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Niemann–Pick type C disease is a lysosomal storage disorder most often caused by loss-of-function muta-
tions in the NPC1 gene. The encoded multipass transmembrane protein is required for cholesterol efflux from
late endosomes and lysosomes. Numerous missense mutations in the NPC1 gene cause disease, including
the prevalent I1061T mutation that leads to protein misfolding and degradation. Here, we sought to modulate
the cellular proteostasis machinery to achieve functional recovery in primary patient fibroblasts. We demon-
strate that targeting endoplasmic reticulum (ER) calcium levels using ryanodine receptor (RyR) antagonists
increased steady-state levels of the NPC1 I1061T protein. These compounds also promoted trafficking of
mutant NPC1 to late endosomes and lysosomes and rescued the aberrant storage of cholesterol and sphin-
golipids that is characteristic of disease. Similar rescue was obtained using three distinct RyR antagonists in
cells with missense alleles, but not with null alleles, or by over-expressing calnexin, a calcium-dependent ER
chaperone. Our work highlights the utility of proteostasis regulators to remodel the protein-folding environ-
ment in the ER to recover function in the setting of disease-causing missense alleles.

INTRODUCTION

Niemann–Pick type C disease is an autosomal recessive neu-
rodegenerative disorder for which there is no effective treat-
ment (1). Mutations in either of two genes, NPC1 (2) or
NPC2 (3), disrupt efflux of cholesterol from late endosomes
and lysosomes and trigger a clinically heterogeneous pheno-
type that invariably includes severe neurological dysfunction
and early death (4). Most cases of Niemann–Pick C are
caused by mutations in NPC1, a widely expressed gene encod-
ing a multipass transmembrane glycoprotein localized to late
endosomes and lysosomes (5–8). Genetic studies in mice
have established that loss of Npc1 in neurons is necessary
and sufficient to mediate CNS disease (9–12). Despite our
growing understanding of disease pathogenesis, strategies to
treat the severe, progressive neurodegeneration that is charac-
teristic of this disorder have remained elusive.

The approach to treating Niemann-Pick C patients is com-
plicated by the genetics of the disease. Over 240 sequence var-
iants in the NPC1 gene have been identified, with reported

nucleotide changes occurring in all 25 exons and 14 introns.
Disease-causing mutations are scattered throughout the gene,
rather than clustering in a single functional domain such as
the sterol-sensing region (13). Furthermore, despite heterogen-
eity in clinical presentation, genotype–phenotype correlations
have yielded limited information (14), and the functions of
most regions of the protein remain poorly understood.
Despite these challenges, it has become clear that disease is
most commonly caused by missense mutations that lead to
non-conservative amino acid substitutions (13). The mechan-
ism by which a missense mutation leads to loss of functional
NPC1 has been studied in detail for one particular mutant,
I1061T, which is found in �20% of patients of western
European ancestry (15). This mutation leads to misfolding of
the NPC1 protein in the endoplasmic reticulum (ER) and to
its subsequent degradation by the proteasome (16). That
mutant NPC1 is synthesized but fails to fold properly raises
the possibility that remodeling of the protein-folding environ-
ment in the ER may enable the protein to attain its proper con-
formation. This approach was first pioneered in studies of
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Gaucher disease, another lysosomal storage disorder where
missense mutations lead to the loss of functional enzyme, glu-
cocerebrosidase (17–19). Although misfolded NPC1 I1061T
is subject to ER-associated degradation, if the mutant protein
is over-expressed in vitro, some of it transits to late endoly-
somes/lysosomes and is functional (16). This suggests that
strategies to promote proper folding and trafficking may
enable functional recovery of the I1061T mutant.

Here, we present evidence that ryanodine receptor (RyR)
antagonists are potent modulators of mutant NPC1 folding
and trafficking. We use these small molecules to elevate ER
calcium stores and target the proteostasis network, and show
that this increases steady-state levels of NPC1 I1061T
protein, promotes its trafficking to late endosomes and lyso-
somes and ameliorates both the cholesterol storage and
sphingolipid trafficking defects in patient fibroblasts. Our find-
ings indicate that proteostasis regulators can be effective
therapeutic reagents for Niemann–Pick type C disease
caused by missense mutations.

RESULTS

The RyR antagonist DHBP increases steady-state levels of
NPC1 I1061T

To confirm that NPC1 missense mutations lead to degradation
of the mutant, misfolded protein, primary fibroblasts from
patients were treated with MG132, an inhibitor of protein deg-
radation through the proteasome, and NPC1 protein levels
were determined by western blot (Fig. 1A). Four patient-
derived fibroblast lines were examined, three of which
carried at least one copy of the I1061T allele. In each case,
basal NPC1 protein levels were lower than in controls and
were increased after treatment with MG132. These data are
consistent with prior reports that NPC1 missense mutants, in-
cluding I1061T, are rapidly degraded by the proteasome (16).

To test the hypothesis that elevating ER calcium stores will
remodel the protein-folding environment so that it is more fa-
vorable to mutant NPC1, we examined the effects of several
well-characterized RyR antagonists. As this receptor is a
channel that mediates calcium efflux from the ER lumen,
RyR antagonists are known to increase ER calcium concentra-
tion (18). We initially tested these small molecules on patient
fibroblasts carrying one or two copies of the I1061T allele
since this mutant encodes a functionally active protein (16).
We identified the RyR antagonist DHBP (1,1′-diheptyl-
4,4′-bipyridium) as a potent inducer of NPC1 protein, increas-
ing its steady-state level in a dose-dependent manner
(Fig. 1B). This occurred without altering NPC1 mRNA
levels (Fig. 1C), suggesting that DHBP enhanced NPC1
protein stability, an interpretation supported by cycloheximide
chase studies (Fig. 1D).

DHBP promotes intracellular trafficking of NPC1 I1061T

Next we sought to determine whether the increase of NPC1
protein levels mediated by DHBP treatment was accompanied
by trafficking of mutant NPC1 to its normal intracellular loca-
tion in late endosomes and lysosomes. We first employed a
biochemical approach to analyze NPC1 trafficking by treating

cell lysates with endoglycosidase H (Endo H) or peptide:
N-glycosidase F (PNGase F). Endo H removes high
mannose type N-linked glycans from proteins in the ER, but
cannot cleave them after the oligosaccharide chain is further
modified in the medial Golgi. Therefore, resistance to Endo
H digestion indicates that the glycoprotein has trafficked
beyond the ER in the secretory pathway. PNGase F is a gly-
coamidase that removes all types of N-linked glycans and
enables visualization of the unmodified protein. In control
fibroblasts, wild-type (WT) NPC1 was present as an Endo
H-resistant, slow migrating species (Fig. 2A), indicating that
the protein was properly folded and efficiently transported
out of ER. In contrast, NPC1 I1061T was present as an
Endo H-sensitive, more rapidly migrating species (Fig. 2A),
consistent with the notion that the mutant protein was retained
in the ER prior to its degradation. However, after DHBP treat-
ment, NPC1 I1061T showed a detectable increase in the Endo
H-resistant band (Fig. 2A and B), suggesting that a small
portion of the mutant protein folded correctly and fluxed
through the Golgi.

To gain support for this interpretation, we visualized
NPC1 protein by immunofluorescence and assessed its
co-localization by confocal microscopy with LAMP1, a
marker of late endosomes and lysosomes. In control

Figure 1. NPC1 I1061T is degraded by the proteasome, and the RyR antagon-
ist DHBP increases its steady-state level. (A) Primary human fibroblasts with
different NPC1 mutations were treated with 10 mM MG132 or vehicle (DMSO)
for 24 h, and cell lysates were examined by western blot for the expression of
NPC1 (top). GAPDH controls for loading (bottom). (B) NPC1 I1061T homo-
zygous fibroblasts were treated with increasing concentrations of DHBP or
vehicle for 7 days, and cell lysates were analyzed by western blot for the ex-
pression of NPC1 (top). GAPDH controls for loading (bottom). (C and D)
NPC1 I1061T homozygous or control fibroblasts were treated with 5 mM

DHBP or vehicle for 5 days. (C) NPC1 mRNA levels were determined by
quantitative real-time RT-PCR (mean + SD). n.s., not significant. (D) Cells
were treated with 30 mg/ml cycloheximide (CHX) for times indicated and
lysates analyzed by western blot for NPC1 expression.

2 Human Molecular Genetics, 2012

 at U
niversity of M

ichigan on June 27, 2012
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


fibroblasts, WT NPC1 protein was present in cytoplasmic
puncta that co-localized with LAMP1 (Fig. 2C, top),
whereas in mutant fibroblasts, NPC1 I1061T showed a weak
and diffuse staining pattern that did not show LAMP1
co-localization (Fig. 2C, middle). However, DHBP treatment
increased the staining intensity of the mutant protein and
resulted in focal co-localization with LAMP1 (Fig. 2C,
bottom). The degree of co-localization between NPC1
I1061T and LAMP1 was quantified by calculating the

Pearson correlation coefficient (Rp); this was significantly
increased (0.287+ 0.059 versus 0.392+ 0.110, P , 0.05) fol-
lowing DHBP treatment. We considered the possibility that
this effect might be due to diminished degradation of the
Endo H-resistant species in lysosomes after DHBP treatment.
However, we found that the Endo H-resistant species was rela-
tively insensitive to the lysosomal inhibitor chloroquine (Sup-
plementary Material, Fig. S1), consistent with prior studies
demonstrating that NPC1 I1061T is not significantly degraded

Figure 2. DHBP promotes intracellular trafficking of NPC1 I1061T. (A) NPC1 I1061T homozygous and control (WT) fibroblasts were treated with 5 mM DHBP
or vehicle for 7 days. Lysates were digested with Endo H or PNGase F for the detection of the post-ER glycoform of NPC1 protein (Endo H resistant). (B)
Quantification of Endo H-sensitive and Endo H-resistant forms of NPC1 protein levels, as described in (A). A.U., arbitrary units. (C) Confocal microscopy
shows localization of NPC1 (red) and LAMP1 (green) in NPC1 I1061T homozygous fibroblasts and controls treated with 5 mM DHBP or vehicle for 5 days.
Inserts show higher magnification of the boxed regions.
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in the lysosome (16). We conclude that DHBP promotes intra-
cellular trafficking of a fraction of the mutant NPC1 protein to
late endosomes and lysosomes.

DHBP ameliorates lipid storage in NPC1 I1061T
fibroblasts

To determine the extent to which elevated NPC1 protein levels
and enhanced localization to late endosomes and lysosomes
were associated with functional recovery, we used quantitative
filipin microscopy to evaluate the accumulation of unesterified
cholesterol, a biochemical hallmark of NPC1-deficient cells.
Treatment with DHBP for 5 days significantly decreased
filipin staining in fibroblasts homozygous for the NPC1
I1061T allele in a dose-dependent manner (Fig. 3A and B),
demonstrating that the treatment diminished lipid storage
over the same concentration range that it increased
steady-state NPC1 protein levels. Similar results were
obtained using an independent line of patient fibroblasts that

was a compound heterozygote for the P237S and I1061T
alleles (Fig. 3C). Kinetic analysis established that 5 days of
treatment was required for DHBP to exert its beneficial
effect (Fig. 3D), likely reflecting time required for protein
transit through the secretory pathway and then clearance of
accumulated lipids. We confirmed these observations using
an independent assay to measure total free cholesterol in
whole-cell lysates. Compared with controls, NPC1 I1061T
homozygotes showed elevated free cholesterol that was cor-
rected to near-WT levels following treatment with DHBP
(Fig. 3E).

In addition to the storage of unesterified cholesterol,
NPC1-deficient cells also display aberrant sphingolipid traf-
ficking. In control fibroblasts, BODIPY-lactosylceramide
(BODIPY-LacCer), a synthetic, fluorescent sphingolipid
analog, is targeted to the Golgi after endocytosis, but accumu-
lates in endosomes and lysosomes of NPC1-deficient cells
(20,21). We evaluated the intracellular trafficking of
BODIPY-LacCer in cells homozygous for the NPC1 I1061T

Figure 3. DHBP ameliorates cholesterol storage in NPC1 I1061T fibroblasts. (A and B) NPC1 I1061T homozygous fibroblasts were treated with increasing
concentrations of DHBP for 5 days and then stained for unesterified cholesterol using filipin. Representative images are shown in (A). Quantification of
filipin intensity is shown in (B), and is reported in comparison with controls. Data are mean + SD. ∗∗∗P , 0.001. (C) NPC1 P237S/I1061T fibroblasts were
treated with increasing concentrations of DHBP for 5 days, stained with filipin and quantified (mean + SD). ∗∗∗P , 0.001. (D) Quantification of filipin staining
of NPC1 I1061T homozygous fibroblasts treated with 5 mM DHBP or vehicle for the indicated times (mean + SD). ∗P , 0.05. (E) NPC1 I1061T homozygous
and control fibroblasts were treated with DHBP or vehicle for 5 days. Total free cholesterol was measured by Amplex Red cholesterol assay (mean + SD). n.s.,
not significant, ∗∗∗P , 0.001.
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allele and found that treatment with DHBP for 5 days cor-
rected its transport to the Golgi (Fig. 4A, top). Similarly,
Alexa fluor 594-labeled cholera toxin subunit B (Alexa
594-CtxB), which binds to endogenous monosialotetrahexo-
sylganglioside (GM1) at the cell surface, is transported to
the Golgi after internalization in control fibroblasts, but accu-
mulates in endosomes of NPC1 mutant cells (22,23). Treat-
ment with DHBP also corrected this GM1 trafficking defect
(Fig. 4A and B, bottom). Taken together, these data demon-
strate that DHBP rescues both the cholesterol and sphingolipid
storage phenotypes in mutant NPC1 fibroblasts.

Not all compounds that target calcium levels ameliorated
lipid trafficking defects in NPC1-deficient cells. In addition
to RyR antagonists, L-type voltage-gated calcium channel
blockers modulate ER calcium stores by reducing
calcium-induced calcium release. As these small molecules

modulate proteostasis of mutant glucocerebrosidase in fibro-
blasts (17,18), we tested their ability to restore mutant NPC1
function. Treatment with diltiazem or verapamil, two L-type
calcium channel blockers, resulted in a dose-dependent in-
crease in the steady-state level of NPC1 protein in fibroblasts
homozygous for the NPC1 I1061T allele (Fig. 5A). However,
this was not associated with an increase in the Endo
H-resistant species (Fig. 5B) and was unexpectedly accompan-
ied by an exacerbation of the cholesterol storage phenotype
(Fig. 5C and D). This may reflect inhibitory effects of these
compounds on intracellular lipid metabolism, such as choles-
terol esterification (24), and off-target effects on other ion
channels, or other, less well-characterized actions. These
observations focused our efforts on defining the mechanism
by which RyR antagonists exerted therapeutic effects.

RyR antagonists act through NPC1 protein-dependent
mechanisms

To test our working model that DHBP targets RyRs to enhance
mutant NPC1 proteostasis, we examined the effects of add-
itional RyR antagonists on cholesterol storage in fibroblasts
homozygous for the NPC1 I1061T allele. Similar to DHBP,
both ruthenium red and dantrolene reduced the intensity of
filipin staining (Fig. 6A and B). In contrast, DHBP was inef-
fective at altering filipin staining of patient fibroblasts carrying
two null alleles (NPC1 1628delC) of the NPC1 gene (Fig. 6C),
confirming that NPC1 protein was necessary for its beneficial
effects. We also considered the possibility that DHBP exerted
its therapeutic effects by targeting other calcium channels,
such as those localized to lysosomes that have been implicated
in regulating exocytosis (25). However, we found that DHBP
did not trigger the release of lysosomal calcium through the
TRPML1 channel (Fig. 6D). To further test the notion that
these small molecules facilitated calcium-dependent ER pro-
teostasis, we transiently over-expressed calnexin (Fig. 7A), a
calcium-dependent ER chaperone. We found that calnexin
over-expression was sufficient to promote the appearance of
Endo H-resistant NPC1 species (Fig. 7B) and significantly
reduce filipin staining of NPC1 mutant fibroblasts (Fig. 7C
and D). Taken together, our data demonstrate that genetic or
pharmacological manipulation of the protein-folding environ-
ment within ER modulates the stability, trafficking and func-
tion of mutant NPC1 to yield a functional recovery.

DISCUSSION

Our findings demonstrate that RyR antagonists ameliorate
lipid storage in patient fibroblasts expressing NPC1 I1061T
by modifying mutant NPC1 proteostasis. By diminishing the
activity of this calcium efflux channel, the mutant protein is
stabilized, its transit through the secretory pathway to late
endosomes and lysosomes is promoted and the storage of
unesterified cholesterol and sphingolipids is alleviated.
Similar effects were observed by transiently over-expressing
calnexin. Our data are consistent with the model that DHBP
and other RyR antagonists inhibit the spontaneous activity of
RyRs to increase ER luminal calcium concentration, which
in turn increases the activity of calcium-dependent chaperones

Figure 4. DHBP corrects sphingolipid trafficking in NPC1 I1061T fibroblasts.
(A) NPC1 I1061T homozygous fibroblasts and controls were treated with 5 mM

DHBP or vehicle for 7 days and then pulse-labeled with BODIPY-LacCer
(upper panel) or Alexa 594-CtxB (lower panel) to assess intracellular sphingo-
lipid trafficking. (B) NPC1 I1061T homozygous fibroblasts and controls were
treated with 5 mM DHBP or vehicle for 7 days. Cells were pulse-labeled with
Alexa 594-CtxB, followed by immunofluorescence staining with the Golgi
marker GM130. Confocal microscopy was used to assess co-localization.
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such as calnexin. Although RyR antagonists may have yet
uncharacterized off-target partners in the cell, and, likewise,
calnexin over-expression may invoke effects independent of
its activity as an ER chaperone, the combination of these
two approaches provides strong, complementary evidence
for the idea that modulating the ER protein folding environ-
ment enhances proteostasis of mutant NPC1. Other calcium-
dependent chaperones are also present in the ER lumen, in-
cluding BiP and calreticulin, and their roles in NPC1 proteos-
tasis remains to be defined. Although treatment with DHBP or
over-expression of calnexin promoted intracellular trafficking
of only a small fraction of the mutant protein, they triggered a
significant decrease in cholesterol storage, indicating that rela-
tively low levels of recovered protein have marked functional
effects.

Treatment of the severe, progressive neurological impair-
ment that is characteristic of Niemann–Pick C disease

remains elusive. Miglustat, the only approved treatment for
this disorder, may stabilize the progression of neurological
symptoms in some Niemann–Pick C patients, but is less ef-
fective for others (26–28). Compelling data demonstrate that
cyclodextrin, a compound that circumvents NPC1/NPC2 to
clear lipid storage from NPC lysosomes (29,30), delays neuro-
degeneration in Npc1-deficient mice (31–34). However, its
limited ability to cross the blood–brain barrier poses thera-
peutic challenges and suggests that complementary
approaches will be beneficial. Recent studies identified
HDAC inhibitors as small molecules that alleviate lipid
storage in patient fibroblasts (35,36). Our findings add RyR
antagonists to this list of compounds with the potential to
provide therapeutic benefit to some patients with Niemann–
Pick C disease. We note that one of the RyR antagonists
tested and proven effective here, dantrolene, is used clinically.
Determining the extent to which this compound, or others,

Figure 5. L-type calcium channel blockers exacerbate cholesterol storage in NPC1 I1061T fibroblasts. (A) Cells were treated with increasing concentrations of
diltiazem or verapamil for 7 days, and lysates were examined by western blot for the expression of NPC1 (top) and GAPDH (bottom). (B) NPC1 I1061T homo-
zygous fibroblasts were treated with 50 mM verapamil for 7 days. Lysates were digested with Endo H or PNGase F for the detection of the post-ER glycoform of
NPC1 protein (Endo H resistant). (C and D) Fibroblasts were treated with increasing concentrations of verapamil for 7 days and then stained with filipin. Rep-
resentative images are shown in (C). Quantification of filipin intensity is shown in (D), and for comparison, filipin intensity of WT fibroblasts is included (mean
+ SD). ∗P , 0.05, ∗∗∗P , 0.001.
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alters NPC1 proteostasis in more complex disease models is an
important future objective.

Our data extend observations from Gaucher disease fibro-
blasts (17–19), highlighting the utility of proteostasis regula-
tors in patients with disease-causing missense mutations. Here,
we have demonstrated that this strategy is also applicable to a
multipass transmembrane protein that traffics through the se-
cretory pathway. As other NPC1 missense mutations also
lead to protein misfolding and degradation, we suggest that
this strategy may be applicable to the subset of disease-causing
mutations where function is retained. These findings suggest
that small molecules that remodel the protein-folding environ-
ment in the ER may be therapeutically beneficial for some
Niemann–Pick C patients, and potentially, for patients with
other disorders caused by missense mutations.

MATERIALS AND METHODS

Reagents

DHBP (180858), dantrolene (D9175), diltiazem (D2521), ver-
apamil (V4629), filipin (F9765) and cycloheximide (C4859)
were from Sigma. Chloroquine (193919) and ruthenium red
(156565) were from MP Biomedical. Ruthenium red and dan-
trolene were diluted in DMSO, and other channel blockers

were diluted in water. BODIPY FL C5-lactosylceramide com-
plexed to BSA (BODIPY-LacCer) and cholera toxin subunit
B, Alexa Fluor 594 conjugate (Alexa 594-CtxB), were from
Invitrogen. The calnexin-3XFlag expression plasmid was
from GeneCopoeia.

Cell culture and transfection

Human dermal fibroblast lines GM08399 (healthy control) and
GM18453 (NPC1 I1061T/I1061T), GM03123 (NPC1 P237S/
I1061T), GM17926 (NPC1 Y509S/I1061T), GM17912
(NPC1 P1007A/T1036M) were from Coriell Cell Repositor-
ies. Human dermal fibroblasts homozygous for the
NPC11628delC allele (NIH 98.016) (37) were a gift from Dr
Daniel Ory. Cells were maintained in modified Eagle’s
medium (MEM, Gibco), supplemented with 15% FBS
(Atlanta Biologicals), 10 mg/ml penicillin, 10 mg/ml strepto-
mycin and 2 mM glutamine (Gibco). Control (RA25) CHO
cells were a gift from Dr T.Y. Chang, and were maintained
in DMEM/F12 (Gibco) supplemented with 10% FBS. Cells
were transfected with 3 mg of plasmid by electroporation
using a Nucleofector II (Lonza) per manufacturer’s instruc-
tions.

Figure 6. RyR antagonists reduce cholesterol storage in NPC1 missense mutant fibroblasts. (A and B) NPC1 I1061T homozygous fibroblasts were treated with
ruthenium red, dantrolene or vehicle for 5 days, stained with filipin and quantified (mean + SD). ∗P , 0.05, ∗∗∗P , 0.001. (C) Quantification of filipin intensity
in NPC1 null fibroblasts (1628delC) treated with DHBP or vehicle for 5 days (mean + SD). P . 0.05. (D) CHO cells were transfected with a genetically
encoded Ca2+ indicator (GCaMP3) fused to the N-terminus of TRPML1 (40). TRPML1-mediated lysosomal Ca2+ release, as measured by GCaMP3 fluores-
cence, was examined after sequential application of 50 mM DHBP (in 0 Ca2+ tyrode with ,10 nM Ca2+), 200 mM glycyl-L-phenylalanine 2-naphthylamide
(GPN, in 0 Ca2+ tyrode with ,10 nM Ca2+), a cathepsin C substrate that induces lysosomal rupture (41), and 1 mM ionomycin (in tyrode with 2 mM Ca2+).
Shown are data from five representative cells, with each cell tracing in a different color.
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Quantitative filipin staining

Cells were grown on glass chamber slides and stained with
filipin as described (38). Images were captured on a Zeiss
Axioplan 2 imaging system equipped with a Zeiss AxioCam
HRc camera, with a 10× Zeiss EC Plan-NEOFLUAR object-
ive, using the AxioVision 4.8 software. Quantitative analysis
of filipin images from more than 5 fields of cells/experiment
was performed using the NIH ImageJ software, following the
‘LSO compartment ratio assay’ method (39). Data reported are
from one of three similar experiments.

Amplex Red cholesterol assay

Total free cholesterol levels were determined using the
Amplex Red cholesterol assay kit (Invitrogen) per manufac-
turer’s instructions. Results were normalized to protein con-
centration determined by protein assay (Bio-Rad).

Sphingolipid trafficking

BODIPY-LacCer labeling was performed as described (20).
Briefly, cells were washed three times with MEM and then
incubated with 5 mM BODIPY LacCer/BSA in MEM contain-
ing 1% FBS for 45 min at 378C. Cells were then washed three
times with MEM containing 1% FBS and incubated for
another 60 min at 378C. Next, cells were washed three times
with DMEM without glucose, and then were back-exchanged
at 48C for 6 × 10 min with DMEM without glucose containing
5% defatted BSA. Alexa 594 CtxB labeling was carried out
similarly, except that Alexa 594 CtxB (1:1000) was used in
the pulse labeling step and the cells were chased for 2 h at
378C. In some experiments, after Alexa 594 CtxB labeling,
cells were fixed with 4% paraformaldehyde and incubated
with the rabbit anti-GM130 antibody (Abcam, 1:200) to

visualize the Golgi apparatus. Confocal microscopy was per-
formed using an Olympus FluoView 500 Confocal Micro-
scope system, with a 60× WPSF water immersion objective,
using the Olympus FluoView software.

Immunofluorescence

Cells grown on cover slips were washed with PBS and fixed
with methanol for 30 min. Cells were subsequently washed
with PBS and incubated with blocking buffer containing 5%
donkey serum, 1% BSA and 0.2% Triton X for 1 h, followed
by incubation with primary antibodies in buffer containing
1.25% donkey serum, 0.25% BSA and 0.05% Triton X at
48C overnight. Antibodies used were rabbit anti-NPC1
(Abcam, 1:500) and mouse anti-LAMP1 H4A3 (Developmen-
tal Studies Hybridoma Bank, 1:50). Next, cells were washed
with PBS containing 0.05% Triton X, incubated with Alexa
fluor-conjugated secondary antibodies (Invitrogen) and then
washed with PBS containing 0.05% Triton X. Cover slips
were mounted using Vectashield mounting medium with
DAPI (Vector Laboratories). Confocal microscopy was per-
formed using a Zeiss LSM 510-META Laser Scanning Con-
focal Microscopy system, with a 63× Zeiss C-Apochromat
water immersion objective, NA of 1.2, using the Zeiss LSM
510-META software. For analysis of NPC1 and LAMP1
co-localization, the Pearson correlation coefficient was calcu-
lated using NIH ImageJ.

N-linked glycan removal assays and western blot analysis

Cells were harvested, washed with PBS and lysed in RIPA
buffer containing Complete Protease Inhibitor Cocktail
(Roche) and phosphatase inhibitor (Thermo Scientific). For
the cleavage of N-linked glycans, non-denatured protein

Figure 7. Calnexin over-expression promotes mutant NPC1 proteostasis. (A) NPC1 mutant fibroblasts were transiently transfected with 3XFlag-calnexin for 2
days and cell lysates were analyzed by western blot for the expression of Flag (upper) and calnexin (middle). GAPDH (bottom) controls for loading. (B) NPC1
P237S/I1061T fibroblasts were transfected to express 3XFlag-calnexin. Lysates were harvested 6 days later and then digested with Endo H or PNGase F for the
detection of the post-ER glycoform of NPC1 protein (Endo H resistant). (C and D) NPC1 P237S/I1061T fibroblasts were stained with filipin 6 days after 3XFlag-
calnexin transfection. Representative images are shown in (C). Quantification of filipin intensity is shown in (D), and is reported in comparison with controls.
Data are mean+SD. ∗∗∗P , 0.001.
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samples were treated with PNGase F (NEB) or Endo H (NEB)
at 378C for 3 h in the supplied buffers. For western blot, non-
boiled samples were electrophoresed through a 7.5% SDS–
polyacrylamide gel or 4–20% Tris–glycine gradient gel (Invi-
trogen) and transferred to nitrocellulose membranes (Bio-Rad)
on a semidry transfer apparatus. Immunoreactivity was
detected by TMA-6 (Lumigen) or ECL (Thermo Scientific).
Antibodies used were rabbit anti-NPC1 (Abcam) and rabbit
anti-GAPDH (Santa Cruz).

Gene expression analysis

Total RNA was isolated from cells, using TRIzol (Invitrogen)
as per the manufacturer’s protocol. cDNA was synthesized
using the High Capacity cDNA Archive Kit (Applied Biosys-
tems). Quantitative real-time RT-PCR was performed on 5 ng
of cDNA per reaction, in duplicate. Primers and probes for
NPC1 (Hs00264835-m1) and 18S rRNA were purchased
from Applied Biosystems. Threshold cycle (Ct) values were
determined on an ABI Prism 7900HT Sequence Detection
System. Relative expression values were calculated by the
standard curve method and normalized to 18S rRNA.

GCaMP3 Ca21 imaging

Eighteen to 24 h after transfection with GCaMP3-ML1 (40),
CHO cells were trypsinized and plated onto glass cover
slips. The fluorescence intensity at 470 nm was monitored
using the EasyRatioPro system. Ionomycin (1 mM) in tyrode
was added at the end of all experiments to induce a
maximal response for comparison.

Statistics

Statistical significance was assessed by unpaired Student’s
t-test (for comparison of two means) or ANOVA (for compari-
son of more than two means). The Newman–Keuls post hoc
test was performed to carry out pairwise comparisons of
group means if ANOVA rejected the null hypothesis. Statistics
were performed using the software package Prism 5 (Graph-
Pad Software). P-values ,0.05 were considered significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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