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Niemann-Pick type C (NPC) disease is a fatal neurodegen-
erative disorder characterized by the accumulation of un-
esterified cholesterol in the late endosomal/lysosomal
compartments. Mutations in the NPC1 protein are impli-
cated in 95% of patients with NPC disease. The most
prevalent mutation is the missense mutation I1061T that
occurs in �15–20% of the disease alleles. In our study, an
isobaric labeling-based quantitative analysis of proteome
of NPC1I1061T primary fibroblasts when compared with
wild-type cells identified 281 differentially expressed pro-
teins based on stringent data analysis criteria. Gene on-
tology enrichment analysis revealed that these proteins
play important roles in diverse cellular processes such as
protein maturation, energy metabolism, metabolism of
reactive oxygen species, antioxidant activity, steroid me-
tabolism, lipid localization, and apoptosis. The relative
expression level of a subset of differentially expressed
proteins (TOR4A, DHCR24, CLGN, SOD2, CHORDC1,
HSPB7, and GAA) was independently and successfully
substantiated by Western blotting. We observed that
treating NPC1I1061T cells with four classes of seven differ-
ent compounds that are potential NPC drugs increased
the expression level of SOD2 and DHCR24. We have
also shown an abnormal accumulation of glycogen in
NPC1I1061T fibroblasts possibly triggered by defective
processing of lysosomal alpha-glucosidase. Our study
provides a starting point for future more focused investi-
gations to better understand the mechanisms by which
the reported dysregulated proteins triggers the patholog-
ical cascade in NPC, and furthermore, their effect upon
therapeutic interventions. Molecular & Cellular Pro-
teomics 14: 10.1074/mcp.M114.045609, 1734–1749, 2015.

Niemann-Pick type C (NPC)1 disease is a rare autosomal
recessive neurodegenerative disorder in which the transport
of cholesterol and glycosphingolipids from late endosomal/
lysosomal (LE/Ly) compartments to plasma membrane or en-
doplasmic reticulum (ER) is impaired. The trafficking defect
leads to an excessive accumulation of these lipids in the
LE/Ly compartments (1). The disease is often diagnosed in
early childhood, and as it progresses there is a gradual loss of
Purkinje cells in the cerebellum leading to ataxia, dysarthria,
vertical supranuclear gaze palsy, and decline of neurological
functions (2). NPC disease occurs with an estimated fre-
quency of 1 in 120,000 to 150,000 live births (1). Currently,
there is no cure for NPC disease, and available therapeutic
efforts are focused on symptom treatment.

Approximately 95% of NPC cases are caused by mutations
in the NPC1 gene, whereas the remaining 5% are because of
mutations in the NPC2 gene (3). NPC1 is a large glycoprotein
of 140–170 kDa with 13 transmembrane domains that resides
primarily on the limiting membrane of LE/Ly compartments. At
steady state, NPC1 is synthesized in the ER and targeted to
the LE/Ly compartments where it mediates cholesterol trans-
port via unknown mechanisms. To date over 254 disease-
causing mutations, including both missense and nonsense
mutations, have been reported on the various domains of
NPC1 (4). Among these mutations, I1061T occurs in the lu-
minal side of NPC1 protein and accounts for �15–20% of the
disease-causing alleles in NPC patients (5). NPC1I1061T pro-
tein is synthesized but fails to advance in the secretory path-
way because of its recognition as a misfolded protein by the
ER quality control machinery and is consequently targeted for
proteasomal degradation (5). Interestingly, if the NPC1I1061T

mutant protein escapes from the ER quality control, it can
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properly localize to the late endosome and is functional in
maintaining cellular cholesterol homeostasis (5). Because
NPC1 containing the I1061T mutation is the most common
mutation, detailed exploration of the proteome of NPC1I1061T

cells and its comparison to wild-type will further enhance our
insight into its molecular mechanisms. Moreover a better un-
derstanding of the pathophysiology of the NPC disease from
such studies will facilitate implementation of effective thera-
peutic strategies.

Mass spectrometry-based proteomics has emerged as a
preferred method for in-depth characterization and quantifi-
cation of the protein components of biological systems (6).
Furthermore, isobaric labeling is a powerful tool for quantita-
tive proteomics studies, which enables concurrent identifica-
tion and multiplexed quantification of proteins in different
samples using tandem mass spectrometry (MS/MS) (7). To
identify proteins with relevance to NPC pathogenesis because
of I1061T mutation, we have used an amine-reactive six-plex
tandem mass tags (TMT) isobaric reagent to differentially label
and perform a proteomics comparison of primary fibroblasts
derived from healthy and I1061T-mutant individuals. Three
biological replicates of NPC1I1061T and NPC1WT cells were
labeled with different isotopic variant of the TMT 6-plex tag,
combined, and analyzed by the multidimensional protein
identification technology (MudPIT) technique (8). After filtering
MS/MS spectra with low reporter ion intensities from 4308
nonredundant identified proteins, a total of 3553 distinct pro-
teins were quantified. Further data analysis enabled charac-
terization of 281 differentially expressed proteins (DEPs) that
were statistically significant (False discovery rate (FDR) �

5%). We assessed our TMT results by validating the expres-
sion level of seven proteins by Western blotting. From a
therapeutic perspective, we monitored the expression of two
DEPs, SOD2 and DHCR24, in the NPC1I1061T fibroblasts upon
treatment with potential NPC drugs: �-cycodextrins (M�CD
and HPCD) (9), histone deacetylase inhibitors (HDACIs, such
as CI-994, SAHA, and VPA) (10), antioxidant N-acetyl cysteine
(NAC), and an oxysterol derivative pharmacological chaper-
one, mo56HC (11). We have also examined the cellular gly-
cogen levels in NPC1WT and NPC1I1061T fibroblasts by stain-
ing with periodic acid-Schiff reagents.

EXPERIMENTAL PROCEDURES

Materials—Tetraethylammonium bicarbonate (TEAB), tris(2-car-
boxyethyl)phosphine (TCEP), iodoacetamide, and SDS were obtained
from Sigma-Aldrich (St. Louis, MO). Sequencing grade trypsin was
purchased from Promega (Madison, WI). Tandem mass tags (TMT
6-plex) kit was obtained from Thermo Fisher Scientific (Rockford, IL).
2-Hydroxypropyl-�-cyclodextrin (HPCD), Methyl-�-cyclodextrin
(M�CD), Valproic acid (VPA), and N-acetyl cysteine (NAC) were pur-
chased from Sigma-Aldrich. Histone deacetylase inhibitor (HDACI)
SAHA (Chemical item number 10009929) was purchased from Cay-
man Chemicals (Ann Arbor, MI), whereas CI-994 was obtained from
Dr. Edward Holson’s laboratory (Broad Institute, Cambridge). Oxys-
terol-derived pharmacological chaperone, mo56HC, was a gift from
Dr. Kenji Ohgane’s laboratory (Institute of Molecular and Cellular

Biosciences, The University of Tokyo, Japan). Periodic acid-Schiff
(PAS) Kit was obtained from Sigma-Aldrich.

Antibodies and Reagents—Rat anti-NPC1 monoclonal antibody
was developed against the C-terminal peptide (amino acids 1261–
1278) of the NPC1 protein. Mouse anti-actin (Millipore, Billerica, MA),
mouse anti-tubulin (Sigma-Aldrich), and mouse anti-DHCR24/Seladin
(Sigma-Aldrich) antibodies were obtained from the respective ven-
dors. Rabbit anti-calmegin and rabbit anti-TOR4A antibodies were
purchased from Abgent (San Diego, CA). Rabbit anti-SOD2 antibody
was obtained from Genetex (Irvine, CA). Rabbit anti-HSPB7, rabbit
anti-CHORDC1, and rabbit anti-GAA antibodies were purchased from
Bioss antibodies (Boston, MA).

Cell Lines and Cell Culture—Human wild-type fibroblasts
(GM05659) and NPC1-mutant fibroblasts, I1061T/I1061T (GM18453)
were purchased from Coriell Cell Repositories (Coriell Institute for
Medical Research). The cells were grown in DMEM medium supple-
mented with 2 mM L-Glutamine, 10% FBS, 50 units/ml penicillin, and
50 �g/ml streptomycin antibiotics.

Filipin Staining—Filipin staining was performed to visualize the
intracellular cholesterol accumulation in NPC1 fibroblasts. Briefly,
human NPC1I1061T and NPC1WT fibroblasts were grown on a 22-mm
coverslip in a 6-well plate until they were 60–80% confluent. The cells
were washed twice with 1� PBS (phosphate-buffer saline), fixed with
4% formaldehyde in PBS for 10 min and subsequently washed three
times with PBS, followed by incubation with 1.5 mg/ml glycine for 10
min to quench the formaldehyde effect. The cells were then stained
with 25 �g/ml filipin for 30 min at room temperature and rinsed three
times with PBS. The coverslip was mounted on a glass slide using a
Fluoromount G solution (Electron Microscopy Sciences, Hatfield, PA)
and visualized by fluorescence microscopy using a UV filter set at
340–380 nm excitation.

Cell Lysis for TMT and Western Blot Analyses—Cell lysates were
obtained from three biological replicates of NPC1WT and NPC1I1061T

fibroblasts grown at early passages. Cells were grown to nearly 100%
confluence and washed twice with ice-cold 1X PBS. Cells were then
incubated with TNI lysis buffer (250 mM NaCl, 50 mM Tris pH 7.5, 1 mM

EDTA, 0.5% IGEPAL CA-630, 1X protease inhibitor mixture, and 1 mM

PMSF) on ice for 30 min. Clear cell lysates were obtained by centri-
fugation (16,000 � g) for 20 min at 4 °C. Protein concentration was
measured using standard BCA assay. Fifty micrograms of cell lysates
from each NPC1WT and NPC1I1061T were further processed for iso-
baric labeling with TMT 6-plex reagent as described in the section
below.

TMT Labeling—TMT labeling was performed according to the ma-
nufacturer’s instructions with some modifications. Fifty micrograms of
protein from each sample was aliquoted and subjected to acetone
precipitation. The protein pellets were resolubilized in 100 mM TEAB
supplemented with 0.1% SDS, reduced with TCEP for 1 h at 55 °C,
and then alkylated with iodoacetamide for 30 min in the dark. The
denatured proteins were digested with trypsin by overnight incuba-
tion at 37 °C. Each sample digest was labeled with a specific TMT tag
reconstituted in acetonitrile (ACN) and incubated for 1 h at room
temperature. The NPC1WT digests were derivatized with isobaric
labels 126, 128, and 130 whereas the labels 127, 129, and 131 were
added to the NPC1I1061T tryptic digests. After incubation, 15 �l of 5%
hydroxylamine solution was added to quench the labeling reaction.
The tagged samples were combined and the ACN in the mixture was
evaporated in a SpeedVac. The combined TMT-labeled peptides
were further diluted in 1 ml buffer A (95% ddH2O/5% ACN/0.1%
formic acid (FA)) and centrifuged at 14,000 rpm for 30 min to remove
particulates. The labeled sample pool was further split into aliquots of
75 �g of peptide digest. Two of the aliquots were loaded into a
biphasic trapping column (see next section) for duplicate runs of
LC-MS/MS data acquisition by MudPIT method.
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Mass Spectrometry (MS) Analysis—MS analysis of the samples
was performed using MudPIT technology. An analytical RPLC column
was generated by pulling a 100 �m ID/360 �m OD capillary (Polymi-
cro Technologies, Inc., Phoenix, AZ) to 3 �m ID tip. The pulled column
was packed with reverse phase particles (Aqua C18, 3 �m dia., 90 Å
pores, Phenomenex, Torrance, CA) until 15 cm long. A biphasic
trapping column was prepared by creating a Kasil frit at one end of an
undeactivated 250 �m ID/360 �m OD capillary (Agilent Technologies,
Inc., Santa Clara, CA), which was then successively packed with 2.5
cm strong cation exchange (SCX) particles (Partisphere SCX, 5 �m
dia., 100 Å pores, Phenomenex) and 2.5 cm reverse phase particles
(Aqua C18, 5 �m dia., 90 Å pores, Phenomenex). The trapping col-
umn was equilibrated using buffer A prior to sample loading. After
sample loading and prior to MS analysis, the resin-bound peptides
were desalted with buffer A by letting it flow through the biphasic trap
column. The trap and analytical columns were assembled using a
zero-dead-volume union (Upchurch Scientific, Oak Harbor, WA).

LC-MS/MS analysis was performed on LTQ Orbitrap Velos
(Thermo Scientific, San Jose, CA) interfaced at the front end with a
quaternary HP 1100 series HPLC pump (Agilent Technology) using an
in-house built electrospray stage. Electrospray was performed di-
rectly from the analytical column by applying the ESI voltage at a tee
(150 �m ID, Upchurch Scientific) downstream of a 1:1000 split flow
used to reduce the flow rate to 250 nL/min through the columns. A
fully automated 12-step MudPIT run was performed on each sample
using a three mobile phase system consisting of buffer A (5% ACN;
0.1% FA), buffer B (80% ACN, 0.1% FA), and buffer C (500 mM

ammonium acetate, 5% ACN, 0.1% FA). The first step was a 60 min
reverse-phase run, whereas subsequent steps were of 120 min du-
ration and included steps with 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100% buffer C run for 4 min at the beginning of the gradient and a last
step that includes salt bump of 90% buffer C with 10% buffer B for 4
min.

As peptides eluted from the microcapillary column, they were
electrosprayed directly into the mass spectrometer with the applica-
tion of a distal 2.4 kV spray voltage. Peptides were analyzed using a
Top-10 data-dependent acquisition method in which fragmentation
spectra are acquired for the top 10 peptide ions above a predeter-
mined signal threshold. For each cycle, full-scan MS spectra (m/z
range 300–1600) were acquired in the Orbitrap with the resolution set
to a value of 30,000 at m/z 400 and an automatic gain control (AGC)
target of 1 � 106 ions and a maximal injection time of 250 ms. Each
full scan was followed by the selection of the most intense ions, up to
10, for higher-energy collisional dissociation (HCD)-MS/MS analysis
with a mass resolution of 7500 in the Orbitrap. For MS/MS scans, the
target value was 30,000 ions with an injection time of 150 ms. Once
analyzed, the selected peptide ions were dynamically excluded from
further analyses for 120 s to allow for the selection of lower-abun-
dance peptide ions for subsequent fragmentation and detection. The
settings for repeat count � 1, repeat duration � 30 ms, and exclusion
list size � 500. Charge state filtering was enabled to reject fragment-
ing of ions with singly or unassigned charge states. The minimum MS
signal for triggering MS/MS was set to 5000 and an activation time of
0.1 ms was used. All tandem mass spectra were collected using an
isolation window of 2 Th and a normalized collision energy of 45%.

Data Analysis—Tandem mass spectra were extracted from the
Xcalibur data system format (.raw) into MS2 format using RawX-
tract1.9.9.2. The MS/MS spectra were searched with the ProLuCID
algorithm against the human SwissProt database (downloaded in July
2013; number of protein entries � 20,210), which was concatenated
to a decoy database in which the sequence for each entry in the
original database was reversed. The search parameters include 10
ppm peptide precursor mass tolerance and 25 ppm for the fragment
mass tolerance acquired in the Orbitrap; carbamidomethylation

(57.02146) on cysteine and TMT modification (229.1629) on N termi-
nus and lysine were defined as fixed modification in the search
criteria. The search space only included fully tryptic peptide candi-
dates of length of at least six amino acids. The maximum number of
internal miscleavages was kept unlimited, thereby allowing all cleav-
age points for consideration. ProLuCID outputs were assembled and
filtered using the DTASelect2.0 (12) program that groups related
spectra by protein and removes those that do not pass basic data-
quality criteria. DTASelect2.0 combines the XCorr and �Cn measure-
ments and computes confidence scores to achieve a user-specified
protein false discovery rate (1% for the current study).

Census (13), a software tool for quantitative proteomics analysis,
was used to extract the TMT reporter ion intensities from the identified
tandem mass spectra, correction of isotope contamination, and nor-
malization. Mass tolerance and intensity thresholds (sum of six re-
porter ion intensities in each spectrum) of the reporter ions in Census
were set at 0.05 Da and � 2.5 � 104, respectively. Because equal
amounts of proteins were loaded across all six channels, reporter ion
intensities in each reporter ion channel were normalized by the sum of
all reported ion intensities of the corresponding channel. A box plot of
the log10-transformed normalized reporter ion intensity illustrating
well-centered median intensity of each isobaric tags of a TMT 6-plex
experiment is shown in supplemental Fig. S1A in Supporting Infor-
mation. Normalized reporter ion intensities from Census were used to
compute protein expression ratios (mutant/wild-type) and assess the
statistical significance of protein differential expression. Ratios of the
normalized reporter ion intensities (NPC1I1061T/NPC1WT � 127/126,
129/128 and 131/130) were calculated from each MS/MS spectrum
and log2-transformed. Protein ratios are computed as the median of
the log2-transformed reporter ion intensity ratios of all the spectra of
peptides assigned to a given protein. The MS/MS spectra with re-
dundant peptide sequences were included when computing the
protein expression ratio, as each spectrum provides unique TMT
quantitation measurements. To assess the variation in ratio meas-
urements, median absolute deviation (MAD) of the reporter ion
intensity log2 ratios for each quantified protein was calculated from
the equation:

MAD � mediani��Xi � median(Xj��)

where Xi are log2-transformed individual reporter ion ratios. MAD
values can be used as an indicator of the quantification quality for
each protein. Lower MAD values represent a greater precision in
protein expression ratios. Histograms displaying the distribution of
MAD in the two TMT-MudPIT analyses are shown in supplemental
Fig. S1D in Supporting Information.

Assessment of Statistical Significance of Protein Differential Ex-
pression—To maximize specificity and exclusively report high confi-
dence results, a candidate protein must meet two criteria in order to
qualify as a statistically significantly differentially expressed protein
(DEP). Protein expression ratios for channel pairings 127/126, 129/
128, and 131/130 were obtained by averaging the normalized reporter
ion intensity ratios of all spectra of the peptides assigned to a given
protein. One sample t-tests were performed on these ratios to assess
the statistical significance of protein differential expression between
NPC1I1061T and NPC1WT fibroblasts and assign a p value to each
protein in the data set. Because 3553 proteins were quantified, we
used the Benjamini-Hochberg procedure to estimate a false discov-
ery rate (FDR) at a given p value threshold to control for multiple
hypothesis testing. A given protein to be classified as a DEP must
obtain a p value that corresponds to a 5% FDR in each replicate in
which it was quantified (p value � 0.013 for experimental replicate-01
and p value � 0.008 for experimental replicate-02). For the second
criterion, we transformed the previously described protein median
expression ratios (NPC1I1061T/NPC1WT fold-change) into Z-scores. A
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candidate protein to be considered as a DEP must therefore also be
associated in all replicates in which it was quantified with Z-scores
smaller than 	1 or greater than 1 (i.e. a protein ratio, which is at least
one standard deviation away from the mean protein expression ratio
in the entire data set). Supplemental Tables S2 in Supporting Infor-
mation includes the list of the 281 DEPs identified in the proteome
comparison of NPC1I1061T versus NPC1WT fibroblasts.

Gene Ontology Enrichment Analysis—To obtain an overview of the
biological significance of the DEP data set, we performed a Gene
Ontology (GO) (14) enrichment analysis using the Ontologizer (15)
software tool. The Gene Ontology human database was downloaded
on December 19, 2013. The set of 281 DEPs was interrogated for GO
term enrichment, whereas the total number of quantified proteins in
the replicate TMT-MudPIT analyses (3553) was used as background.
The reported p values of significantly enriched GO terms are cor-
rected for multiple hypothesis testing.

Western Blot Validation—Western blot analysis of selective pro-
teins was performed to validate TMT-MudPIT results. Human
NPC1I1061T and NPC1WT fibroblasts were lysed with TNI lysis buffer
and centrifuged at 16,000 � g for 20 min at 4 °C, as described in the
Cell lysis section above. Twenty-five �g of cell lysates were subjected
to SDS-PAGE and Western blotting against the specific primary an-
tibodies to analyze the expression level of respective proteins in
NPC1I1061T and NPC1WT fibroblasts. Actin, tubulin, GAPDH or HSP90
was used as a loading control in the immunoblotting. The dilutions of
antibody used are as follows: rat anti-NPC1 antibody (1:1000), mouse
anti-DHCR24 (1:1000), rabbit anti-TOR4A (1:1000), rabbit anti-CLGN
antibody (1:1000), rabbit anti-SOD2 (1:2000), rabbit anti-CHORDC1
(1:1000), rabbit anti-HSPB7 (1:1000), rabbit anti-GAA (1:2000), mouse
anti-actin (1:10,000), and rat anti-tubulin (1:10,000). To study the
effect of potential NPC drugs on the expression of SOD2 and
DHCR24, we have treated NPC1WT fibroblasts with DMSO and
NPC1I1061T fibroblasts with either DMSO or the drugs (concentration
indicated in the legend of Fig. 6) for 72 h followed by Western blotting
with respective antibodies. The blots were quantified with Image J
software.

Periodic Acid-Schiff (PAS) Staining—PAS staining was performed
in NPC1WT and NPC1I1061T fibroblasts according to the manufactu-
rer’s instructions (Sigma-Aldrich). Briefly, human NPC1I1061T and
NPC1WT fibroblasts were grown on a 22-mm coverslip in a 6-well
plate until they were 60–70% confluent. The cells were washed twice
with 1X PBS, fixed with 4% formaldehyde for 30 min at room tem-
perature and subsequently washed three times with PBS. The cells
were then incubated with periodic acid solution for 5 min at room
temperature and rinsed with four changes of distilled water. The cells
were further incubated with Schiff’s reagent for 15 min at room
temperature and rinsed with several changes of distilled water. The
cells were counterstained in Hematoxylin solution for 90 s and
washed four to five times with distilled water. The coverslips were
mounted on a glass slide using a Fluoromount G solution (Electron
Microscopy Sciences) and examined under a bright-field microscopy
(Carl Zeiss). Images were taken with 20� objective magnification.

RESULTS

NPC1 protein with I1061T mutation is unable to fold cor-
rectly and consequently targeted for proteasomal degradation
(5). Fig. 1A shows the lower expression level of NPC1I1061T

compared with NPC1WT in primary fibroblasts. Cells harbor-
ing NPC1I1061T exhibit abnormal accumulation of unesterified
cholesterol within LE/Ly compartments (5). In these cells, LDL
receptor expression is not down-regulated, and conse-
quently, LDL uptake continues to occur despite the increased
cellular content of free cholesterol (16). Staining the cells with

cholesterol specific dye filipin reveals massive accumulation
of unesterified cholesterol in NPC1I1061T cells, whereas
NPCWT cells exhibited normal cholesterol homeostasis
(Fig. 1B).

Isobaric Labeling-based Quantitative Proteome Profiling of
NPC1I1061T and NPC1WT Cells—Fibroblasts derived from skin
of NPC1 patients exhibit profound and reproducible choles-
terol accumulation in LE/Ly compartments, and therefore,
provide a robust in vitro cellular model to study NPC1 disease
(17). In an effort to investigate the relative expression level of
proteins in NPC1I1061T compared with NPC1WT fibroblasts,
we have used TMT-based isobaric labeling followed by data
acquisition using MudPIT with a LTQ Orbitrap Velos instru-
ment. Isobaric labeling allows quantitative comparison of pro-
tein abundances by measuring peak intensities of reporter
ions released from TMT-tagged peptides by fragmentation
during MS/MS. The MudPIT technology is an unbiased dis-
covery-based method for rapid yet nearly comprehensive pro-
teome analysis where increasing levels of salt are used for
stepwise elution of peptides from the SCX resin onto the
reversed-phase resin (8). An overview of the experimental
approach used in this study is depicted diagrammatically in
Fig. 2A.

1 2 3 4 5 6

WT I1061T
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Tubulin

NPC1WT NPC1I1061T
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FIG. 1. A, Western blot showing the down-regulation of NPC1
protein in NPC1I1061T fibroblasts when compared with NPC1WT.
Twenty-five �g of cell lysates were resolved in 8% SDS-PAGE and
immunoblotted with rat anti-NPC1 antibody. For equivalent loading
control, tubulin was probed with mouse anti-tubulin antibody. Band
intensities were quantified using the Image J software. * indicates
statistically significant (p � 0.05) difference in NPC1I1061T expression
level relative to NPC1WT. B, Filipin staining visualization of massive
accumulation of unesterified cholesterol in late endosomal/lysosomal
compartments in NPC1I1061T cells relative to wild-type skin fibro-
blasts. Cells were visualized by fluorescence microscopy using a UV
filter set at 340–380 nm excitation. Scale bar is 10 �m.
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Six isobaric tags from the TMT 6-plex reagent were utilized
to label three biological replicates of each NPC1WT and
NPC1I1061T samples. The analyses of the TMT-labeled sam-
ples in two MudPIT experimental replicates resulted in an
identification of 3282 nonredundant proteins in one replicate
and 3849 in the other, with a total of 4308 distinct identified
proteins (Fig. 2B). Of the total identified proteins, 66% (2823)
identifications were observed in both TMT-MudPIT replicate
runs. For further determination of protein quantification ratios,
only the identified peptides yielding MS/MS spectra with high
reporter ion intensities (i.e. sum of six reporter ion intensi-
ties � 2.5 � 104) were used. Intensity filtering is performed
because low reporter ion signals tend to produce important
quantification inaccuracies (18). Protein expression ratios
were calculated as the median of the log2 ratios of reporter ion
intensities of all MS/MS spectra of their corresponding pep-
tides. A total of 3553 proteins were quantified from the two
replicates of TMT-MudPIT runs with 2283 quantified proteins
present in both data sets whereas an additional 629 and 641
proteins were unique to the two replicates (Fig. 2C). The

number of peptides and the number of spectra used in the
estimation of each protein ratio is illustrated in Fig. 2D and
supplemental Fig. S1B and tabulated in supplemental Fig.
S1C. The log2-transformed reporter ion intensity ratios were
also used to calculate the median absolute deviation (MAD)
for each protein in order to assess the variability in measured
protein expression ratios (supplemental Fig. S1D). Approxi-
mately 95% of the proteins have a MAD value below 0.25. The
complete list of all the quantified proteins and their abun-
dance ratios are shown in supplemental Table S1 in the Sup-
porting Information section.

Inference of Differentially Expressed Proteins (DEPs) in
NPC1I1061T Relative to NPC1WT Fibroblasts—We used one-
sample t-test with multiple hypothesis testing adjustment to
identify proteins in NPC1I1061T cells that show statistically
significant changes in expression when compared with wild-
type fibroblasts. Proteins were considered as differentially
expressed if their adjusted p values correspond to an FDR
smaller or equal to 5% and their measured ratio (NPC1I1061T/
NPC1WT) Z-score is � 	1 or � 1. In addition, if observed in
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FIG. 2. A, Diagrammatic representation of the experimental workflow. B, Venn diagram of the proteins identified in the two TMT-MudPIT
experimental replicates. From a total of 4308 nonredundant proteins (3282 proteins in replicate-01 and 3849 proteins in replicate-02), 2823
were detected in both data sets. C, Venn diagram of the proteins quantified in the two TMT-MudPIT experimental replicates. Out of 3553 total
quantified proteins from two replicates, an overlap of 2283 quantified proteins were observed in both. D, Scatter plot showing the number (in
log base 2) of peptides and spectra match per protein in TMT-MudPIT experimental replicate-01. The color intensity of the hexagon indicates
the number of binned proteins. For example, in the TMT-MudPIT experimental replicate-01, around 800 proteins (blue dot) were quantified with
a single peptide and one MS/MS spectrum each and so on. The actual number of proteins and their respective spectral counts are tabulated
in supplemental Fig. S1C. Results from replicate-02 are shown in the supplemental Fig. S1B.
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both replicates, these proteins should be quantified with con-
sistent expression ratios i.e. up- or down-regulated in both the
experimental replicates. Based on these parameters, a total of
281 proteins were qualified as significantly differentially ex-
pressed in NPC1I1061T fibroblasts relative to NPC1WT, among
which 168 proteins appeared in both replicates. One hundred
thirteen (40%) of the 281 DEPs were found to be significantly
up-regulated, whereas the other 168 (60%) were down-regu-
lated. The plots in Fig. 3(A, B) and supplemental Fig. S2 show
the log2 protein expression ratios and corresponding peptide
reporter ion intensity ratios of the DEPs in NPC1I1061T versus
NPC1WT comparison. The validity of our TMT-based experi-
mental setup and data analysis strategy is supported by the
fact that the relative reporter ion intensity of NPC1 in
NPC1I1061T cells, which is expected to be lower when com-
pared with NPC1WT, was indeed decreased (Fig. 3C). The list
of 281 DEPs along with their measured ratios, number of
observed MS/MS spectra, p values, and MAD values are
provided in supplemental Table S2 in Supporting Information
section.

Gene Ontology Enrichment Analysis—To understand the
biological significance of the 281 DEPs and gain insight of
their roles in the pathophysiological processes of NPC dis-
ease, a primary question to ask is whether these differentially
expressed proteins are enriched for in certain Gene Ontology
(GO) terms. Hence, we assessed the statistical significance of
the DEPs identified by our proteomics analysis on enriched
processes with Ontologizer (15). Of the total input of 281
proteins, 158 were mapped to at least one GO term (supple-
mental Table S3) that was statistically significantly enriched
(adjusted p value � 0.05). Fig. 4A shows the observed profile
of enriched and highly diverse GO terms such as lipid local-
ization, lipid binding, reactive oxygen species (ROS) meta-
bolic process, antioxidant activity, steroid metabolic process,
apoptosis, and others that are of particular interest in the
context of NPC disease. The overrepresentation of proteins
with function in ROS metabolic process and antioxidant ac-
tivity (19–21), apoptosis, and energy metabolism (22) corrob-
orates previous observations on NPC and thus adds an inde-
pendent validation to our data set. The bar chart in Fig. 4B
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displays selective DEPs and their log2 protein expression
ratios that are involved in biological functions such as energy
metabolism, apoptosis and anti-apoptosis, lipid metabolism
and localization, and ROS metabolism and antioxidant
activity.

In addition, 107 DEPs were linked to key subcellular organ-
elles such as mitochondria, ER, Golgi apparatus, lysosome,
and endosome (Fig. 4C). Mitochondrial dysfunction plays an
important role in NPC pathogenesis (19). The perturbation of
mitochondrial proteins can be associated with the observa-

tion that endosomal cholesterol is transported to the mito-
chondria in the absence of functional NPC1 leading to a
buildup of cholesterol (19, 23). Mitochondria are important for
sterol metabolism and they harbor the cytochrome P450 side
chain cleavage enzyme, which converts cholesterol into preg-
nenolone, the precursor of steroids (24). Additionally, mito-
chondria could be a significant source of oxidative stress in
NPC disease (19). Proteins that are localized in the lysosomal
and endosomal compartments function in maintaining normal
cholesterol homeostasis. Fifteen out of 20 DEPs that are

FIG. 4. A, Gene Ontology (GO) terms that are significantly enriched among differentially expressed proteins (DEPs). The number in the
bubbles corresponds to the number of proteins present in our DEP data set that are annotated to the respective GO term. Out of 281 DEPs,
158 distinct proteins are represented in the depicted 27 GO terms. B, Bar graph of selective DEPs with log2 ratios that are involved in energy
metabolism, lipid metabolism and localization, ROS metabolism and antioxidant activity, and apoptosis and anti-apoptosis. Observations from
TMT-MudPIT experimental replicates are color-coded (blue � replicate-01 and red � replicate-02). Note: Unpaired bars represent proteins that
are observed in only one of the experimental replicates. C, Subcellular localizations of 107 DEPs. Blue indicates up-regulated and green
indicates down-regulated proteins in NPC1I1061T relative to NPC1WT cells.
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annotated as lysosomal in the GO database (Fig. 4C) were
also present in The Human Lysosome Gene Database
(hLGDB) (25) (http://lysosome.unipg.it/) (supplemental Fig.
S3A) thus substantiating the correct cellular localization of
these proteins in the GO database. The hLGDB database is a
first resource that provides a comprehensive and accessible
census of the human genes belonging to the lysosomal sys-
tem (25). The database was developed by collecting and
annotating gene lists from many different sources. The over-
lap and unique sets of proteins mapped to the three different
sub-endosomal compartments, early endosomes, late endo-
somes, and recycling endosomes, are shown in Venn diagram
in supplemental Fig. S3B.

Validation of TMT Results of Selective Proteins from DEPs
Data Set—The use of specific antibodies provides a method
for protein identification and quantification that is independent
of mass spectrometry. We used Western blotting to validate
the expression of seven differentially expressed proteins with
roles in biological processes such as protein folding and
maturation, cholesterol metabolism, glycogen metabolism,
and antioxidant activity. These proteins are localized at vari-
ous cellular compartments, for example, CLGN (Calmegin),
DHCR24 (3 �-hydroxysteroid-� 24 reductase), and TOR4A
(Torsin Family 4, Member A) are ER proteins whereas chap-
erones HSPB7 and CHORDC 1 (cochaperone of HSP90) are
cytosolic proteins. SOD2 (Superoxide dismutase 2, mitochon-
drial) is localized in a mitochondrion matrix and GAA (lyso-
somal �-glucosidase) is a lysosomal protein.

In corroboration with the TMT data, TOR4A was up-regu-
lated in NPC1I1061T cells compared with NPC1WT fibroblasts
(Fig. 5A). TOR4A is a member of AAA
 ATPase superfamily of
proteins. It is localized in the lumen of the ER and the nuclear
envelope and actively involved in the degradation of mis-
folded proteins through the ERAD pathway (26). Up-regulation
of TOR4A protein may promote the degradation of NPC1I1061T

protein through the ERAD pathway. An increased abundance
of DHCR24 was also observed in the TMT data set and was
further confirmed by Western blotting (Fig. 5B). DHCR24 pro-
tein is of particular interest and potentially relevant in the
context of NPC disease. It is an ER-localized multifunctional
enzyme and has shown to protect neuronal cells from apo-
ptosis induced by ER stress (27). Interestingly, apoptosis is
one of the enriched GO terms in the analysis of DEPs data set
with Ontologizer (Fig. 4A and 4B). DHCR24 is also one of the
essential enzymes involved in the final step of cholesterol
synthesis (28).

CLGN, SOD2, CHORDC1, HSPB7, and GAA are among the
proteins that were found to be significantly down-regulated in
the TMT results and were further confirmed by Western blot-
ting (Fig. 5C–G). CLGN is an ER-localized molecular chaper-
one involved in spermatogenesis and fertility; however, the
molecular mechanism of CLGN in protein folding is poorly
understood (29). SOD2 localizes in the inner membrane of
mitochondria and defends against oxidative stress by trans-

forming toxic superoxide into hydrogen peroxide (30).
CHORDC1 is an ADP-dependent HSP90-interacting protein
and is proposed to act as its cochaperone and assist in
protein folding (31). Chaperone HSPB7 belongs to a family of
small heat shock proteins that have a role in preventing aggre-
gation of unfolded or misfolded proteins (32). GAA is synthe-
sized as a precursor protein of 110 kDa, which undergoes
different stages of proteolytic processing and N-glycosylation
events before proceeding to the lysosomal compartments. GAA
is essential for the degradation of glycogen to glucose in lyso-
somes. Interestingly, GAA showed the processing defect in
NPC1I1061T fibroblasts compared with NPC1WT and is mostly
retained in its precursor form (Fig. 5G). This observation also
prompted us to compare the level of glycogen in NPC1I1061T

fibroblasts to that of NPC1WT fibroblasts because deficiency of
GAA causes the accumulation of glycogen in the lysosome
resulting in a glycogen storage disease (Pompe disease) (33).
Periodic acid-Schiff (PAS) staining result shows the abnormal
accumulation of glycogen in NPC1I1061T fibroblasts compared
with NPC1WT (Fig. 5H).

Drug Treatment Increases the Expression Level of SOD2
and DHCR24 in NPC1I1061T Fibroblasts—Various classes of
potential drugs have been investigated in the treatment of
NPC disease in both cellular and animal models (9, 10, 34)
and some of them are in clinical trials. We have examined the
effect of seven types of drugs, belonging to four different
classes of compounds—cyclodextrins, histone deacetylase
inhibitors (HDACIs), N-acetylcysteine (NAC), and oxysterol-
derived pharmacological chaperone (mo56HC)—on the ex-
pression level of SOD2 and DHCR24 in NPC1I1061T fibro-
blasts. These two proteins were chosen as representatives
because they are involved in ROS or cholesterol metabolism,
or a combination of both.

Treatment with cyclodextrins, methyl-�-cyclodextrin
(M�CD) and 2-hydroxylpropyl-�-cyclodextrin (HPCD) mar-
ginally increased the expression of SOD2 protein in
NPC1I1061T fibroblasts compared with DMSO-treated cells
(Fig. 6B). The expression of DHCR24 was also slightly in-
creased when treated with M�CD and HPCD cyclodextrins
(Fig. 6C).

HDACIs are a class of structurally diverse compounds that
interfere with the function of different classes of histone
deacetylases (HDACs) (10). Our study confirms that treatment
with Vorinostat (Suberanilohydroxamic acid, SAHA), an inhib-
itor of class I and II HDACs, increases the expression and
stabilization of NPC1I1061T in mutant fibroblasts compared
with DMSO-treated cells (Fig. 6A). No effect was observed on
the expression of NPC1 in SAHA- or DMSO-treated wild-type
fibroblasts. Next, we analyzed the effect of three different
HDACIs—CI-994 (benzamide derivative inhibitor of class I
HDAC), SAHA, and valproic acid (VPA, short-chain aliphatic
acid inhibitor of class I and II HDACs)—on the expression
level of SOD2 and DHCR24 proteins. Treatment with these
compounds increased the level of SOD2 in NPC1I1061T fibro-
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blasts to the level nearly equivalent to DMSO-treated wild-
type fibroblasts (Fig. 6B). Interestingly, treatment with the
HDACIs (CI-994, SAHA, and VPA) also increased the level of
DHCR24 in NPC1I1061T fibroblasts but beyond its level in
DMSO-treated wild-type fibroblasts (Fig. 6C).

Finally, we tested the effect of drugs NAC and mo56HC on
SOD2 and DHCR24 levels. Our Western blot results show that
treatment with NAC and mo56HC increased the level of SOD2
and DHCR24 in NPC1I1061T fibroblasts when compared with
DMSO-treated cells (Fig. 6B, 6C).

DISCUSSION

An unbiased proteomics profiling experiment holds the po-
tential for discovery of perturbed molecular pathways under-

lying a complex disease process. Only a few profiling studies
for NPC disease have been reported to date. In one study,
Cluzeau et al. characterized changes in liver gene expression
in NPC mouse model at six ages spanning the pathological
progression of the disease in order to identify mechanisms
underlying NPC and uncover potential biomarkers (35). In
another study, the liver and cerebellum gene expression pat-
terns in NPC mice were analyzed by qPCR and oligonucleo-
tide microarray techniques (36). Their study shows a differen-
tial expression of hepatic as well as cerebellar genes
associated with oxidative stress, fibrosis, and inflammation.
Using cDNA microarrays, Reddy et al. analyzed the genome-
wide expression patterns of human fibroblasts homozygous
for the NPC1I1061T mutation (37). The study identified a dis-
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tinct gene expression profile in NPC fibroblasts when com-
pared with fibroblasts isolated from normal subjects revealing
many intriguing similarities with classic neurodegenerative
diseases. Gene expression analysis by Windt et al. identified
66 differentially expressed genes in the NPC cells when com-
pared with healthy controls (37 up- and 29 down-regulated)
(38). Although these studies are useful, direct investigation at

the protein level is important because gene or mRNA expres-
sion changes do not necessarily act as accurate predictors for
changes in the proteome (39). Protein levels are influenced by
the amount of mRNA and its rate of translation as well as the
rate of protein turnover based on their half-life. For example,
despite similar NPC1 mRNA levels between wild-type and
NPC1I1061T fibroblasts, NPC1 protein level decreases by 85%

FIG. 6. Effect of drugs on expression level of SOD2 and DHCR24. A, Human NPC1WT and NPC1I1061T fibroblasts were treated with DMSO
or 10 �M of SAHA for 72 h. Cell lysates were subjected to SDS-PAGE, followed by Western blotting with primary antibodies against NPC1 and
tubulin proteins. B, Human NPC1WT fibroblast was treated with DMSO and NPC1I1061T fibroblast with DMSO or seven drugs of four different
categories—cyclodextrins: M�CD (0.5 mM) and HPCD (0.5 mM); HDACIs: CI-994 (10 �M), SAHA (10 �M), and VPA (4 mM); antioxidant: NAC (5
mM); and an oxysterol derivative pharmacological chaperone: mo56HC (10 �M) for 72 h. Cell lysates were immunoblotted against rabbit
anti-SOD2 antibody. C, Human NPC1WT and NPC1I1061T fibroblasts were treated with the drugs and for the duration as mentioned above and
immunoblotted against mouse anti-DHCR24 antibody. Tubulin was used as a loading control. The blots were quantified with the Image J
software. In the bar graph panels, * indicates statistically significant (p � 0.05) difference in drug-treated NPC1I1061T cells compared with
DMSO-treated NPC1I1061T cells.
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in NPC1I1061T cells (5). Hence, only comparative proteome
analysis provides a functional understanding of the biochem-
ical processes that are deranged in NPC1I1061T cells. The
outcome of such studies will further enable us to explore
avenues for potential drugs based on observed dysfunctional
molecular manifestations. In a quantitative proteomics study
using two-dimensional gel electrophoresis and mass spec-
trometry, 77 DEPs were identified in NPC1-mutant mice cer-
ebella compared with controls (40). Two-dimensional gel elec-
trophoresis and MALDI-TOF mass spectrometry were used to
resolve the hippocampal protein expression profiles of 4- and
8-week old wild-type and NPC-deficient mice (41).

In this study, we have used a high throughput isobaric
labeling-based protein quantification approach in conjunction
with MudPIT to characterize differentially regulated proteins in
NPC1I1061T in relation to NPC1WT fibroblasts.

Isobaric Labeling-based Relative Quantification—Isobaric
quantification is an effective tool for global proteome profiling
and characterization of proteins that are differentially ex-
pressed in NPC fibroblasts. The TMT isobaric reagent con-
sists of three groups: a mass reporter group, a mass-balanc-
ing group, and an amine-reactive functional group that labels
primary amines (NH2-terminal and 	-amino group of the lysine
side chain) of peptides. The isobaric mass design of the TMT
six-plex reagent results in the differentially labeled peptides
from six samples appearing as a single peak in MS scan, but
when subjected to MS/MS analysis, the mass-balancing car-
bonyl moiety is released as a neutral loss and liberates iso-
tope-encoded reporter ions (7). The peak intensity of the
reporter ions provides relative quantitative information on the
proteins from which the peptides originate. The relatively non-
specific nature of TMT labeling permits quantification of the
identified proteins by multiple peptides, thereby increasing
the confidence in the reported protein ratios. Additionally, the
additive effect on precursor intensities when samples are
multiplexed results in increased sensitivity. Also, because six
samples can be combined and analyzed together, the MS
analysis time is considerably reduced. With this strategy more
than 4000 proteins were identified from two experimental
replicates with quantitative information of a total of 3553
distinct proteins. We identified 281 proteins that were statis-
tically significant and differentially regulated in NPC1I1061T

fibroblasts relative to NPC1WT.
Corroboration of DEPs in our Data Set with Previous Stud-

ies on NPC Disease—Literature searches showed that a sub-
set of DEPs observed in our data set have previously been
found to be associated with NPC pathogenesis. For example,
we observed an up-regulation in the expression level of Ga-
lectin-3 (LGALS3) protein in NPC1I1061T cells compared with
NPC1WT. LGALS3, a pro-inflammatory molecule, showed an
increased expression in the liver of NPC1 mouse model as
well as elevated levels in serum of NPC1 patients (35). Their
serum concentration is found to be correlated with neurolog-
ical disease severity and appears to be specific for NPC1,

suggesting that it could be an indicator of disease progression
and might serve as a biomarker to monitor efficacy in thera-
peutic trials (35). In accordance with our results in fibroblasts,
FABP5, a member of the fatty acid binding protein family, was
found to be increased, whereas the level of IDH2 (isocitrate
dehydrogenase), an enzyme involved in citric acid cycle, was
decreased in the NPC1-mutant cerebellum relative to control
(40). Our proteomic observation also substantiated the gene
expression analyses results for NPC and healthy fibroblasts
by Windt et al. (38) for proteins EPB41L3, COL12A1, and
POSTN that were up-regulated and MYH11, PPL, NT5E,
RABGAP1, and CRABP2 that were down-regulated in their
study. Other proteins, FDPS, LSS, WNT5A, SPARC, SLC1A5,
PTGIS, HMOX1, FBLN1, and ITGA11, were also detected to
be differentially expressed (corroborating Windt et al. obser-
vations); however, these proteins did not surpass the stringent
p value and/or Z-score thresholds of our study and were
therefore not listed in the DEPs data set. Furthermore, our
DEPs data set includes proteins such as STUB1, UCHL1,
SUMO1, and many others that were found to be perturbed in
NPC1I1061T fibroblasts. The roles of these proteins are re-
ported in various neurodegenerative diseases (42–44).

The 281 differentially regulated proteins observed in the
NPC1I1061T cells belong to diverse functional categories (Fig.
4A) and are localized at various cellular subcompartments
(Fig. 4C). A subset of these proteins and enriched GO cate-
gories have been shown previously in their association with
NPC; however, others have not been noted prior to this work.
The functional roles of some of these additional proteins that
are of potential relevance to NPC pathogenesis are discussed
below.

Protein Folding and Degradation—Protein maturation in the
ER is subjected to stringent quality control. The role of ER
quality control machinery is to keep the polypeptides from
being delivered to their sites of function until they are properly
folded, thereby limiting cytotoxicity of accumulated misfolded
proteins (45). Proteins recognized as misfolded by ER quality
control are degraded through the ubiquitin-proteasome
pathway. The molecular mechanism of loss of function for
NPC1I1061T has been proposed to involve a folding defect that
fails to undergo normal post-translational glycosylation (5).
Nearly all of the NPC1I1061T mutant proteins are retained in the
ER and targeted for proteasomal degradation (5). We have
identified a repertoire of proteins in our DEP data set that are
implicated in protein folding and degradation. For example,
TOR4A, a cofactor required for chaperone-mediated protein
folding (26) increased in its abundance in NPC1I1061T fibro-
blasts. CLGN, a chaperone protein localized in the ER mem-
brane and belonging to Calreticulin protein family was de-
tected as being down-regulated (29). Wolframin (WFS1) is an
ER membrane glycoprotein that participates in the regulation
of cellular calcium homeostasis. The expression of a number
of calcium-regulated and regulating proteins has been shown
to be perturbed in NPC fibroblasts by microarray studies (37).
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NPC1-mutant cells are known to have defective lysosomal
Ca2
 homeostasis when compared with wild-type cells (46).
Targeting ER calcium levels using ryanodine receptor (RyR)
antagonists increases the steady-state levels and promotes
trafficking of the NPC1I1061T protein to the LE/Ly compart-
ments (47). STUB1 (E3 ubiquitin-protein ligase CHIP) acts as
a link between the chaperone and proteasome systems (48).
It interacts with the molecular chaperones and results in client
substrate ubiquitylation and degradation by the proteasome.
The relative expression level of STUB1 was up-regulated in
NPC1I1061T compared to NPCWT cells. However, the relative
expression level of another E3 ubiquitin ligase, RBCK1
(RanBP-type and C3HC4-type zinc finger-containing protein
1), decreased. We observed a slight up-regulation of protein
AUP1 (ancient ubiquitous protein 1). AUP1 is involved in the
degradation of misfolded proteins and localizes to both
the ER and to lipid droplets (49). Its expression level affects
the abundance of cellular lipid droplets and as such repre-
sents the first protein with lipid droplet regulatory activity to be
linked to ER quality control (49).

HSPB7 (heat shock 27 kDa protein family, member 7),
which is down-regulated in our study, has been identified as
the most active member in the HSPB family for preventing
toxicity of polyglutamine-containing proteins in cells and Dro-
sophila (32). HSPB7 lacks several characteristics of the more
classical small heat-shock proteins and instead acts in a
noncanonical mechanism by assisting the loading of mis-
folded proteins or small protein aggregates into autophago-
somes and facilitates their degradation (32). Autophagy reg-
ulates the metabolism of lipids including cholesterol; impaired
maturation of autophagosomes and defective autophagy is
observed in NPC disease (50). CRYAB (Alpha-crystallin B
chain or Heat Shock Protein Beta-5, HSPB5), which is down-
regulated in NPC1I1061T fibroblasts, belongs to a superfamily
of small heat-shock proteins. CHORDC1 (Cysteine and histi-
dine-rich domain-containing protein 1) appeared to be down-
regulated in NPC1I1061T cells and is an ADP-dependent
HSP90-interacting protein. It is proposed to act as its co-
chaperone and assist in protein folding (31). CHORDC1 is
stimulated to bind HSP90 when the ATP/ADP ratio falls below
1, raising the possibility that the HSP90-CHORDC1 interac-
tion may be involved in the response to altered energy bal-
ance in vivo (31). Reduced ATP/ADP ratio is observed in
conditions of oxidative stress combined with dysfunction in
the calcium homeostasis and impaired energy status (51).

Cholesterol Homeostasis—Cholesterol is an essential com-
ponent of cellular membranes. It is central in maintaining
membrane integrity and fluidity as well as regulating mem-
brane protein function, cell signaling, and ion permeability
(52). In addition, cholesterol is the precursor molecule for
synthesis of cellular components such as bile acids, oxys-
terols, and steroid hormones. Cholesterol homeostasis is
tightly regulated at both the cellular and whole-body levels (3).
The primary defect of NPC1 causes a secondary disruption in

cholesterol biosynthesis. The reduction of NPC1 level in NPC
disease leads to a massive accumulation of cholesterol in the
LE/Ly compartments and cell death. Several cholesterol oxi-
dation products were markedly elevated in the tissues of NPC
mice and in plasma of NPC subjects (53).

We have identified several dysregulated proteins that are
involved in cholesterol homeostasis or the sterol biosynthetic
process in NPC1I1061T cells. The differential expression of few
of them is shown as bar graphs in Fig. 4B. OSBPL1A (Oxys-
terol-binding protein-related protein 1), which was signifi-
cantly up-regulated in NPC1I1061T cells, has been reported to
stabilize GTP-bound RAB7A on LE/Ly and alter functional
properties of late endocytic compartments via its interaction
with RAB7A (54). Other proteins include DHCR24, FDPS
(Farnesyl pyrophosphate synthase), APOB, and AKR1C1
(Aldo-keto reductase family 1 member C1). FDPS and APOB
have been shown to be associated with Alzheimer’s disease,
a neurodegenerative disorder (55, 56). During cholesterol bio-
synthesis, DHCR24 catalyzes the reduction of the �24 double
bond of sterol intermediates; deficiency of DHCR24 causes
desmosterolosis (28). Patients with desmosterolosis have el-
evated levels of the cholesterol precursor desmosterol in
plasma and tissues (28). AKR1C1 is mainly involved in the
conversion of progesterone into its biologically inactive
metabolite 20�-hydroxyprogesterone (57). Together with
AKR1C3 these enzymes likely control the estradiol/progester-
one level formed locally in the endometrium and the mammary
gland. Both AKR1C1 and AKR1C3 expression levels were
down-regulated in NPC1I1061T cells in our study. Expression
of prosaposin (PSAP), a precursor of small heat-stable glyco-
proteins, saposins A, B, C, and D, was also detected to be
decreased in NPC1I1061T cells in our study. The mature sa-
posins, as well as PSAP, activate several lysosomal hydro-
lases involved in the metabolism of various sphingolipids (58).
We also observed a decrease in abundance of glucosylce-
ramidase (GBA), a lysosomal membrane protein that cleaves
the �-glucosidic linkage of glycosylceramide to free glucose
and ceramide, in NPC1I1061T cells. GBA interacts with and
requires saposin-C for activity (59). Mutations in GBA cause
Gaucher disease, a lysosomal storage disease characterized
by an accumulation of glucocerebrosides (59).

Energy Metabolism—Mitochondrial cholesterol accumula-
tion can increase oxidative stress and in turn cause metabolic
alterations in NPC1-deficient cells (21). Alterations in mito-
chondrial abundance, quality and electron transport chain
have been suggested to affect energy homeostasis in the
cerebellum of NPC1-deficient mice (22). An impaired glucose
uptake and utilization was reported to be a novel mechanism
contributing to the pathology of NPC (40). The glycolytic
enzymes were shown to be perturbed in NPC1-deficient mice
cerebellum (22). The GO enrichment analysis of DEPs data set
in our study revealed that the dysregulated proteins com-
prised a range of proteins involved in energy metabolism (Fig.
4A, 4B). We observed down-regulation of lactate dehydro-
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genase (LDH-A) in NPC1I1061T cells. Lactate dehydrogenase
catalyzes the interconversion of pyruvate and lactate. NPC1-
deficient cells show increased lactate secretion, decreased
glutamine-dependent mitochondrial respiration, and de-
creased ATP transport across mitochondrial membranes (21).
Studies from NPC1-deficient mice cerebellum and cerebral
cortex revealed an increase in lactate and a decrease in
acetate/acetyl-CoA levels with disease progression as com-
pared with wild-type (22). Other enzymes with a role in me-
tabolism and energy production that we found to be dysregu-
lated in NPC1I1061T include PGK1 (phosphoglycerate kinase
1), PGM2 (phosphoglucomutase 2), IDH2 (isocitrate dehydro-
genase 2), ALDOC (aldolase C), and SUCLA2 (succinyl-CoA
ligase subunit beta) (Fig. 4B). The processing defect and
down-regulation of GAA (acid �-glucosidase) protein that we
observed in NPC1I1061T fibroblasts indicated dysfunction in
degradation of glycogen to glucose in lysosomes. PAS stain-
ing shows an abnormal accumulation of glycogen in
NPC1I1061T cells compared with NPC1WT (Fig. 5H). However,
further study would be necessary to determine the reason for
defective processing of GAA and whether mobilization of
glycogen alleviates the disease symptoms in NPC patients.

Oxidative Stress—Several lines of evidence suggest that
lysosomal lipid accumulation in NPC disease is accompanied
by cellular oxidative stress. For example, the oxidative stress
pathway is activated in liver and brain of NPC mice, NPC
cellular models (37, 60), and in serum of NPC patients (20). In
the NPC mouse model, oxidative stress is accompanied by
elevated ROS and nonenzymatic oxidation of cholesterol in
multiple tissues (53, 61, 62). In NPC1-deficient cells, cellular
oxidative stress is evident by increased production of ROS,
oxidative damage, and a gene expression profile indicative
of oxidative stress (37, 60). Concentrations of ROS and lipid
peroxidation were higher in fibroblasts from NPC patients
than in fibroblasts from normal subjects (63). Oxidative stress
is the main upstream stimulus activating apoptosis in NPC
neurons (64, 65). Studies from NPC patients showed signifi-
cant reduction in both antioxidant capacity (expressed as
Trolox equivalents) and reduced coenzyme Q10 in serum
compared with controls (20). This finding confirms the poten-
tial role of increased oxidative stress in the pathology of NPC.

We observed significant changes in proteins that are known
to play an important role in maintaining redox regulation and
homeostasis against ROS (Fig. 4B). Antioxidant enzyme
SOD2 is well known to play a role in combating oxidative
stress and detoxifying superoxide to less reactive hydrogen
peroxide (66). The level of SOD2 was significantly down-
regulated in NPC1I1061T fibroblasts. Other proteins with de-
creased abundance levels include glutathione transferases,
such as GSTT1 and GSTO1, and mitochondrial thioredoxin
reductase, TXNRD2. GSTT1 and GSTO1 are members of a
superfamily of proteins that catalyze the conjugation of re-
duced glutathione to a variety of electrophilic and hydropho-
bic compounds. TXNRD2 is a selenocysteine-containing en-

zyme that is essential for the removal of toxic ROS species
and the maintenance of mitochondrial integrity (67). TXNRD2-
deficient fibroblasts have an increased sensitivity against ox-
idative stress (67). Interestingly, peroxiredoxin 6 (PRDX6), a
member of a thiol-specific antioxidant protein family was
found to be significantly up-regulated NPC1I1061T fibroblasts.
PRDX6 is a bifunctional enzyme with both GSH peroxidase
and phospholipase A2 activities and may play a role in the
regulation of phospholipid turnover as well as in cellular pro-
tection against oxidative injury (68). The increased level of
PRDX6 may represent a compensatory response to the de-
cline in the levels of other ROS metabolic enzymes in an
attempt to reestablish homeostasis.

Effect of Potential NPC Drugs on Expression of SOD2 and
DHCR24 in NPC1I1061T Fibroblasts—SOD2 converts superox-
ide to the less reactive hydrogen peroxide that can freely
diffuse across the mitochondrial membrane for further detox-
ification. Loss of SOD2 is involved in the progression of neu-
rodegenerative diseases such as strokes and Alzheimer’s,
and Parkinson’s diseases, as well as normal age-related cog-
nitive decline (66). SOD2 is known to be a significant player in
counteracting neurodegeneration (66). DHCR24 (also known
as Seladin-1) is involved in the final step of cholesterol bio-
synthesis, catalyzing the conversion of desmosterol to cho-
lesterol by saturating the C-24,25 double bond in its side-
chain (28). DHCR24 suppresses the excess generation of
intracellular ROS from ER stress and functions as an anti-
apoptotic and neuroprotective protein (27). Therefore, we ex-
amined the effect of various classes of drugs that are currently
being tested for efficacy in NPC treatment, such as cyclodex-
trins (HPCD/M�CD), HDACIs (Cl-994, SAHA, VPA), antioxi-
dant NAC, and an oxysterol derivative pharmacological chap-
erone (mo56HC) on the expression level of SOD2 and
DHCR24 in NPC1I1061T cells.

Cyclodextrins are nonreducing cyclic glucose oligosaccha-
rides that are good chelators and have been shown to have a
very high affinity for sterols. They bypass the requirement of
NPC1- and NPC2-dependent pathway and facilitate the efflux
of sequestered unesterified cholesterol from LE/Ly compart-
ment to the metabolically active pool of cholesterol in the
cytosolic compartment of cells (9, 69). Cyclodextrin treatment
significantly increased Purkinje cell survival and markedly pro-
longed the life of the mutant mice (34). Inhibition of HDACs
reduces the accumulation of cholesterol and other lipids in the
LE/Ly compartments in NPC1I1061T fibroblasts (70). This cor-
rection of phenotype may be achieved by increasing the
expression of NPC1I1061T, facilitating egress of cholesterol
from LE/Ly compartments (70). However, the exact mecha-
nism of action of the HDACIs in correcting cholesterol-storage
defect requires further research. As reported previously (70),
we also observed that treatment with SAHA corrects the
folding and trafficking defect of I1061T-mutant NPC1 and
restores the cholesterol homeostasis at the LE/Ly compart-
ments (data not shown). NAC, an acetylated form of the amino
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acid cysteine, is an antioxidant molecule. It undergoes
deacetylation in vivo to yield cysteine, which is the rate-
limiting precursor in the synthesis of the tripeptide glutathi-
one, a molecule essential for regulation of intracellular oxida-
tive stress. The effect of NAC in alleviating oxidative stress
and disease symptoms in two distinct NPC disease mouse
models and individuals with NPC disease has been studied
(71). mo56HC is an oxysterol derivative that acts as a phar-
macological chaperone, which enhances the folding/matura-
tion and corrects the trafficking defect of NPC1I1061T mutant
protein (11).

The substantial decrease of SOD2 level in NPC1I1061T fibro-
blasts observed in our study suggests increased vulnerability
against ROS-induced oxidative damage. The restoration of
the cellular SOD2 level to that of wild-type following treatment
with the aforementioned drugs (Fig. 6B) indicates the potential
recovery in the capability of mutant cells to fight against
oxidative stress. Also, the dramatic increase in the level of
DHCR24 in drug-treated NPC1I1061T cells, beyond its expres-
sion level in DMSO-treated wild-type cells (Fig. 6C), may help
cells defend against oxidative stress and/or attain cholesterol
homeostasis. However, further studies will be necessary to
address the exact role and molecular mechanism of the
DHCR24 protein in the context of NPC disease. Although a
treatment of oxidative stress would not correct the primary
underlying defect in NPC1, it could provide some benefit,
especially for treating other aspects of the downstream path-
ological cascade. Hence, monitoring the proteins represent-
ative of a certain class of biological processes (such as oxi-
dative stress), although not specific for NPC, is of great
potential utility to track disease progression and therapeutic
intervention.

CONCLUSIONS

Mutations in NPC1 gene are responsible for an estimated
95% of human NPC disease. The most prevalent mutation
I1061T, representing 15–20% of disease-causing alleles in
NPC disease, is recognized as misfolded by the ER quality
control machinery and subsequently targeted for proteasomal
degradation. The consequence of reduced NPC1 levels is a
massive intracellular accumulation of unesterified cholesterol
in the LE/Ly compartments. To successfully devise a thera-
peutic strategy to rescue the mutated NPC1 protein, it will be
necessary to understand the global proteome alteration in
mutant cells when compared with controls. In this study we
have used a high throughput isobaric labeling approach to
identify differentially regulated proteins in NPC1I1061T relative
to NPC1WT primary fibroblasts. With stringent data analysis
criteria, a total of 4308 proteins were identified from two
TMT-MudPIT experimental replicates, out of which 3553 dis-
tinct proteins were quantified. We observed 281 proteins that
were statistically significantly differentially expressed. Of
these, 113 proteins showed an up-regulation, whereas 168
were down-regulated in NPC1I1061T cells. The detected dys-

regulated proteins are associated with a diverse array of bio-
logical functional annotations including ROS metabolic proc-
ess, antioxidant activity, steroid metabolic process, lipid
localization, apoptosis, and energy metabolism among many
others. They were also mapped to key cellular organelles such
as, ER, mitochondria, Golgi apparatus, lysosome, and endo-
some, which are of relevance in the context of NPC disease
pathogenesis.

To demonstrate the reliability of our data set, the expression
level of a subset of significantly altered proteins (TOR4A,
DHCR24, CLGN, SOD2, CHORDC1, HSPB7, and GAA) was
substantiated by Western blotting. Furthermore, our study
showed that treatment of NPC1I1061T cells with potential NPC
drugs increased the expression level of SOD2 and DHCR24.
We also show an abnormal accumulation of glycogen in
NPC1I1061T fibroblasts compared with NPC1WT. Thus, the
differentially expressed proteins observed in this study pro-
vide a starting point for future investigations and may serve as
a useful resource to the NPC research community. More
focused experiments will be needed to better understand how
these proteins interact and how they are linked in the patho-
logical cascade because of mutation of NPC1. This could
potentially provide insights on effective therapeutic interven-
tions for clinically reported NPC patients.
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