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ABSTRACT

Niemann-Pick disease, type C1 (NPC1) is a familial disorder that has devastating consequences on
postnatal development with multisystem effects, including neurodegeneration. There is no Food
and Drug Administration-approved treatment option for NPC1; however, several potentially thera-
peutic compounds have been identified in assays using yeast, rodentmodels, and NPC1 human fibro-
blasts. Although these discoveries were made in fibroblasts from NPC1 subjects and were in some
instances validated in animal models of the disease, testing these drugs on a cell type more relevant
for NPC1 neurological disease would greatly facilitate both study of the disease and identification of
more relevant therapeutic compounds. Toward this goal, we have generated an induced pluripotent
stem cell line from a subject homozygous for the most frequent NPC1 mutation (p.I1061T) and sub-
sequently created a stable line of neural stem cells (NSCs). These NSCs were then used to create neu-
rons as an appropriate disease model. NPC1 neurons display a premature cell death phenotype,
and gene expression analysis of these cells suggests dysfunction of important signaling pathways, in-
cluding calcium and WNT. The clear readout from these cells makes them ideal candidates for
high-throughput screening and will be a valuable tool to better understand the development of
NPC1 in neural cells, as well as to develop better therapeutic options for NPC1. STEM CELLS

TRANSLATIONAL MEDICINE 2015;4:230–238

INTRODUCTION

Niemann-Pickdisease, typeC1(NPC1) isa lysosomal
storagedisorder that results inaneurodegenerative
phenotype.Approximatelyhalf of thecasesofNPC1
present in childrenunder10yearsof age, andageof
onset seemsdirectly related to life span. Themajor-
ity of cases (95%) are caused by a mutation in the
NPC1gene,whereas theremainingcasesarecaused
by a mutation in the NPC2 gene [1]. Studies have
shown that these two proteins interact closely
and are involved with cholesterol binding and
transfer [2, 3]. Disruptions in the NPC1 or NPC2
protein results in the accumulation of cholesterol
andglycolipidswithin cells, and it is not clearwhich
compound’s accumulationwithin neural cells is re-
sponsible for neurodegeneration [4]. However,
this accumulation is correlated toprogressive neu-
rological diseasewith varying severity in each case.
Additionally, a progressive loss of cerebellar Pur-
kinje neurons occurs inmousemodels of NPC1, in-
dicating that thedamageand lossof this cell type is
likely responsible for the neurological symptoms
seen in those affected by NPC1 [5, 6].

There is currently no Food and Drug
Administration-approved drug for treating NPC1.
However, work with animal models and screens
using subject fibroblasts have identified several
compounds that reduce abnormal lysosomal accu-
mulations. These include d-tocophorol (vitamin E)
and histone deacetylase inhibitors and glycosphin-
golipids synthesis inhibitors such as migulstat
[7, 8]. Additionally, cyclodextrin was found to in-
crease life span in Npc1 and Npc2 mutant mice
[9, 10]. Additional studies have identified curcu-
min (a calcium/calmodulin kinase II inhibitor)
and TRPML1 channel agonists as compounds
that could have therapeutic potential for NPC1
[11, 12]; however, subsequent studies deter-
mined that curcumin may not have as robust an
effect on neurodegeneration in a mouse model
of NPC1 [13]. The mechanisms underlying the
effects of many of these compounds appear to
involve lysosomal calcium signaling [12, 14, 15].

We generated an induced pluripotent stem
cell (iPSC) line from an NPC1 subject fibroblast
sample homozygous for the most frequent NPC1
mutation (p.I1061T)andsubsequentlydifferentiated
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the iPSCs to neural stem cells (NSCs), neurons, and astrocytes to
more directly assess the effects of loss of NPC1 function on these
cell types. We then compared their gene expression profiles to
healthy and disease control lines to identify specific differences
attributable toNPC1 genetic abnormalities. Fewdifferenceswere
seen at the NSC stage in cell growth, marker expression, and by
whole transcriptome array analysis. However, Niemann-Pick dis-
ease, type C1 iPSC-derivedneurons exhibited increased cell death
and changes in calcium signaling, suggesting that alterations in
calcium signaling may underlie the phenotype. Further exam-
ination of the gene expression profiles of iPSC-derived neurons
identified WNT signaling and ryanodine receptor expression as
significantly altered. Our data suggest that altered WNT or cal-
cium signaling is an important event in the etiology of the disease
and implicate the modulation of these signaling pathways as
possible therapeutic targets at early stages of NPC1.

MATERIALS AND METHODS

iPSC Generation

iPSCs were generated from fibroblasts obtained from a subject
with Niemann-Pick disease, type C1 with a mutation status as
I1061T/I1061Tunder anNational Instituteof ChildHealth andHu-
manDevelopment Institutional Review Board-approved protocol
and with informed consent. These fibroblasts were repro-
grammed using the STEMCCA lentivirus system to create iPSCs
on a mouse fibroblast feeder culture, in which they were main-
tained in stem cell medium consisting of knockout Dulbecco’s
modified Eagle’smedium (DMEM)/F-12, 20% knockout serum re-
placement, GlutaMAX (2 mM), 13 nonessential amino acids
(NEAA), b-mercaptoethanol, and 10 ng/ml basic fibroblast growth
factor (bFGF) (all from Life Technologies, Carlsbad, CA, http://
www.lifetech.com). Medium was changed daily. iPSCs were then
adapted to feeder-free culture on Matrigel (BD Biosciences,
San Jose, CA, http://www.bdbiosciences.com) and maintained
in E8 medium (Life Technologies). NPC1 iPSCs expressed the plu-
ripotency markers OCT4, NANOG, and TRA-1-60 through immu-
nocytochemistry (described below).

Neural Stem Cell Culture

NSC lines were generated from the episomally derived NCRM-1
iPSC line, patient-derived NPC1 iPSC line, and patient-derived
amyotropic lateral sclerosis (ALS) iPSC line via an embryoid body
intermediate method by XCell Sciences [16] (Novato, CA, http://
www.xcell2.com). Karyotype analysis at passage 2 revealed a nor-
mal karyotype and no clonal abnormalities (supplemental online
Fig. 1B). NSCsweremaintained on culture dishes coatedwithGel-
trex (Life Technologies) in NSCmedium. The NSCmedium is com-
prised of neurobasal medium with GlutaMAX (2mM) and 13
NEAA, 13 B27 supplement, and 10 ng/ml of bFGF (all from Life
Technologies).Cellswerepassagedat80%confluence ina1:4 ratio,
and cells in experiments were used between passages 4 and 12.

Neural Differentiation and Culture

For neuronal differentiation, NSCs between passages 4 and 12
were first cultured on a Geltrex-coated plate and then passaged
to 1 million cells per well of a 6-well plate. Culture medium was
changed 1 day later to neuronal differentiation medium
(NDM), containing DMEM/F-12 supplemented with GlutaMAX,
1.8% bovine serum albumin, 13 StemPro hESC Supplement

(all from Life Technologies), 10 ng/ml brain-derived neurotrophic
factor, and glial-derived neurotophic factor [17] (R&D Systems,
Minneapolis, MN, http://www.rndsystems.com). After 4 days
in NDM, cells were passaged to a 6-well or 96-well plate coated
with 0.002% poly-L-ornithine (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) and 15 mg/ml laminin (Life Tech-
nologies) or Geltrex. NDMwas refreshed by removing 30% of the
medium and adding 50% fresh NDM.

Astrocytes were generated in a similar fashion in astrocyte
differentiation medium containing DMEM/F-12 supplemented
with GlutaMAX, 13 B27 supplement, 8 ng/ml bFGF, and 10 ng/ml
heregulin [18, 19]. Astrocytes were passaged every 4–5 days as
they became confluent, and immunocytochemistry was per-
formed at day 55 of astrocyte differentiation.

Immunocytochemistry

Cells werewashed oncewithwarmed basemedium (DMEM/F-12
or neurobasal medium) and fixed with 4% paraformaldehyde in
DMEM/F-12 for 20 minutes at room temperature or at 4°C over-
night. Fixed cells were then washed three times with phosphate-
buffered saline (PBS) and blocked using a buffer containing 10%
normal goat serum (NGS) for 1 hour at room temperature. Pri-
mary antibody was diluted in blocking buffer containing 0.1%
Triton X-100 in PBS and 1% NGS and incubation was performed
at 4°C overnight. Cells were then washed again with PBS three
times, and secondary antibodywasdiluted inblockingbuffer. Sec-
ondary antibody incubation was performed for 1 hour at room
temperature. Cells were then washed twice with PBS and used
for imaging. Appropriate secondary antibodies were used for sin-
gle and double labeling, and all secondary antibodies were tested
for specificity. The primary antibodies used here are as follows:
anti-GFAP antibody at 1:2,000dilution (Dako, Glostrup, Denmark,
http://www.dako.com), anti-bIII tubulin at 1:1,000dilution (Milli-
pore, Billerica, MA, http://www.millipore.com), and anti-MAP2
at 1:1,000 dilution (Millipore). Secondary antibodies used are
Alexa Fluor 555 goat anti-mouse and Alexa Fluor 488 goat anti-
rabbit (Life Technologies). Hoechst 33342 (H3570; Molecular
Probes, Eugene, OR, http://probes.invitrogen.com) at 1:2,000 di-
lution was used for nuclei staining. Images were captured using
a Leica fluorescence microscope.

Filipin Staining and Confocal Spinning Disk Images

For filipin/TUJ1 (b-III tubulin)/TOPRO-3I stain, medium on cells
plated to Geltrex-coated multiwall slides was removed. Cells
stained for TUJ1 were processed as described above and pro-
cessed as described here after secondary antibody. Otherwise,
cells were fixed in 4% formaldehyde for 20 minutes, incubated
with 1mMTOPRO-3I (Life Technologies) for 40minutes, and then
incubated in 50 mg/ml filipin (Sigma-Aldrich). The filipin step and
all following steps were protected from light. The cells were cov-
erslippedwith ProlongGold antifade (Life Technologies). All steps
wereat roomtemperature; all solutionsdiluted intoPBS,withone
PBSwash stepbetweeneach solutionchange. Spinning-diskmicro-
scope illumination greatly reduced filipin photobleaching. Wide-
field images were collected using a Zeiss Yokogawa spinning disk
system (Carl Zeiss Inc., Thornwood, NY, http://www.zeiss.com)
mounted on an inverted Zeiss Axio Observer Z1microscopewith
an oil immersion Plan-Apochromat 363/1.4 differential inter-
ference contrast lens. All images were acquired using a 16-bit
Photometrics Evolve EMCCD camera (Photometrics, Tucson,
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AZ, http://www.photometrics.com/) with exposure times rang-
ing from 150 to 1,000milliseconds. Excitationwavelengths of 405
nm(65%), 561nm(9%), and639nm(1.5%)wereused fordetection
of the filipin-stained free cholesterol, TUJ1, and TOPRO-3I-stained
nuclei, respectively. Fluorescent emissions were collected in a
band pass (BP) 450/50-nm filter, a BP 629/62-nm filter, and a BP
690/50-nmfilter, respectively. Zeiss ZENblue2012softwarepack-
age was used for collection and postprocessing of the images.

Gene Expression Analysis

Gene expression analysis was performed on iPSC-derived NSC
samples and day 14 neuron samples derived from those NSCs.
An additional NSC sample from the healthy control line NCRM-
5 is also included. The passage numbers of NSCs used in gene
expression analysis are as follows: NPC1, passage 3; NCRM-1,
passage 5; ALS, passage 5; and NCRM-5, passage 6. Samples were
collected on different days and processed together. Total RNA
was isolated and prepared using the RNeasy mini kit according
to the manufacturer’s instructions (Qiagen, Valencia, CA, http://
www.qiagen.com). RNA samples were hybridized to Illumina Hu-
man HT-12 BeadChip by Qiagen. Data processing was performed
using the algorithms included with the gene expression module
of the IlluminaBeadStudio softwarewith thebackgroundmethod
used for normalization. The maximum expression value of gene
for the probe set was used as the expression value of the gene.
The datawere exported toMicrosoft Excel for generation of gene
lists for assessing presence or absence of cell specific markers.
Microarray data were deposited in Gene Expression Omnibus
(GSE55379).

Drug Treatment and MTT Assay

Cells undergoing neuronal differentiation at day 4were passaged
on to 96-well plates coated inGeltrex to a density of 1million cells
per plate. On day 6, cells were treated with 10 mM of curcumin,
dantrolene, BIO, TNP-470, or CCT036477 (all from Tocris, Bristol,
U.K., http://www.tocris.com). Drugswere diluted to a concentra-
tion of 10mM in dimethyl sulfoxide (DMSO). At day 14, an 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assaywas performed to assess cell viabilitywith absorbancemea-
sured at 590 nm. All treatments were performed in triplicate, and
the results are reported as relative absorbance in medium with
DMSO vehicle only.

RESULTS

Disease-Line iPSCs Can Be Generated From
Niemann-Pick Disease, Type C1 Fibroblasts

Fibroblast samples from an individual diagnosed with Niemann-
Pick disease, typeC1homozygous for thep.I1061Tmutationwere
isolated, cultured, and reprogrammed to iPSCs using the
STEMCCA lentivirus system. Immunocytochemistry was per-
formed on NPC1 iPSCs to identify markers routinely used to de-
termine pluripotency and establish iPSC identity [20]. NPC1
iPSCs expressed the pluripotency markers OCT4 and NANOG, as
well as the stem cell-specific surface marker TRA-1-60 (Fig. 1A).
TheNPC1 iPSC line showednoovert phenotypic defects and could
be maintained in both feeder and feeder-free cultures. These
iPSCswere thendifferentiated for use in subsequent experiments
(supplemental online Fig. 1A).

NPC1 NSCs Display Minimal Disease-Specific
Morphological and Functional Differences

iPSCs were then directed to form multipotent NSCs by a rosette-
based method [16]. NSCs are a stable intermediate cell type that
express some features of neural cells and have the capacity to dif-
ferentiate to both neurons and glia [16]. All NPC1 NSC-expressed
NSC markers including NESTIN and SOX2 (Fig. 1B) were karyotyp-
ically normal (supplemental online Fig. 1B) anddid not display any
observable morphological differences compared with a healthy
control NSC line NCRM-1. The similarities between the disease
NPC1 NSC line and the NCRM-1 NSC line were further confirmed
by gene expression analysis of NSCs usingmicroarray, which indi-
cated no major differences between these lines. A scatterplot
generated from these data indicated an R2 value of 0.96, indicat-
ing high levels of similarity in the gene expression patterns of
the two cell types. (Fig. 1C). Because these cell types showed
many similarities, we sought to explore whether there were
any overt differences between these two cell types after neural
differentiation.

Figure1. NPC1 inducedpluripotent stemcell (iPSC)-derivedNSCsdo
not display major disease-specific differences from control line NSCs.
(A): NPC1 subject iPSCs express the stem cell-specific markers OCT4,
TRA-1-60, and NANOG, shown in green (images at 310). (B): NPC1
and NCRM-1 NSCs express NSC markers NESTIN and SOX2, shown
in green (images at 320). (C): Gene signal intensity for NPC1 and
NCRM-1 NSCs displays an R2 value of 0.96, suggesting high overlap
in gene expression between these two cell types. Abbreviations:
AVG, average; NPC1, Niemann-Pick disease, type C1; NSC, neural
stem cell.
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NPC1Neurons Display an Early Death Phenotype That Is
Not Observed in Astrocytes

iPSC-derived NSCs from the NPC1 line were directed to differen-
tiate to neurons using a previously published protocol
(supplemental online Fig. 1A) [17]. However, NPC1 neurons be-
gan to show morphological differences as early as day 6 and an
obvious difference in cell survival at day 10 (Fig. 2A), which could
be mitigated by frequent medium changes but ultimately culmi-
nated in early neuronal cell death compared with the NCRM-1
control cell line.Dailymediumchanges andculture athighdensity
allowed for cell survival to neuronal differentiation day 14, when
cellswere stained for neuronal and glialmarkers and collected for
whole genome analysis by microarray. Themajority of NPC1 cells
at this stage expressed the neuronal markers TUJ1 andMAP2, in-
dicating successful neuronal differentiation. A small number of
cells alsoexpressed themature astrocytemarkerGFAP, indicating
that some cells underwent spontaneous astrocyte differentiation
despite being in neuronal differentiation conditions (Fig. 2B).

Gene expression analysis at this stage confirmed the purity of
neuronal cultures at day 14 of differentiation (supplemental
online Tables 1–12). Neurons expressed both early and mature
neuronal markers, including synaptic vesicle genes, channels
and transporters, and intermediate and late neurofilaments.
We also detected neurotransmitter synthesizing enzymes and
markers for both excitatory and inhibitory neurons. The cells also
expressed few to no glial markers, including astrocyte markers
and oligodendrocyte markers, and low levels of NSC markers
(supplemental online Tables 1–12).

To determine whether early cell deathwas NPC1-specific and
not a result of culture conditions,wealsodifferentiated twoother
iPSC-derivedNSC lines to neurons using the same protocol. These
included thenormal control line (NCRM-1) andadisease line from
a subjectwith ALS. Neither of these lines displayed the same early
death phenotype, suggesting that it was specific to the NPC1 line.
Comparison of gene expression profiles of NPC1 neurons with
NCRM-1 neurons revealed R2 values of 0.94, indicating that there
may be more variability in gene expression at this stage as com-
pared with the NSCs (Fig. 2C).

We then sought to determine whether NPC1 cell death was
limited toneuronsorwhetherotherdifferentiated cell typeswere
also affected. We have previously shown that iPSC-derived NSCs
can be directed to form astrocytes through the addition of here-
gulin to the cell culture medium [18, 19]. Cell death did not occur
in NPC1 NSCs directed to differentiate to astrocytes under this
protocol, and we were able to continue culturing these cells for
up to 55 days (Fig. 2D). We therefore decided to focus our atten-
tion on neurons, because they exhibited an obvious phenotype.

NPC1 NSCs and Neurons Do Not Display Evident
Differences in Cholesterol Accumulation

Because fibroblasts from NPC1 lines are commonly used source
for diagnosing NPC1, as well as for screening potential drugs
[21], we sought to perform similar tests on our disease-line cells.
Weperformed a filipin staining assay to determinewhether NPC1
NSCs showed a significant increase in free unesterified choles-
terol accumulation. NPC1 NSCs did not show a discernible differ-
ence in the accumulation of filipin staining as compared with
NCRM-1 NSCs (Fig. 3A).

It has been previously established that filipin staining can also
be performed on iPSC-derived neurons to investigate cholesterol

accumulation in these cells [22]. We also performed filipin stain-
ing on both NPC1 and NCRM-1 neurons to determine whether
there were any overt differences in filipin accumulation between
these two cell types but again did not notice a discernible differ-
ence (Fig. 3B). Therefore, we chose to determine whether the
neuronal death phenotype was a good functional readout for
use in a screening assay.

NPC1 Neurons Display Aberrant Calcium and WNT
Signaling, Along With an Upregulation of Glial Markers

We hypothesized that major signaling pathways were likely dis-
rupted in NPC1 neurons and that this dysregulation was contrib-
uting to early neuronal death. Therefore, we analyzed our
microarray data to determine differences in global expression
patterns between the NPC1 neurons, NCRM-1 neurons, and
ALSneurons. Thedata revealed threemajor differences thatwere
unique to our NPC1 sample as compared with the NCRM-1 and
ALS samples: (a) NPC1 neurons showing increased gene expres-
sion of genes involved in calcium signaling, (b) disruption of genes
involved in WNT signaling, and (c) an upregulation of glial-
associated genemarkers (Tables 1, 2). This increase in glialmarker
expression could be due to NPC1 neuronal death, after which
a high number of glial cells remained, or it is possible that these
cells are predisposed to a glial fate. The latter may be the case,
because the levels of mature astrocyte markers such as GFAP
and NFIX were much higher than those seen in NCRM-1 and
ALS neuronal samples, and the presence of glial markers in day
14 neurons was confirmed using immunocytochemistry (Fig.
2B). However, changes in glial marker expression do not reflect
larger pathway dysfunction that is easily targetable or adaptable
to our screening platform. The data collected by our microarray
analysis confirm previously published literature indicating that
the calcium signaling pathway is disrupted in mouse and human
fibroblast models of NPC1 [12, 14, 23–26]. Conscious of the fact
thatweonly have one cell line,we therefore chose to concentrate
on the disruption of calcium and WNT signaling.

NPC1 Neurons Can Be Rescued by Modulation of
Calcium Signaling or the WNT Pathway

NPC1neuronal cell death in our systemprovided an obvious func-
tional readout based on intrinsic cellular traits, thereby allowing
us tomonitor the health and viability of our disease-line cells.We
adapted these cells to our previously described high-throughput
screening system, thus allowing us to perform viability screens on
theNPC1 neurons [17]. Because themicroarray analysis indicated
disturbances in calcium andWNT signaling, we tested the calcium
inhibitors curcumin and dantrolene, which have been tested for
treatment in human fibroblast and animalmodels of NPC1, to de-
termine whether they could rescue the NPC1 neurons from pre-
mature cell death.

NPC1 and NCRM-1 cells at day 4 of neuronal differentiation
were passaged to 96-well plates for cell viability and drug screening.
Curcumin anddantrolenewereboth testedonall cells in triplicate
at a concentration of 10 mM at day 6 of neuronal differentiation,
preceding any observable cell death. Cells were treatedwith drug
only at this time point, but fresh medium was replenished every
2 days for seven additional days, after which cell viability was de-
termined using anMTT assay. Addition of the calciummodulators
curcumin or dantrolenewas sufficient to promoteNPC1 neuronal
survival (Fig. 4).
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The rescue of NPC1 neuronal cell death using these calcium
inhibitors validated the changes seen in our microarray analysis
of the calcium signaling pathway.We then repeated these experi-
ments usingWNT signaling modulators. TheWNT signaling mod-
ulator BIO also increased neuronal viability (Fig. 4). However, not
all WNT signalingmodulators rescued neuronal viability, because
TNP-470 and CCT036477 were unable to partially rescue NPC1
neurons. It should be noted that neuronal viability was partial
with addition of drugs and did not recover to levels seen in the
NCRM-1 line. These results suggest that the iPSC-derived NPC1
neurons may be adapted to larger scale assays for the identifica-
tion of novel therapeutic compounds for the treatment of this
disease.

DISCUSSION

The use of pluripotent stem cells hasmajor potential for themod-
eling of neurodegenerative disease and for developing appropri-
ate and beneficial screening assays. In this study, we describe
a method by which fibroblasts from a subject with Niemann-
Pick disease, type C1 can be reprogrammed to iPSCs and differen-
tiated to develop a disease model of NPC1 within an appropriate
cellular phenotype. Although other disease models do exist, in-
cluding in vivo models in mouse and cat, these animal models
are not amenable to high-throughput screens that may be used
to identify therapeutic compounds. Furthermore, the only widely
available human samples for NPC1 are fibroblasts, which are not
physiologically relevant to disease pathology.

As stated, the majority of in vitro experiments on NPC1 have
been performed on fibroblasts. Indeed, fibroblasts offer a cost-
effective and less labor-intensive method to screen human cells
to identify potentially therapeutic compounds. However, fibro-
blasts are functionally distinct/dissimilar from neural cells, and
not all therapeutic candidates identified through screens of fibro-
blasts have proven to have utility in treating NPC1. It has previ-
ously been shown that the tests used on NPC1 fibroblasts,
including drug testing andmeasurement of cholesterol and track-
ing of lysosomes, can be conducted on neurons [21]. We have
taken thisone step further indemonstrating that suchexperiments
can be conducted on disease-line neurons derived from a subject
with NPC1 in a scalable platform and that these disease-line cells
can provide insight as to mechanisms of disease pathology and
potential therapeutic targets.

NPC1 line iPSCsweregenerated fromahumansampleanddif-
ferentiated to NSCs, a stable intermediate stage with expansion
capacity and differentiation capability to neurons and astrocytes.
NPC1 line iPSC-derived NSCs displayed no major differences with
control line NCRM-1 NSCs, based on morphological and func-
tional characteristics, includingNSC-specificmarkers and the abil-
ity to generate both neurons and astrocytes. Filipin staining on
NCRM-1 and NPC1 NSCs for cholesterol accumulation also
showed no evident differences between neural stem cells from
disease and control line.

It became apparent after neuronal differentiation of NPC1
NSCs that these cells were not able to survive under our standard
neuronal culture conditions. Although NPC1 neuron cell death

Figure 2. NPC1 induced pluripotent stem cell-derived neurons display an early death phenotype. (A): NPC1 and NCRM-1 neural stem cells
(NSCs) display morphological changes during neuronal differentiation and can be differentiated to neurons by day 10 as indicated by TUJ1 ex-
pression (red). Scale bar = 400mm. (B):NPC1neurons at day 14 of neuronal differentiation display neuronalmarkers TUJ1 andMAP2. NPC1 cells
also reveal some spontaneous differentiation to astrocytes, as indicated by expression of GFAP (images at320). (C): Comparison of gene signal
intensity for NPC1 and NCRM-1 neurons at day 14 reveals an R2 value of 0.94, suggesting high overlap in gene expression but more variability
thanwhat is seen inNSCs. (D):NPC1NSCs canbedifferentiated toGFAP (green) expressing astrocytes andmaintained in culture for up to55days
(images at320). (E): Representative phase image illustrating the morphological differences and high numbers of cell death seen in NPC1 neu-
rons at 14 dayswithmedium changes every 2 days comparedwithNCRM-1 neurons under the same conditions (images at320). Abbreviations:
AVG, average; NPC1, Niemann-Pick disease, type C1.
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was consistent and reproducible, this phenotype was also influ-
enced by external environmental factors including the frequency
ofmedium changes and density of cell cultures.We attempted to
control for our useof only oneNPC1 iPSC line in this studybyusing
additional controls, including anALS iPSC line.AlthoughALS is also
a neurodegenerative disorder, it primarily affects other cell types
(astrocytes andmotorneurons) throughadifferentmechanismof
action.We did find several commonalities while analyzing neuro-
nal microarray data from these two samples. However, the main
findings summarized in this study are unique to NPC1 cells, and
we believe that other NPC1 lines are likely to show similar
differences.

Becauseof the small sample size,wewere careful to focus on
findings that were similar or related to those already seen in
fibroblast and animal models of the disease, including calcium
signaling [23]. Despite the lack of previous findings indicating
that the WNT pathway may be involved, this pathway is closely
regulated with the calcium signaling pathway [27]. We there-
fore chose to test compounds affecting both pathways in an
initial viability screen in an effort to identify compounds
that could rescue the death phenotype displayed by NPC1
neurons.

We have previously described a system inwhich iPSC-derived
neural stem cells can be differentiated to neurons in a 96-well
format that is suitable for high-throughput screening [17]. We
adapted this platform to use the cell death phenotype displayed
by the NPC1 neurons as a functional readout for our assay. This
assay, when combined with our gene expression data and a
NPC1neuronal death, confirmed thepreviously reported changes
in calcium signaling, as well as revealing a role for WNT signaling
in NPC1 disease pathology. Therefore, our assay indicates that
iPSC-derived neurons may be a viable model for NPC1, because
they can be used to validate several previous discoveries in
NPC1 fibroblasts and animal models and show promise as a tool
in future screening assays.

NPC1 iPSC-derived neurons show great utility in screens be-
cause they are amore physiologically relevant cell type to explore
the neurodegenerative effects of the disease. This can be taken
a step further when considering neuronal subtypes, because
NPC1 is well documented to result in cerebellar Purkinje cell neu-
rodegeneration [28–30]. Althoughprotocols for thegenerationof
Purkinje cells from mouse iPSCs are available, they have not yet
been verified in human iPSCs [31]. We were therefore limited
to differentiating our cells to cortical neurons but believe that
as more neuronal differentiation protocols are developed NPC1
disease line, iPSCs canbedifferentiated toPukinje cells todevelop
abetterunderstandingofoneof themajorpathologies associated
with this disease.

Despite being unable to look at Purkinje cells in vitro, we
were able to see larger changes in the gene expression data
of NPC1 neurons that hint at disrupted Purkinje cell develop-
ment, including low levels of NEUROG2. NEUROG2 has

Figure 3. Filipin staining on induced pluripotent stem cell-derived
NSCs and neurons does not reveal any evident disease-specific dif-
ferences. (A): Representative images of filipin (white) and Topro31
nuclear stain (red) on NPC1 and NCRM-1 NSCs reveal similar pat-
terns of filipin accumulation. (B): Filipin (white), TUJ1 (red), and
Topro31 (blue) staining on NPC1 and NCRM-1 NSC-derived neurons
does not reveal any evident differences in filipin accumulation
betweenhealthy anddisease neurons. All images are at363. Abbre-
viations: NPC1, Niemann-Pick disease, type C1; NSC, neural stem
cell.

Table 1. Microarray analysis indicating high gene expression

Symbol NCRM-1 NPC ALS Function

FST 552 1,771 363 Activin signaling

PID1 438 2,036 1,196 Inhibits PI3K/AKT pathway

RYR3 436 1,348 240 Calcium signaling

GRM8 136 450 311 Channel, calcium signaling

GRIN3A 134 478 112 Channel, calcium signaling

C18orf1 127 793 145 Lipids, calcium signaling

GLRA2 451 1,817 904 Neural signaling, calcium
signaling

NPPA 112 600 209 Neuropeptide, calcium
signaling

NPY 126 634 252 Neuropeptide, calcium
signaling

SERTAD4 493 1,769 720 WNT signaling

SULF1 235 1,188 174 WNT signaling

PMEPA1 185 885 176 WNT signaling

PHACTR3 96 378 125 WNT signaling

GFAP 91 338 87 Astrocyte marker

NFIA 358 1,239 375 Astrocyte marker

NFIX 131 1,276 139 Astrocyte marker

Microarray analysis indicates that neurons derived from Niemann-Pick
disease, typeC1subjectneural stemcells showdifferential expressionof
many genes implicated in WNT signaling (intensity values for Illumina
microarray are shown), calcium signaling, and glial markers.
Abbreviations: ALS, amyotropic lateral sclerosis; NPC, Niemann-Pick
disease, type C; PI3K, phosphoinositol 3-kinase.
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previously been shown to be expressed in murine cerebellar
Purkinje cell progenitors, and a mouse null for this gene results
in mice that have defective Purkinje cell dendrites [32]. It is also
well known that WNT signaling is essential to the proper devel-
opment of the cerebellumand that high levels ofWNThavebeen
found in the Purkinje cells of mice [33]. Additionally, because
GSK3 has been shown to negatively regulate NEUROG2-
mediated neurogenesis, it is possible that Purkinje cell develop-
ment or maturation may be regulated by the WNT pathway via
NEUROG2 [34]. Further studies will be needed to determine
whether these correlations are more strongly connected in
our NPC1 model.

The changes in calcium signaling that we observed are similar
to previously reported data obtained from investigations using
NPC1mutant fibroblasts andmousemodels of NPC1 [14]. To con-
firm these results and to verify the utility of NPC1 neuronal cells,
we decided to test two known calcium inhibitors that have been
demonstrated to help protect against disease effects in other
models of NPC1: curcumin and dantrolene. Curcumin is a calcium
inhibitor [35] that showspromise in the treatment of neurological
diseases [36]. Dantrolene is a calcium release inhibitor and vita-
minD receptor ligand, whichmaywork through the ryanodine re-
ceptor class of intracellular calcium channels [37]. One such
receptor, RYR3, was expressed more than threefold more in
NPC1 neurons as compared with NCRM-1 and ALS neurons in
our study. Addition of curcumin and dantrolene at day 6 of neu-
ronal differentiation, thereby preceding the observed cell death,
was sufficient to suspend the consistent and specific loss of NPC1
neurons in culture. Importantly, both curcumin and dantrolene
have been found to ameliorate the Niemann-Pick phenotype in
patient fibroblasts [14, 38].

To confirm that theWNT signaling pathwaymay play a role in
disease etiology as suggested by the microarray data, we also
tested the WNT compounds BIO, TNP-470, and CCT036477. The
WNT activator BIO was also able to partially rescue neuronal
death in NPC1 neurons. However, TNP-470 and CCT036477 had
noeffect. Theknownexistenceof considerable crosstalk between
calcium signaling and the WNT pathway and our array data sug-
gest that both pathways are affected in NPC1 neurons and that
the two pathways may be coordinately dysregulated in NPC1
neurons.

The compounds that aremost effective at rescuingNPC1neu-
ronal cell death—curcumin, dantrolene, and BIO—have many

potential mechanisms of action. Dantrolene broadly affects cal-
cium signaling, which can alter multiple signaling pathways
[39]. Various studies have shown that curcumin broadly affects
many signal transduction pathways, including calcium signaling
and the WNT pathway through GSK3-b [40, 41]. BIO is a GSK3-
b inhibitor that activatesWNT signaling, but GSK3-b is an enzyme
that is a central node in several signaling pathways [42]. Because
all three of these compounds share a role in calcium signaling and
theWNT pathway, we believe that this is a good starting point for
future investigation that matches up well with our microarray
data. More effort will be needed to determine the precise mech-
anism throughwhich these compounds rescue the observed neu-
ronal death phenotype.

CONCLUSION

Wehave derived an iPSC line from an NPC1 subject fibroblast line
that was then used to generate NSCs. Differentiation of these
disease-line NSCs to neurons to create a human neuronal
model for NPC1 displayed a cell type-specific premature death

Table 2. Microarray analysis indicating low gene expression

Symbol NCRM-1 NPC ALS Function

SLITRK2 479 96 694 Brain: inhibits neuritogenesis

NEUROG2 3,543 382 2,682 Brain: neurogenesis

SPARC 4,280 1,088 1,688 WNT signaling

SHROOM3 726 217 387 WNT signaling

SFRP2 2,552 586 1,980 WNT signaling

LRP4 677 160 292 WNT signaling

FRZB 504 142 779 WNT signaling

Microarray analysis indicated that neurons derived from Niemann-Pick
disease, typeC1subjectneural stemcells showdifferential expressionof
many genes implicated in WNT signaling (intensity values for Illumina
microarray are shown), calcium signaling, and glial markers. Expression
was,50 on Illumina signal. Abbreviations: ALS, amyotropic lateral
sclerosis; NPC, Niemann-Pick disease, type C.

Figure 4. Drug treatment on NPC1 and NCRM-1 neurons supports
roles of calcium and WNT signaling in NPC1 neuronal cell death.
(A): NPC1 neuronal cell death can be rescued by the addition of cur-
cumin, dantrolene, and WNT agonists. Percentages were calculated
in relation to treatment with mediumwithout drug. (B): Representa-
tive images of NPC1 and NCRM-1 neuronal survival with or without
curcumin at day 14 reveal NPC1 neuronal death can be rescued by
single early dose of drug. All images are at 310. Abbreviation:
NPC1, Niemann-Pick disease, type C1.
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phenotype, although neurons could be partially rescuedwith sev-
eral drugs that modulate calcium signaling known to be effective
in treatingNPC1 fibroblasts andalsowith a compound that affects
WNT signaling. Our data suggest that targeting both pathways
may be an effective means to treat the neuronal deficits associ-
ated with NPC1. As this manuscript was being prepared, several
other groups described their generation of iPSC lines fromhuman
subjects with NPC1 [22, 43]. These studies also generated NSCs
and neurons from NPC1 iPSC lines, although these cells did
display cholesterol accumulation. This difference may reflect
patient-specific differences or technical differences in how
the NSCs and neurons were generated and highlights the need
for the availability of iPSC lines frommultiple patients for future
studies to better understand the disease mechanisms of NPC1.
We believe that the line described in this study can help in this
process and will be especially helpful for drug-screening studies
to identify novel compounds that can help in the treatment of
NPC1.
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