pM
of the proteasome inhibitor MG132 or vehicle and NPC1
protein abundance was determined by western blot (Fig. 2a).
MG132 treatment resulted in a 2- to 6-fold increase
of NPC1 mutant protein levels, suggesting that all these
mutant variants are subjected to proteasomal degradation
(Fig. 2b). An increase of wild-type NPCI protein abun-
dance was also observed after treatment with MG132.
However, this effect was not statistically significant.

Allele 2

Reference

Patient Allele 1

NPC-1 p-T1205K (c.3614C>A)
NPC-2 p-V1023G (c.3068T>G)
NPC-3 p.Y1019C (c.3056A>G)
NPC-4 p-N1156S (c.3467A>G)
NPC-5 p.L1191F (c.3571C>T)
NPC-6 p.11061T(c.3182T>C)
NPC-7 p.-V1165M (c.3493G>A)

p.R607X (c.1819C>T)
p.V1023G (c.3068T>G)
p.Y1019C (c.3056A>G)
pN1156S (c.3467A>G)
p.L1191F (c.3571C>T)
p.1061T (c.3182T>C)
1.0 (¢.2795+1G>C)

Fancello et al. (2009) (patient NP10)
Fancello et al. (2009) (patient NP4)
Fancello et al. (2009) (patient NP29)
Fancello et al. (2009) (patient NP14)
Fancello et al. (2009) (patient NP2)
Fancello et al. (2009) (patient NP25)
This study

The lysosomal accumulation of unesterified cholesterol was demonstrated by filipin staining. All cells presented a classical biochemical phenotype
characterized by massive lysosomal accumulation of unesterified cholesterol
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Fig. 1 NPC1 protein abundance in NPC fibroblasts. (a) Representa-
tive western blot analysis of NPCI1 protein expression in NPC and
normal fibroblast cell lines. (b) The intensity of the NPC1 signals was
normalized against actin. The NPCI1 protein content in NPC

In order to verify whether MG132, in addition to its effect
as a proteasome inhibitor, exerts also an effect of NPCI
mRNA expression, a quantitative real-time PCR in normal
and NPC fibroblasts treated with vehicle or MG132 15 uM
for 24 h was performed. A slight but not statistically
significant increase of NPCI mRNA expression was
observed after treatment (fold of increase with respect to
nontreated cells: 2.38 + 1.49; p = 0.07). Taken together,
these data demonstrate that the increase of NPCI protein
abundance after 24 h treatment with MG132 was mainly
due to an inhibition of its proteasomal degradation.

In addition, NPC cells were treated with glycerol,
a chemical chaperon known to stabilize misfolded proteins,
for 24 h and the NPC1 protein abundance was determined. As
shown in Fig. 2(c and d), glycerol treatment resulted in a
significant increase of NPC1 protein levels in all cell lines.
These data provide further evidence indicating that these
mutants are selected to ERAD due to protein misfolding.

We then wanted to address whether the increment of
the intracellular levels of endogenous mutant protein leads
to the clearance of accumulated free cholesterol.

Treatment of NPC cell with 15 pM of MG132 for 24 h
did not exert any effect on cholesterol accumulation (data

*
*
04 )
* * *
i i i . :
ol = ﬁ m :

NPC-3

NPC-4 NPC-5 NPC-6 NPC-7

fibroblasts was expressed as a percentage of the NPC1 protein content
found in fibroblasts from a normal control. Data are means £ SD of 3
independent experiments (*p < 0.05)

not shown). However, experiments performed in our labora-
tory showed that NPC cells cultured in the absence of serum
become negative to the filipin staining only after 3—5 days of
starvation. Therefore, we hypothesized that the exposure of
NPC cell to the proteasome inhibitor for 24 h may not be
enough to cause a sensible reduction of the intracellular
cholesterol accumulation. Since treatment of NPC fibroblasts
with 15 pM of MGI132 for more than 48 h resulted in
a massive reduction of cell viability, NPC cells were treated
with decreasing concentrations of MG132 (1,000, 500, 100,
50, and 10 nM) or vehicle for 10 days. Treatment of NPC
cells with 500-1,000 nM of MGI132 still resulted in
a significant reduction of cell viability, while the minimum
concentration of MG132 still able to cause an increase of
NPCI1 protein abundance was 50 nM (Fig. 3a, b).

It is worth of note that treatment of cells with MG132
50 nM for 10 days did not exert any effect on NPC/ mRNA
expression, suggesting that the increase in protein abun-
dance observed in cells treated with 50 nM for 10 days,
is due to the inhibition of protein degradation.

Under these experimental conditions MG132 treatment
resulted in a significant reduction of cholesterol accumula-
tion in fibroblasts cell lines carrying the p.NI1156S,
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Fig. 2 NPC1 protein abundance in normal and NPC fibroblasts after
treatment with MG132 15 uM or glycerol 10% for 24 h. Representa-
tive western blot analysis of NPC1 protein expression in normal and
NPC fibroblasts cell lines treated with MG132 for 24 h with 15 pM
(panel a) or glycerol 10% (panel ¢). The intensity of the NPC1 signals
were normalized against actin. The NPCI1 protein content in NPC1

p.L1191F, p.V1165M, and p.I1061T NPC! mutations. No
effect on cell carrying the p.T1205K, p.V1023G and
p- Y1019C was observed (Fig. 4). The same result was
obtained even in cell treated with 100 nM of MG132
(data not shown).
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Wt p.T1205k |p.V1023G | p.Y1019C |p.N1156S | p.L1191F | p.11061T |p.V1165M

fibroblasts was expressed as a percentage of the NPC1 protein content
found in vehicle treated cells (panels b and d). Data are means + SD
of 3 independent experiments (*p < 0.05). Treatment of NPC cells
with MG132 15 pM or glycerol significant increase the content of
NPC1 mutant protein

To investigate whether the reduction of cholesterol
accumulation was associated with an increase of NPCI
protein within the lysosomal/LE compartment, the intracel-
lular localization of the NPC1 mutant variants was assayed
by immunofluorescensce. As shown in Fig. 5, under basal
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Fig. 3 NPC1 protein abundance in normal and NPC fibroblasts in the
absence or presence of MG132 50 nM for 10 days. (a) Representative
western blot analysis of NPC1 protein expression in normal and NPC
fibroblasts cell lines treated with MG132 50 nM for 10 days. (b)The
intensity of the NPC1 signals were normalized against actin. The

conditions the levels of mutant NPC1 protein were
extremely low. Treatment of NPC cells for 10 days with
low dose of MG132 resulted in a substantial increase of
NPC1 mutant protein signal and a staining typical of
lysosomal/LE localization, not only in fibroblasts carrying
the p.N1156S, p.L1191F, p.V1165M and p.11061T NPC!
mutations, but also in all 7 NPC studied cell lines.
Furthermore, NPC1 colocalized with the lysosomal protein
Lamp-1 providing further evidence that MG132 treatment
improved the delivery of the NPC1 mutant to the lysosomal
compartment. These data suggest that p.T1205K,
p-V1023G, and p.Y1019C mutations may have an impact
not only on NPCI1 folding, trafficking, and degradation but
also on the protein function itself.

Since the storage profile in NPC cells include other
lipids such as GSLs, we analyzed whether the increment of
NPCI protein results, not only in a clearance of unesterified
cholesterol but also in the reduction of GM1 accumulation.
Once again, treatment of NPC cell with 15 pM of MG132
for 24 h did not exert any effect on GM1 accumulation
(data not shown). However, a significant reduction of GM1
accumulation was observed in fibroblasts cell lines carrying
the p.N1156S, p.L1191F, p.V1165M, and p.11061T NPC!

p.Y1019C

p.N1156S | p.L1191F | p.1061T | p.vi165M

NPC1 protein content in NPC1 fibroblasts was expressed as a
percentage of the NPC1 protein content found in vehicle treated cells.
Data are means + SD of 3 independent experiments (*p» < 0.05).
Treatment of NPC cells with MG132 50 nM for 10 days significant
increase the content of NPC1 mutant protein

mutations after 10 days treatment with 50 nM of MG132
(Fig. 6).

Discussion

Loss of function diseases are often caused by the inability
of a mutated protein to achieve a correct folding within
the secretory pathway. In fact, it has been well docu-
mented that some mutant variants are recognized as
misfolded by ER quality machinery, made up of molecular
chaperones, which ensures that only properly folded
proteins are secreted from the ER. Thus, these misfolded
proteins are retained in the ER, from where they are
retro translocated back to the cytosol to be eliminated
by the ubiquitin—proteosomal pathway. This process
is known as ER-associated degradation (ERAD) (Kopito
1997).

Protein misfolding has been implicated in many
lysosomal storage disorders, such as Gaucher disease
(Alfonso et al. 2005), Fabry disease (Fan et al. 1999), GM1
gangliosidosis (Tropak et al. 2004), and Pompe disease
(Parenti et al. 2007).
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Normal comtrol

b vehicle C MG13250nM

NPC-1
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NPC-3

Fig. 4 Filipin staining of intracellular unesterified cholesterol. (a)
Normal fibroblasts; (b and d) NPC fibroblasts treated for 10 days with
vehicle showed a massive lysosomal accumulation of unesterified
cholesterol; (¢ and e) NPC fibroblasts treated for 10 days with MG132

In this paper we demonstrated that, besides the p.I11061T
NPC mutant protein, other 6 NPC1 mutant variants are
unstable and subjected to an increased rate of proteasomal
degradation. In fact, treatment of NPC fibroblasts carrying
different missense mutations with the proteasome inhibitor
MG132 resulted in a significant increment of mutant NPC1
protein levels and an improvement of the trafficking to the
lysosomal/LE compartment. In NPC fibroblasts cell lines
carrying mutations p.N1156S, p.L1191F, p.V1165M, and
p.11061T, the increment of NPC1 protein content led to a
reduction of lysosomal/LE free cholesterol. Furthermore,
we have demonstrated that by enhancing the NPC1 protein
content, it is also possible to improve the trafficking of
GSLs. Our data suggest that these mutations may render
the NPCI1 protein unstable and rapidly degraded but
they would not completely abolish the NPC1 functionality.
These finding are in line with those described by
Gelsthorpe et al. (Gelsthorpe et al. 2008) showing that
a twofold overexpression of GFP-tagged NPC1 11061T in
transient transfected npcl-deficient CHO cells was enough
to partially restore the cholesterol trafficking. These authors
postulated that a percentage of 2—5% of the nascent NPC1
[1061T mutant protein would be able to fold properly,
escape the ER quality control and reach the lysosome/LE
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50 nM. Only in cells carrying the p.N1156S, p.L1191F, p.V1165M
and p.I1061T NPCI mutations (NPC-4, NPC-5, NPC-6, NPC-7)
showed a reduction of intracellular cholesterol staining

compartment. In cells overexpressing the mutant protein
even if only a 2—-5% of the protein achieves the correct
folding, the quantity of correct folded mutant molecules
would be enough to complement the mutant phenotype. A
similar mechanism could be postulated to explain the effect
of MG132 treatment on cholesterol and GSLs trafficking in
NPC fibroblasts. Indeed, in this cellular model, the increase
of NPC1 protein abundance was associated with a localiza-
tion of NPC1 within the lysosomal/LE compartment. Under
these conditions, the amount of NPC1 protein that reached
the lysosomes/LE would be enough to reduce both
cholesterol and GM1 accumulation in treated cells.

It has been shown that MG132 also enhances chaperone
expression levels (Bush et al. 1997; Liao et al. 2006).
Therefore, it is possible to hypothesize that the effect
observed in NPC fibroblasts may be due to a direct
inhibition of proteasomal degradation of NPC1 protein or
due to an induction of endogenous chaperons which in turn
stabilize NPC1 protein preventing its proteasomal degrada-
tion. The relative contribution of these mechanisms to the
effect exerted by MG132 on NPC cells needs to be further
investigated.

In 3 NPC1 cells lines (NPC-1, NPC-2, and NPC-3),
10 days treatment with MG132 50 nM resulted in an
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Fig. 5 Immunofluorescence staining of NPCI1 protein in NPC
fibroblast in the absence or presence of MG132. Under basal
conditions negligible immunofluorescent labelling for NPC1 was
observed (panels a, ¢, e, g, I, k, m). Treatment of NPC cells for

increase of protein content and trafficking to the lysosomal/
LE compartment. However, this treatment did not result in
a reduction of free cholesterol or GM1 accumulation. These
data suggest that these mutations may have an impact not
only on NPC1 folding, trafficking and degradation but also
on the protein function itself.

In conclusion, our data provide evidence indicating that
an increased degradation of mutant NPC1 protein, probably
due to protein misfolding, would be implicated in the
pathogenesis of NPC1 disease. Furthermore, it has been
demonstrated that by enhancing the amount of endogenous
mutant NPC1 protein, it would be possible to partially
restore both cholesterol and GM1 trafficking in NPC cells.

10 days with MG132 50 nM resulted in an increased immunofluores-
cence labelling for NPC1 and a colocalization with the lysosomal
marker LAMP-1 (panels b, d, f, h, j, 1, n)

These are promising results considering that up to date,
two different approaches aimed to enhance protein stability
and prevent mutant protein degradation, have been success-
fully assessed in other models of misfolding diseases, such
as cystic fibrosis disease and Gaucher: the use of pharmaco-
logical chaperons (Alfonso et al. 2005) and the use of
molecules that enhance the innate cellular protein homeosta-
sis (Wang et al. 2006; Mu et al. 2008). Although molecules
that may function as pharmacological chaperones for NPC1
protein need to be identified and the usefulness of these
therapeutic approaches needs to be assessed in NPC cells,
our data strongly suggest that, at least some NPC1 patients
may benefit from these kind of therapeutic strategies.
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Fig. 6 Immunofluorescence staining of GM1 and filipin staining of
intracellular unesterified cholesterol in “responsive” NPC fibroblasts
in the absence and presence of MG132. Under basal conditions a
massive accumulation of cholesterol and GM1 was observed (panels
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Synopsis

Proteasome inhibition results in a significant increase of
NPC1 mutant protein levels and an improvement of
cholesterol and GM1 trafficking in Niemann Pick C cells
carrying different missense mutations.
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