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An unresolved issue about many neurodegenerative diseases is why neurons are particularly sensitive to
defects in ubiquitous cellular processes. One example is Niemann Pick type C1, caused by defects in chol-
esterol trafficking in all cells, but where neurons are preferentially damaged. Understanding this selective fail-
ure is limited by the difficulty in obtaining live human neurons from affected patients. To solve this problem,
we generated neurons with decreased function of NPC1 from human embryonic stem cells and used them to
test the hypothesis that defective cholesterol handling leads to enhanced pathological phenotypes in neu-
rons. We found that human NPC1 neurons have strong spontaneous activation of autophagy, and, contrary
to previous reports in patient fibroblasts, a block of autophagic progression leading to defective mitochon-
drial clearance. Mitochondrial fragmentation is an exceptionally severe phenotype in NPC1 neurons com-
pared with fibroblasts, causing abnormal accumulation of mitochondrial proteins. Contrary to expectation,
these abnormal phenotypes were rescued by treatment with the autophagy inhibitor 3-methyladenine and
by treatment with the potential therapeutic cyclodextrin, which mobilizes cholesterol from the lysosomal
compartment. Our findings suggest that neurons are especially sensitive to lysosomal cholesterol accumu-
lation because of autophagy disruption and accumulation of fragmented mitochondria, thus defining a new
route to effective drug development for NPC1 disease.

INTRODUCTION

Niemann Pick type C1 (NPC1) is a fatal progressive childhood
neurodegenerative disease caused by loss-of-function muta-
tions of NPC1 and characterized by the accumulation of chol-
esterol and other lipids in the lysosomal compartment (1,2).
Most of our knowledge of NPC1 has been derived from
studies of animal models and human fibroblasts; however,
the cellular mechanisms underlying neurodegeneration in
NPC1 remain unclear. In particular, it is unknown why
neurons are more sensitive to the effects of mutations of
NPC1, despite the ubiquitous nature of the cholesterol-
trafficking pathway these mutations affect. Accumulation of
cholesterol has been suggested to cause neuronal failure;
however, studies in NPC12/2 mice have not consistently
shown an increase in total neuronal cholesterol content
(3–5). Therefore, a more relevant feature of NPC1-deficient
neurons may be abnormal distribution of cholesterol due to

sequestration in the lysosomal compartment. Many other po-
tential pathogenic phenotypes have been suggested based on
work in NPC1 mice and human fibroblasts, including
increased spontaneous activation of the autophagic pathway
(6–8). Although lysosomal dysfunction has been shown to
impair autophagic flow in several lysosomal storage diseases
(LSDs) (9,10), progression of autophagy has been argued to
be normal in NPC1 (6,11). This atypical behavior of NPC1
relative to other LSDs has important implications not only
on the resulting pathological phenotypes, but also on the
therapeutic strategies that can be used to ameliorate these
phenotypes.

NPC1 function is highly conserved in evolution (12,13), and
no differences have been found between its fundamental role
in lipid trafficking in mice and humans. Despite these similar-
ities, the pathological consequences of NPC1 dysfunction are
unlikely to be the same for mouse and human neurons. In these
regards, an important motivation for the development of a
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human neuronal model of NPC1 is that the widely used mouse
model of NPC1 does not reproduce human pathology accurate-
ly. Despite continued efforts, strategies using NPC1 mice have
not yet revealed how mutations of NPC1 cause neuronal failure
in humans and have not yielded a clear therapeutic avenue.
Mouse and human neurons have obvious biochemical and
physiological differences. Specifically, in NPC1, mouse tau
protein does not readily form neurofibrillary tangles, which
do form in human mutant NPC1 neurons. In addition, mice
lack the apoE genotypes found in human subjects, which also
impact disease course, and neuronal loss in NPC1 mice is
mostly limited to the cerebellum, whereas cortical and thalamic
involvement are important in humans (2,3,14).

Analysis of disease-specific human neurons could signifi-
cantly advance our understanding of early pathogenic events
in NPC1 and resolve the question of how abnormal handling
of cholesterol preferentially causes neuronal failure and neur-
onal death. Recently, human embryonic stem cells (hESCs)
have been used as a powerful alternative to model and test

treatments for neurologic disorders (15,16). Here we report
the generation of human neurons with decreased function of
NPC1 from hESCs to probe mechanisms of neuronal
dysfunction in NPC1.

RESULTS

Generation of NPC1 knockdown hESC lines

Because the most severe forms of NPC1 are caused by
loss-of-function or null mutations of NPC1, we modeled
NPC1 disease by generating NPC1 knockdown (KD) hESCs
from the HUES9 hESC line (17) by shRNA-mediated silen-
cing of NPC1. Three shRNA sequences were designed to spe-
cifically and exclusively silence human NPC1. A pSicoR
cre-repressible lentiviral vector for stable RNA interference
(18) carrying a green fluorescent protein (GFP) reporter was
used for efficient delivery to hESCs and generation of stable
cell lines (Fig. 1A). Ten independent NPC1 KD hESC lines

Figure 1. Generation of NPC1 KD hESC lines. Clonal GFP-positive HUES9 hESC lines generated after transduction with PSicoR NPC1 shRNA lentiviral vector
(A) have normal stem-cell morphology, maintain expression of the pluripotency markers TRA1-81, Oct4 and Nanog (B) and show reduction of NPC1 levels (C).
Scale bar is 50 mm. Levels of NPC1 from four clones are quantified by WB and are normalized to wt. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control.
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were generated and four were chosen for further analysis. Ana-
lyzed lines were karyotyped to confirm euploidy. To ensure
that NPC1 KD hESCs maintain stem-cell properties, we docu-
mented typical morphology and expression of pluripotency
markers by immunofluorescence (IF) and flow cytometry
(Fig. 1B). We measured NPC1 KD by quantitative
real-time-polymerase chain reaction (qRT-PCR) and quantita-
tive western blot (WB) (Fig. 1C, Supplementary Material,
Fig. S1A). In addition, we found that reduction of NPC1 in
hESCs does not interfere with pluripotency or differentiation
capacity. When plated in suspension culture, both wild-type
(wt) and NPC1 KD hESCs can form embryoid bodies that
stain for markers representative of the three embryonic germ
layers (Supplementary Material, Fig. S1B). Moreover, reduc-
tion of NPC1 in hESCs does not affect formation of neuro-
spheres that can be differentiated further to generate mixed
neuronal cultures essential for the study of disease phenotypes
in NPC1 (Supplementary Material, Fig. S1C).

NPC1 KD hESCs and derived neurons replicate
known phenotypes of NPC1

To determine whether typical pathogenic phenotypes asso-
ciated with NPC1 can be recapitulated in vitro, we analyzed
wt and NPC1 KD hESC and neuronal cultures. Treatment
with the amphiphilic amino-steroid U18666A, an inhibitor of
intracellular cholesterol trafficking used widely to mimic
NPC1 disease phenotypes, was used as a positive control
(19,20) and consistently recapitulated phenotypes of NPC1
fibroblasts and NPC1 KD neurons reported in this study. We

found that hESCs and neurons with reduced levels of NPC1
accumulate large LysoTracker-positive organelles (Fig. 2A,
Supplementary Material, Fig. S2A). We reconstituted human
high-density lipoproteins (HDLs) with the fluorescent choles-
terol analog Bodipy-cholesteryl and found NPC1 KD hESCs
have increased accumulation of internalized HDL particles
when these are added to the culture media (Supplementary
Material, Fig. S2A). We then stained human NPC1 KD
neurons with the macrolide antibiotic filipin, which specifical-
ly binds cholesterol, and found NPC1 KD causes increased
filipin staining of neuronal cell bodies (Fig. 2A).

Generation of NPC1 KD neural stem-cell lines

Although NPC1 KD hESCs can generate mixed neuronal cul-
tures through formation of neurospheres, this method is ineffi-
cient and time-consuming. To induce more efficient neuronal
differentiation of hESCs, we co-cultured wt and NPC1 KD
HUES9 hESCs with the PA6 stromal cell line (21) and then
attempted to isolate a population enriched for neural stem
cells (NSCs) using cell surface markers and flow cytometry
as shown in Supplementary Material, Figure S2B (22). We
were able to efficiently generate homogeneous populations
of NSCs from wt but not from NPC1 KD hESCs (data not
shown). The significance of this finding remains to be deter-
mined. Yang et al. (23) found NSCs derived from NPC12/2

mice had significantly impaired self-renewal and differenti-
ation capacity when compared with wt mice, but neural devel-
opmental abnormalities are not typically described in NPC1
patients. In contrast, variation in the response of different

Figure 2. Characterization of NPC1 KD hESC-derived neural cells. (A) Human NPC1 KD neurons accumulate large LysoTracker-positive organelles and have
increased filipin staining. U18666A-treated neurons were used as positive control for all experiments and replicated phenotypes of NPC1 reported in this study.
Quantification shown is normalized to wt (∗∗P , 0.001, n ¼ 15 from three independent experiments). Scale bar is 10 mm. (B) wt NSCs were induced to express
NPC1 shRNA by stable transduction with pSicoR-GFP lentiviral vector. Expression of GFP is evident 48 h after infection and is maintained after several pas-
sages in populations enriched for GFP-positive cells. WB showing reduced levels of NPC1 in KD NSCs and derived neurons, and unaffected scramble (scr)
controls.
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hESC lines to directed differentiation has been documented
and thought to be secondary to inherited variation in the sex,
stage and genetic background of embryos used for hESC
line generation (24,25). Therefore, difficulty of generating
NSCs in our study may be related to genetic background of
the HUES9 hESC line.

To overcome this limitation, wt NSCs were transduced with
the lentiviral vector pSicoR carrying an shRNA sequence
directed against NPC1. GFP-positive cells were selected by
flow cytometry to generate two NPC1 KD NSC lines and
one scramble control (Fig. 2B). NSC lines generated by this
method have excellent proliferative capacity, express lineage
specific markers and can efficiently differentiate into neuronal
cultures (Supplementary Material, Fig. S2C). NPC1 KD NSCs
maintain stable GFP expression and reduced levels of NPC1
over several passages and upon neuronal differentiation as
shown by WB (Fig. 2B).

Accumulation of mitochondrial fragments in NPC1 KD
human neurons

Mitochondrial abnormalities have been reported in several
neurodegenerative diseases including NPC1, in which abnor-
mal morphology, deficient ATP production and depolarization
of mitochondrial membranes have been described (26–28).
An untested hypothesis is that diseases such as NPC1 impair

autophagy, leading to downstream defects in mitochondria
that are more severe in neurons. To test this hypothesis, we
evaluated mitochondrial abnormalities in NPC1 KD neurons.
We found that human neurons with reduced levels of NPC1
have increased MitoTracker signal suggestive of mitochon-
drial accumulation (Fig. 3A). However, no significant differ-
ence was observed between wt and NPC1 KD neurons when
incubated with the membrane potential-dependent Mito-
Tracker Red-CM-H2XRos (Fig. 3A). We hypothesized that
the increase in MitoTracker staining, which is not dependent
on mitochondrial membrane potential, may indicate accumula-
tion of depolarized mitochondria that fail to be cleared, which
is consistent with Yu et al.’s findings of decreased mitochon-
drial membrane potential in cultured mouse Npc12/2 neurons
(28). Interestingly, these mitochondrial phenotypes were
exceptionally severe in human NPC1 neurons and only incon-
sistently observed in NPC1 patient fibroblasts used as controls.
Since damaged mitochondria have been shown to be removed
by autophagy, we performed MitoTracker and MitoTracker
Red-CM-H2XRos signal measurements in NPC1 fibroblasts
grown under serum deprivation, which normally induces
autophagy (29,30). Under these conditions, we observed a
greater increase of MitoTracker signal in NPC1 fibroblasts
compared with wt controls, but no significant differences
in MitoTracker Red-CM-H2XRos signal, replicating our find-
ings in human neurons grown under baseline conditions

Figure 3. NPC1 KD is associated with accumulation of mitochondrial fragments in human neurons. (A) Live imaging of wt and NPC1 KD neurons grown under
standard conditions, and stained with membrane potential independent MitoTracker and membrane potential dependent MitoTracker CM-XH2-Ros. Quantifica-
tion shown is normalized to wt. MitoTracker signal is increased in NPC1 KD neurons at baseline, no change is observed with MitoTracker CM-XH2-Ros (∗∗P ,

0.001, n ¼ 15 from three independent experiments). Scale bar is 10 mm. (B) MitoTracker (fibroblast) and PDH (neuron) staining shows mitochondrial fragmen-
tation in NPC1 fibroblasts and neurons grown under standard conditions. Images have been magnified and processed to outline mitochondrial borders (∗∗P ,

0.001, n ¼ 10 from two independent experiments). Scale bar is 10 mm.
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(Supplementary Material, Fig. S3A). To test the possibility
that the increase in MitoTracker staining may signal an in-
crease in the metabolically inactive pool of mitochondria,
we measured mitochondrial length in MitoTracker-stained
human NPC1 KD neurons and NPC1 patient fibroblasts and
found accumulation of short mitochondrial fragments com-
pared with wt cells (Fig. 3B). Accumulation of mitochondrial
fragments in NPC1 fibroblasts and neurons was aggravated by
induction of autophagy with serum deprivation supporting a
role for autophagy in mitochondrial fragmentation. No signifi-
cant difference in length was found in the metabolically active
mitochondrial pools stained with MitoTracker Red-CM-H2-

XRos (Supplementary Material, Fig. S3B). Pyruvate dehydro-
genase (PDH) staining confirmed the mitochondrial identity of
the short fragments seen with MitoTracker but not with
MitoTracker Red-CM-H2XRos. As mitochondrial clearance
normally depends on autophagy, we tested whether the
observed mitochondrial fragments are associated with the
autophagic vesicle marker LC3-GFP. As transfection of
human neurons is particularly challenging, and because
mitochondrial fragmentation is observed in NPC1 patient
fibroblasts upon induction of autophagy, we performed
co-localization analysis in NPC1 patient fibroblasts under con-
ditions of serum deprivation. We found that MitoTracker-
positive fragments co-localize with the autophagosome
marker LC3-GFP in NPC1 but not in wt fibroblasts (Supple-
mentary Material, Fig. S4A). Interestingly, total levels of the
mitochondrial markers PDH, AIF and COXIV measured by
WB were unchanged in NPC1 patient fibroblasts but were

increased in NPC1 KD human neurons (Fig. 4A and B). Mito-
chondrial fragmentation was also present in NSCs without
obvious accumulation of mitochondrial protein (data not
shown), and therefore it is possible that neurons may be
more likely to accumulate metabolically inactive mitochondria
because they cannot rely on cell division to dilute the load of
damaged cellular components (31,32). Thus, we found that ac-
cumulation of mitochondrial fragments in NPC1 is a previous-
ly unrecognized phenotype that is much more severe in human
neurons compared with patient fibroblasts.

Autophagy deficits in NPC1 KD human neurons

We tested the hypothesis that accumulation of mitochondrial
fragments in NPC1 neurons and fibroblasts may be caused
by abnormal autophagy. We measured levels of the autophagic
markers LC3 and p62 in wt and NPC1 fibroblasts and neurons.
We found that under baseline conditions, decreased function
of NPC1 leads to increased LC3-GFP signal in NPC1 fibro-
blasts and increased numbers of p62 punctae in NPC1
neurons and fibroblasts (Fig. 5A, Supplementary Material,
Fig. S4B), which suggests that autophagy is spontaneously
activated in NPC1 fibroblasts and neurons. This is consistent
with prior work from Pacheco et al. (6,11), who found
increased autophagy in mouse and human NPC1-deficient
primary fibroblasts. To test whether autophagy progression is
abnormal, we transfected NPC1 fibroblasts with LC3-GFP
and measured LC3-GFP turnover by flow cytometry. Induc-
tion of autophagy by serum deprivation normally increases

Figure 4. NPC1 KD human neurons accumulate mitochondrial protein. Mitochondrial protein levels measured by quantitative WB are unchanged in NPC1 fibro-
blasts compared with wt control (A), but are increased in NPC1 KD neurons (B). GAPDH was used as a loading control. Quantification is normalized to wt
(∗∗P , 0.001, ∗P , 0.05, n ¼ 6 from three independent experiments).
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LC3-GFP turnover, which is measured by a decrease in GFP
signal intensity. We observed that compared with wt fibro-
blasts (P , 0.001), serum deprivation causes a less pro-
nounced but still significant decrease of LC3-GFP in
U18666A-treated fibroblasts (P , 0.05) and a paradoxical in-
crease of LC3-GFP in NPC1 patient fibroblasts (P , 0.05). In
contrast, treatment with the lysosomal poison leupeptin, which
blocks autophagic progression and clearance of LC3, induces
a normal response on wt fibroblasts by increasing LC3-GFP
signal (P , 0.001), and a blunted response in
U18666A-treated or NPC1 fibroblasts (P , 0.05; Fig. 5B).
These findings suggest that lysosomal turnover of LC3-GFP
is less efficient in NPC1 fibroblasts, causing abnormal progres-
sion of autophagic flow. We confirmed this possibility by
measuring levels of LC3-II, the active form of LC3, in
NPC1 fibroblasts and neurons by quantitative WB after
serum deprivation and leupeptin treatment. Induction of autop-
hagy by serum deprivation produces an increase of LC3-II/
LC3-I ratio in both wt and NPC1 fibroblasts and neurons
(Fig. 6A and B). However, LC3-II/LC3-I ratios are more sig-
nificantly increased in NPC1 fibroblasts and neurons compared
with wt, consistent with less efficient lysosomal turnover of
LC3-II. In contrast, leupeptin treatment combined with
serum deprivation induces a significant increase of LC3-II/
LC3-I ratio in wt but not in NPC1 fibroblasts and neurons
(Fig. 6A and B). Our data thus support a mixed scenario of

autophagy induction and impaired autophagic flow in NPC1,
which cause a relative blockage of lysosomal turnover of
LC3-II. These findings are in contrast with previous reports
in NPC1 patient fibroblasts that argued against deficits of pro-
gression of the autophagic pathway (6,11) and establish a po-
tential mechanism of accumulation of mitochondrial
fragments in NPC1 neurons by defective autophagic clearance.
Impaired autophagic flow may have a preferential damaging
effect on neurons as these cells rely on an ordinarily excep-
tionally efficient autophagic pathway and thus autophagic
cargo can accumulate rapidly when late stages in autophagy
are impaired (33,34).

Therapeutic rescue of autophagy defects
and mitochondrial fragmentation

The potential therapeutic agent cyclodextrin (CD) ameliorates
lysosomal accumulation of cholesterol in NPC1 mice and
human fibroblasts (35,36). CDs have been used for this
effect in NPC1-cultured cells and in NPC12/2 mice for
more than a decade (37,38). To explore a potential link
between lysosomal cholesterol accumulation and disrupted
autophagy, we tested whether CDs can correct impaired autop-
hagy in NPC1 fibroblasts and neurons. We measured autop-
hagy levels in NPC1 KD neurons and patient fibroblasts
after mobilizing lysosomal cholesterol with CD treatment.

Figure 5. NPC1 fibroblasts and NPC1 KD neurons have increased spontaneous induction and abnormal progression of autophagy. (A) Levels of p62 are
increased in NPC1 fibroblasts and neurons grown under standard conditions as shown by IF. Quantification of p62 punctae is shown for fibroblasts and
neurons and normalized to wt (∗∗P , 0.001, ∗P , 0.05, n ¼ 10 from two independent experiments). Scale bar is 10 mm. (B) Flow cytometry analysis of
LC3-GFP turnover in human fibroblasts. wt and NPC1 fibroblasts were transfected with LC3-GFP by electroporation, after 72 h transfected fibroblasts were
either untreated, treated with serum deprivation or leupeptin for 12 h, dissociated and analyzed by flow cytometry. U18666A-treated fibroblasts were used as
controls. Analysis of wt fibroblasts show normal decrease of LC3-GFP signal upon induction of autophagy by serum deprivation relative to the untreated
sample, and increase of LC3-GFP signal after lysosomal poisoning with leupeptin, indicative of normal turnover of LC3-GFP. In contrast, NPC1 fibroblasts
have a paradoxical increase of LC3-GFP signal induced by serum deprivation and minimal change of LC3-GFP signal after leupeptin treatment, suggestive
of impaired clearance of LC3-GFP (n ¼ 6 from three independent experiments).
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Both LC3-GFP signal measured by flow cytometry in NPC1
fibroblasts (Fig. 7A) and LC3-II/LC3-I ratio measured by
WB in NPC1 KD neurons (Fig. 7B) are reduced after treat-
ment with CD, suggesting that mobilization of cholesterol
from the lysosomal compartment may increase turnover of
LC3. To determine whether impaired autophagy contributes
to mitochondrial fragmentation and whether CDs can restore
mitochondrial length by rescuing normal autophagy, we mea-
sured p62 punctae and mitochondrial length in NPC1 fibro-
blasts after inhibition of autophagy with 3-methyladenine
(3MA) or mobilization of cholesterol with CDs. Interestingly,
treatment with either 3MA or CDs independently reduces p62
punctae (Fig. 8A) and mitochondrial fragmentation (Fig. 8B)
in NPC1 fibroblasts. Thus, our findings suggest that lysosomal
cholesterol accumulation leads to autophagy disruption, which
in turn leads to mitochondrial fragmentation in NPC1. Rescue
of autophagy disruption and mitochondrial fragmentation by
CD treatment could be mediated by affecting early stages of
autophagosome formation and regulation of autophagy, by
causing enhanced turnover at the lysosomal level, or a com-
bination of both factors.

DISCUSSION

The inherent capacity of hESCs for unlimited self-renewal and
for the production of large numbers of differentiated cells has
significant potential for the development of cell replacement
therapies and to provide insights into the early events involved
in disease pathogenesis. We have used this approach to gener-
ate a human neuronal model of NPC1, to explore early cellular
phenotypes that are likely to affect neuronal health and func-
tion and to uncover a mechanism that causes preferential neur-
onal failure in NPC1.

Subtle mitochondrial defects have been described in NPC1,
including abnormal mitochondrial morphology, depolarization
of mitochondrial membranes and impaired ATP production
(27,28). However, our study is the first to report accumulation
of partially degraded, metabolically inactive mitochondrial
fragments in NPC1 human neurons. Despite the fact that
low levels of mitochondrial fragmentation can also be
observed in NPC1 patient fibroblasts, the preferential sensitiv-
ity of neurons to the effects of a block in autophagy progres-
sion provides the first definitive test that diseases such as

Figure 6. NPC1 fibroblasts and NPC1 KD neurons have increased spontaneous induction and abnormal progression of autophagy. Levels of LC3-I and LC3-II
measured by quantitative WB in human fibroblasts and neurons are consistent with increased activation and abnormal progression of autophagy. wt and NPC1
fibroblasts and neurons were grown under baseline conditions (B), serum deprivation (S) or a combination of serum deprivation and leupeptin (SL) for 12 h,
dissociated, processed and analyzed by WB. U18666A-treated fibroblasts and neurons were used as controls. Quantification is normalized to corresponding base-
line sample. LC3-II/LC3-I ratio is increased by serum deprivation in wt and NPC1 fibroblasts (A) and neurons (B); however, this increase is greater in NPC1
fibroblasts and neurons compared with wt, suggesting increased activation of autophagy. In contrast, leupeptin treatment combined with serum deprivation (SL)
causes an increase of LC3-II/LC3-I ratio in wt but not in NPC1 fibroblasts (A) and neurons (B), suggesting abnormal autophagy progression in NPC1. GAPDH
was used as a loading control (∗∗P , 0.001, ∗P , 0.05, n ¼ 3 from three independent experiments).
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NPC1 cause selective neuronal misbehavior by interfering
with normal autophagy.

Attention has recently been given to a potential association
between disrupted lipid trafficking and increased autophagy in
NPC1 (6–8,11). Indeed, Pacheco et al. (11) showed that NPC1
deficiency leads to increased basal autophagy in human and
mouse NPC1-deficient fibroblasts, and Ko et al. (8) found
that loss of NPC1 function within mouse Purkinje cells leads
to increased autophagy and cell death. Our data are consistent
with increased spontaneous activation of the autophagic
pathway, but contrary to prior observations suggesting that
autophagy progression is normal, our findings support a
mixed scenario of autophagy induction and impaired autopha-
gic flow in human NPC1 fibroblasts and neurons. Therefore,
our work goes beyond extrapolating pre-existing data to
human neurons, to provide quantitative measurements of
autophagic level and progression, and reveals a fundamental
difference in the mechanism of autophagic disruption in
human NPC1 KD neurons. This has important implications
not only on the resulting pathological phenotypes, but also
on the therapeutic strategies that can be used to ameliorate
these phenotypes.

Our data support a model in which the combination of
strong induction and impaired progression of autophagy con-
spires to cause mitochondrial fragmentation in NPC1
neurons and fibroblasts. Deficient turnover of LC3-II and
other autophagic cargoes such as mitochondria in NPC1
neurons and fibroblasts may be caused by accumulation of
cholesterol in the lysosomal compartment and can be partially
rescued by mobilizing lysosomal cholesterol with CDs or by
treatment with the autophagy inhibitor 3MA.

Our work provides evidence that mitochondrial fragmenta-
tion is downstream of autophagy as it can be rescued by

pharmacological inhibition of autophagy. This conclusion
from our work is important because it delineates the mechan-
istic pathway underlying mitochondrial fragmentation and it
defines a new route to effective drug development for NPC1
disease. Pharmacological induction of autophagy is possible
and has been advocated for treatment of various neurodegen-
erative diseases, including NPC1 (39,40). However, our find-
ings of impaired turnover of mitochondria adds a potential
complication to this therapeutic avenue as NPC1 KD-related
accumulation of partially degraded mitochondria is a more
severe phenotype in human neurons than in fibroblasts and
may account for the preferential susceptibility of neurons to
NPC1 defects. In our experiments, inhibition of autophagy
rescues NPC1 fibroblasts from accumulation of mitochondrial
fragments; however, turnover of other cellular components can
potentially be affected by this intervention and needs to be
examined further. Our observation that CDs and 3MA, two
compounds with very distinct effects, are able to independent-
ly rescue the autophagy defects we observe in NPC1 fibro-
blasts and neurons may provide some insights into the
mechanism underlying these defects. 3MA is a class III phos-
phatidylinositol 3-kinase inhibitor that acts at the level of
autophagosome formation (41). It is possible that loss of func-
tion of NPC1 directly or indirectly causes abnormal formation
of autophagosome membranes and that treatment with 3MA
ameliorates the autophagy defects observed in NPC1 by inhi-
biting this process. Alternatively, CD may increase the pool of
cholesterol available for autophagosome assembly or it may
act at a later step in the autophagic pathway by decreasing
the burden of lysosomal cholesterol and restoring normal
autophagic progression in NPC1.

Other potentially neuroprotective effects of 3MA may con-
tribute to ameliorate mitochondrial fragmentation, specifically

Figure 7. CD partially restores normal autophagy in NPC1 fibroblasts and NPC1 KD neurons. (A) LC3-GFP-transfected fibroblasts were grown under standard
conditions and treated with CDs for 48 h and analyzed by flow cytometry. LC3-GFP was specifically reduced in NPC1 and U18666A-treated fibroblasts by CD
treatment. No change was observed in wt fibroblasts (P , 0.001, n ¼ 6 from three independent experiments). (B) Human neurons were treated with CDs for
48 h, harvested and analyzed by quantitative WB. LC3-II/LC3-I ratio was specifically reduced by CDs in NPC1 KD and U18666A-treated neurons (∗∗P , 0.001,
∗P , 0.05, n ¼ 6 from three independent experiments).
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by inhibition of the apoptotic pathway. However, the effect of
3MA on apoptosis may be closely related to its effect as an in-
hibitor of autophagy. Canu et al. (42) provide evidence that
autophagy mediates a process of programmed cell death by ac-
tivation of caspase-3 in cultured rat cerebellar neurons
deprived of depolarizing concentrations of potassium. Al-
though it has been reported previously that this manipulation
causes classical apoptotic cell death, the data presented by
Cantu et al. suggest that there is a transition within each cell
from an autophagic to an apoptotic process. This is consistent
with the view in the NPC1 field that both processes are likely
to contribute to neuronal death caused by NPC1 dysfunction.
3MA-mediated rescue of mitochondrial fragmentation in our
system could be caused by a direct effect on inhibition of
autophagy or by an indirect effect on inhibition of apoptosis.
However, independent rescue of autophagy activation and
mitochondrial fragmentation by mobilizing cholesterol from
the lysosomal compartment with CDs points to autophagy as
the primary underlying factor.

The role of glia in the pathogenesis of NPC1 has been ele-
gantly addressed by Ko et al. (8) and more recently by Zhang
et al. (43). However, to our knowledge, autophagy and

mitochondrial fragmentation have not been studied in glial
cells. These pathological phenotypes may also contribute to
the effects of NPC1 mutations observed in other tissues,
such as the lung and liver (44,45). In this regard, it is interest-
ing to note that NPC12/2 mouse hepatocytes have increased
susceptibility to tumor necrosis factor-mediated damage due
to mitochondrial dysfunction (46). Whether these mitochon-
drial abnormalities are linked to disrupted autophagy in the
NPC1 liver remains to be investigated.

Further analysis of human NPC1-deficient neurons will
reveal whether disrupted autophagy and mitochondrial frag-
mentation ultimately have an effect on neuronal viability.
Indeed, the mechanism of cell death remains unclear in
NPC1. Both apoptosis and autophagy have been postulated
as potential mechanisms of neuronal death in NPC1 mice,
and extensive work in the field suggests that both processes
are likely to be at work in NPC1 neurons (47–50). Although
the mechanism of neuronal death is of fundamental interest
in the study of NPC1 and related neurodegenerative disorders,
neuronal dysfunction must precede neuronal death. In this
respect, it is interesting that Ko et al. (8) find increased autop-
hagic markers only in degenerating Purkinje neurons of the

Figure 8. Mitochondrial fragmentation is ameliorated by inhibition of autophagy and CD treatment in NPC1 fibroblasts. CD treatment reduces the number of p62
punctae (A) and increases mean mitochondrial length (B) in NPC1 and U18666A-treated NPC1 fibroblasts. A similar effect is induced by treatment with the
autophagy inhibitor 3MA. Note that CDs and 3MA have no significant effect on wt fibroblasts (∗∗P , 0.001, ∗P , 0.05, n ¼ 9 from three independent experi-
ments). Scale bar is 10 mm.
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NPC12/2 mouse. In contrast, our observations suggest that
autophagy disruption is an early and universal feature of
NPC1 KD human neurons in vitro despite no obvious decrease
in short-term viability. Identifying early events leading to
neuronal dysfunction is critical for the development of
new therapies that may prevent or slow the progression of
neurodegeneration in NPC1 before significant cell death has
occurred.

Our data highlight the central role that autophagy failure
caused by lysosomal cholesterol accumulation plays in the se-
lective neuronal failure observed in NPC1 and provides the
first example of a process that causes preferential neuronal
defects in this devastating childhood neurodegenerative
disease. Accumulation of mitochondria and other substrates
that are ordinarily rapidly cleared by the autophagic pathway
as well as mitochondrial fragmentation may cause defective
energy production and generation of toxic oxygen species
that can ultimately affect neuronal health and function. Add-
itionally, our approach establishes a cell-based platform for
the high-throughput screening of potential therapeutic com-
pounds that can revert accumulation of cholesterol, lysosomes,
mitochondrial fragments and autophagic intermediates in
NPC1 and related neurodegenerative diseases.

MATERIALS AND METHODS

Cell culture

HUES9 hESCs were seeded on a mouse embryonic fibroblast
(MEF) layer and grown under standard ES cell culture condi-
tions (15). Human fibroblasts from NPC1 patients and control
individuals were obtained from Coriell Cell Repository.

Generation of NPC1 KD hESC lines

HUES9 hESCs were transduced with a pSicoR cre-repressible
lentiviral vector for stable RNA interference (16) carrying an
shRNA-targeted specifically against NPC1 and a GFP marker.
Transduced hESCs were selected by flow cytometry and
single-GFP-positive cells were plated onto 96-well plates con-
taining irradiated MEFs and expanded under standard cultur-
ing conditions (12) to generate clonal hESC lines. Karyotype
analysis of NPC1 KD hESC lines was performed by Cell
Line Genetics (Madison, WI, USA).

RNA expression and immunoblotting

To compare NPC1 RNA levels between samples, RNA was
purified (PARIS Kit; Ambion, Grand Island, NY, USA),
DNase-treated (Ambion) and reverse-transcribed (Superscript
II; Invitrogen, Grand Island, NY, USA). Quantitative PCR
(qPCR) was performed using FastStart Universal SYBR
Green Master Mix (Roche, Indianapolis, IN, USA) and
primers that amplify various regions of NPC1, HPRT and
NONO (primer sequences available on request). Reactions
were performed and analyzed on an Applied Biosystems
7300 Real Time PCR System using the DDCt method. NPC1
levels were normalized to mean HPRT/NONO. For immuno-
blotting, cells were lysed using NP40 buffer with protease
inhibitors. After electrophoresis on NuPAGE 4% or 4–12%

Bis–Tris gels (Invitrogen), proteins were transferred onto
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA) and then incubated overnight in primary antibody
(see Antibodies) followed by IRDye 800CW Goat Anti-Rabbit
or Anti-Mouse IgG secondary antibody (LI-COR Biosciences,
Lincoln, NE, USA). Blots were developed using the Odyssey
Infrared Imaging System (LI-COR Biosciences) for quantita-
tive WB.

IF and FACS

Cells were fixed in 4% paraformaldehyde with 4% sucrose,
permeabilized with buffer containing Triton X-100 and
stained with primary and secondary antibodies (see Anti-
bodies). Samples were imaged on a Nikon TE2000-U inverted
microscope and acquired using Metamorph software (Molecu-
lar Devices, Sunnyvale, CA, USA). ImageJ software (NIH)
was used to pseudo-color images, adjust contrast, add scale
bars and to perform punctae counts and mitochondrial length
measurements. FACS experiments were carried out on a FAC-
SAria II cytometer (BD Biosciences, San Jose, CA, USA) and
analyzed using FlowJo software (Tree Star, Ashland, OR,
USA).

Antibodies

The antibodies used for FACS purification of cells were
CD184-APC, CD15-FITC, CD24-PECy7, CD44-PE and
CD271-PE (all from BD Biosciences, except CD24-PeCy7,
which was purchased from Biolegend, San Diego, CA, USA)
and were used at a concentration of one test per 1 × 106 cells.
The following antibodies were used for IF and/or WB: NPC1
(Abcam, 1:5000 WB), SOX2 (Millipore, 1:2000 IF), nanog
(Santa-Cruz, 1:200 IF), Oct3/4 (Santa-Cruz, 1:1000 IF), SMA
(Chemicon, 1:50 IF), AFP (Dako, 1:1000 IF), MAP2a/b (Milli-
pore, 1:500 IF, 1:1000 WB), a-tubulin (Sigma, 1:250k WB),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Ambion, 1:1000 WB), nestin (Millipore, 1:200 IF), TUJ1
(Covance, 1:500 IF, 1:5000 WB), PDH (MitoSciences, 1:1000
IF, 1:500 WB), AIF (Santa-Cruz, 1:500 WB), COXIV (Cell Sig-
naling, 1:1000), LC3B (Novus, 1:1000), p62 (Abnova, 1:350 IF,
American Research Products, 1:1000). Secondary antibodies for
IF were respectively conjugated to anti-mouse or anti-rabbit
Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 594 (Invitro-
gen, 1:200).

Live imaging

Cells were grown on coverslips and incubated with Lyso-
Tracker Red DND-99 (50 nM), MitoTracker 594 (25 nM),
MitoTracker CM-XH2-ROS (50 nM) or filipin (25 mg/ml) for
15–30 min. Cells were then washed with phosphate-buffered
saline, imaged on a Nikon TE2000-U inverted microscope
and acquired using Metamorph software (Molecular
Devices). ImageJ software (NIH) was used to pseudo-color
images, adjust contrast, add scale bars and to perform mito-
chondrial length measurements. Filipin was purchased from
Sigma, and all other probes were purchased from Invitrogen.
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Neuronal differentiation and culture

Differentiation from hESCs to NSCs and neurons followed
Yuan et al. (20). Differentiation began with a confluent
10 cm dish of undifferentiated HUES9 hESCs. For each
plate, �1 × 105 hESCs were seeded onto 3 × 10 cm2 plates
that were seeded the previous day with 5 × 105 PA6 cells
(16). On day 12, cells were dissociated with Accutase (Innova-
tive Cell Technologies, San Diego, CA, USA) and CD184 +
CD15 + CD44-CD271- NSCs were FACS-purified and
plated onto poly-ornithine/laminin-coated plates and cultured
with basic fibroblast growth factor. For neuronal differenti-
ation, NSCs were cultured with BDNF, GDNF and dbcAMP
(Sigma, St Louis, MO, USA). After 3 weeks of differentiation,
mixed neuronal cultures were obtained and harvested for live
imaging, immunoblotting or immunocytochemical analysis.

LC3-GFP transfection

Control and patient fibroblasts were grown under standard
conditions. Prior to transfection, cells were dissociated with
trypsin and counted with a hemocytometer. For each sample,
�2 × 105 cells and 3 mg of LC3-GFP DNA were mixed in
an electroporation cuvette. Electroporation was performed
using program X01 following Amaxa electroporation system
nucleofection protocol. Cells were replated, grown for 72 h
and then harvested for flow cytometry or imaging analysis.

Drug treatments and serum deprivation

Length of drug treatment and final concentrations are as
follows: U18666A (3 mg/ml for 12 h), methyl-b-cyclodextrin
(30 mM for 48 h), 3MA (5 mM for 24 h), leupeptin (20 mM

for 12 h). All compounds were from Sigma. For serum depriv-
ation, cells were grown in supplement-free high-glucose
Dulbecco’s modified Eagle medium (Gibco, Grand Island,
NY, USA) for 12 h.

Statistics

Mean fluorescence intensity and co-localization analyses were
performed with ImageJ software. Analysis of flow data was
performed using FlowJo software. Data were analyzed using
JMP software (SAS Institute, Cary, NC, USA). Statistical ana-
lysis was calculated by two-tailed Student’s t-test or Tukey’s
HSD test. Comparisons between hESC lines were made by
performing analysis of variance followed by Tukey’s honestly
significant difference (HSD) post-hoc test. Response to serum
deprivation or drug treatments was compared with control by
Dunnett method. Bar graphs display mean + SEM. P , 0.05
was considered statistically significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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