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ABSTRACT

Niemann-Pick disease type A (NPA) is a lysosomal storage disease caused bymutations in the SMPD1
gene that encodes acid sphingomyelinase (ASM). Deficiency in ASM function results in lysosomal ac-
cumulation of sphingomyelin and neurodegeneration. Currently, there is no effective treatment for
NPA. To accelerate drug discovery for treatment of NPA,we generated induced pluripotent stem cells
from twopatient dermal fibroblast lines and differentiated them into neural stem cells. TheNPAneu-
ral stem cells exhibit a disease phenotype of lysosomal sphingomyelin accumulation and enlarged
lysosomes. By using this diseasemodel, we also evaluated three compounds that reportedly reduced
lysosomal lipid accumulation in Niemann-Pick disease type C as well as enzyme replacement therapy
with ASM. We found that a-tocopherol, d-tocopherol, hydroxypropyl-b-cyclodextrin, and ASM re-
duced sphingomyelin accumulation and enlarged lysosomes in NPA neural stem cells. Therefore,
the NPA neural stem cells possess the characteristic NPA disease phenotype that can be ameliorated
by tocopherols, cyclodextrin, and ASM. Our results demonstrate the efficacies of cyclodextrin and
tocopherols in the NPA cell-based model. Our data also indicate that the NPA neural stem cells
can be used as a new cell-based disease model for further study of disease pathophysiology and
for high-throughput screening to identify new lead compounds for drug development. STEM
CELLS TRANSLATIONAL MEDICINE 2016;5:1644–1655

SIGNIFICANCE

Currently, there is no effective treatment for Niemann-Pick disease type A (NPA). To accelerate drug
discovery for treatment of NPA, NPA-induced pluripotent stem cells were generated from patient der-
mal fibroblasts and differentiated into neural stem cells. By using the differentiated NPA neuronal cells
as a cell-based disease model system, a-tocopherol, d-tocopherol, and hydroxypropyl-b-cyclodextrin
significantly reduced sphingomyelin accumulation in these NPA neuronal cells. Therefore, this cell-
based NPA model can be used for further study of disease pathophysiology and for high-throughput
screening of compound libraries to identify lead compounds for drug development.

INTRODUCTION

Niemann-Pick disease type A (NPA) is a rare autoso-
mal recessive disorder with an incidence of 0.5 to 1

per 100,000 births [1]. NPA is caused by mutations

in the SMPD1 gene encoding for acid sphingomyeli-

nase (ASM) [2], resulting in accumulation of sphingo-

myelin (SM) in lysosomes of patient cells [3]. The

carrier frequency of NPA disease in the Ashkenazi

Jewishpopulation is approximately1 in90,with com-

monmutations of fsP330, L302P, and R496L that ac-

count for approximately 97% of the mutations [4].

The clinical presentations ofNPA includehepatosple-

nomegaly, psychomotor regression and neurologic

deterioration, widespread lung damage, and an eye
abnormality called a cherry-red spot [5, 6]. The af-
fected children have a poor prognosis and usually
die before age 3 years [7, 8].

Currently, there is no treatment for NPA. En-
zyme replacement therapy (ERT) is available to
treat several lysosomal storage diseases, includ-
ing Gaucher disease; Fabry disease; Pompe dis-
ease; and mucopolysaccharidosis (MPS) types I,
II, and VI [9, 10]. Intravenous infusion of the hu-
man recombinant enzyme to ASM knockout mice
significantly reduced lipid storage only in the re-
ticuloendothelial system [11]. It had no effect
on the progression of neurological disease and
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did not extend the survival time. ERT is not obviously suitable in
NPA because the enzymes do not efficiently cross the blood-brain
barrier [12]. Gene replacement by intracranial injection of viral
vectors expressinghumanASMwas tested inASMknockoutmice;
this approach alleviated storage abnormality in the brain andmo-
tor deficits [13]. However, application of gene therapy in human
has still a longway to gobecauseof the challengeof pre-existing im-
munity to the viral capsid proteins and safety concerns [14]. Delivery
carriers to improve brain accumulation of recombinant enzymes
haveemerged [15], but these strategies are still under early develop-
ment. Other therapeutic approaches are ineffective or unavailable,
including hematopoietic stem cell transplantation [16], substrate re-
duction therapy [17], and pharmaceutical chaperone therapy [18].

It has been reported thatd-tocopherol reduced the lysosomal
cholesterol accumulation in Niemann-Pick disease type C (NPC)
patient cells through a mechanism of increased lysosomal exocy-
tosis [19]. It also reduced the enlarged lysosome size in NPA pa-
tient fibroblasts [19]. Cyclodextrin had also been reported to
reduce lysosomal cholesterol accumulation with more potent ef-
fect in patient neural stem cells differentiated from induced plu-
ripotent stem cells (iPSCs) than that in patient fibroblasts [20]. A
recent study has also showed that cyclodextrin reduced lipid stor-
age in NPA fibroblasts [21]. The effects of tocopherols and cyclo-
dextrinhavenotbeenevaluatedonNPAneuronal cells.Wereport
here the generation of four iPSC lines from twoNPApatient fibro-
blasts withmutations of fsP330 and L302P. These NPA iPSCswere
differentiated into neural stemcells that exhibited sphingomyelin
accumulation. Using this NPA cell-basedmodel, we evaluated the
pharmacological effects ofa-tocopherol, d-tocopherol, cyclodex-
trin, and acid sphingomyelinase on reduction of lysosomal sphin-
gomyelin accumulation. Our results demonstrate that the neural
stem cells differentiated fromNPA iPSCs is a useful diseasemodel
for further study of disease pathophysiology and for drug screen-
ing to identify new lead compounds for drug development.

MATERIALS AND METHODS

Materials

BODIPY-FL C122sphingomyelin (catalog no.D7711), Hoechst 33342
(H3570), CELLstart substrate (A1014201), and LysoTracker red
(L7528) were obtained from Thermo Fisher Scientific Life Sciences
(Waltham, MA, http://www.thermofisher.com). a-Tocopherol and
d-tocopherol were purchased from Sigma-Aldrich (St. Louis, MO,
http://www.sigmaaldrich.com) and purified by high-performance
liquid chromatography to a purity greater than 99%.We purchased
96-well plates from Greiner Bio-One (Monroe, NC, http://www.
greinerbioone.com). Matrigel (354277) was obtained from Corning
(San Jose, CA, https://www.corning.com), and Rock inhibitor
Y-27632 was purchased from Tocris Bioscience (Ellisville, MO,
https://www.tocris.com/). ASM was obtained from Sigma-
Aldrich (S-5383). A human neural stem cell line (N7800100, H9-
derived)was obtained fromThermoFisher. Human skin fibroblast
cell lineswerepurchasedfromtheCoriellCellRepository (Camden,NJ,
https://catalog.coriell.org/), including wide-type cell line (GM05659)
and lines from one female NPA patient (GM13205) and one male
NPA patient (GM16195).

Generation of iPSCs

Primary skin fibroblasts from unaffected individuals (GM05659)
and NPA patients carrying mutations in the SMPD1 gene
(GM13205 with deletion of a cytosine in codon 330 and

GM16195 with T-C transition in the nucleotide 905) were cultured
inDulbecco’smodified Eagle’smedium (DMEM)with 10% fetal bo-
vine serum/nonessential amino acids/GlutaMAX (Thermo Fisher)
(supplemental onlineTable1). The cellswere reprogrammedbyus-
ing the nonintegrating CytoTune-Sendai viral vector kit (Thermo
Fisher) by following the method described previously [22]. Briefly,
fibroblasts were plated at a high density in a 48-well plate, and the
CytoTune-iPS2.0 Sendai reprogrammingkitwasused to infect cells
according to instructions. At day 4, cells were replated onto a
Matrigel-coated dish in E8 media-based reprogramming media 2
andwere fedeveryother day until day 20,when individual colonies
were passaged by the EDTA dissociation method into separate
wells in E8 medium. The selected iPSC colonies (2 for each patient
sample) were further cultured beyond 15 passages.

Fluorescence-Activated Cell Sorting Analysis and
Karyotyping of iPSCs

The iPSCs were harvested from 6-well plates using TrypLE Express en-
zyme (12605010, ThermoFisher). Cellswere fixedwith4%paraformal-
dehyde for 10 minutes at room temperature and then washed with
PBS. Before fluorescence-activated cell sorting analysis, cells were per-
meabilizedwith 0.2%Tween-20 in phosphate-buffered saline (PBS) for
10 minutes at room temperature and stained with anti-Tra-1-60-
fluorescein isothiocyanate(FITC)(FCMAB115F,EMDMillipore,Billerica,
MA, http://www.emdmillipore.com/) and anti-Nanog-Alexa Fluor 488
(FCABS352A4,EMDMillipore)withtheconcentrationrecommendedin
the instruction.Nonimmune controlswere used at 0.5ml per 50-ml re-
action,mouse-IgG2b-FITC (MABC006F, EMDMillipore), and rabbit IgG
isotype-AlexaFluor 488 conjugate (4340S, Cell Signaling Technologies,
Danvers, MA, https://www.cellsignal.com/). Cells were then analyzed
onaBDAccuriC6FlowCytometrysystem(BDBiosciences,SanJose,CA,
http://www.bdbiosciences.com).

The iPSCs were seeded in a T-25 flask, and the G-banding
karyotype analysis was conducted at WiCell Research Institute
(Madison, WI, https://www.wicell.org/). Cell harvest, slide prep-
aration, and G-banded karyotyping were performed by using
standard cytogenetic protocols. Cells were incubated with ethi-
dium bromide and colcemid and then placed in hypotonic solu-
tion followed by fixation. Metaphase cell preparations were
stained with Leishman stain. Twenty randomly selected meta-
phases were analyzed by G-banding for each cell line.

Induction of Neural Stem Cells From Human iPSCs and
Immunofluorescence Staining of Neural Stem Cell
Protein Markers

NPA iPSCs were differentiated to neural stem cells (NSCs) using
the PSC Neural Induction Medium (A1647801, Life Technologies)
following the protocol from the manufacture. Briefly, the iPSCs
were cultured in feeder-free condition in Essential 8 Medium
(A1517001, Thermo Fisher) on Matrigel human embryonic stem
cell-qualified matrix (354277, Corning). When the iPSCs reach
70%–80% confluence, pluripotent stem cells are dislodged
(PSC) with 0.5 mM EDTA buffer and then reseeded onto
Matrigel-precoated 6-well plate at 33 105 cells/well in the E8
medium in the presence of 10 mM Rock inhibitor Y-27632
(1254, Tocris Bioscience). After cell attachment, cell cultureme-
dium was changed with the complete PSC neural induction me-
dium containing neurobasal medium and 13 neural induction
supplement (Thermo Fisher). The cells were cultured for an-
other 7 days, and the cell culture medium was changed every
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other day. At day 7 of neural induction, the initial NSCs were dis-
sociated with the StemPro cell dissociation reagent (A11105,
Thermo Fisher) and plated in the Matrigel-precoated T75 flasks
for further expansion in the neural expansion medium containing
neurobasal medium and Advanced DMEM/F12 (A12634, Thermo
Fisher) at a 1:1 ratio, and 13 neural induction supplement.

NSCs were fixed in 4% paraformaldehyde for 15 minutes,
rinsed with PBS, and permeabilized with 0.3% Triton X-100 for
15minutes, followed by incubation with four primary antibodies:
Oct4 (1:100 dilution, A13998, Thermo Fisher), Sox1 (1:100,
AF3369, R&D Systems, Minneapolis, MN, https://www.
rndsystems.com/), Sox2 (1:100, MAB2018, R&D Systems),
and Nestin (1:1,000 dilution, 611658, BD Bioscience) over-
night at 4°C. After washing with PBS, a corresponding secondary
antibody conjugatedwithAlexa Fluor 647 (1:250dilution, Thermo
Fisher) was added. Cells were then stained with Hoechst 33342
for 20 minutes after a wash and were imaged using an IN Cell
2000 imaging system (GE Healthcare, Port Washington, NY,
http://www.gehealthcare.com) with a 320 objective lens and
Cy5 and 49,6-diamidino-2-phenylindole (DAPI) filter sets.

BODIPY-FL C12-Sphingomyelin Staining and
LysoTracker Red Dye Staining

Cells were seeded into 96-well plates precoated with CELLstart
(1:100 dilution in PBS). After 4-hour incubation at 37°C with 5% CO2,
0.2 mg/ml BODIPY-FL C122sphingomyelin (D7711) was added to
cells and incubated for 24 hours [23]. The cells were then fixed in
100 ml/well 3.2% paraformaldehyde solution containing 1 mg/ml
Hoechst 33342 (H3570) for 30 minute at room temperature in
the dark, followed by three washes at room temperature with
PBS. The fluorescence images were taken with the IN Cell 2000 im-
aging system using DAPI and FITC filter sets.

LysoTracker dye stains cellular acidic compartments that can
be used to visualize enlarged lysosomes in patient cells at the
proper dye concentration [19]. Briefly, 1,500 cells/well were
seeded in black, clear-bottom, 96-well plates and treated with
compounds for 4 days. The cells were washed with PBS and incu-
bated with 50 nM LysoTracker red dye at 100 ml/well (L-7528) at
37°C for 1 hour. Next, the cells were fixed in 3.2% paraformalde-
hyde solution (100 ml/well) containing 1 mg/ml Hoechst 33342
(H3570) in PBS with an incubation at room temperature for 30
minutes. After cell washing, the cells were imaged in the INCell
2000 imaging system using DAPI and DsRed filter sets.

Imageswere analyzedwith themultitarget analysis protocol (IN
Cell imaging analysis software, GE Healthcare). Nuclei were seg-
mentedbyusing the top-hat segmentationmethodwithaminimum
area set at 75mmanda sensitivity set at 50. Stained lysosomeswere
identified as “organelles” and were segmented by using the multi-
scale top-hat algorithm. Settings for lysosome detection included
identificationofgranules ranging in size from0.5 to45mm(3–13pix-
els) and a sensitivity setting of 60. Total organelle intensity was cal-
culated by a user-defined threshold for organelle intensity.

Electron Microscopy

Cells were fixed in 2% glutaraldehyde, 0.1 M sodium cacodylate,
for 1 hour at room temperature (RT) and transferred to 4°C. All
wells were washed three times with 0.1 M sodium cacodylate
buffer, postfixed with 1% osmium tetroxide at RT for 1 hour,
washed three times with 0.1 M sodium cacodylate buffer and
once with 0.1M sodium acetate buffer, stained with 0.5% uranyl

acetate (UA) for 1 hour, andwashed twice again with 0.1M sodium
acetatebuffer.Thewellsweredehydratedthroughaseriesofgraded
ethanol twice each (35%, 50%, 70%, and 95%) and three times with
100%.Allwellswere infiltratedwith100%epoxy resin overnight and
then washed with 100% resin for 10 minutes each time. Resin was
polymerized for 72 hours at 55°C. The cells of interest were cut,
trimmed with razor blade, and thin sectioned (70–90 nm) with a
diamond knife using a Leica EM UC6 ultramicrotome (Leica Micro-
systems, Buffalo Grove, IL, http://www.leica-microsystems.com). Sec-
tionswerestained (1:10.25%UAand35%ethylalcohol for2minutes
and 1:1 5% lead citrate andH2O for 2minutes), thinly carbon-coated
in an Edwards carbon evaporator, and imaged using a Hitachi 7600
transmission electron microscope. Images were taken with an ad-
vanced microscopy techniques charge-coupled device camera.

Statistical Analysis

Concentration-response curves were analyzed and half maximal
inhibitory concentration values were calculated by using Prism
software (GraphPad, La Jolla, CA, http://www.graphpad.com/).
The bottom value in the four-parameter fit was fixed at the min-
imal number because the concentration-response curves of com-
pounds showed an incomplete inhibition at the bottom plateau
due to the highest concentration used. Results in the figures
are expressed as mean of triplicates 6 SEM. Unless otherwise
stated, unpaired t tests were used to test for significance; in
the figures, p indicates p, .05 and pp indicates p , .01.

RESULTS

Generation of iPSC Lines From NPA Patient Fibroblasts
and NSC Differentiation

TwoNPApatient fibroblast lineswere reprogrammed to iPSCs, and
two iPSC colonieswereestablished for eachpatient line asHT138C,
HT138F from GM13205, and HT139B and HT139E from GM16195
(Fig. 1A; supplemental online Table 1). Cytometric analysis showed
that 99%of these iPSCs expressed the pluripotencymarkersNanog
and the stemcell-specific surfacemarker Tra-1-60 (Fig. 1C). Further
characterization of the patient iPSCs showed a normal karyotype
(Fig. 1B). The NPA iPSCs were then differentiated into NSCs with
the neural induction medium. The immunofluorescence staining
showed that four neural stem cell lines expressed NSCmarkers, in-
cludingNestin, Sox1, and Sox2, and did not display anymorpholog-
ical differences compared with a control line (Fig. 1D). The results
demonstrate that fourNPA iPSC lines from2NPApatients and their
differentiated NSCs were successfully established.

NPA Neural Stem Cells Exhibited Sphingomyelin
Accumulation and Enlarged Lysosomes

The hallmark of NPA disease is accumulation of SM in lysosomes
of patient cells [1, 2]. We used BODIPY-SM to visualize the accu-
mulated sphingomyelin in NPA cells. We found that BODIY-SM
was accumulated in lysosomes of NPA NSCs, similar what was ob-
served in the paired NPA fibroblasts (Fig. 2A, 2B). NPA fibroblasts
(GM13205 and GM16195) exhibited 2.3- to 2.5-fold increases in
lysosomal accumulation of BODIPY-SM compared with that in
wild-type (WT) fibroblasts. In NSCs, the BODIY-SM staining in-
creased 2.7-fold in the NPA NSC HT138C line and 1.9- to 2.0-fold
in the other three NPA NSC lines compared with that inWTNSCs.

We also examined the enlarged lysosomes in NPA cells due
to the accumulation of sphingomyelin by using LysoTracker dye
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staining, which stains cellular acidic compartments.We found ele-
vatedLysoTracker staining inbothpairedNPA fibroblasts andNSCs.
LysoTracker dye staining increased 2.7- to 2.9-fold in the NPA
GM13205 and GM16195 fibroblast lines compared with that in
the WT fibroblasts. In addition, LysoTracker staining increased
1.8- to 2.4-fold in four NPANSC lines comparedwith that in control
NSCs (Fig. 2C, 2D).

Together, the results revealed significant increase of lysosomal
sphingomyelin accumulation and enlargement of lysosomes in all
four NPA NSCs differentiated from related iPSCs, similar to those
in paired fibroblast lines. The NPANSCs have the NPA disease phe-
notype and should serve as a cell-baseddiseasemodel to studydis-
ease pathogenesis and to evaluate drug efficacy.

d-Tocopherol and a-Tocopherol Reduced
Sphingomyelin Accumulation and Enlarged Lysosomal
Size in NPA Neural Stem Cells

d-Tocopherol and a-tocopherol significantly reduced the lysosomal
cholesterol accumulation in NPC cells, as well as reduction of en-
larged lysosomes in NPA fibroblasts [20]. We examined their effect
on reduction of sphingomyelin accumulation and enlarged

lysosomes in NPA NSCs. We found that d-tocopherol concentration
dependently reduced sphingomyelin accumulation in theNPANSCs,
similar to those in the paired fibroblasts (Fig. 3A–3C; supplemental
online Fig. 1). The halfmaximal effective concentration (EC50) values
were 15.5mM in the NPANSC HT138C line and 16.3mM in the NPA
NSCHT138F line, comparedwith 19.7mM in the parental GM16195
NPA fibroblast line. Similarly, EC50 values were 13.0 mM in the NPA
NSCHT139B line and6.8mMin theNPANSCHT139E line, compared
with 9.0mMin theparental GM13205 fibroblast line. Themaximum
clearance of sphingomyelin accumulation ranged from 33% in the
NPANSCHT138F line to 46% in theNPANSCHT139E line after treat-
mentwith 40mM d-tocopherol. In addition,weexamined the effect
of d-tocopherol on reduction of LysoTracker red dye staining in NPA
NSCs (Fig. 3D–3F). Treatmentwith 40mMd-tocopherol dramatically
reducedLysoTrackerdyestaining inNPANSCsaswell as in thepaired
fibroblasts (Fig. 3G). Together, the results indicated thatd-tocopherol
significantly reduced sphingomyelin accumulation and enlarged
lysosomes in theNPANSCsaswell as in thepairedNPA fibroblasts.

We also examined the effect of a-tocopherol on reduction of
sphingomyelin accumulation and enlarged lysosomes in NPA
NSCs. We found that a-tocopherol reduced the sphingomyelin

Figure 1. Generation of Niemann-Pick disease type A (NPA)-induced pluripotent stem cells (iPSCs) and neural stem cells (NSCs). (A): Images of
NPA iPSC colonies from four iPSC lines. (B): iPSCs (four lines) derived from twoNPApatient fibroblasts displayed normal 46XXor 46XY karyotype.
(C): Stem cell markers analyzed by flow cytometry. Ninety-nine percent of cells expressed the pluripotency marker Nanog and the stem cell-
specific surfacemarker Tra-1-60. (D): Immunofluorescence staining of neural stem cell markers. The four lines of NSCs differentiated fromNPA
iPSCs exhibited a typical profile of neural stemcellmarkers. TheseNSCs showednomorphological differences comparedwith a control NSC line.
The images were taken with a 320 objective lens. Abbreviations: FITC, fluorescein isothiocyanate; WT, wild type.
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accumulation in a concentration-dependentmanner in bothNSCs
and paired fibroblasts (Fig. 4A–4C; supplemental online Fig. 2).
The EC50 values were 19.7 mM in the NPA NSC HT138F line and
32.2 mM in the NPA NSC HT138C line, compared with
40.9 mM in the parental GM16195 fibroblast line. Similarly, the
EC50 values were 28.3 mM in the NPA NSC HT139E line and
36.7 mM in the NPA NSC HT139B line, compared with 27.2 mM
intheparentalGM13205fibroblast line (Fig.4A–4C). Themaximum
inhibition of sphingomyelin accumulation by 80 mM a-tocopherol
was 38%–55% in the NPA NSC lines, comparedwith approximately
17% in both NPA fibroblast lines. A parallel decrease of enlarged
lysosomes was also observed as the LysoTracker staining was sig-
nificantly reduced in NPA NSC lines (Fig. 4D–4F), ranging from

27% to 41% reduction. In contrast to the reduction of LysoTracker
staining in NPA NSCs, 20 mM a-tocopherol increased LysoTracker
stainingby39%–43%intheNPAGM16195andGM13205fibroblast
lines compared with the untreated cells (Fig. 4G). Together, the re-
sults indicated that a-tocopherol showed a more significant effect
on reduction of sphingomyelin accumulation inNPANSCs, although
a higher concentration was needed than with d-tocopherol.

Hydroxypropyl-b-Cyclodextrin Ameliorated
Sphingomyelin Accumulation in NPA Neural Stem Cells

Hydroxypropyl-b-cyclodextrin (HPBCD)was reported to decrease
cholesterol accumulation in Niemann Pick disease type C1 (NPC1)

Figure 2. Sphingomyelin accumulation and enlarged lysosomes in Niemann-Pick disease type A (NPA) fibroblasts and NSCs. Sphingomyelin
accumulation and enlarged lysosomes are hallmarks of NPA disease. Strong BODIPY-FL C12-sphingomyelin (BODIPY-SM) staining indicates
sphingomyelin accumulation (A), and increased LysoTracker dye staining (C) indicates an enlarged lysosome. Sphingomyelin accumulation
and enlarged lysosomes were observed in both parental NPA patient fibroblasts (GM13205 and GM16195) and resulting four NSC lines
(HT138C, HT138F, HT139B, and HT139E) compared with the WT fibroblasts (GM5659) andWT NSCs. Quantification of the amount of sphingo-
myelin (B) and acidic compartment (D) in fibroblasts and NSCs revealed significantly elevated sphingomyelin levels and enlarged lysosomes in
NPAcell lines. The imageswere takenwith a320objective lens.Data are themean6 SEM.pp,p, .01byunpaired Student’s t test in comparison
with WT control cells; #, p , .05 in comparison with TH139E NSCs; ##, p , .01 in comparison with TH138C NSCs by one-way analysis of
variance(Dunnett test). Abbreviations: NSC, neural stem cell; WT, wild type.
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fibroblasts and NSCs [20]. It has also been used as an experi-
mental drug to treat NPC patients [24].We examined the effect

of HPBCD on reduction of sphingomyelin accumulation in NPA

NSCs. We found that HPBCD concentration dependently de-

creased sphingomyelin accumulation in NPA NSCs with EC50
values of 1.9, 0.3, 1.6, and 1.0 mM in the NPA NSC HT139B,

HT139E, HT138C, and HT138F lines, respectively. The maxi-

mum inhibition ranged from30% to 54% in theseNPANSC lines

(Fig. 5A–5C; supplemental online Fig. 3). HPBCD also reduced

LysoTracker dye staining in NPA NSCs, with a maximum effect

ranging from 25% to 52% in the NPA NSC lines (Fig. 5E, 5F).

However, we found that HPBCD increased BODIPY-SM accu-

mulation in NPA fibroblast cell lines by 47%–124% compared

with the untreated NPA fibroblasts (Fig. 5G). The results

indicated that HPBCD reduced sphingomyelin accumulation
and enlarged lysosomes in the NPA NSCs but that its effect
in the NPA fibroblasts was different.

We also tried to determine the synergistic effect of HPBCD
with d-tocopherol on reduction of sphingomyelin accumulation
in NPA NSCs. The treatment of NPA NSCs with a combination of
HPBCD and d-tocopherol did not further improve the effect of
d-tocopherol on sphingomyelin accumulation in these cells
(supplemental online Figs. 4, 5; Table 1).

ASM Treatment Reduced Sphingomyelin
Accumulation in NPA NSCs

We also evaluated the effect of exogenous ASM in the NPA NSCs as
the ERT. The exogenous ASMwas incubated with the NPA NSCs for

Figure 3. Effect of DT on reducing SM accumulation and enlarged lysosomes in NPA NSCs and fibroblasts. DT concentration depen-
dently reduced the BODIPY-SM staining (A) and LysoTracker staining (D) in both NPA NSCs and fibroblasts. The half maximal effective
concentration (EC50) values of DT on reduction SM accumulation were 15.5mM in HT138C NSCs, 16.3mM in HT138F NSCs, and 19.7mM
in the parental NPA GM16195 fibroblasts, respectively (B). The EC50 values of DT were 13.0 mM in HT139B NSCs, 6.8 mM in HT139E
NSCs, and 9.0 mM in the parental NPA GM13205 fibroblasts, respectively (C). The quantitative analysis of LysoTrackerfluorescence
revealed thatmaximum clearance of enlarged lysosomes ranged from 21% in NSC HT139E (E, F) to 43% in NPA GM13205 fibroblasts (G)
after 40 mM DT treatment. The images were taken with a 320 objective lens. Data are the mean 6 SEM. p, p , .05 and pp, p , .01
compared with untreated NPA cells analyzed by the unpaired Student’s t test. Abbreviations: CTR, control; DT, d-tocopherol; IC50, half
maximal inhibitory concentration; M, molar; NPA, Niemann-Pick disease type A; NSC, neural stem cell; SM, sphingomyelin; WT, wild
type.
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4 hours before BODIPY-SM was loaded to these cells, followed by
24-hour incubation. The treatment of NPA NSCs with 187.5
nM ASM reduced sphingomyelin accumulation in the NPA
HT138C and HT139B NSC lines (Fig. 6A, 6B). The results indi-
cated that the sphingomyelin in lysosomes could be hydro-
lyzed by the exogenous acid sphingomyelinase, which
entered cells through the endocytic pathway.

Correction of Ultrastructural Pathology by
a-Tocopherol, d-Tocopherol, and HPBCD in NPA NSCs

To examine whether a-tocopherol, d-tocopherol, and HPBCD
improve ultrastructural features in the NPA NSCs, we carried
out electron microscopy analysis in the NPA HT138C NSCs

(Fig. 6C–6H). The abundant lysosomal multilamellar andmulti-
vesicular bodies near the nucleus were observed in NPA
HT138C NSCs (Fig. 6D) that were not present in WT cells
(Fig. 6C). These lamellar bodies were compact and were fre-
quently found within the boundaries of a vacuole (Fig. 6D). Af-
ter treatmentwith 30md-tocopherol, 30mM d-tocopherol plus
30 mHPBCD, 60 mM a-tocopherol, or 3 mM HPBCD for 3 days,
the lysosomal multilamellar and multivesicular bodies were
dramatically reduced (Fig. 6E–6H). In addition, the lamellar
bodies were much less compact and less frequent in number.
These lysosomal multilamellar bodies were often found near
the plasma membrane, and in a few examples there were rup-
tures at the site of plasma membrane where there was lyso-
somal content (multilamellar multivesicular bodies), suggesting

Figure 4. AT decreased SM accumulation and enlarged lysosomes in NPA NSCs and fibroblasts. (A): BODIPY-SM staining. Fluorescent micro-
scopic images of NPA NSCs and fibroblasts treated with 80mMAT for 3 days. (B, C): Concentration responses of AT on reduction of BODIPY-SM
staining in NPA cells. The half maximal effective concentration (EC50) values of AT were 19.7mM in HT138F NSCs, 32.2mM in HT138C NSCs, and
40.9mM in the parental GM16195 fibroblasts, respectively. The EC50 values of AT were 28.3mM in HT139E NSCs, 36.7mM in HT139B NSCs, and
27.2 mM in the parental GM13205 fibroblasts, respectively. (D): Images of LysoTracker staining in NPA cells after the treatment with AT for 4
days. (E, F): Themaximum reduction of enlarged lysosomes ranged from 27% in HT138F NSCs to 41% in NSC HT139B after 80mMAT treatment.
(G): In contrast, 20mMAT caused 39% and 43% increases in LysoTracker staining in theNPAGM16195 andGM13205 fibroblasts comparedwith
untreated cells. The imageswere takenwith a320objective lens. Data are themean6 SEM.p,p, .05 andpp,p, .01 comparedwithuntreated
NPAcells analyzedby theunpaired Student’s t test. Abbreviations: AT,a-tocopherol; IC50, halfmaximal inhibitory concentration;NPA,Niemann-
Pick disease type A; NSC, neural stem cell; SM, sphingomyelin; WT, wild type.
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that they would be released to the extracellular space. Among the
treatments described here, 60 mM a-tocopherol (Fig. 6H) and 30
mM d-tocopherol plus 30mMHPBCD (Fig. 6F) produced themost sig-
nificant effect. The ultrastructural morphology of the NPA NSCs after
treatments with a-tocopherol and 30 mM d-tocopherol plus 30 mM
HPBCD appeared almost like normal cells. The number of small vacu-
oleswas dramatically decreased, with almost clean or less cellular de-
bris. The multilamellar bodies were drastically reduced in size,
intensity, and number.

In summary, we generated four NPA iPSC lines from two
NPA patient fibroblast lines. Four NPA NSC lines were also dif-
ferentiated from these iPSC lines. These NPA NSCs exhibited
the characteristic NPA phenotype of sphingomyelin accumula-
tion and enlarged lysosomes that can serve as a cell-based dis-
ease model for study of disease pathophysiology and for
evaluation of compound therapeutic efficacy. We also found

that d-tocopherol exhibited similar activities on reduction of
sphingomyelin accumulation and enlarged lysosomes in both
NPA NSCs and their parental fibroblasts, whereas a-tocoph-
erol and HPBCD showed their activity only in the NPA NSCs.
In addition,a-tocopherol and the combination of d-tocopherol
plus HPBCD almost completely ameliorated sphingomyelin ac-
cumulation in NPA NSCs at higher concentrations, specially
evidenced by the electron microscopic analysis. HPBCD’s effect
on reduction of lysosomal sphingomyelin accumulation was weaker
than the effect of tocopherols in human NPA NSCs. ERT with purified
acid sphingomyelinase also reduced thedisease phenotype in theNPA
NSCs.Theresultsalsorevealedasignificantdifferenceindrugresponses
to a-tocopherol and HPBCD between NPA neuronal cells and fibro-
blasts, although they were derived from the same NPA patients,
whereas d-tocopherol exhibited similar effects in both NPA NSCs
and parental fibroblasts.

Figure 5. HPBCD ameliorated the SM accumulation and enlarged lysosomes in NPA NSCs. (A–C): Fluorescent images and quantitative anal-
ysis of HPBCD’s effect on reduction of BODIPY-SM staining in NPA NSCs and fibroblasts. The half maximal effective concentration values of
HPBCDwere 1.9mM in HT139B NSCs, 0.3mM in HT139E NSCs, 1.6mM in HT138C NSCs, and 1.0mM in HT138F NSCs, respectively. However,
1.5 mMHPBCD increased the BODIPY-SM staining by 25% in the NPA GM16195 fibroblasts. (D–G): Images and quantitative analysis of Lyso-
Tracker staining in NPA NSCs and fibroblasts. The maximum reduction of enlarged lysosomes ranged from 25% in HT139B NSCs to 52% in
HT138C NSCs after 6 mMHPBCD treatment (E, F). In contrast, 1.5 mMHPBCD caused 47% and 124% increases of LysoTracker staining in the
NPA GM16195 and GM13205 fibroblast lines compared with the untreated NPA cells (G). The images were taken with a320 objective lens.
Data are the mean 6 SEM. p, p , .05 and pp, p , .01 compared with the untreated NPA cells analyzed by the unpaired Student’s t test.
Abbreviations: HPBCD, hydroxypropyl-b-cyclodextrin; NPA, Niemann-Pick disease type A; NSC, neural stem cell; SM, sphingomyelin; WT,
wild type.
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DISCUSSION

NPA causes neuronal degeneration and exhibits major clinical
presentations in the central nervous system. Therefore,

patient-derived neuronal cells are a proper model system for

study of disease pathogenesis and evaluation of compound effi-

cacy for drug development. We have successfully generated four

iPSC lines from two NPA patient dermal fibroblast cell lines using

the nonintegrating CytoTune-Sendai virus reprogramming

method. These iPSCs have also been differentiated into NSCs,

which exhibited the characteristic NPA disease phenotype of

sphingomyelin accumulation and enlarged lysosomes. This cell-

based NPA model was used to evaluate the effects of a-tocoph-

erol, d-tocopherol, and HPBCD on amelioration of NPA disease

phenotype. These three compounds showed positive effects on

the NPA NSCs, although HPBCD showed an opposite effect on

the paired NPA fibroblasts. Our results demonstrate that the

NPA NSCs are a better diseasemodel than NPA fibroblasts. These

patient-derived NSCs can be used as a cell-based NPA disease

model for further study of disease pathophysiology and screening

of compound libraries for drug development.
Application of patient iPSCs for modeling disease phenotype

has emerged as a new approach for drug discovery and develop-
ment [25, 26]. Many neurological diseases do not have disease-
relevant animal models, which has greatly limited the ability
for evaluation of drug efficacy for drug development. The recent
available methods of differentiation of patient iPSCs to nature
cells, such as neuronal cells, cardiomyocytes, and hepatocytes,
also provide new cell-based disease models for phenotypic drug
screens [27]. To date, six human iPSC lines have been reported for
50 lysosomal storagediseases, includingGaucher disease [28, 29],
MPS I [30], MPS IIIB [31], Pompe disease [32], Fabry disease [33],
and NPC1 [20]. The generation of NPA iPSCs contributes to the
collections of new cell-based disease models for lysosomal stor-
age diseases. These four NPA iPSC lines represent two different
SMPD1 gene mutations, including a T-C transition in the nucleo-
tide 905 (L302P) andadeletionof a cytosine in codon330 (fsP330)
(supplemental online Table 1) [34]. Both are common mutations
in the Ashkenazi Jewish population, although there are no com-
mon mutations in the SMPD1 gene in the general population
[4]. Both NPA iPSCs and neural stem cells differentiated from
these iPSCs displayed normalmorphologies andmultiplemarkers
(Fig. 1). No obvious abnormality was observed for NPA iPSCs and
differentiated NPA NSCs. These four NPA iPSC lines had been

cultured for 15 passages without significant changes in theirmor-
phology and growth rate.

The differentiated NPA NSCs exhibited characteristic disease
phenotype of lysosomal sphingomyelin accumulation and enlarge-
ment of lysosomal sizes (Fig. 2), similar to the paired NPA patient-
derived fibroblasts.Neural stemcells are self-renewableandcanbe
produced in large quantity for compound screening. Compared
with differentiated neurons, NSCs are more readily adapted into
the high-throughput screening for lead discovery and drug efficacy
evaluation. Several laboratories had reported to use iPSC differen-
tiated neural stem cells and neural progenitor cells for high-
throughput compound screening to identify lead compounds
for drug development [25, 35]. Because the NPA NSCs have
the NPA disease phenotype and can be produced in large quan-
tity, they should serve as a disease-relevant model system for
drug screening.

a-Tocopherol and d-tocopherol belong to the eight compo-
nents of vitamin E that reportedly reduce lysosomal choles-
terol accumulation in patient cells derived from NPC [19,
20]. The mechanism of action of the tocopherols was linked
to an increase in lysosomal exocytosis in the patient cells
[19]. Therefore, we examined the potential therapeutic effect
of these tocopherols in the NPANSCs. Our results showed that both
tocopherols exhibited dose-dependent inhibition of the sphingo-
myelin accumulation in NPA NSCs (Figs. 3, 4; supplemental online
Figs. 1, 2).

HPBCD is a complex cyclic carbohydrate composed of seven
glycosidic residues assembled into a ring structure [36, 37]. It
has been approved for use as an excipient in the drug formulation
for delivery of lipid soluble compounds, inwhich it forms an inclu-
sion complex with a hydrophobic small molecule through its hy-
drophobic cavity formed by the sugar ring [37]. The effect of
HPBCD on reduction of lysosomal cholesterol accumulation was
observed in the NPC patient cells [20] and animal models
[38–40]. Recently, HPBCD has been used in clinical trials to treat
NPC patients [24]. In the present study, the results showed that
HPBCD concentration dependently alleviated the lysosomal
sphingomyelin accumulation and enlarged lysosomes in differen-
tiatedNPAneural stemcells but not in theoriginalNPA fibroblasts
(Fig. 5; supplemental online Fig. 3). The result also suggested dif-
ferent responses of HPBCD in different cell types from the same
NPApatient. Because themain pathological changes ofNPAoccur
in the central nervous system, neuronal cells are obviously more
representative as a disease model system than the patient
fibroblasts.

Table 1. Half maximal effective concentration values of d-tocopherol, a-tocopherol, and hydroxypropyl-b-cyclodextrin on Neumann-Pick
disease type A fibroblasts and neural stem cells

Variable

EC50

DT (mM) AT (mM) HPBCD (mM) DT+30 mM HPBCD (mM) DT+100 mM HPBCD (mM)

BODIPY Lyso BODIPY Lyso BODIPY Lyso BODIPY Lyso BODIPY Lyso

GM 16195 19.7 19.3 40.9 1.7 (+) 0.3 (+) 0.2 (+) 8.4 36.5 18.3 17.1

GM 13205 9.0 12.5 27.2 2.9 (+) 0.2 (+) 0.3 (+) 9.8 26.4 16.7 16.3

NSC HT138C 15.5 17.8 32.2 36.1 1.6 0.2 16.0 10.5 9.4 3.4

NSC HT138F 16.3 16.5 19.7 19.7 1.0 0.4 16.2 21.9 11.6 5.2

NSC HT139B 13.0 27.2 36.7 33.0 1.9 0.2 2.5 42.8 9.5 9.6

NSC HT139E 6.8 34.0 28.3 55.7 0.3 0.3 10.3 39.3 1.9 9.7

Abbreviations: +, increase of staining; AT, a-tocopherol; DT, d-tocopherol; EC50, half maximal effective concentration; HPBCD,
hydroxypropyl-b-cyclodextrin; Lyso, LysoTracker red staining; NSC, neural stem cell.
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Treatment of NPA NSCs with tocopherols and cyclodextrin
also corrected the ultrastructural pathology in NPA neuronal
cells (Fig. 6E–6H). a-Tocopherol showed the most notable
clearance potency of intracellular sphingomyelin accumula-
tion in NPA NSCs with the disappearance of multilamellar or
multivesicular bodies in the lysosomes. The mechanism of to-
copherols on reduction of sphingomyelin accumulation could
be similar to the upregulated lysosomal exocytosis [19]. The
microscopic analysis also showed a synergistic/additive effect
of a combination of tocopherol and cyclodextrin in NPA NSCs,
although the effect was not significant in the fluorescence dye
staining experiments (BODIPY-SM and LysoTracker dye
staining).

In the present study, the results reported were based only
on the iPSC lines generated from twoNPA patient samples. Ad-
ditional research with more NPA patient samples is needed to
determine a correlation of disease phenotype in NSCs with
clinical symptoms, although such an effort requires a huge

amount of resources. In addition, three obstacles hinder the
large scale of drug screening using the NPA NSCs. First, the as-
say plates have to be precoated with extracellular matrix pro-
teins (CELLstart) involving multiple steps of reagent/buffer
addition and plate wash. This process not only reduces screen-
ing throughput but also yields large well-to-well and plate-
to-plate variations. This precoating of plates is bottleneck
for using neuronal cells in high throughput screening [41]. Sec-
ond, frequent medium changes are required for culture neural
stem cells in assay plates because of the extreme vulnerability
of these cells; such medium changes are not practical in 384-
and 1,536-well plates for high-throughput screening. Third,
the reagents for culturing neural stem cells have high cost,
which also limits the use of iPSC differentiated neural stem cells
and neurons for high-throughput screening. New methods and
newapproaches are needed for future application of iPSC differ-
entiated neural stem cells and neurons for high-throughput
screening.

Figure 6. Reduction of sphingomyelin accumulation by ASM and amelioration of ultrastructural pathology by a-tocopherol, d-to-
copherol, and hydroxypropyl-b-cyclodextrin (HPBCD) in NPA neural stem cell (NSCs). (A): Fluorescent images of BODIPY-SM staining
in NPA NSCs after treatmentwithASMinNPA138Cand139BNSC lines incomparisonwithan inducedpluripotent stemcell-derivedWTNSC line.
TheNPANSCswere treatedwith 187.5 nMASM for 4 hours before the 24-hour incubationwithBODIPY-SM. (B):Quantitative analysis of reduction
of sphingomyelin accumulation inNPANSCsbyASMtreatment. Dataare themean6 SEM.p,p, .05 andpp,p, .01 comparedwith theuntreated
NPAcells analyzedbytheunpairedStudent’s t test. The imagesweretakenwitha320objective lens.Electronmicrographsof thinsectionsofNSCof
(C) healthy control, (D) untreated NPA, and NPA cells treated with (E) 30mM d-tocopherol, (F) 30mM d-tocopherol and 30mMHPBCD, (G) 3mM
HPBCD,and (H)60mMa-tocopherol. The inset showshigher-magnificationexamplesof the typicalmultilamellar andmultivesicularbodies in cases
inwhich they are present. In (C), (F), and (H), none of these structures are present. The scale bar represents 5mm in themain panels and 1.5mm in
the insets.Abbreviations:ASM,acidsphingomyelinase;NPA,Niemann-Pickdisease typeA;RFU, relative fluorescenceunit; SM, sphingomyelin;WT,
wild type.
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CONCLUSION

We have generated NPA iPSCs from two patient samples and
established two cell-based assays (BODIPY-SM and LysoTracker
dye staining) using the differentiated neural stem cells to model
NPA disease phenotype.We have used this NPA diseasemodel to
evaluate drug efficacy of three drugs aswell as ERT. The effects of
a-tocopherol, d-tocopherol, HPBCD, and acid sphingomyelinase
on reductionof lysosomal sphingomyelin accumulationwere con-
firmed in this cell-based NPA disease model. Therefore, this
model can be used for further study of disease pathophysiology
and for evaluation of drug efficacy.
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