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Niemann-Pick disease type C is a neurodegenerative and lysosomal lipid storage 

disorder, characterized by abnormal accumulation of unesterified cholesterol and 

glycolipids, which is caused by mutations in NPC1 or NPC2 genes. Here, the generation 

of human induced neural stem cells from NPC patient-derived fibroblasts (NPC-iNSCs) 
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using only two reprogramming factors without going through the pluripotent state were 

reported. NPC-iNSC lines were stably expandable and showed trilineage neural 

differentiation potential. However, NPC-iNSCs displayed cholesterol accumulation, 

defective self-renewal, and neuronal differentiation, suggesting that NPC-iNSC lines 

retain main features of NPC disease. It was found that valproic acid (VPA), a histone 

deacetylase (HDAC) inhibitor, significantly ameliorated the cholesterol accumulation 

and restored cholesterol homeostasis. Furthermore, VPA corrected the impaired self-

renewal and neuronal differentiation of NPC-iNSC lines. Taken together, these findings 

suggest that NPC-iNSCs could provide a powerful platform for pathological study or 

drug screening in a patient specific manner and that this direct conversion technology 

may extend to other human neurodegenerative diseases. 
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INTRODUCTION 

 

Niemann-Pick disease type C (NPC) is an autosomal recessive and neurodegenerative 

disease caused by mutations in either NPC1 (95% of cases) or NPC2 gene (5% of cases) 

[1]. Defects of NPC proteins lead to an impaired intracellular cholesterol trafficking 

followed by accumulation of unesterified cholesterol and sphingolipids in various organs 

[2]. The clinical manifestation of NPC is heterogeneous, such as hepatosplenomegaly, 

cerebellar ataxia, and dementia, with broad ranges of disease onset age [3]. All NPC 

patients ultimately develop neurological symptoms, which result in disability and death, 

so many challenges have been made to reveal the pathogenic mechanisms [4]. 

Due to the inaccessibility of the human brain in vivo, animal models [5] and human 

fibroblasts [6] have been mainly used in NPC studies. Using these models, a therapeutic 

potential of number of reagents has been tested, including cyclic oligosaccharides [7, 8], 

histone deacetylase (HDAC) inhibitors [9-11], p38 MAPK inhibitor [12], NO synthesis 

(NOS) inhibitor [13], statins [14], and rapamycin [15], to reduce the defects in neuronal 

functions and/or lysosomal cholesterol accumulation. However, most of these studies 

have focused on the effects of the reagents on human fibroblasts or mouse models, 

implying that previous findings cannot recapitulate the main pathologic features of 

human neurons. Therefore, studies utilizing disease-specific human neurons are required 

to provide an appropriate human pathologic model of NPC. 

Recently, Trilck et al. reported the generation of human NPC patient-derived 

neurons through the reprogramming of patient-derived fibroblasts [16]. However, 
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transdifferentiated mature neurons have little or no proliferation potential, resulting in 

the limited availability in large quantities for high-throughput screening to evaluate the 

efficacy of a drug. To this end, human pluripotent stem cell (hPSC)-derived neural stem 

cells (NSCs) were used to understand the mechanisms of neuronal dysfunction in NPC 

disease [17]. It has been reported that lysosomal cholesterol accumulation leads to the 

selective neuronal defect in NSC lines generated from NPC1 knockdown human 

embryonic stem cells (hESCs) because of autophagy disruption. More recently, the NPC 

patient-derived induced pluripotent stem cells (iPSCs) were subsequently differentiated 

into NSCs and neurons to establish a human neuronal model of NPC disease [16, 18, 19]. 

However, in the aspect of regenerative medicine, the complicated regulation of 

redifferentiation steps toward the desired cell type is a major issue of iPSCs that need 

yet to be solved. 

To overcome these issues, the strategies using direct lineage conversion have been 

developed that animal and human somatic cells could be converted into other lineage-

specific cells such as, neurons [20, 21], cardiomyocytes [22], hepatic cells [23] and 

hematopoietic cells [24]. Recently, it was reported that induced neural stem cells (iNSCs) 

were successfully generated from human somatic fibroblasts by delivering SOX2 and 

HMGA2 in our lab [25].  

Here, the direct reprogramming of NPC patient-derived fibroblasts into iNSCs with 

defined factors were reported. NPC-iNSCs showed increased cholesterol accumulation 

and neurological dysfunctions, which recapitulating the pathological phenotype of NPC 

disease. Using this cell line, valproic acid (VPA; HDAC inhibitor) was tested and it could 

2 



restore defective neuronal differentiation through regulating cholesterol homeostasis. 

These findings prove that the NPC-iNSCs are a promising model system to identify and 

validate candidate drugs, and to study the precise mechanisms of pathogenesis in disease. 
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MATERIAL AND METHOD 

 

Cell culture 

Human dermal fibroblasts (hDFs; GM5659, GM18453, GM03123) were purchased from 

the Coriell Institute for Medical research. hDFs were cultured in fibroblast growth 

medium-2 (Gibco BRL) containing 10% fetal bovine serum (FBS; Gibco BRL). H9-

derived hNSCs (NA800-100) were purchased from Gibco and maintained in NSC 

maintenance medium (ReNcell NSC maintenance media; Millipore) with bFGF (Sigma) 

and EGF (Sigma). 

 

Generation of iNSCs 

iNSCs were generated from wild type hDFs (GM5659; Coriell Institute for Medical 

research, Camden, NJ) and NPC patient-derived hDFs (GM18453, GM03123; Coriell 

Institute for Medical research, Camden, NJ). Viral production and transduction were 

performed as described previously [25]. Briefly, the retroviral pMX-SOX2 and pMX-

HMGA2 were transfected into 293 FT cells along with VSV-G and gag/pol plasmids 

using Fugene 6 transfection reagent (Roche, Indianapolis, IN, USA). The viral 

supernatants were collected at 48 and 72 hours post-transfection and used to infect hDFs 

with 5μg/ml polybrene (Sigma-Aldrich, Sigma, Ronkonkoma, NY, USA). For neural 

stem cell induction, medium was changed to the NSC maintenance medium (ReNcell 

NSC maintenance media; Millipore) with bFGF (Sigma) and EGF (Sigma) after 
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expansion of the infected cells. NSC-like colonies were picked and cultured in 

neurosphere culture condition. To generate a homogenous population of iNSCs, cells 

were maintained as neurosphere and cultured as attached cells on PLO/FN-coated dishes, 

repeatedly. 

 

In vitro differentiation 

5,000 cells of iNSCs per well of 24-well plate were seeded onto PLO/FN-coated 

coverslips and medium (Gibco BRL) with Gmax (Gibco) for random differentiation. 

After 2days of random differentiation, the medium was changed for the induction of 

three specific lineages (neuron, astrocyte, and oligodendrocyte). Briefly, the induction 

mediums were previously described [25]. Neurons were generated in a neuron 

differentiation medium containing a 1:1 mixture of Neurobasal medium (Gibco) and 

DMEM/F12 medium supplemented with B27 (Gibco), Gmax, retinoic acid (RA) 

(Sigma), ascorbic acid (Sigma), brain-derived neurotrophic factor (Peprotech), glial-

cell-line-derived neurotrophic factor (Peprotech), and forskolin (Sigma). The astrocyte 

induction medium was comprised of DMEM (high glucose) with N2 (Gibco), Gmax, 

and 1% FBS. For the induction of oligodendrocyte, the medium contained DMEM/F12 

with N2, MEM nonessential amino acids solution (MEM NEAA; Gibco), heparin 

(Sigma), RA, sonic hedgehog (Peprotech), and B27. The induction medium was changed 

2 weeks later to DMEM/F12, containing N2, B27, MEM NEAA, T3, cyclic AMP 

(Sigma), platelet-derived growth factor (Peprotech), insulin-like growth factor (R&D 
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Systems), and neurotrophin-3 (Sigma). 

 

Immunocytochemistry 

Cells were washed 3 times with phosphate buffered saline (PBS; Gibco) and fixed with 

4% paraformaldehyde (PFA) in PBS for 10 minutes at room temperature. Fixed cells 

were then permeabilized by exposure to 0.5% Triton X-100 for 15 minutes and were 

incubated with blocking solution containing 5% normal goat serum (NGS; Zymed, San 

Francisco, CA, USA) for 1 hour at room temperature. Primary antibodies were used in 

blocking solution according to the manufacturer’s recommended dilution, and cell 

treated with primary antibody were incubated overnight at 4℃. Secondary Alexa 488- 

or Alexa 594-labeled antibodies (Molecular Probes, OR, USA) incubation was 

performed for 1 hour at room temperature. 4’, 6-diamidino-2-phenylindole (DAPI; 

Sigma) was used for nuclei staining for 10 minutes. Images were captured on a confocal 

microscope (Nikon, Eclipse TE200, Japan). 

 

Neurosphere formation assay 

On non-adherent culture dishes, 2,000 cells were cultured to form primary neurospheres. 

Primary neurospheres were dissociated into single cells with accutase (Gibco), then 

replated at clonal density (2000 cells per well of 24-well plate) on non-adherent dishes. 

Secondary neurospheres were generated in triplicate and were counted 7 days later to 
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quantify the number of secondary neurospheres formed per primary neurospheres. 

Individual neurospheres were transferred to adherent plates to allow the spheres to form 

tri-lineage neural differentiation potentials. 

 

In vitro HDAC inhibitor, NO inhibitor, and p38 MAPK inhibitor administration 

The effect of drugs on the cholesterol accumulation, self-renewal ability, and neuronal 

differentiation was evaluated by treating VPA (Sigma), SB202190 (Millipore), and L-

NAME (Tocris Bioscience) into NPC-iNSCs. Each drugs (1mM of VPA, 1μM of 

SB202190, and 100μM of L-NAME) were treated per day, at least three times. Nothing 

was treated to the control group. 

 

Filipin staining 

Cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature. Fixed cells 

were boiled with antigen retrieval citrate buffer (10mM Sodium citrate, 0.05% tween 20, pH 

6.0) at 85℃ for 10 minutes. Subsequently, cells were incubated with 100μg/ml filipin 

(Cayman) in PBS for 1 hour. The cells were analyzed as described above. 

 

Cholesterol assay 

For sample preparation, 106 cells were extracted by trypsin and treated with 200μl of 
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cholesterol lysis buffer (chloroform : isopropanol : NP-40 (7:11:0.1)). The samples were 

incubated overnight in 50℃ oven to remove chloroform and then dried samples were 

dissolved dried lipids with 200μl of cholesterol lysis buffer by sonicating until 

homogeneous. After sample preparation, the cholesterol standard in cholesterol assay kit 

(Bio Vision, Milpitas, CA) was generated by adding 20μl of the cholesterol standard to 

140μl of cholesterol assay buffer, mixed well, and added 0, 4, 8, 12, 16, 20μl into a series 

of wells. Subsequently, reaction reagents were mixed enough for the number of assays 

(samples and standards) to be performed and incubated the reaction for 1 hour at 37℃, 

protected from light. The absorbance of the assays was measured at 570nm in a 

microplate reader. 

 

Cumulative population doubling level (CPDL) analysis 

CPDL was performed as previously described [25]. Briefly, iNSCs were seeded in 

triplicate onto 6-well plates at a density of 1 x 105 cells and subcultured 4 to 5 passages 

every 4 days. At each subculture, the population doubling level was calculated using the 

formula CPDL = ln (Nf / Ni) ln2, where Ni is the initial number of cells seeded, Nf is the 

final number of harvested cells, and ln is the natural log. CPDL rates were added serially 

to the previous passages. 
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Reverse transcription polymerase chain reaction (RT-PCR) and real-time PCR 

RT-PCR and real-time PCR were performed as previously described [32]. Briefly, total 

cellular RNA was extracted from the cells using TRIzol reagent (Invitrogen, Carlsbad, 

CA) according to the manufacturer’s instructions. Purified RNA was transcribed to 

complementary DNA using Super-script Ⅲ First-Strand Synthesis System (Invitrogen). 

PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Foster 

City, CA) with each primer. To quantify gene expression, ABI 7300 sequence detection 

system with supplied software (Applied Biosystems) was used. Each gene was 

normalized with GAPDH as a housekeeping control, and gene expression levels were 

measured at least three independent analyses. 

 

Statistical analyses 

All experiments were conducted at least three times (n = 3) and the results are expressed 

as the mean ± SD. All of the statistical comparisons were conducted via two-tailed 

Student’s t-test. A value of P < 0.05 was considered significant (*, P < 0.05; **, P < 0.01; 

***, P < 0.005). 
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RESULTS 

 

Generation of NPC-iNSCs 

NPC patient skin-derived fibroblast cell lines (NPC fibroblast; GM18453 and GM03123) 

and normal human skin fibroblasts (GM5659) were purchased from the Coriell institute 

for Medical research (Camden, NJ). iNSCs were generated from both NPC patient skin-

derived fibroblast cell lines and wild-type fibroblasts, using methods described 

previously [25]. Briefly, adult human dermal fibroblasts (hDFs) were transduced with 

retroviral SOX2 and HMGA2 and cultured in NSC medium. After 2 or 3 weeks of 

induction, NSC-like colonies were generated from transduced hDFs (Fig. 1A). These 

colonies were mechanically isolated and transferred to neurosphere condition. To get 

homogeneous iNSC lines, cells were grown as neurospheres and subsequently cultured 

as attached cells on poly-L-ornithine (PLO) and fibronectin (FN)-coated dishes. These 

culture procedures were repeated at least three times. 

 

Characterization of NPC-iNSCs 

NPC-iNSCs showed NSC-like morphology (Fig. 1B-1D) and expressed NSC-specific 

markers, such as NESTIN, SOX2, PAX6, HMGA2, and Ki67 similar to H9-derived 

human NSCs (H9-NSCs) and wild-type iNSCs (WT-iNSCs), derived from normal 

human skin fibroblast (GM5659) (Fig. 1E). Using quantitative real-time RT-PCR (qRT-
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PCR), relative transcriptional expression level of SOX2, PAX6, NESTIN, MUSASHI, 

and GLAST in NPC-iNSCs was analyzed compared to hDFs, H9-NSCs, and WT-iNSCs 

(Fig. 1F).  
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Figure 1. Generation of NPC-iNSCs 

(A) Scheme of direct conversion of fibroblasts into iNSCs. 

(B-D) Phase-contrast images of human dermal fibroblasts (hDFs) derived from NPC 

patient (B), colonies generated from transduced NPC-hDFs (C), and iNSCs derived from 

NPC-hDFs (D), Bar = 100μm. 

(E) Immunocytochemistry analysis of NSC specific marker proteins, NESTIN, SOX2, 

HMGA2, PAX6, and Ki67, Bar = 50μm. 

(F) Expression levels of NSC-specific marker genes relative to WT-hDFs using qRT-

PCR. Experiments were conducted in triplicate as mean ± SD. 
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As shown in Figure 1F, NPC-iNSCs displayed similar transcriptional level to that 

of H9-NSCs. NPC-iNSC line could be maintained for more than 40 passages and the 

proliferation rates of NPC-iNSCs and WT-iNSCs were not significantly different (Fig. 

2A). Moreover, NPC-iNSCs expressed a set of NSC markers regardless of their passage 

number (Fig. 2B). To confirm the multipotency of iNSCs, NPC-iNSCs were 

differentiated into neurons, astrocytes, and oligodendrocyte. Lineage-related markers 

were expressed after 7-10 days of differentiation. Neuronal intermediated filaments 

marker; NF (Neurofilament), astrocyte marker; GFAP (Glial fibrillary acidic protein), 

and oligodendrocyte marker; O4 were detected by immunocytochemistry (Fig. 2C). 

These data indicate that NPC patient-derived NSC lines highly resemble WT-iNSCs in 

morphology, self-renewal ability, NSC-specific gene expression, and neural lineage 

differentiation potential.  
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Figure 2. Proliferation, characterization of NPC-iNSCs compered to WT-iNSCs 

(A) The proliferation rates of NPC-iNSCs, compared to WT-iNSCs, were analyzed using 

a cumulative population doubling level analysis (CPDL). Experiments were conducted 

in triplicate as mean ± SD. 

(B) Immunocytochemistry analysis of NSC-specific marker proteins in WT-iNSCs, 

NPC-iNSCs at early (p8) and late passages (p43) using antibodies against SOX2, PAX6, 

HMGA2, KI67 and NESTIN. The cells were counterstained with DAPI, Bar = 50μm. 

(C) Immunocytochemistry analysis of differentiated H9-NSCs, WT-iNSCs and NPC-

iNSCs into neurons (NF; green), astrocytes (GFAP; green), and oligodendrocyte (O4; 

green). The cells were counterstained with DAPI, Bar = 50μm.  
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NPC-iNSCs retain disease-specific phenotypes of NPC 

The major hallmark of NPC is a disorder in lysosomal lipid. Because of mutations in 

NPC1 genes, unesterified cholesterol is accumulated in lysosome by defective 

transportation of cholesterol from lysosomes to endoplasmic reticulum (ER) [3]. To 

investigate whether the pathogenic phenotypes in NPC can be replicated in NPC-iNSCs, 

cholesterol accumulation level in WT and NPC-iNSCs was analyzed using filipin 

staining, a general tool for the detection of free cholesterol in cells. Before the staining, 

the amphiphilic amino-steroid U18666A, an inhibitor of intracellular cholesterol 

trafficking, was treated [26] to WT-iNSCs for similar condition with NPC-iNSCs. The 

effect of U18666A was investigated by inducing accumulated cholesterol with U18666A 

treatment at various concentrations without cytotoxicity (Fig. 3A, 3B). It was found that 

NPC-iNSCs and U18666A-treated WT-iNSCs showed strong expression of filipin, 

whereas control WT-iNSCs expressed low intensity of filipin (Fig. 3C, 3D). In addition, 

quantification of the accumulated cholesterol in iNSC lines was performed using 

cholesterol assay kit (Bio Vision, Milpitas, CA) (Fig. 3E). NPC-iNSCs showed much 

higher level of cholesterol accumulation as well as NPC-hDFs consistently with filipin 

staining and cholesterol assay (Fig. 3F-3H). These results suggest that NPC-iNSCs retain 

the main features of pathological status in NPC. 

Next, the self-renewal ability of NPC-iNSCs was examined compared with WT-

iNSCs using a neurosphere-forming assay, since self-renewal ability is pivotal for NSCs 

to proceed into multipotent differentiation [10]. Generally, self-renewal capability in 

NSCs is evaluated by analyzing the number and diameter of generated neurospheres on 
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subcloning. Neurospheres were generated by seeding cells as single cells in non-adherent 

plate. After 7 days of culture, the numbers and sizes of neurospheres were measured. 

The number and diameter of neurospheres were significantly decreased in U18666A-

induced WT-iNSCs and NPC-iNSCs compared to non-treated WT-iNSCs (Fig. 3I-3K). 

From these results provided that cholesterol accumulated iNSCs showed defective 

neurosphere formation. Taken together, NPC-iNSCs show cholesterol accumulation, 

main phenotype of NPC, and impaired self-renewal ability is displayed in iNSCs with 

abnormal cholesterol trafficking. 

 

Defective neuronal differentiation in NPC-iNSCs 

NPC disease is widely known as neurologic disorder characterized by the progressive 

loss of cerebellar purkinje neurons in the central nervous systems [5, 27]. Nevertheless, 

NPC-iNSCs could be differentiated into three main (Fig. 2C). However, it was observed 

that NPC-iNSCs showed the lack of immature neuronal markers, NF and alpha-

internexin (α-internexin) expression, compared with WT-iNSCs by 

immunocytochemistry analysis (Fig. 3L). The percentages of NF- and GFAP-positive 

cells were measured (Fig. 3M, 3N). The number of NF-positive cells in NPC-iNSCs was 

significantly lower than that in WT-iNSCs, whereas the proportion of GFAP-positive 

cells was similar. To confirm the impaired neural differentiation does not result from 

culture conditions or protocols, other NPC-iNSC lines were repeatedly differentiated 

into the neuronal lineage using the same protocol. None of WT-iNSC lines displayed the 
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similar neuronal degeneration, suggesting that impairment in neural differentiation is 

confined to NPC-iNSC lines (Not shown). Therefore, these results demonstrate that 

NPC-iNSCs exhibited an obvious phenotype of defective neuronal differentiation, 

suggesting that these cell lines are appropriate for the cellular models of NPC. 
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Figure 3. Retention of disease-specific phenotypes in NPC-iNSCs 

(A-B) U18666A were treated at various concentration to WT-iNSCs (A) and WT-hDF 

(B) to confirm the appropriate efficacy of the reagent. Experiments were conducted in 

triplicate as mean ± SD. *, P < 0.05. 

(C) Unesterified cholesterol was detected by filipin staining. WT-iNSCs, cultured with 

U18666A for 24 hours, were used as positive control, Bar = 50μm. 

(D) The intensity of filipin was analyzed and normalized to WT-iNSCs. Experiments 

were conducted in triplicate as mean ± SD. **, P < 0.01, *, P < 0.05. 

(E) Accumulated cholesterol was quantified using cholesterol assay. Cholesterol level 

was normalized to WT-iNSCs. Experiments were conducted in triplicate as mean ± SD. 

**, P < 0.01. 

(F) Cholesterol accumulation in U18666A-treated WT-hDFs and NPC-hDFs compared 

to control WT-hDFs was detected by filipin staining, Bar = 50μm. 

(G) The relative expression of filipin was calculated and normalized to WT. Experiments 

were conducted in triplicate as mean ± SD. **, P < 0.01, *, P < 0.05. 

(H) Accumulated cholesterol was quantified using cholesterol assay. Cholesterol level 

was normalized to WT. Experiments were conducted in triplicate as mean ± SD. ***, P 

< 0.005, *, P < 0.05. 

(I) U18666A-treated WT-iNSCs and NPC-iNSCs displayed lessened formation of 

neurospheres compared to WT-iNSCs, Bar = 100μm. 
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(J-K) Self-renewal ability is characterized by the number (F) and diameter of 

neurospheres (G). Experiments were conducted in triplicate as mean ± SD. ***, P < 

0.005. 

(L) Immunocytochemistry analysis of differentiated NPC-iNSCs into neurons (α-

internexin; red and NF; green), and astrocytes (GFAP; green). Nuclei were 

counterstained with DAPI. Neurons differentiated form NPC-iNSCs displayed the lack 

of NF expression, Bar = 50μm. 

(M-N) Generation of neuron and astrocyte was quantified according to the NF+ (M), 

GFAP+ (N) cells over the total number of DAPI stained cells. Defective neuronal 

differentiation was observed in NPC-iNSCs. Experiments were conducted in triplicate 

as mean ± SD, Bar = 50μm. ***, P < 0.005. 
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Effects of VPA on cholesterol accumulation and restoration of self-renewal ability 

in NPC-iNSCs 

In our lab, earlier experiments showed several dysfunctions of NPC-iNSCs, such as 

significant cholesterol accumulation and impaired neuronal differentiation. To evaluate 

potential of cell lines for drug screening platform, therapeutic compounds were treated 

to NPC-iNSCs. Our previous studies have proven that reagents, such as a p38 MAPK 

inhibitor, SB202190 and a NO synthesis inhibitor, L-NAME could be effective for the 

restoration of malfunctions in NPC. Previously, it was reported that NSCs from NPC1-/- 

mice showed restored self-renewal by the inhibition of p38 MAPK signaling [12], and 

improved functions through the control of abnormal NO-mediated signaling by L-

NAME [13]. In addition, VPA, a histone deacetylation inhibitor (HDACi), is well known 

as an effective drug to decrease cholesterol accumulation of NPC [9-11, 28]. Based on 

these previous studies, three candidate drugs, such as SB202190, L-NAME, and VPA 

were treated on NPC-iNSCs and confirmed their effects on the regulation of cholesterol 

accumulation (Fig. 4A). Interestingly, the filipin staining revealed that the accumulated 

cholesterol was reduced significantly in VPA-treated cells, thereby we focused on the 

effect of VPA treatment to NPC-iNSCs. Subsequently, for maximum efficacy of VPA in 

reducing cholesterol level, the optimal time was explored by treating VPA at various 

incubation time. It was found that VPA displayed meaningful effects after 72hrs of 

incubation in NPC-iNSCs (Fig. 4B). Additionally, the decline of cholesterol 

accumulation by VPA was confirmed in both U18666A-induced WT-iNSCs and NPC-

iNSCs compared to control WT-iNSCs (Fig. 4C, 4E, 4F). Furthermore, as expected, the 
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parallel aspect of VPA on the cholesterol accumulation in NPC-hDFs was discovered 

(Fig. 4D, 4G, 4H). 

Next, it was investigated whether VPA treatment can improve the impairment of 

self-renewal ability of NPC-iNSCs. Following VPA treatment, U18666A-treated WT-

iNSCs and NPC-iNSCs were significantly improved in the aspects of both number and 

size of neurospheres when compared to non-treated cells (Fig. 4I-4K). Therefore, these 

data suggest that VPA is an effective drug not only to reduce the cholesterol 

accumulation, also to restore the defective self-renewal ability. 
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Figure 4. Effect of VPA on cholesterol accumulation and restoration of self-renewal 

in NPC-iNSCs 

(A) NPC-iNSCs were treated with VPA (1mM), L-NAME (100μM), and SB202190 

(1μM) for 3 days. The intensity of filipin in non-treatment versus drug (VPA, L-NAME, 

SB202190) treatment in NPC-iNSCs relative to WT-iNSCs. VPA significantly reduced 

free cholesterol accumulation in NPC-iNSCs. Experiments were conducted in triplicate 

as mean ± SD. *, P < 0.05. 

(B) VPA (1mM) was treated at various incubation time. Filipin intensity was analyzed 

and normalized to WT. Experiments were conducted in triplicate as mean ± SD. *, P < 

0.05. 

(C-D) Cholesterol level of iNSCs (C) and hDFs (D) was quantified using cholesterol 

assay. Quantification shown is normalized to WT. Experiments were conducted in 

triplicate as mean ± SD. *, P < 0.05. 

(E) Accumulated cholesterol were detected by filipin. U18666A-treated WT-iNSCs and 

NPC-iNSCs were treated with 1mM of VPA for 3days, Bar = 50μm. 

(F) Relative expression of filipin showed considerable reduction of free cholesterol 

accumulation by VPA, especially in NPC-iNSCs. Experiments were conducted in 

triplicate as mean ± SD. *, P < 0.05. 

(G) Effect of VPA on reduction of accumulated cholesterol in NPC-hDFs compared to 

WT-hDFs, Bar = 50μm. 
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(H) The intensity of filipin was calculated relative to WT-hDFs. Experiments were 

conducted in triplicate as mean ± SD. *, P < 0.05. 

(I) Rescue of impaired neurospheres formation in U18666A-treated WT-iNSCs and 

NPC-iNSCs by VPA (1mM) treatment, Bar = 100μm. 

(J-K) The number (J) and size (K) of neurospheres were restored by VPA treatment, 

compared to non-treated NPC-iNSCs. Experiments were conducted in triplicate as mean 

± SD. **, P < 0.01, *, P < 0.05. 
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VPA treatment enhances the neuronal differentiation in NPC-iNSCs via regulation 

of cholesterol metabolism 

As shown in Figure 3H, NPC-iNSCs exhibit defective neuronal differentiation, one of 

the main phenotypes of NPC disease. To confirm the impact of reduced cholesterol level 

by VPA to repair the neurodegeneration in NPC-iNSCs, NPC-iNSCs were differentiated 

into neuron with 1mM of VPA treatment every other day. The restoration of neuronal 

differentiation potential in VPA-treated cells was observed by immunostaining of NF 

and α-internexin (Fig. 5A, 5B). The number of NF-positive cells was significantly 

increased in neurons differentiated from NPC-iNSCs with VPA compared to non-treated 

cells, whereas there was no evident difference in the number of GFAP- positive cells 

(Fig. 5C, 5D). These findings indicate that VPA has a potential to restore the impaired 

neuronal differentiation. 

In several experiments, it was found that VPA induce the considerable reduction of 

cholesterol level and repair the defective neuronal differentiation. Previous study 

reported that dysregulation of cholesterol homeostasis can lead numerous neurological 

dysfunctions [29]. Therefore, we focused on the mechanism for the reduction of 

cholesterol by VPA, and screened several genes related to cholesterol metabolism using 

RT-PCR (Fig. 5E, 5F). First, the mRNA expression level of liver X receptor beta were 

examined (LXR β), which controls wide spectrum of genes related to synthesis, transport, 

and excretion of cholesterol [30]. LXR β was upregulated significantly in VPA-treated 

NPC-iNSCs. To inhibit the excess of cholesterol and stimulation of cholesterol efflux, 

activated LXR β induces the transcription of target genes, then the downstream genes of 
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LXR β were observed, such as sterol regulatory element-binding proteins (SREBPs), and 

ATP-binding cassette transporter (ABC) subsequently. SREBP1, and 2, which enhance 

transcription of various genes required for cholesterol synthesis [31], were 

downregulated after VPA treatment. Especially, SREBP1 showed considerable reduction 

of gene expression. ABC isoforms A1, and G1, known as cholesterol transporter genes 

are induced by LXR activation [30]. These genes were upregulated by VPA, suggesting 

that overload of cholesterol is exported normally. Taken together, our results demonstrate 

that VPA rescues the abnormal neuronal differentiation of NPC-iNSCs via regulation of 

cholesterol homeostasis through activation of LXR β. 
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Figure 5. VPA treatment rescue the impairment of neuronal differentiation in NPC-

iNSCs by regulation of cholesterol homeostasis. 

(A) Immunocytochemistry analysis of differentiated non-treated, and VPA-treated NPC-

iNSCs into neurons (α-internexin; red and NF; green) compared to WT-iNSCs. NPC-

iNSCs were treated 1mM of VPA once every other day during differentiation. VPA 

treatments restored the defective neuronal differentiation in NPC-iNSCs, Bar = 50μm. 

(B) NF-positive cells were quantified as a percentage of the total number of DAPI 

stained cells. Experiments were conducted in triplicate as mean ± SD. The expression 

level of NF was recovered in NPC-iNSCs with VPA treatment. ***, P < 0.005, **, P < 

0.01. 

(C) Immunocytochemistry with antibodies against GFAP (green). There were no 

differences between non-treatment versus VPA (1mM) treatment compared to WT-

iNSCs in GFAP expression, Bar = 50μm. 

(D) GFAP-positive cells were shown as a percentage of the total number of DAPI stained 

cells. Experiments were conducted in triplicate as mean ± SD. ***, P < 0.005, **, P < 

0.01. 

(E) mRNA levels of LXR β, SREBP1 and 2, ABC A1 and G1 were examined using RT-

PCR. As a loading control, GAPDH were used. 

(F) The expression levels of genes related to cholesterol metabolism were quantified 

Experiments were conducted in triplicate as mean ± SD. **, P < 0.01, *, P < 0.05.  
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DISCUSSION 

 

This study show direct reprogramming of NPC patient-derived fibroblasts into iNSCs 

using only two factors, SOX2 and HMGA2. We previously demonstrated that HMGA2 

facilitated the efficient reprogramming of senescent somatic cells or blood CD34+ cells 

toward iNSC through the synergistic interaction with SOX2 [27]. iNSC lines from NPC 

patient fibroblast were successfully established using our optimized reprogramming 

factors and protocols. 

Generated NPC-iNSC lines showed no obvious differences to H9-NSC and WT-

iNSC in terms of their morphology and NSC-specific marker gene expression. In 

addition, NPC-iNSCs were expanded regardless of the number of passage, suggesting 

that the cells could be stably maintained. Similarly, previous studies described NPC 

patient-specific iPSCs and subsequently differentiated NSCs showed nearly identical 

morphology and gene expression profile compared to their wild-type counterparts [20-

22]. However, none of these studies showed tripotential differentiation capacity of NSCs, 

suggesting the possibility of heterogeneity in NPC-iPSC-derived NSCs. In contrast, in 

our study, the multipotency of the NPC-iNSCs was demonstrated via the ability to 

differentiate into neurons, astrocytes, and oligodendrocytes. Furthermore, NSCs from 

ESCs or iPSCs have limited implications for regenerative medicine, because of ethical 

and practical issues. However, direct reprogramming strategy of iNSCs would bypass 

the risk of intermediated pluripotent state by excluding OCT4 in reprogramming 
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cocktails, so we can avoid not only the potential risk of the teratoma formation, also 

ethical concerns [32]. Overall, NPC-iNSCs overcome limitations of ESCs-, iPSCs-

derived NSCs, implying the cell lines are appropriate tools for clinical trials. 

The impaired cholesterol trafficking is the main phenotype of NPC disease [3]. In 

NPC-iNSCs, increased cholesterol accumulation was consistently maintained. Moreover, 

the cell lines showed defective self-renewal ability while neurosphere formation and 

neurodegeneration. These findings suggested that iNSCs may adequately reflect NPC 

disease phenotype. To validate whether the cell lines are useful to perform screening of 

therapeutic compounds, VPA was treated based on our previous study [10]. It was found 

that VPA treatment reduced accumulated cholesterol and restored not only defective self-

renewal ability, also impaired neuronal differentiation in NPC-iNSCs compared to WT-

iNSCs. Subsequently, it was confirmed that VPA could recover the abnormal cholesterol 

homeostasis by activation of LXR-β, well known as a cholesterol sensor. LXR-β 

regulates expression of several genes related to cholesterol metabolism [30]. 

Upregulated LXR-β induces ABCA1 and ABCG1, which mediate transport of 

cholesterol, and then cholesterol efflux is increased. In this regard, these findings 

suggested that VPA restored neurodegeneration through regulating the cholesterol 

homeostasis. 

Here, for the first time, iNSCs derived from NPC patient-derived fibroblast were 

established. NPC-iNSCs exhibit the cholesterol accumulation phenotype and the defect 

of neuronal differentiation ability, which can be corrected by VPA treatment. Because 

NPC-iNSCs can reproduce human pathophysiological features, and may further reflect 
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biochemical and physiological difference of patients, it is expected that NPC-iNSCs are 

an excellent model system providing a strategy for the clinical treatment of NPC disease. 
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직접형질전환기법을 통한 니만 피크 C형 

질환 환자 섬유아세포 유래 

유도신경줄기세포 확립 
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수의병인생물학 및 예방수의학 전공 

성 은 아 

 

(지도교수: 강 경 선) 

 

니만 피크 C형 질환은 니만 피크 C1형과 C2형 유전자의 변이로 인한 

지질대사 불균형을 나타내는 신경 퇴행성 질환으로 콜레스테롤이 

비정상적으로 축적되는 특징을 보인다. 대부분의 니만 피크 C형 질환 

환자들이 신경 퇴행 증상을 보임에 따라 신경 손상 기전을 밝히기 위한 

연구가 진행되어왔으나 한정된 질환 모델로 인해 정확한 기전 파악에 
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어려움이 있었다. 이에 따라 본 연구에서는 니만 피크 C형 질환 환자 유래 

유도신경줄기세포를 확립함으로써 신경 퇴행성 연구에 적합한 질환 모델을 

구축하고 질환 특이적 형질을 재현하고자 하였다.  

먼저 리프로그래밍 인자인 SOX2, HMGA2를 이용한 직접형질전환기법을 

통해 환자 유래 섬유아세포를 신경줄기세포로 유도하였다. 유도된 

신경줄기세포는 신경줄기세포 특이적 마커를 발현하였고, 일반적으로 

신경줄기세포가 분화할 수 있는 신경계통 세포인 신경 세포 (neuron), 

성상교세포 (astrocyte), 희소돌기아교세포 (oligodendrocyte)로의 다분화능이 

확인되었다. 다음으로 니만 피크 C형 환자 유래 유도신경줄기세포가 고유의 

질환 형질을 그대로 유지하고 있는지 확인하고자 필리핀 염색과 신경분화를 

진행하였다. 그 결과, 필리핀 염색을 통해 니만 피크 C형 질병의 주요 특징인 

다량의 콜레스테롤 침착을 확인하였고, 신경세포로의 분화능이 현저하게 

감소되는 신경 퇴행 증상을 확인하였다.  

확립된 유도신경줄기세포의 증상 완화 가능성을 확인하기 위해 니만 

피크 질병에 효과가 있다고 알려진 약물들을 처치 후 필리핀 염색을 

진행하였다. 처치한 약물들을 비교했을 때 히스톤탈아세틸화 효소 억제제 

중 하나인 발프로 산 (valproic acid)이 가장 효과적으로 콜레스테롤 

축적을 억제하였다. 흥미롭게도, 발프로 산을 처리한 유도신경줄기세포는 

증가한 신경구 형성을 통해 자기 재생 능력의 향상을 보여줄 뿐만 아니라 

신경세포로의 분화능 개선 역시 확인할 수 있었다. 또한 발프로 산 처리 후 
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콜레스테롤 합성에 관여하는 유전자들의 발현이 감소하고, 콜레스테롤 

운송에 관여하는 유전자들의 발현이 증가함으로써 발프로 산이 콜레스테롤 

항상성에 기여함에 따라 신경 손상증상이 완화됨을 확인하였다. 

따라서 본 연구에서는 니만 피크 C형 질환 환자 유래 

유도신경줄기세포를 처음으로 확립하고 그 특성을 밝혀냈다. 이를 바탕으로 

효율적인 치료제 개발을 위한 약물 스크리닝 플랫폼을 구축하고, 나아가 

이를 활용한 질환 특징적 기전 규명을 통해 니만 피크 C형 질환 치료에 

기여하고자 한다. 

 

 

 

                                                                         

주요어: 니만 피크 C형 질환, 유도신경줄기세포, 직접형질전환, 환자 유래 
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