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Neurodegenerative diseases are caused by the progressive loss of neurons and 

function including a neuronal death. Most of neurodegenerative diseases are incurable and 

the pathophysiology is not well understood. For these reasons, cell replacement therapy 
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and disease modeling are expected to be key objectives to cure and understand the 

neurodegenerative disorder, and neural stem cells (NSCs) and neuronal cells (NCs) are 

great promising cell sources for the regenerative medicine. Due to inaccessibility of NSCs 

and NCs in human, many researchers recently study on generating induced NSCs (iNSCs) 

and induced NCs (iNs) by introducing retrovirus, lentivirus, episomal vector, mRNA, 

protein, small molecules and so on. iNs are terminally differentiated and unable to 

proliferate, and it is not appropriate to apply for cell replacement therapy which requires 

massive amount cell, whereas iNSCs are self-renewal and have a tri-lineage differential 

potential. Using the direct conversion method, iNSCs were able to generate from not only 

normal people but also from patients, and generated iNSCs are personalized cells which 

can be used for drug screening and understanding the diseases mechanisms for patient 

specific. Therefore, iNSCs have more amendable and a great potential for clinical 

application and disease modeling. Here I show the two different methods to generate the 

NSCs.  

In the first part of this study, I generated the iNSCs by introducing the retrovirus 

into human somatic cells. A recent study has suggested that fibroblasts can be converted 

into mouse induced neural stem cells (miNSCs) through the expression of defined factors. 

However, successful generation of human iNSCs (hiNSCs) has proved challenging to 

achieve. Here, using miRNA expression profile analyses, I showed that let-7 microRNA 

has critical roles for the formation of PAX6/NESTIN-positive colonies from human adult 

fibroblasts and the proliferation and self-renewal of hiNSCs. HMGA2, a let-7 targeting 

gene, enables induction of hiNSCs that displayed morphological/molecular features and in 
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vitro/in vivo differentiation potential similar to H9-derived NSCs (H9-NSCs). Interestingly, 

HMGA2 facilitated the efficient conversion of senescent somatic cells or blood CD34+ cells 

into hiNSCs through an interaction with SOX2, while other combinations or SOX2 alone 

showed a limited conversion ability. These findings suggest that HMGA2/let-7 facilitates 

direct reprogramming toward hiNSCs in minimal conditions and maintains hiNSC self-

renewal, providing a strategy for the clinical treatment of neurological diseases. 

In the second part of this study, without introducing exogenous transcription 

factors, using only chemical combination directly converse the human somatic cells into 

NSCs. Overexpression of exogenous transcription factors could result in the random 

insertion and mutation into host genome which causes the tumorigenesis and mutagenesis; 

therefore, recent researches focused on non-integration methods to generate the target cells. 

Here, I report a direct conversion of human fibroblasts into expandable induced neural stem 

cells by four chemicals (ciNSCs), without passing through the pluripotent stage. These 

ciNSCs resemble to H9-NSCs and induced NSCs from human fibroblast by virus 

transfection, in neurosphere formation and NSC-specific gene and protein expression. 

After further maturation, ciNSCs can be differentiate into three main neural lineage, 

neurons, astrocytes and oligodendrocyte in vitro and in vivo. Additionally, they can be 

terminally differentiated into specific neuronal subtypes, such as dopaminergic-, 

glutamatergic- and GABAergic- neurons, under defined culture conditions. Thus, my data 

suggests that a specific chemical cocktail can drive the neural lineage-specific direct 

conversion of human somatic cells into progenitors with self-renewal and multipotency.   



 

iv 

 

Taken together, these findings reveal that additional transcription factor can 

induced the human somatic cells into neural stem cell more efficiently and rapidly and also 

the limitation of clinical application by introducing exogenous transcription factor can be 

replaced by application of small molecules. iNSCs have a potential to replace the damaged 

and non-functional cells in neurodegenerative diseases and patient derived NSC can be the 

disease model and used for drug screening. Even though application of iNSC in clinical 

approach need to be more studied for safety, it would provide the better understanding of 

neurodegenerative disease. Therefore, my studies suggest novel insights to treatment the 

neurodegenerative diseases modeling and treatment.  
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LITERATURE REVIEW 
 

Before discovery of iPSCs 

 

In the past, genetic codes are only inherited by fertilization between germ cells 

and terminally unwanted genetic codes are deleted and inactivated in somatic cells 

(Takahashi and Yamanaka 2016). In addition, classical concept of lineage specification 

described by Conrad Hal Waddington and called it “epigenetic landscape”. In this concept, 

Waddington described the cell as a ball, which can only roll downward, it represented that 

a cell only could move to terminal differentiation. Once the ball entered the valley, its fate 

decided so could not move to other valleys which means cells cannot differentiate into 

different cell types. Like these two theories, lineage commitment only occurred one 

direction and cannot reverse it (Ladewig et al. 2013).          

However, Sir John Gurdon first reported that somatic cells can be reprogrammed 

into pluripotent state by somatic cell nuclear transfer (SCNT) in frog. It showed the nuclei 

of somatic cell also contained all genetic information (Takahashi and Yamanaka 2016). 

However, SCNT methods have few technical difficulties. The cloning efficiency was very 

low, and most cloned embryos cannot survive after implantation. Even though few embryos 

survived, they were not able to develop normally. These results indicated that 

reprogrammed somatic cells using SCNT method were incomplete (Mali and Cheng 2012).  
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Furthermore, somatic cells could be reprogramed by fusion with ES cells. Somatic 

cells epigenetically reprogrammed to express the pluripotent gene expression, however, 

this method resulted tetraploid nuclei. It indicates the abnormal development and difficulty 

for clinical application (Mali and Cheng 2012). 

In addition, transdifferentiation by introducing exogenous gene was first 

developed in 1987. Overexpression of myoblast determination protein (MyoD) can 

successfully differentiate mouse fibroblasts to myoblasts. Also, ectopic expression of 

GATA-binding protein 1 (GATA1) could convert myeloblast to megakaryocyte, eosinophil, 

and erythrocyte. Hence, CCAAT/enhancer-binding protein-α (CEBPα) or CEBPβ 

transformed B lymphocyte to macrophage (Graf 2011, Takahashi and Yamanaka 2016). 

These result proves single transcription factor was able to change the cell fate (Figure 1) 

(Yamanaka 2012).  
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Figure 1. Early studies of cell fate plasticity.  

Initially, it was believed that acquisition of cell fate can occur unidirectionally, from an 

immature (pluripotent) to a mature (differentiated) state, and this idea has been depicted as 

a ball rolling down from the top of Waddington’s ‘mountain’ to the bottom of a ‘valley’. 

However, a series of landmark experiments showed that cell fate is flexible and reversible. 

It is now known that cells can, in fact, transition from a differentiated to a pluripotent state 

(depicted as climbing up Waddington’s hill) in the course of rejuvenation or 

reprogramming. The first experimental indications of this cellular plasticity were provided 

by approaches involving the transfer of somatic nuclei into an enucleated egg or fusion of 

a somatic cell with a pluripotent stem cell, which have shown that epigenetic memories of 

the somatic genome can be erased and that cells can be rejuvenated to pluripotency. It has 

also been demonstrated that ectopic expression of tissue-specific transcription factors can 

convert a differentiated cell to a cell of another lineage, a process known as 

transdifferentiation (direct cell conversion) and depicted as moving from one valley to 

another valley across the ridge of Waddington’s landscape. CEBP, CCAAT/enhancer-

binding protein; ES cell, embryonic stem cell; MYOD, myoblast determination protein. 

The image depicting Waddington’s landscape is reprinted from The Strategy of the Genes. 

A Discussion of Some Aspects of Theoretical Biology, Waddington, C. H. (Waddington 

1957). Reproduced by permission of Taylor & Francis Books UK (Takahashi and 

Yamanaka 2016).  
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Discovery of iPSCs 

 

In 2006, Takahashi and Yamanaka identified four reprogramming factors, Oct4, 

Sox2, Klf4 and c-Myc which could converse mouse embryonic fibroblasts into pluripotent 

state, called iPSCs. iPSCs had similar properties as mES cells in morphology, proliferation, 

ES cell related gene expression, and teratoma formation (Takahashi and Yamanaka 2006, 

Yamanaka 2009). On the next year, they published the paper that OCT4, SOX2, KLF4 and 

c-MYC could transform adult human fibroblast into iPSCs (Takahashi et al. 2007). The 

advantage of generating iPSCs technology was easy to apply and reproduced by other 

groups (Yamanaka 2012). These discoveries of Yamanaka factors (OSKM factors) are 

great promise for regenerative medicine, drug screening, toxicity test, and disease modeling 

because iPSCs are able to self-renewal and have the capacity of differentiate into any cell 

types (Figure 2) (Mali and Cheng 2012, Ebrahimi 2015, Avior et al. 2016). Numerous 

research groups generated the patient specific iPSCs from different neurodegenerative 

diseases such as Huntington’s disease, Niemann-Pick type C disease (NPC), amyotrophic 

lateral sclerosis (ALS) and so on (Dimos et al. 2008, Camnasio et al. 2012, Trilck et al. 

2013).    

 However, generation of iPSCs is a time-consuming and efficiency is low 

(Ebrahimi 2015). For neurodegenerative disease model, iPSCs needed to differentiated into 

specific neuronal subtypes such as dopaminergic-, GABAergic-, motor-, and cortical- 

neuron, it takes even more time and also differentiated neurons could be heterogeneous. In 

addition, due to its pluripotency, transplanted iPSCs can generate the teratoma therefore it 
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is hard to apply to clinical purpose. Hence, direct conversion method to the specific lineage 

have discovered.        
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Figure 2. Drug development strategies using human induced pluripotent stem 

cells (iPSCs). 

Patient-derived somatic cells can be reprogrammed to generate iPSCs carrying a disease-

specific genetic aberration. These cells can then be differentiated into the disease-affected 

cell type (for example, neurons in neurodegenerative diseases). After the establishment of 

a cellular disorder model with disease-specific phenotypes, three main strategies are 

commonly used: high-throughput screening (HTS) of drugs, the candidate drug approach 

or patient-specific therapy. In HTS, a very large number of compounds are tested on the 

differentiated cells, followed by phenotype re-evaluation. This method is extremely 

valuable for identifying novel therapies in vitro, by using large libraries of compounds. By 

contrast, both the candidate drug approach and the patient-specific therapy use a small 
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number of potential drugs to attenuate the disease. These approaches are useful when the 

disease mechanism is known and potential therapies are available. Drugs found by both the 

HTS and candidate drug approaches usually require substantial safety assays before being 

prescribed to patients, whereas drugs already approved by regulatory agencies can be 

immediately prescribed for treatment (Avior et al. 2016).  
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Direct lineage reprogramming 

Even before discovery of iPSCs, several researchers already performed 

transdifferentiation by overexpression of the ectopic gene expression. However, these 

conversions only happened within the same germ layer (Figure 3A) (Ladewig et al. 2013). 

In 2010, first conversion across the germ layer had demonstrated, mouse fibroblasts 

transformed into functional neurons by overexpression of Ascsl1, Brn2 and Myt1l (Figure 

3C). Many researchers have developed to converse the somatic cells into desired functional 

cell types such as cardiomyocyte, hepatocytes, neural stem cells, and different neuronal 

subtypes (Table 1) (Ladewig et al. 2012, Ring et al. 2012, Nam et al. 2013, Wada et al. 

2013, Du et al. 2014).  

 Direct lineage conversion to terminal functional cells results in low proliferation 

potential. To solve this problem, many researches generate the expandable progenitor/stem 

cells. For instance, after generated neural stem cells (NSCs) transplanted to mouse brain, 

transplanted NSCs survived, integrated and differentiated in vivo efficiently (Han et al. 

2012, Ring et al. 2012, Thier et al. 2012, Yu et al. 2015). These progenitor cells were more 

suitable for clinical application due to require cells in large quantity.     

 Unlike iPSCs, direct lineage conversion method can apply to in vivo 

reprogramming. Because direct lineage reprogramming bypasses the intermediate 

pluripotent state, it could prevent the teratoma formation. Also, direct differentiation and 

reprogramming can bypass the difficulties of transplantation because in vivo differentiation 

occurs by introducing exogenous gene. An increasing number of reports have demonstrated 
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the lineage conversion in vivo, for instance, astrocytes which are abundant in damaged 

brain can be converted to functional neurons in vivo (Guo et al. 2014, Xu et al. 2015).  

Although the abroad application of direct reprogramming still holds the several 

major concerns. Because of introducing exogenous genes using retroviral or lentiviral 

factors, these genes can be inserted in mutagenic sites and resulted in tumorigenic. In case 

of in vivo reprogramming, the targeted site should be well recognized to reduce the risk of 

inducing unwanted cells. For therapeutic application, there is necessary to find a safer way 

to manipulate the cell fate without viral integration (Xu et al. 2015, Takahashi and 

Yamanaka 2016). Lately, alternative induction methods have been developed involving 

non-integrated methods including adenovirus, plasmids, transposons, Sendai virus, 

synthetic mRNA, recombinant protein and chemical compounds.   
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Figure 3. Direct conversion of somatic cells.  

(A) The schematic illustrates successful intra- and trans-germ layer conversion approaches. 

(B) Transdifferentiation within the mesoderm. Different combinations of transcription 

factors or microRNAs (miRNAs) have the potential to convert fibroblasts into immature or 

fully mature cardiomyocytes.  

(C) Transdifferentiation within the endoderm. A combination of three transcription factors 

can convert exocrine pancreatic cells into endocrine insulin-producing pancreatic β-cells. 

(D) Transdifferentiation across different germ layers from the mesoderm to the ectoderm. 

Induced neurons can be generated by different sets of transcription factors or miRNAs. 

Additional factors increase the maturity of the generated neurons.  

(E) Direct induction of proliferating neural progenitors. Different combinations of 

transcription factors can convert starting mesenchymal cell populations into neural 

progenitors, which can be further differentiated into neurons and glia. ASCL1, achaete-

scute complex homologue 1; BRN2, brain-specific homeobox and POU domain 2; FOXG1, 

forkhead box G1; HAND2, heart and neural crest derivatives expressed 2; HES1, hairy and 

enhancer of split 1; ID1, inhibitor of DNA binding 1; KLF4, Krüppel-like factor 4; MEF2C, 

myocyte-specific enhancer factor 2C; MYT1L, myelin transcription factor 1-like; NeuroD, 

neurogenic differentiation factor 2; NGN, neurogenin; PAX6, paired box 6; PDX1, pancreas 

and duodenum homeobox 1; TBX5, T-box 5 (Ladewig et al. 2013).  

 

 



 

xxviii 

 

Table 1. Summary of lineage reprogramming in human since the discovery of 

iPSCs(Xu et al. 2015)  

Initial Cell 
Population 

Target Cell Type  Reprogramming Factors Reference 

Fibroblasts Adipocytes 
(brown fat cells)  

PRDM16, CEBP𝛃  (Kajimura et al. 2009) 

Endothelial 
cells 

Heamatopoietic 
multipotent 
progenitor cells  

FOSB, GFI1, RUNX1, SPI1  (Sandler et al. 2014)sz 

Fibroblasts Heamatopoietic 
progenitors  

OCT4  (Szabo et al. 2010) 

Fibroblasts Cardiac 
progenitors 

ETS2, MESP1  (Islas et al. 2012) 

Fibroblasts Cardiomyocytes GATA4, HAND2, MYOCD, TBX5, miR-1, miR-
133 

 (Nam et al. 2013) 

Fibroblasts Cardiomyocytes GATA4, MEF2C, TBX5, MYOCD, MESP1 (Wada et al. 2013) 

Fibroblasts Cardiomyocytes GATA4, MEF2C, TBX5, ESRRG, MESP1, 
Myocardin, ZFPM2 

 (Fu et al. 2013) 

Amniotic cells Endothelial Cells ETV2, FLI1, ERG1 (and TGF𝛃 inhibition)  (Ginsberg et al. 2012) 

Fibroblasts Hepatocytes HNF1A, HNF4A, HNF6, CEBPA, ATF5, 
PROX1, p53-siRNA, C-MYC 

 (Du et al. 2014) 

Fibroblasts Hepatocytes HNF1A, HNF4A, FOXA3, SV40 large T antigen  (Huang et al. 2014) 

Skin epithelial 
stem cells 

Limbal stem or 
progenitor cells 

PAX6  (Ouyang et al. 2014) 

Fibroblasts Melanocytes MITF, SOX10, PAX3  (Yang et al. 2014) 

Fibroblasts Monocyte-like 
progenitor cells 

SOX2, miR-125b  (Pulecio et al. 2014) 

Proximal 
tubule (HK2) 
cell line  

Nephron 
progenitor  

SIX1, SIX2, OSR1, EYA1, HOXA11, SNAI2  (Hendry et al. 2013) 

Fibroblasts Neural crest cells SOX10  (Kim et al. 2014) 

Fibroblasts Neural stem cells SOX2  (Ring et al. 2012) 

Fibroblasts Neurons ASCL1, NGN2, CHIR99021, SB431542  (Ladewig et al. 2012) 

Fibroblasts Neurons 
(glutamatergic) 

NGN2, Forkolin, Dorsomorphin  (Liu et al. 2013) 

Fibroblasts Neurons ASCL1  (Chanda et al. 2014) 

Pericyte-
derived cells 

Neurons SOX2, MASH1 (also named ASCL1)  (Karow et al. 2012) 

Fibroblasts Neurons 
(dopaminergic) 

ASCL1, BRN2, MYT1L, LMX1A, FOXA2  (Pfisterer et al. 2011) 

Fibroblasts Neurons 
(dopaminergic) 

ASCL1, LMX1A, NURRL  (Caiazzo et al. 2011) 

Fibroblasts Neurons 
(dopaminergic) 

MASH1, NGN2, SOX2, NURR1, PITX3 (Liu et al. 2012)  
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Fibroblasts Neurons 
(glutamatergic) 

ASCL1, BRN2, MYT1L, NEUROD1  (Pang et al. 2011) 

Fibroblasts Neurons 
(glutamatergic) 

BRN2, MYT1L, miR-124  (Ambasudhan et al. 2011) 

Fibroblasts Neurons 
(glutamatergic, 
GABAergic) 

ASCL1, MYT1L, NEUROD2, miR-9/9*, miR-
124 

 (Yoo et al. 2011) 

Fibroblasts Neurons (motor) BRN2, ASCL1, MYT1L, LHX3, HB9, ISL1, 
NGN2 

 (Son et al. 2011) 

Fibroblasts Retinal pigment 
epithelium-like 
cells 

PAX6, RAX, CRX, MITF-A, OTX2, NRL, 
KLF4, C-MYC, Activin A or RA + Shh treatment 
at later stages 

 (Zhang et al. 2014) 

Pancreatic 
exocrine cells 

Pancreatic 𝛃-like 
cells 

Activated MAPK and STAT3  (Lemper et al. 2015) 
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Integration-free cell reprogramming  

 

To avoid the risk of tumorigenesis by viral introduction to reprogram the cell, non-

integrating strategies have been developed using adenovirus, episomal vectors, Sendai 

virus, mRNA, protein and small molecules (Takahashi and Yamanaka 2016). Despite the 

delivering DNA is seemingly safe, it still has a risk that might integrate into host genome 

to result in mutagenesis and oncogenesis (Goh et al. 2013). In case of Sendai virus, enzyme 

is often not working properly to start or stop the reprogramming process. Either DNA not 

protein based method are resulted in very low efficiency and weak expression of 

reprogramming factors compared to virus-based derivation method (Warren et al. 2010, 

Ruggieri et al. 2014).  

 Emerged studies have reported the reprogramming methods by introducing 

synthetic mRNA and small molecules. Warren et al. introduced the synthetic modified 

mRNA with inhibition of interferon successfully generate the iPSCs which closely 

recapitulated the functional and molecular characteristics of ES cells. RNA-based 

technology is a safe, highly efficient and rapid method for iPSC generation without 

genomic integration (Warren et al. 2010).  

Furthermore, recent studies reported that several combinations of chemicals can 

reprogram the cells into iPSCs, functional neurons and NSCs. Small molecules manipulate 

the cell fate by controlling signaling pathways, metabolic, transcriptional and epigenetic 

mechanisms. The advantages of using small molecules are easy to use, rapid, reversible, 

and fine-tuned by different concentrations and combinations (Hefferan et al. 2012). Hence, 
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small molecules precisely regulate protein functions than by genetic manipulation. 

Additionally, reprogramming compounds mostly fall into four different classes including 

1) epigenetic protein activity, 2) signal transduction pathways, 3) transcription factor 

activity, and 4) cell metabolisms (Li et al. 2013). Due to avoid of use of exogenously 

delivered transgenes which potentially cause the cancer, small molecules have potential to 

be developed into cell-based therapies and therapeutic drugs for repair and regeneration 

(Figure 4) (Xu et al. 2013).    
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Figure 4. Chemical approaches to stem cell biology and therapeutics.  

Chemical approaches are applied in vitro and in vivo to manipulate cell fate toward desired 

therapeutic applications, which include cell activation, expansion, differentiation, somatic 

lineage-specific transdifferentiation, and iPSC reprogramming. The functional cells 

generated through chemical approaches could be used as the cell source for cell-based 

therapy. In addition, the chemical compounds that can regulate appropriate cell fate or 

function could be further developed as small molecule therapeutics for modulating 

endogenous cells underlying disease or injury conditions (Li et al. 2013). 
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1.1 INTRODUCTION 

 

Direct lineage conversion strategies have been developed for the conversion of 

animal and human somatic cells into other lineage-specific cells to overcome the issues of 

induced pluripotent stem cells (iPSCs). However, these direct reprogramming technologies 

have limitations, as these lineage-specific cells are fully differentiated with limited 

proliferation potential and are difficult to use for transplantation or clinical trials. Recently, 

it has been reported that neural stem cells can be successfully generated through defined 

factors in mouse fibroblasts (Han et al. 2012, Thier et al. 2012). Because directly converted 

neuronal cell populations are heterogeneous and unable to proliferate, the derivation of 

neural stem cells (NSCs) is desired to obtain sufficient amounts of cells with relatively safe 

and homogeneous cell populations. More recently, Ring et al. (Ring et al. 2012) reported 

that SOX2 is sufficient to generate mouse iNSCs from mouse embryonic fibroblasts. 

However, the direct conversion of human adult somatic cells into hiNSCs has not been well 

characterized yet. 

  High-mobility group A2 (HMGA2) is an architectural transcription factor that 

potentiates the effects of transcription factors through alterations of chromatin structures, 

reflecting binding to the minor groove of AT-rich DNA sequences (Reeves 2001). Hmga2 

overexpression elevates self-renewal activity in purified mouse hematopoietic stem cells 

(HSCs) (Copley et al. 2013) and rescues the in vitro aging process of mesenchymal stem 

cells (MSCs) (Yu et al. 2013). In mouse, Hmga2 is highly expressed in fetal NSCs, but its 



 

 3   

 

expression gradually declines with age. Hmga2 promotes the self-renewal of NSCs through 

the repression of p16Ink4a and p19Arf (Nishino et al. 2008). Furthermore, HMGA2 is essential 

for the open chromatin state of neural precursor cells (NPCs) at early developmental stages 

and facilitates the reprogramming of late-stage NPCs into cells with early stage-specific 

capacities (Kishi et al. 2012).  

  Lethal-7 (let-7) miRNAs target HMGA2, which contains seven target sites in 

its 3’ untranslated region (UTR), and these miRNAs show inverse expression patterns 

during fetal development and adult aging (Fusco and Fedele 2007). Recent studies have 

shown that let-7 miRNAs are involved in the regulation of the nervous system, including 

neural cell specification and self-renewal regulation in NSCs (Rybak et al. 2008, Zhao et 

al. 2010). However, the effects of HMGA2 and let-7 on the direct reprogramming of human 

fibroblasts into human induced neural stem cells (hiNSCs) remain unknown. Here, I report 

that overexpressing HMGA2/anti-let-7b in combination with SOX2 facilitated direct 

reprogramming of human somatic cells toward hiNSCs.  
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1.2 MATERIALS AND METHODS 

 

1.2.1. Cell culture and viral infection 

hUCB-MSCs and hUCB CD34+ cells were isolated as previously described (Kim 

et al. 2013), and the commercial cell line hDFs (Life Technologies, Carlsbad, CA, USA) 

were purchased. Retrovirus was produced as previously described (Yu et al. 2012). To 

generate iNSCs, retroviral factors, SOX2, HMGA2, MYC, and LIN28 were transduced into 

hDFs, hUCB-MSCs, and hUCB CD34+ cells. After expansion of the cells, medium was 

changed to the NSC maintenance medium with growth factors. NSC-like colonies were 

collected and transferred to neurosphere culture condition. Cells were cultured as 

neurosphere and grown as attached cells on poly-L-ornithine (PLO)/ fibronectin (FN) 

coated dishes, repeatedly.  

 

1.2.2. Generation of hiNSCs  

To generate hiNSCs, hDFs, hUCB-MSCs and hUCB CD34+ cells were infected 

with pMX-SOX2, pMX-HMGA2, pMX-MYC and pMX-LIN28 retrovirus in different 

combinations for 48 hr. At 24 hours after transduction, the cells were washed twice in PBS 

and maintained in growth medium for expansion. For neural stem cell induction, the media 

were changed to NSC maintenance Media containing 20 ng/ml bFGF and 20 ng/ml EGF. 

NSC-like colonies generated from reprogramming factors-transduced cells were collected 

and cultured as neurospheres for 3-4 passages. The neurospheres were seeded and grown 
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as a monolayer, and the neurosphere culture procedures were repeated at least 3 times to 

generate a homogenous population of iNSCs.  

 

1.2.3. Quantitative real-time PCR 

Total RNA was extracted from cells using TRIzol reagent according to the 

manufacturer’s instructions. cDNA was synthesized using the Superscript III First-Strand 

Synthesis System (Invitrogen). Real-time PCR was performed using SYBR Green PCR 

Master Mix (Applied Biosystems, Foster City, CA, USA). ABI 7300 sequence detection 

system with supplied software (Applied Biosystems) was used to quantify gene expression. 

Each gene was normalized to GAPDH as a housekeeping control, and gene expression 

levels were measured in at least three independent analyses. Primers used for qRT-PCR are 

provided in Table 1.1. 
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 Table 1.1. Primers used for qRT-PCR analysis 
Gene Primer sequences 

GAPDH 
F 5’-TGATGACATCAAGAAGGTGGTG-3’ 

R 5’-ACCCTGTTGCTGTAGCCAAAT-3’ 

SOX2 
F 5’-CCAGAAAAACAGCCCGGACC-3’ 

R 5’-GCTTCTCCGTCTCCGACAAA-3’ 

HMGA2 
F 5’-AGTCCCTCTAAAGCAGCTCAAAAG-3’ 

R 5’-GCCATTTCCTAGGTCTGCCTC-3’ 

PAX6 
F 5’- CAGCTCGGTGGTGTCTTTG-3' 

R 5’-AGTCGCTACTCTCGGTTTA-3' 

NESTIN 
F 5’-AACAGCGACGGAGGTCTCTA-3’ 

R 5’-TTCTCTTGTCCCGCAGACTT-3’ 

OLIG2 
F 5’-CCGATGACCTTTTTCTGCCG-3’ 

R 5’-CCACTGCCTCCTAGCTTGTC-3’ 

MSI1 
F 5’-GTCTCGAGTCATGCCCTACG-3’ 

R 5’-GAGGCCTGTATAACTCCGGC-3’ 

GLAST 
F 5’-TGCTTCTGGTGTGCCAAGAT-3' 

R 5'-ATTCCCCAGCAGGTACAACG-3' 

hsa-miR-124-3p 5’-TAA GGC ACG CGG TGA ATG CC-3’ 

hsa-miR-9-5p 5’-GCCGTCTTTGGTTATCTAGCTGT-3’ 

hsa-miR-9-3p 5’-GCCGATAAAGCTAGATAACCGA-3’ 

hsa-miR-302a 5’-TAAGTGCTTCCATGTTTTGGTGA-3’ 

hsa-miR-302b 5’-GCCTAAGTGCTTCCATGTTTTAGTAG-3’ 

hsa-miR-302c 5’-TAAGTGCTTCCATGTTTCAGTGG-3’ 

hsa-miR-302d 5’-GCTAAGTGCTTCCATGTTTGAGTGT-3’ 

hsa-miR-302e 5’-GCGTAAGTGCTTCCATGCTT-3’ 

hsa-miR-302f 5’-GCCGTAATTGCTTCCATGTTT-3’ 

hsa-miR-367 5’-GAATTGCACTTTAGCAATGGTGA-3’ 

hsa-let-7a 5’-GCGGTGAGGTAGTAGGTTGTATAGTT-3’ 

hsa-let-7b 5’-CCTGAGGTAGTAGGTTGTGTGGTT-3’ 

hsa-let-7c 5’-CGCTGAGGTAGTAGGTTGTATGGTT-3’ 

hsa-let-7d 5’-GCAGAGGTAGTAGGTTGCATAGTT-3’ 

hsa-let-7e 5’-GGCTGAGGTAGGAGGTTGTATAGTT-3’ 

hsa-let-7f 5’-GCCCCTGAGGTAGTAGATTGTATAGTT-3’ 

hsa-let-7g 5’-GGCCTGAGGTAGTAGTTTGTACAGTT-3’ 

hsa-let-7i 5’-GCTGAGGTAGTAGTTTGTGCTGTT-3’ 

hsa-miR-98 5’-GCCGTGAGGTAGTAAGTTGTATTGTT-3’ 



 

 7   

 

1.2.4. In vitro differentiation 

For neural differentiation, iNSCs were seeded at a density of 1,000 cells/well onto 

PLO/FN-coated coverslips in 24-well plates containing iNSC maintenance medium 

(ReNcell NSC maintenance media; Millipore). After 24 hours, the medium was changed to 

Neurocult (Stem Cell Technology) for random differentiation. After 1 week of 

differentiation in Neurocult, the medium was changed for the induction of three specific 

lineages (neuron, astrocyte and oligodendrocyte). The neuronal induction medium 

contained a 1:1 mixture of Neurobasal medium (Gibco BRL) and DMEM/F12 medium 

(Gibco BRL) supplemented with B27 (Gibco BRL), Gmax (Gibco BRL), retinoic acid 

(Sigma), ascorbic acid (Sigma), BDNF (Peprotech, Rocky Hill, NJ), GDNF (Peprotech) 

and forskolin (Sigma). The astrocyte induction medium contained DMEM (high glucose) 

supplemented with N2 (Gibco BRL), Gmax, and 1% FBS. Two types of oligodendrocyte 

induction media were used as previously described (Hu et al. 2009). DMEM/F12 

supplemented with N2, MEM non-essential amino acids solution (MEM NEAA; Gibco 

BRL), heparin (Sigma), RA, SHH (Peprotech) and B27 was used for 2 weeks and was 

subsequently changed to DMEM/F12 supplemented with N2, B27, MEM NEAA, T3, 

cAMP (Sigma), PDGF (Peprotech), IGF (R&D) and NT3 (Sigma) for 2 weeks.  

 

1.2.5. Patch clamp reading  

Whole cell patch-clamp recordings in neurons derived from iNSCs were 

performed using an EPC 10 USB amplifier (HEKA Electronik, Lamprecht, Germany) at 
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room temperature (22 ± 1°C). The recording chamber was filled with continuously flowing 

Tyrode solution (flow rate, 10 ml/min). Patch electrodes were generated from borosilicate 

glass capillaries using a PC-10 puller (Narishige Company). The resistance of the electrode 

was 4-7 MΩ when filled with pipette solution. The data were acquired and analyzed using 

the Pulse program version 8.67 (HEKA Electronik) and Origin 6.1 software (MicroCal). 

The current was filtered at 3 kHz using a four-pole Bessels filter and digitized at 10 kHz. 

Tyrode solution contained 143 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl2, 1.8 mM CaCl2, 

0.5 mM NaHPO4, 10 mM glucose and 5 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), and the pH was adjusted to 7.5 with NaOH. The 

pipette solution contained 150 mM KCl, 1.0 mM MgCl2, 10 mM HEPES, 5 mM EGTA 

and 2 mM Mg-ATP, and the pH was adjusted to 7.2 with NaOH. Lidocaine (0.1%) was 

used to block the Na current.  

 

1.2.6. microRNA microarray analysis  

Total RNA was extracted from the cells using Trizol reagent; 100 ng of total RNA 

was labeled and hybridized using the Agilent miRNA Complete Labeling and Hyb Kit to 

generate fluorescently labeled miRNAs according the manufacturer’s instructions. The 

labeled miRNA signals were scanned using an Agilent microarray scanner. Raw data was 

extracted using the software provided by Agilent Feature Extraction Software (v11.0.1.1). 

The raw data for the same gene was then summarized automatically in Agilent feature 

extraction protocol to generate Gene view file, which provided expression data for each 
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gene probed on the array. Array data were filtered by gIsGeneDetected =1 in all samples 

(1 : detected ). 

Selected miRNA gtotalGeneSignal value was transformed by logarithm and 

normalized by quantile method. The comparative analysis between test sample and control 

sample was carried out using fold-change. Hierarchical cluster analysis was performed 

using complete linkage and Euclidean distance as a measure of similarity.  

All data analysis and visualization of differentially expressed genes were 

conducted using R statistical language v. 2.15.0. 

 

1.2.7. Immunocytochemistry  

iNSCs were fixed with 4% paraformaldehyde (PFA) in 0.1 M PBS for 20 minutes 

at room temperature, followed by permeabilization with 0.25% Triton X-100 (Sigma) for 

10 minutes. The cells were incubated with blocking solution [5% normal goat serum (NGS; 

Zymed, San Francisco, CA, USA)] for 1 hour. Subsequently, the primary antibodies were 

diluted in 5% NGS according to the manufacturer’s recommendations, and the cells were 

treated with primary antibody overnight at 4°C. The cells were incubated with secondary 

Alexa 488- or Alexa 594-labeled antibodies (1:1000; Molecular Probes, OR, USA) for 1 

hour at room temperature. The nuclei were stained with 4’,6-diamidino-2-phenylindole 

(DAPI; Sigma- Aldrich) for 5 minutes. The images were captured using a confocal 

microscope (Eclipse TE200, Nikon, Japan).  
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1.2.8. Western blot assay 

Whole-cell protein lysates were extracted using PROPREP (iNtRON 

BIOTECHNOLOGY, Korea). The protein concentrations were determined using a DC 

assay kit (Bio-Rad, Hercules, CA, USA), and the proteins were separated using 10% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The separated 

proteins were transferred onto nitrocellulose membranes at 100 V and 350 mA for 4 hours, 

and probed with primary antibodies at 4°C overnight. The secondary antibodies were used 

according to the manufacturer’s recommendations at 1:5000. Secondary antibody binding 

was detected using an enhanced chemiluminescence (ECL) detection kit (Amersham, 

Piscataway, NJ, USA) according to the manufacturer’s instructions.  

 

1.2.9. Bisulfite modification and sequencing of genomic DNA  

To confirm the differential methylation patterns, unmethylated cytosines were 

converted to thymine using the EZ DNA Methylation-Gold kit (Zymo Research, Irvine, 

CA, USA) according to the manufacturer’s instructions. Briefly, the unmethylated 

cytosines in CpG islands were converted into uracil via the integration of heat-denaturation 

and sodium bisulfite treatment with CT-conversion reagent. The converted DNA was 

desulfonated and subsequently cleaned and eluted. The bisulfite-modified DNA was 

immediately PCR amplified and stored at -20°C. For the amplification of bisulfite-

converted DNA, primers were designed at MethPrimer 

(http://www.urogene.org/methprimer). PCR was performed using the following conditions: 
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95°C for 5 minutes; 35 cycles of 95°C for 30 seconds, annealing for 30 seconds and 72°C 

for 1 minute; followed by a final extension at 72°C for 5 minutes. The following primer 

sequences and annealing temperatures were used:  

SOX2 sense 5’-GGGATATGATTAGTATGTATTTTTT-3’, SOX2 antisense 5’- 

AATTTTCTCCATACTATTTCTTACTCTCCT-3’ (245 bp, 54°C). The PCR products 

were ligated using pGEM T-Easy Vector System I (Promega, Madison, WI, USA). 

Subsequently, the plasmid DNA was cloned into bacteria (DH5α). Extracted plasmid DNA 

from the bacterial clones was analyzed via sequencing using the M13 reverse primer (5’- 

AGCGGATAACAATTTCACACAGGA-3’) and an ABI 3730XL capillary DNA 

sequencer (Applied Biosystems). Methylated CpGs are represented as black circles, and 

unmethylated CpGs are represented as white circles.  

 

1.2.10. Senescence-associated beta-galactosidase (SA-β-gal) 

staining  

SA-β-gal staining was performed as previously described (Yu et al., 2013). Briefly, 

the senescent hUCB-MSCs were seeded onto 6-well plates at a density of 1 x 105 cells/well. 

At 70-80% confluency, the cells were washed twice with PBS and fixed with 0.5% 

glutaraldehyde in PBS for 5 minutes at room temperature. The cells were washed with PBS 

containing 1 mM MgCl2 (pH 7.2) and incubated with X-gal solution (1 mg/ml X-gal, 0.12 

mM K3Fe[CN]6 (potassium ferricyanide), 0.12 mM K4Fe[CN]6 (potassium ferrocyanide) 
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and 1 mM MgCl2 (pH 6.0) overnight at 37 °C. The next day, images were captured using 

a microscope (IX70, Olympus, Japan).  

1.2.11. Transplantation of the hiNSCs into mice  

The hiNSCs were detached using accutase and suspended in PBS. hiNSCs were 

labeled with CM-DiI (Molecular Probes) for tracking after injection. The hiNSCs were 

incubated with CM-DiI for 15 minutes in a 37°C water bath, followed by incubation at 4°C 

for 10 minutes. The CM-DiI- labeled hiNSCs were suspended in PBS at a density of 1 x 

105 cells/µl. The mice (4 weeks old) were anesthetized with 5% isoflurane and maintained 

with 2% isoflurane administered through a facial mask. hiNSCs were transplanted into the 

hippocampus using a stereotaxic apparatus and an ultra-micropump (World Precision 

Instruments, Sarasota, FL, USA). The injection coordinates were 1.4 mm posterior, 2 mm 

bilateral to bregma and 1.5 mm depth. Each mouse received approximately 2 x 105 cells in 

2 µl PBS at a rate of 250 nl per minute. After transplantation, the scalp was sutured closed, 

and the animals were allowed to recover from anesthesia.  

To trace the transplanted hiNSCs, the mice were perfused with 0.1 M PBS (pH 

7.4), followed by 4% PFA in 0.1 M PBS. Subsequently, the brains were carefully isolated 

and soaked in 4% PFA overnight for post-fixation and transferred to 30% sucrose for 48 

hours. The brains were molded with infiltration mixture (OCT compound; Sakura Finetek, 

Tokyo, Japan) and stored at -70°C overnight, followed by cryosectioning using a cryostat 

(CM 3050, Leica, Wetzlar, Germany). A procedure similar to ICC was performed. Briefly, 

the tissues were incubated with 0.05% Triton X-100 for 20 minutes, followed by incubation 

with 5% NGS for blocking unspecific antibody binding. Subsequently, the tissues were 
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incubated with primary antibody according to the manufacturer’s recommended dilution 

ratio in 5% NGS overnight at 4°C. The tissues were incubated with secondary Alexa 488- 

or Alexa 594-labeled antibody (1:1000) for 1 hour at room temperature. The nuclei were 

stained with DAPI for 10 minutes. The images were captured using a confocal microscope 

(Nikon).  

 

1.2.12. MTT assay  

The cell proliferation potentials were measured using the 3-(4,5-dimethylthiazol-

2-yl)-2,5- diphenyltetrazolium bromide (MTT; Sigma) assay. The cells (1 x 104) were 

seeded onto 24-well plates. After 48 hours, 50 µl of MTT stock solution (5 mg/ml) was 

added to the medium. After incubation at 37°C for 4 hours, the medium containing the 

MTT solution was removed. DMSO was added to solubilize the formazan crystals, and the 

solution was transferred to a 96-well plate. All experiments were performed in triplicate. 

Absorbance at a wavelength of 540 nm was measured using an EL800 microplate reader 

(BIO-TEK Instruments, Winooski, VT, USA).  

 

1.2.13. Cumulative population doubling level (CPDL) analysis 

The cells were seeded in triplicate onto 6-well plates at a population of 1 x 104 

cells and subcultured 4 to 5 passages every 4 days. The same population of cells was seeded 

and counted using trypan blue to detect live cells. 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 
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ln is the natural log, was used to determine the population doubling level. The population 

doubling times were calculated by adding to the previous passages.  

 

1.2.14. BrdU Staining  

To evaluate the rate of the proliferation, hiNSCs were stained with 5-bromo-2-

deoxyuridine (BrdU; Sigma) according to manufacturer’s instructions. Briefly, 10 µM 

BrdU was added to the cell culture medium, and the cells were incubated for 5 hours at 

37°C. After 5 hours, the cells were washed with PBS and fixed with 4% PFA for 10 minutes 

at room temperature. The cells were permeabilized using sodium citrate buffer for 15 

minutes at 85°C and incubated with blocking solution (5% NGS). The cells were 

subsequently incubated overnight at 4°C with BrdU primary antibody diluted in blocking 

solution (Abcam, Cambridge, MA, USA). The cells were treated with secondary Alexa-

488 antibody for 1 hour. For nuclei staining, DAPI was diluted 1:1000 in PBS and 

incubated with the cells for 10 minutes. The images were captured with a confocal 

microscope (Nikon).  

 

1.2.15. siRNA and miRNA transfection  

Transient transfection assays were performed using commercially available 

HMGA2 siRNA (ON Target plus SMART pool, Cat #L-013495-00-0005, Dharmacon, 

Lafayette, CO, USA) and non-targeting siRNA (Dharmacon, ON Target plus SMART pool, 

Cat # D-001810-01) as a control. The transfection of miRNAs was performed using 
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commercially available mature miRNAs and anti-miRNA for hsa-let-7b (Invitrogen, 

PM11050), miR-124-3p (Invitrogen, PM10691), miR-9-5p (Invitrogen, PM10022), miR-

9-3p (Invitrogen, PM13072) and anti-let-7b (Invitrogen, AM11050) with an appropriate 

pre-miRNA precursor-negative control (Invitrogen, AM17110) or anti-miRNA inhibitor-

negative control (Invitrogen, AM17010). The siRNA and miRNAs were transfected with 

Dharmafect transfection reagent (Dharmacon) according to the manufacturer’s instructions. 

For the colony forming efficiency assay, SOX2-transduced hDFs were plated at a density 

of 5 x 104 the day before transfection; 50 nM of hsa-let-7b, miR-124- 3p, miR-9-5p, miR-

9-3p and anti-let-7b was transfected twice, on days 0 and 3. For BrdU and neurosphere 

proliferation assay, hiNSCs were seeded at a concentration of 1 x 104 and transfected with 

50 nM siRNA, 50 nM hsa-let-7b and 100 nM hsa-let-7b. Within 24 hours post- transfection, 

BrdU and neurosphere proliferation assays were performed.  

 

1.2.16. Flow cytometry  

The cells were detached from the dish using trypsin and labeled with fluorescein 

isothiocyanate (FITC)/anti-CD34, 44, 45, 105, and HLA-DR (BD Bioscience) and 

phycoerythrin (PE)/anti- CD73 and 184 (BD Bioscience) antibodies for 1 hour at room 

temperature. Subsequently, the cells were washed three times with PBS, resuspended in 

500 µl of PBS and analyzed using a FACSCalibur (BD Bioscience) fluorescence-activated 

cell sorter and Cell Quest software (Becton Dickinson).  
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1.2.17. Ingenuity Pathway Analysis  

I used the Ingenuity Pathway Analysis (IPA) (IPA, QIAGEN Redwood City, 

www.qiagen.com/ingenuity) software to identify the top 15 factors contained in the 

Ingenuity Knowledge Base that let-7 regulates and binds.  

 

1.2.18. Neurosphere self-renewal assay  

After treatment with miRNAs and siRNAs, 2000 cells were cultured on 

nonadherent culture dishes to form primary neurospheres. Primary neurosphere cells were 

dissociated into single cells using accutase and subsequently replated at clonal density in 

nonadherent cultures to form secondary neurospheres. The number and size of the 

secondary neurospheres were counted and measured after 7 days of culture, and the cells 

were subsequently transferred to adherent cultures to assess tri-lineage neural 

differentiation potentials. The number of secondary neurospheres formed from primary 

neurospheres was quantified. All cultures were triplicated to obtain accurate results.  

 

1.2.19. Statistical analysis  

All experiments were conducted at least in triplicate (n = 3), and the results are 

expressed as the mean ± SD. Statistical analyses were conducted via an analysis of variance 

(ANOVA), followed by Duncan’s multiple range tests or Student’s t-test. A value of P < 

0.05 was considered significant (*P < 0.05; **P < 0.01). 
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1.3 RESULTS 

 

1.3.1 Expression profiling and validation of miRNAs in hiNSCs 

hiNSCs were generated from adult human dermal fibroblasts (hDFs) using 

methods described previously with modifications (Ring et al. 2012). Briefly, hDFs cultured 

with STO feeder cells on poly-L-ornithine (PLO) and fibronectin (FN)-coated glass 

coverslips were infected with retroviral SOX2. NSC-like colonies were generated from 

SOX2-transduced hDFs within 2-3 weeks of infection. These colonies were collected and 

cultured as neurospheres for 3-4 passages. The neurospheres were seeded and grown as a 

monolayer, and the neurosphere culture procedures were repeated at least 3 times to 

generate a homogenous population of hiNSCs. SOX2-transduced hiNSCs expressed NSC-

specific markers, such as PAX6, NESTIN, VIMENTIN and SOX2, and had a morphology 

similar to H9-derived NSCs (H9-NSCs; Figures 1.1A-1.1E and 1.2A).  

I next determined the miRNA profiles of hDFs, H9-NSCs and SOX2-transduced 

hiNSCs through microarray analyses. To examine whether SOX2-transduced hiNSCs 

exhibit a neuronal identity, I selected brain-specific miRNAs from the microarray data set. 

The brain-specific miRNA expression pattern of SOX2-transduced hiNSCs was more 

similar to that of H9-NSCs than hDFs (Figure 1.1F); however, a subset of miRNAs 

expressing similar patterns in hiNSCs and hDFs was also detected, likely reflecting residual 

epigenetic memory. Previously, a role for let-7, miR-9 and miR-124 in the control of NSC 

maintenance and direct reprogramming process has been reported (Zhao et al. 2010, Yoo 
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et al. 2011, Kawahara et al. 2012). Therefore, I extracted reprogramming-related miRNAs 

from the microarray data set and validated them via quantitative real-time RT-PCR (qRT-

PCR) (Figures 1.1G-1.1K). Interestingly, all let-7/miR-98 family members were down-

regulated in H9-NSCs and SOX2-transduced hiNSCs compared with hDFs (Figure 1.1H). 

It has been reported that neural lineage-specific miRNAs, such as miR-9-5p, miR-9-3p and 

miR-124, play key roles in the conversion of fibroblasts into functional neurons (Yoo et al. 

2011, Xue et al. 2013). The expression levels of miR-9-5p, miR-9-3p and miR-124 were 

up-regulated in H9-NSCs and SOX2-transduced hiNSCs compared with hDFs (Figures 1.1I 

and 1.1J). However, significant alterations in the expression levels of the embryonic stem 

cell-specific miR-302/367 family were not detected between hDFs, H9-NSCs and hiNSCs, 

whereas the abundant expression of these miRNAs was detected in human embryonic stem 

cells (hESCs; Figure 1.1K). 

 

1.3.2 Let-7b regulates iNSC reprogramming efficiency and self-

renewal 

To determine whether miRNA activity promotes the reprogramming of hDFs into 

hiNSCs, I co-transfected cells with SOX2 and miR-124, miR-9-5p, miR-9-3p, anti-let-7b, 

let-7b, miR-CTL or anti-miR-CTL during reprogramming. The overexpression of miR-124, 

miR-9-5p and miR-9-3p did not enhance the production of PAX6/NESTIN-positive 

colonies. In the presence of these miRNAs, SOX2-transduced hDFs were converted into 

neuron-like cells rather than NSC-like colonies (data not shown). However, let-7b 
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inhibition increased reprogramming efficiency approximately 3.5-fold over anti-miR-CTL, 

whereas let-7b overexpression significantly decreased reprogramming efficiency (Figure 

1.1L). To gain insight into let-7 target genes, I analyzed let-7-relevant genes using 

ingenuity pathway analysis (IPA) software (Figures 1.2A-1.2C). Among the top 15 IPA 

findings, I selected MYC, LIN28A and HMGA2, which are known NSC-related genes. To 

further assess the role of SOX2 and let-7 regulators on the expression of MYC, LIN28A 

and HMGA2, I transduced SOX2 into hDFs and investigated expression levels on days 3 

and 7. I found that the expression of MYC, LIN28A, HMGA2 and let-7b was not altered by 

the transduction of hDFs with SOX2 (Figures 1.2D and 1.2E). Furthermore, transfection 

with let-7b or anti-let-7b significantly regulated the expression level of HMGA2 but not 

MYC and LIN28A in hDFs, suggesting that HMGA2 expression was increased during the 

SOX2/anti-let-7b-mediated hiNSC reprogramming process (Figures 1.1M and 1.1N). 

   I next transfected let-7b into hiNSCs and measured cell proliferation through 5-

bromodeoxyuridine (BrdU) labeling of dividing cells to determine whether let-7b regulates 

hiNSC proliferation. The transfection of let-7b decreased hiNSC proliferation in a dose-

dependent manner, confirmed by the reduced percentage of BrdU-positive cells (Figures 

1.2F and 1.2G). To assess whether let-7b regulates the self-renewal of hiNSCs, I performed 

a neurosphere-forming assay. Let-7b-transfected hiNSCs were smaller than miR-CTL-

transfected hiNSCs and generated significantly fewer secondary neurospheres upon 

subcloning in response to increasing concentrations of let-7b (Figures 1.2H-1.2J). These 

results demonstrated roles for let-7b in promoting reprogramming efficiency toward 

hiNSCs in combination with SOX2 and in regulating hiNSC proliferation and self-renewal.  
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Figure 1.1. Role of let-7b in hDF-iNSC derivation. 

(A and B) Morphology of human dermal fibroblasts (hDFs) (A) and iNSCs derived from 

SOX2-transduced hDFs; (B) bright-field microscopy. (Scale bar = 100 µm). 

(C) Bright-field image of early neurosphere-like colonies generated through SOX2 

transduction. Neurosphere-like colonies were manually isolated, subjected to multiple 

passages for rounds of neurosphere generation and grown in PLO/FN-coated culture dishes. 

(Scale bar = 100 µm).  

(D and E) Immunocytochemistry analysis of NSC-specific marker proteins in hDF-iNSCs 

using antibodies against PAX6, NESTIN (D) and VIMENTIN, SOX2 (E). Nuclei were 

counterstained with DAPI. (Scale bar = 100 µm). 
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(F and G) Heat map of brain-specific miRNAs (F) and reprogramming-related miRNAs (G) 

in hDFs, H9-NSCs and hDF-iNSCs (SOX2).   

(H) qRT-PCR analysis of let-7/miR-98 family expression in hDFs, H9-NSCs and hDF-

iNSCs (SOX2). Error bars denote the standard deviation of triplicate reactions. (**P < 0.01). 

(I and J) qRT-PCR validation of miR-124-3p (I) and miR-9-5p/-3p (J) in hDFs, H9-NSCs 

and hDF-iNSCs (SOX2). Error bars denote the standard deviation of triplicate reactions. 

(**P < 0.01). 

(K) Relative expression levels of the ESC-specific miR-302/367 family were measured 

through qRT-PCR in hDFs, H9-NSCs, hDF-iNSCs (SOX2) and hESCs. Error bars denote 

the standard deviation of triplicate reactions. (**P < 0.01). 

(L) The efficiency of PAX6- and NESTIN-positive colony formation was measured after 

the transfection of miR-124-3p, miR-9-5p, miR-9-3p, anti-let-7b and let-7b into SOX2-

transduced hDFs. The assays were repeated seven times. (*P < 0.05, **P < 0.01). 

(M and N) Relative expression levels of MYC, LIN28, and HMGA2 were measured by 

qRT-PCR (M) and western blotting (N) in anti-miR-CTL-, anti-let-7b-, miR-CTL-, and let-

7b-transfected hDFs. Error bars denote the standard deviation of triplicate reactions. (**P 

< 0.01). 
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Figure 1.2. Effect of let-7b on hiNSC proliferation and self-renewal.  
 

(A-C) Top ranked factors that let-7 regulates (A), and let-7 binds (B) were chosen by 

Ingenuity Pathway Analysis. Direct and indirect regulation is indicated by solid lines and 

dotted lines, respectively. Relationships include post-translational modifications and 

transcription regulation. Different molecule shapes and relationship types are presented in 

the legend (C).  

(D and E) Relative expression levels of SOX2 (D) and MYC, LIN28, HMGA2, and let-7b 

(E) were measured by qRT-PCR in hDFs and SOX2-transduced hDFs at 3 days and 7 days 

after SOX2 transduction. 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(F) hDF-iNSCs were transfected with miR-CTL or 50 nM or 100 nM let-7b. The 

transfected cells were treated with BrdU and immunostained with a BrdU-specific antibody 

(green) and DAPI (blue). (Scale bar = 100 µm). 	

(G) Quantification of BrdU-positive cells among miR-CTL or 50 or 100 nM let-7b-

transfected hDF-iNSCs. The assays were repeated three times. (**P < 0.01). 	

(H-J) To test self-renewal potential after transfection with miR-CTL or 50 or 100 nM of 

let-7b, a neurosphere formation assay was performed. The diameter of the neurospheres (H) 

or absolute number (I) and percentage of primary neurosphere cells (J) generating 

secondary neurospheres upon subcloning were measured under each condition. The assays 

were repeated three times. (*P < 0.05, **P < 0.01).  

(K) hDF-iNSCs were transfected with siCTL or 50 nM siHMGA2. The transfected cells 

were treated with BrdU and immunostained with a BrdU-specific antibody (green) and 

DAPI (blue). (Scale bar = 100 µm). (L) Quantification of BrdU-positive cells among 

hiNSCs transfected with siCTL or 50 nM siHMGA2. The assays were repeated three times. 

(**P < 0.01).  

(M-O) The self-renewal potential of hiNSCs was measured after transfection with siCTL 

or 50 nM siHMGA2 using a neurosphere formation assay. The neurosphere diameter (M) 

and self- renewal potential according to the number (N) and percentage (O) of cells from 

individual primary neurospheres generating secondary neurospheres upon subcloning were 

examined under each condition. The assays were repeated three times. (*P < 0.05, **P < 

0.01).  
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1.3.3 The let-7b target HMGA2 promotes hiNSC reprogramming 

Previous studies and our IPA data have shown that let-7 expression inversely 

correlates with expression of MYC, LIN28 and HMGA2 (Mayr et al. 2007, Sampson et al. 

2007, Rybak et al. 2008). Here, I demonstrated that the overexpression of MYC, LIN28 and 

HMGA2 in combination with SOX2 increased cell proliferation compared with the 

overexpression of SOX2 alone. Among these factors, HMGA2 had the slightest effect on 

proliferation (Figure 1.3A). I examined whether MYC, LIN28 and HMGA2 in combination 

with SOX2 could promote reprogramming toward hiNSCs. Surprisingly, the expression of 

HMGA2 with SOX2 significantly increased reprogramming efficiency toward hiNSCs, as 

confirmed by PAX6/NESTIN-positive colony formation (Figure 1.3C). Furthermore, 

expressing HMGA2 with SOX2 shortened the time required for PAX6/NESTIN-positive 

colonies to appear from 17 days with SOX2 alone to 7.4 days with SOX2/HMGA2 

overexpression (Figure 1.3B).  

Immunophenotyping screens have revealed that a population of CD184+/CD271-

/CD44-/CD24+ NSCs could be derived from human pluripotent stem cells (Yuan et al. 

2011). Therefore, I used fluorescence activated cell sorting (FACS) to determine whether 

immunophenotyping alterations were induced at an early stage of reprogramming. 

Consistent with the data for the appearance of PAX6/NESTIN-positive colonies, only 

SOX2/HMGA2-overexpressing cells showed alterations in the cell population from CD44 

positive to CD44 negative in approximately 10% of the total cells at 7 days post infection. 

In addition, approximately 7% of the cell population was shifted from CD184 negative to 

CD184 positive (Figure 1.3D). The majority of hiNSCs and H9-NSCs showed CD44-
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negative and CD184-positive cell populations (Figure 1.3E). SOX2/HMGA2-transduced 

hiNSCs showed morphological features and NSC-specific marker expression that was 

similar to SOX2-transduced hiNSCs or H9-NSCs (Figure 1.3F). Next, I further examined 

NSC features among H9-NSCs, SOX2-transduced hiNSCs, SOX2/HMGA2-transduced 

hiNSCs and SOX2/anti-let-7b-transduced hiNSCs. H9-NSCs and hiNSCs with different 

combinations showed similar expression patterns for PAX6, NESTIN, SOX2, Ki67 and 

HMGA2, which was confirmed by immunostaining (Figure 1.4A). At the transcriptional 

level, SOX2, HMGA2, PAX6, NESTIN, MSI1 and GLAST were induced in hiNSCs at a 

comparable level as H9-NSCs (Figure 1.4B). Under neuronal or glial differentiation 

conditions, H9-NSCs, SOX2-transduced hiNSCs, SOX2/HMGA2-transduced hiNSCs and 

SOX2/anti-let-7b-transduced hiNSCs differentiated into neurofilament (NF)-positive 

neurons or GFAP-positive astrocytes, and a quantitative analysis demonstrated that the 

differentiation potential of SOX2/HMGA2-transduced hiNSCs was relatively higher for 

neurons and lower for astrocytes compared with H9-NSCs or hiNSCs in other 

combinations (Figure 1.4C). 

I confirmed that SOX2/HMGA2-transduced hiNSCs could be stably maintained 

for more than 40 passages. The characteristic profile of late-passage SOX2/HMGA2-

transduced hiNSCs (passage 48) was unchanged compared with early-passage 

SOX2/HMGA2-transduced hiNSCs (passage 8), as judged by NSC marker expression, 

nuclear size and nuclear abnormalities (Figures 1.4D-1.4F). Furthermore, NF-positive 

neurons or GFAP-positive astrocytes could be generated from both early- and late-passage 

SOX2/HMGA2-transduced hiNSCs, suggesting that these cells maintain a stable 
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differentiation capability during continuous passaging. However, the neuronal 

differentiation potential was slightly decreased in late-passage hiNSCs, whereas the glial 

differentiation potential was slightly increased (Figure 1.4G and 1.4H). 

I next assessed the SOX2 DNA methylation status in hDFs, H9-NSCs and SOX2-, 

SOX2/HMGA2-transduced hiNSCs. The methylation analysis of bisulfite-treated DNA 

showed that the hypomethylation of the SOX2 promoter in hiNSCs was similar to that in 

H9-NSCs, suggesting that SOX2 is transcriptionally activated (Figure 1.3G). These data 

indicate that the let-7b target HMGA2 significantly increases the efficiency and time of 

SOX2-induced reprogramming into hiNSCs, and SOX2/HMGA2-transduced hiNSCs 

showed characteristics similar to H9-NSCs in cell surface marker signatures, gene 

transcription levels and methylation patterns. 
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Figure 1.3. Role of HMGA2 in hDF-iNSC derivation.  

(A) The MTT cell proliferation assay was performed in hDF control, SOX2-, SOX2/MYC-, 

SOX2/LIN28- and SOX2/HMGA2- transduced hDFs. The assays were repeated three times. 

(**P < 0.01). 

(B and C) The time of appearance (B) and efficiency of PAX6- and NESTIN-positive 

colony formation (C) were measured in control and SOX2-, SOX2/MYC-, SOX2/LIN28- 

and SOX2/HMGA2-transduced hDFs. The assays were repeated six to nine times. (**P < 

0.01). 

(D) Flow cytometry analyses were performed with a negative cell surface marker of NSC, 

CD44, and a positive marker, CD184, in hDF control and SOX2-, SOX2/MYC-, 

SOX2/LIN28- and SOX2/HMGA2- transduced hDFs at 7 days after virus transduction. 

(E) Flow cytometry analysis for the negative NSC cell surface marker, CD44, and the 

positive NSC cell surface marker, CD184, in hDF-iNSCs (SOX2), hDF-iNSCs 

(SOX2/HMGA2) and H9-NSCs. 

(F) Characterization of SOX2/HMGA2-transduced hDF-iNSCs. Morphology of hDF-

iNSCs (SOX2/HMGA2) assessed using bright-field microscopy. Immunofluorescence 

images of hiNSCs using antibodies against PAX6, NESTIN, SOX2, Ki67 and HMGA2. 

(Scale bars = 100 or 50 µm).  

(G) Methylation patterns of SOX2 gene promoters were analyzed after bisulfite treatment 

of the DNA from hDFs, H9-NSCs, and hDF-iNSCs (SOX2 and SOX2/HMGA2). Filled and 

empty circles represent methylated and unmethylated CpGs, respectively. 
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Figure 1.4. Characterization of H9-NSCs, hDF-iNSCs (SOX2), hDF-iNSCs 

(SOX2/HMGA2), and hDF-iNSCs (SOX2/anti-let-7b) and comparison of early- 

and late-passage hiNSCs.  

(A) Immunocytochemistry of NSC-specific marker proteins in H9-NSCs, hDF-iNSCs 

(SOX2), hDF-iNSCs (SOX2/HMGA2), and hDF-iNSCs (SOX2/anti-let-7b) using 

antibodies against SOX2, PAX6, HMGA2, Ki67, and NESTIN. Nuclei were counterstained 

with DAPI. (Scale bar = 50 µm).  
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(B) qRT-PCR analysis for NSC-specific mRNA expression in H9-NSC, hDF-iNSC (SOX2) 

and hDF-iNSC (SOX2/HMGA2), with expression levels relative to hDFs. Error bars denote 

the standard deviation of triplicate reactions. 	

(C) Quantification of the differentiation efficiency of H9-NSCs, hDF-iNSCs (SOX2), HDF- 

iNSCs (SOX2/HMGA2), and hDF-iNSCs (SOX2/anti-let7b) into neurons, NF+ cells, 

astrocytes, and GFAP+ cells over the total number of live cells. Error bars denote the 

standard deviation of triplicate reactions. (*P < 0.05).  

(D) Immunocytochemistry analysis of NSC-specific marker proteins in hDF-iNSCs 

(SOX2/HMGA2) at early passage (p8) and late passage (p48) using antibodies against 

SOX2, PAX6, and NESTIN. Nuclei were counterstained with DAPI. (Scale bar = 50 µm). 	

(E) The size of the nucleus was measured in hDF-iNSCs (SOX2/HMGA2) at early (p8) and 

late (p48) passages. Error bars represent the standard deviation.  

(F) The graph represents the ratio of abnormal nuclei over the total nuclei in early (p8)- and 

late (p48)-passage hDF-iNSCs (SOX2/HMGA2). 	

(G and H) Immunocytochemistry analysis and quantification of the differentiation potential 

of hDF-iNSCs (SOX2/HMGA2) into neurons (G) and astrocytes (H) at early passage (p8) 

and late passage (p48). Nuclei were counterstained with DAPI. (Scale bar = 50 µm). Error 

bars denote the standard deviation of triplicate reactions. (*P < 0.05, **P < 0.01).  
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1.3.4 Down-regulation of HMGA2 inhibits hiNSC proliferation and 

self-renewal 

To examine whether HMGA2 regulates hiNSC proliferation, I transfected hiNSCs 

with HMGA2-targeting siRNA (siHMGA2) and measured cell proliferation using BrdU 

labeling of dividing cells. Down-regulation of HMGA2 dramatically reduced the 

percentage of BrdU-positive cells (Figures 1.2K and 1.2L). Furthermore, siHMGA2-

transfected hiNSCs showed a significantly reduced neurosphere size, confirmed by the 

diameter of neurospheres, and decreased self-renewal, confirmed by the number and 

percentage of cells generating secondary neurospheres among primary neurosphere 

(Figures 1.2M-1.2O). Taken together, these results showed that the down-regulation of 

HMGA2 with a siRNA against HMGA2 inhibits hiNSC proliferation and self-renewal. 

 

1.3.5 hiNSCs differentiate into neurons, astrocytes and 

oligodendrocytes 

To examine the multipotency of hiNSCs, SOX2/HMGA2-transduced hiNSCs were 

differentiated into three main neural lineages: neurons, astrocytes and oligodendrocytes. 

Subsequently, lineage-related markers were confirmed using immunocytochemistry. After 

10-15 days of neuronal induction, immature neuronal markers, neuron-specific class III 

beta-tubulin (TUJ1) and doublecortin (DCX), and neuronal intermediate filaments, alpha-

internexin (α-internexin) and NF, were detected (Figure 1.5A). Clonal analysis was 

performed to assess the self-renewal potential of hiNSCs. Neuronal differentiation was 



 

 35   

 

induced, and NF and alpha-internexin were stained in clones at multiple passages. After 

10-25 days of neuronal induction, the mature neuronal marker, MAP2, the dopaminergic 

and noradrenergic neuron marker, tyrosine hydroxylase (TH), and the cholinergic neuron 

marker, choline acetyltransferase (ChAT), were expressed at similar levels compared with 

H9-NSCs (Figures 1.5A and 1.6A). The astrocytic differentiation of hiNSCs yielded glial 

fibrillary acidic protein (GFAP)-positive cells. Furthermore, cells double-positive for the 

oligodendrocyte markers, O4 and OLIG2, were detected after 20-35 days of induction 

toward oligodendroglial fate. The various differentiation potentials of SOX2/HMGA2-

transduced hiNSCs were measured by the percentages of NF-, GFAP- and O4-positive cells 

among the total number of nuclei (Figure 1.5A).  

To evaluate the functionality of the hiNSCs, I examined the electrophysiological 

properties. I observed that hiNSCs generated neurons expressing sodium currents resulting 

in multiple action potentials. The sodium current (or inward current) and action potentials 

were inhibited using the sodium channel blocker lidocaine and restored to normal status 

after washout (Figures 1.5B-1.5D and 1.6B-1.6D). These data revealed that hiNSCs are 

multipotent, and neurons from hiNSCs showed the functional membrane properties and 

activities of normal neurons. 

Moreover, to investigate whether hiNSCs could also differentiate into three 

lineages in vivo, CM-DiI-labeled hiNSCs were transplanted into the hippocampal region of 

4-week-old mice, followed by immunohistochemical analysis at 3 weeks after 

transplantation. As expected, some of the grafted hiNSCs differentiated into neurons 

(CMDil+TUJ1+), astrocytes (CM-DiI+GFAP+) or oligodendrocytes (CM-DiI+MBP+) within 
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the brain (indicated with arrows; Figure 1.5E). I also observed that a few CM-DiI 

fluorescent cells were negative for these lineage markers (indicated with asterisks), 

implying that these cells either maintained the NSC status or differentiated into cells 

positive for other lineage markers, such as PSA-NCAM or DCX (Figures 1.5E and 1.6E). 

Taken together, these results suggest that transplanted hiNSCs survive and differentiate 

into neurons, astrocytes and oligodendrocytes in vivo and in vitro. 
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Figure 1.5. Functional characterization of hDF-iNSCs (SOX2/HMGA2) in vitro 

and in vivo. 

(A) Immunocytochemical analysis of hDF-iNSCs (SOX2/HMGA2) after differentiation 

into three major cell types: neurons (α-internexin, TH, DCX, ChAT, NF, MAP2 and TUJ1); 

astrocytes (GFAP); and oligodendrocytes (OLIG2 and O4). (Scale bars = 50 or 10 µm). 

Quantification of neuron, astrocyte, and oligodendrocyte generation was measured 

according to the NF+, GFAP+, and O4+ cells, respectively, over the total number of cells. 

Error bars denote the standard deviation of triplicate images.  

(B) Representative images of sodium currents and action potential of hiNSC-derived 

neurons recorded using voltage-clamp readings.   

(C) Voltage-clamp recording after blocking sodium currents using lidocaine (0.1%). 

(D) Voltage-clamp recording of sodium current restoration after washout. 

(E) Transplantation of CM-DiI labeled hiNSCs into the hippocampal region of 4-week-old 

mice. hiNSCs were differentiated into neurons (TUJ1), astrocytes (GFAP) and 

oligodendrocytes (MBP) and co-localized with CM-DiI (arrows). Some hiNSCs showed 

CM-DiI fluorescence without co-localization (asterisks). (Scale bars = 50 µm). 
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Figure 1.6. Characterization of H9-NSCs and functional characterization of 

hDF-iNSCs (SOX2/HMGA2) in vitro and in vivo. 

(A) Immunocytochemical analysis of H9-NSC differentiation into neurons (NF, MAP2 and 

ChAT), astrocytes (GFAP) and oligodendrocytes (O4). (Scale bars = 50 or 10 µm).  

(B) Representative images of sodium currents and action potentials of hiNSC-derived 

neurons recorded using voltage-clamp readings. 	
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(C) Voltage-clamp recording after blocking sodium currents with lidocaine (0.1%).	

(D) Voltage-clamp recording of sodium current restoration after washout.	

(E) Immunohistochemical images of transplanted CM-DiI labeled hiNSCs are shown 

without merging. (Scale bar = 50 µm). 	
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1.3.6 HMGA2 facilitates the efficient reprogramming of various 

somatic cells into hiNSCs 

I next assessed whether human umbilical cord blood cells (hUCB) could be used 

as a source for iNSC reprogramming, as, in contrast to fibroblasts, these cells are acquired 

without invasive procedures and they retain minimal genetic mutations (Broxmeyer et al. 

2011, Giorgetti et al. 2012). MSC populations were isolated from hUCBs as previously 

described (Kim et al. 2013). Following SOX2/HMGA2 transduction, hUCB-MSCs formed 

networks with colonies at the intersections. hUCB-MSC-derived iNSC colonies appeared 

at 7~12 days post infection, and these cells were immunocytochemically demonstrated to 

be iNSCs through positive staining for PAX6 and NESTIN (Figure 1.7A). It has been 

reported that MSCs are positive for CD73 and CD105 but negative for the hematopoietic 

markers CD34, CD45 and HLA-DR (Dominici et al. 2006). hUCB-MSC-derived iNSCs 

were negative for CD73 and CD105, suggesting that the cell surface marker signature had 

changed (Figure 1.8A). I observed that HMGA2 expression was significantly higher in 

hUCB-MSCs compared with hDFs (Figure 1.8B). SOX2/HMGA2-transduced hUCB-

MSCs generated 3-4-fold more PAX6/NESTIN-positive colonies compared with SOX2-

transduced hUCB-MSCs (Figure 1.8C). To examine the proliferation of H9-NSCs and 

hiNSC lines derived from different cell sources and combinations of transgenes, I measured 

the cellular growth rate. I observed that the cellular growth rates of H9-NSCs and hiNSCs 

were not significantly different, indicating that H9-NSCs and hiNSCs had similar 

proliferation capacities (Figure 1.8D).  
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  To explore whether senescent hUCB-MSCs could be induced into neural stem 

cells, I transduced SOX2 alone or in combination with let-7-targeting factors. To this end, 

senescent hUCB-MSCs with senescence-associated (SA)-β-galactosidase activity were 

transduced with SOX2, SOX2/MYC, SOX2/LIN28 and SOX2/HMGA2 (Figure 1.7B). 

Strikingly, only SOX2/HMGA2 overexpression promoted the formation of hiNSC colonies, 

while SOX2/MYC and SOX2/LIN28 induced morphological changes but did not generate 

hiNSC colonies (Figure 1.7B). SOX2/HMGA2 overexpression induced the appearance of 

2-4 colonies from 1 x 105 senescent hUCB-MSCs (conversion efficiency of 0.004-0.008%) 

at 3 weeks after infection (Figure 1.7C). Senescent hUCB-MSC-derived iNSCs showed 

high SOX2, MASH1, BLBP and NESTIN expression, comparable to H9-NSCs (Figure 1.8F) 

   I next attempted to generate hiNSCs from the CD34+ fraction of hUCB cells 

through transduction with SOX2/HMGA2. hUCB CD34+ cells were purified using 

standard immunomagnetic selection, showing 84.15% purity (Figure 1.7D). For the 

stimulation of mitotic division, hUCB CD34+ cells were cultured with cytokines (SCF, 

Flt3L, TPO and IL-6) for 3 days before retrovirus infection. The cells were subsequently 

plated onto feeder cells, and 10-14 days after infection, iNSC colonies appeared (Figure 

1.7E). hUCB CD34+ cells did not significantly express NSC or neuron-specific markers, 

indicating the absence of a neural precursor-like population (Figure 1.8E). 

Immunocytochemical staining and RT-PCR revealed that hUCB CD34+ iNSCs were 

established, showing the positive expression of PAX6, SOX2, Ki67, HMGA2, MASHI1, 

BLBP and NESTIN (Figure 1.7F and 1.8F). Furthermore, these hUCB CD34+ iNSCs 

developed into neurons, astrocytes and oligodendrocytes (Figure 1.7G). SOX2 alone was 
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sufficient to generate hUCB CD34+ iNSCs but with low efficiency. Coexpressing SOX2 

and HMGA2 in hUCB CD34+ cells increased the frequency of PAX6/NESTIN-positive 

colony formation 10-20-fold (Figure 1.7H). In summary, efficient direct reprogramming 

through the synergistic interaction of SOX2 and HMGA2 facilitates the conversion of 

various somatic cells into hiNSCs. 
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Figure 1.7. Efficient conversion of various somatic cells with HMGA2. 

(A) Generation of iNSCs from human umbilical cord blood-derived mesenchymal stem 

cells with SOX2/HMGA2. Neurosphere-like colonies appeared 7 days after virus 

transduction. hUCB-MSC-derived iNSCs were immunostained with PAX6 (red), NESTIN 

(green) and DAPI (blue). (Scale bars = 250 or 100 µm). 

(B) Morphology of replicative senescent hUCB-MSCs transduced with SOX2, SOX2/MYC, 

SOX2/LIN28 or SOX2/HMGA2 after 21 days. Replicative senescent hUCB-MSCs were 

assessed for β-galactosidase activity. Early iNSC clusters were generated only through 

SOX2/HMGA2 transduction.   

(C) Quantification of the amount of PAX6- and NESTIN-positive colony formation in 

control and SOX2-, SOX2/MYC-, SOX2/LIN28- and SOX2/HMGA2-transduced replicative 

senescent hUCB-MSCs. The assays were repeated three times. 

(D) Representative dot plot images for the purity of CD34+ cells through a flow cytometric 

analysis. The cells were 84.15% positive for CD34 after sorting from mononuclear cells. 

(E) Schematic presentation of the strategy for reprogramming hUCB-CD34+ cells into 

hiNSCs. 

(F) Characterization of hUCB-CD34+ iNSCs (SOX2/HMGA2) using immunocytochemistry. 

The cells were stained for the NSC-specific markers PAX6, HMGA2, NESTIN, and SOX2 

and a proliferation marker, Ki67. (Scale bars = 50 µm). 

(G) Immunocytochemical analysis of hUCB-CD34+ iNSCs (SOX2/HMGA2) after 

differentiation into three major cell types: neurons (NF); astrocytes (GFAP); and 

oligodendrocytes (O4). (Scale bars = 50 µm).  
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(H) The efficiency of PAX6- and NESTIN-positive colony formation was measured in 

control hUCB-CD34+ cells, SOX2-, and SOX2/HMGA2- transduced hUCB-CD34+ cells. 

The assays were repeated six times. (**P < 0.01). 
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Figure 1.8. Generation of hUCB-derived iNSCs.  

(A) Flow cytometric analysis for hMSC surface markers (negative markers, CD34, CD45 

and HLA-DR; positive markers, CD73 and CD105) in hMSCs and hMSC-derived iNSCs. 	

(B) Western blot analysis of HMGA2 expression in three different lines of hUCB-MSCs 

and hDFs.  

(C) The efficiency PAX6- and NESTIN-positive colony formation was measured in SOX2- 

or SOX2/HMGA2-transduced hUCB-MSCs. The assays were repeated six times. (**P < 

0.01).  

(D) The proliferation rates of H9-NSCs, hDF-iNSCs and hMSC-iNSCs were determined 

using a cumulative population doubling level analysis (CPDL). The assays were repeated 

three times.  

(E) Expression of NSC-specific markers and neural-related markers were confirmed in 

CD34+ cord blood cells and senescent hMSCs using immunocytochemistry. Nuclei were 

counterstained with DAPI. (Scale bar = 50 µm). 	

(F) The expression levels of neural stem cell-related and neuronal markers were analyzed 

in senescent hMSCs, senescent hMSC-iNSCs (SOX2/HMGA2), CD34+ cord blood cells, 

CD34+ cord blood-iNSCs (SOX2/HMGA2), and H9-NSCs using RT-PCR.  
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1.4 DISCUSSION 

 

The results obtained in the present study provide compelling evidence that 

HMGA2/let-7 plays an important role in the direct reprogramming of hDFs, hMSCs and 

hUCB CD34+ cells towards hiNSCs and in the maintenance of hiNSC self-renewal. 

Importantly, the co-expression of SOX2 and HMGA2 significantly shortened the 

turnaround time and enhanced reprogramming efficiency; thus, cord blood cells or 

senescent cells can be reprogrammed into hiNSCs. Recent studies have shown that cord 

blood-derived CD133+ progenitor cells are converted into neuronal-like cells (CB-iNCs) 

through the ectopic expression of SOX2 and MYC (Giorgetti et al. 2012). However, CB-

iNCs showed limited neuronal differentiation, while in the present study, hUCB CD34+ 

iNSCs showed tri-lineage neural differentiation potential. 

   Senescence has been associated with physiological aging, and it has been 

suggested that this process is a barrier to reprogramming, reflecting a loss of replicative 

potential and up-regulation of cell-cycle-dependent kinase inhibitors (Banito and Gil 2010). 

I observed that HMGA2 could overcome senescence-induced barriers, potentially 

providing a clinical strategy for the production of neural disease-specific hiNSCs. Because 

hiNSCs acquire a rejuvenated state and self-renewal, retained toxic or pathogenic 

metabolites in patient-specific hiNSCs can be diluted, leading to a healthy status more 

suitable for transplantation (Liu et al. 2012). Therefore, the generation of patient-specific 

hiNSCs using this protocol might represent a powerful tool for elucidating the molecular 



 

 50   

 

mechanisms underlying neural diseases and might have implications for therapeutic 

applications.  

To obtain deeper insight into the role of let-7, known targets of let-7, MYC, LIN28 

and HMGA2, were overexpressed together with SOX2 (Mayr et al. 2007, Sampson et al. 

2007, Rybak et al. 2008). Although these factors showed a positive regulation of colony 

formation, the effect of each factor on proliferation was inconsistent with colony formation 

(Figure 1.3), suggesting that each factor has a different mechanistic function in 

reprogramming in addition to the increase in proliferation. This idea is supported by other 

reports that MYC, a well-known proliferation stimulator (Dang 2012), promotes the 

transcription of active genes (Lin et al. 2012, Nie et al. 2012). LIN28 assists iPSC formation, 

depending on the acceleration of the division rate (Hanna et al. 2009). Nonetheless, 

HMGA2 showed the most efficient reprogramming into iNSCs, although it showed the 

least proliferative potential, suggesting that HMGA2 retains far more mechanistic potential 

for iNSC reprogramming than other factors.  

HMGA2 can be a potent regulator of higher-order chromatin compaction during 

reprogramming. Indeed, the compact chromatin structure induced through the linker 

histone H1 interferes with the pluripotency of ESCs and efficiency of iPSC reprogramming 

(Gaspar-Maia et al. 2009, Zhang et al. 2012). The conversion of the chromatin structure 

into a global open state through competition with the linker histone H1 might be closely 

associated with the positive effect of HMGA2 on hiNSC derivation (Catez et al. 2004, 

Kishi et al. 2012). Moreover, I found that HMGA2 facilitates a high self-renewal and 

neurogenic capacity in hiNSCs, consistent with the reports that HMGA2 is a key factor for 
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sustaining early-stage neural stem cells during development (Miller and Gauthier 2007, 

Kishi et al. 2012).  

Furthermore, in the present study, I showed that hUCB-derived MSCs express 

substantially higher levels of HMGA2 than hDFs and are more prone to reprogramming 

into iNSCs (Figure 1.8). Up-regulated HMGA2 levels might reflect the higher 

reprogramming efficiency of MSCs into iPSCs (Sun et al. 2009, Sugii et al. 2010) or iNSCs 

compared with fibroblasts. These reports suggest that HMGA2 is a contributor to SOX2-

mediated iNSC reprogramming through mechanistic regulation. Thus, it will be worthwhile 

to determine the mechanism underlying the regulatory role of HMGA2 during 

reprogramming in future studies. 
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CHAPTER  2 

 

A Cocktail of Small Molecules Drives 

a Direct Conversion of Human 

Fibroblasts into Neural Stem Cells 

  



 

 53   

 

2.1 INTRODUCTION 

 

A major breakthrough in stem cell research was achieved by the establishment of 

iPSC-reprogramming that transforms somatic into pluripotent stem cells (PSCs)  

(Takahashi and Yamanaka 2006). Analog to the embryonic stem cells (ESCs), iPSCs are 

characterized by long-term self-renewal and pluripotency, and represent an unlimited cell 

source of patient-specific cell therapy. However, the clinical use of both PSCs is extremely 

limited due to the tumorigenic potential. One of the reprogramming strategies that emerged 

is the direct conversion of somatic cell type into unrelated somatic cells. Up to date, 

numerous reprogramming reports have described the way to directly converse the human 

somatic cells into different cell types including cardiomyocytes, hepatocytes, neurons, and 

neural stem cells (NSCs) without going through pluripotent state (Takahashi et al. 2007, 

Ladewig et al. 2012, Ring et al. 2012, Fu et al. 2013, Nam et al. 2013, Wada et al. 2013, 

Du et al. 2014, Huang et al. 2014, Yu et al. 2015). Due to the limited capacity to generate 

new neurons and neurogenesis in brain, it was a breakthrough discovery that fibroblasts 

can be directly reprogrammed into functional neuronal cells in vitro (Vierbuchen et al. 2010, 

Marro et al. 2011). The possibility of directly reprogramming non-neuronal cells into 

neurons would open new therapeutic avenues aimed at repairing the brain after injury or in 

patients suffering from degenerative diseases. Future patient-specific cell therapies for 

degenerative brain disorders, such as for Alzheimer’s and Parkinson’s diseases, can be 

based on direct reprogramming approaches to generate and replace damaged and lost cell 

types. However, sources of direct reprogramming remain restricted and the converted 
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neurons have a limited capacity to proliferate. As alternative to this issue, several prominent 

studies have revealed that somatic cells can be successfully reprogrammed into NSCs by 

introducing transcription factors (Han et al. 2012, Thier et al. 2012, Tian et al. 2013). These 

induced neural stem cells (iNSCs) generated by viral delivery system have been reported 

to be capable of self-renewal and neural differentiation into astrocytes, oligodendrocytes 

and neurons including specific mature neuronal subtypes, such as glutamatergic neurons, 

cholinergic neurons, dopaminergic neurons, and GABAergic neurons (Han et al. 2012, 

Thier et al. 2012). However, the direct conversion method introducing viral vector systems 

could result in unexpected genetic modifications, which cause tumorigenesis as a clinical 

hurdle for regenerative medicine. Therefore, current methods are in need of improvement 

with novel genomic integration-free methodologies for clinical safety.  

Small molecules are easy to manipulate and their effects are relatively easy to 

regulate according to their concentration, duration of treatment and combination (Li et al. 

2012, Xu et al. 2013). A combination of small molecules successfully reprogramed the 

somatic cell into iPSCs without introducing transcription factors (Hou et al. 2013). 

Although lineage specific stem cells, such as NSCs, can be derived from iPSCs, it is time 

consuming and the efficiency of differentiation is extremely low. In addition, it has a 

considerable limitation for clinical application due to the heterogeneous population of 

residue of origin cells, iPSCs, containing undifferentiated cells, which can generate tumors 

(Xu et al. 2013, Cheng et al. 2014).  

The latest reprogramming studies have demonstrated that NSCs can be 

successfully induced from non-neural somatic cells, such as primary mouse embryonic 
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fibroblasts using a combination of small molecules (Cheng et al. 2014, Zhang et al. 2016, 

Zheng et al. 2016). The chemical-only approach for iNSC-generation is therefore a robust 

and alternative technique to produce transgene-free and large-scale fell sources for patient 

specific therapies. This approach can also be used as in vitro disease modeling, drug 

development, toxicity testing, and cell-based treatment for neurodegenerative diseases or 

neural injuries.  

In this study, I sought to generate iNSCs from human fibroblast, which can be 

directly conversed using a defined combination of small molecules based on gene 

expression screening for neural key factors – CHIR99021, Foskolin, SB431542, and 5-

Azacytidine (5-AZA), and to verify the functional characteristics of these chemically 

induced NSCs (ciNSCs). These resulting ciNSCs are indicated by self-renew, proliferation 

capacity and both in vitro and in vivo differentiation potential into main neural lineages 

cells such as neuron, astrocytes, and oligodendrocytes.   
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2.2 MATERIALS AND METHODS 

 

2.2.1. Cell culture 

Human dermal fibroblasts (hDFs) were purchased from Life technologies. The 

hDFs were maintained in the fibroblast growth medium-2 (Gibco BRL, Grand Island, NY, 

USA) containing 10% fetal bovine serum (FBS; Gibco BRL).  

hES dervied NSCs (hES-NSC) were purchased from Gibco. hES-NSCs were 

maintained with 1:1 mixture of KnockOut DMEM/F12 basal medium (Gibco) containing 

StemPro Neural Supplement (Gibco) and ReNcell NSC maintenance media (Millipore, 

Billerica, MA, USA), 10 ng/ml FGF basic (Peprotech, Rocky Hill, NJ, USA), and 10 ng/ml 

EGF Recombinant proteins (Peprotech).  

 

2.2.2. Generation of ciNSCs  

hDFs were plated on Poly-L-orthinine (PLO; Sigma, Carlsbad, CA, USA) / 

fibronectin (FN; BD Bioscience, San Jose, CA, USA) coated dish with FGM2 containing 

10% FBS. Next day, medium changed to DMEM (Gibco) containing 10% FBS with 

chemicals (CHIR99021 (Cayman, Ann Arbor, MI, USA), SB431542 (Sigma), Forskolin 

(Sigma), and 5-AZA (Sigma). After 2days, medium changed to 1:1 mixture of DMEM/F12 

(Gibco) and Neurobasal medium (Gibco) supplemented with B27 (Gibco), N2 (Gibco), and 

Gmax (Gibco) and chemicals also added. Medium changed every other day for a week. 

Then, cells were transfer to new PLO/FN coated dish and maintained with NSC 
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maintenance medium for another 1 more week. After that, cells transferred to non-coated 

dishes with NSC maintenance medium for 2 more weeks.  

 

2.2.3. In vitro differentiation 

For neural differentiation, ciNSCs were seeded at a density of 5,000 cells/well 

onto PLO/FN-coated coverslips in 24-well-plate containing NSC maintenance medium 

with bFGF and EGF. After 24 hours, the medium was changed to Neurocult (Stem Cell 

Technology, Vancouver, Canada) without growth factors for random differentiation. After 

2 days of differentiation in Neurocult, the medium changed into three specific lineages 

(neuron, astrocyte and oligodendrocyte). Differentiation medium were prepared as 

previously described (Yu et al. 2015). Briefly, the neuronal induction medium includes 

retinoic acid (RA; Sigma), ascorbic acid (AA; Sigma), BDNF (Peprotech), GDNF 

(Peprotech), NT3 (Peprotech), IGF-1 (Peprotech), cAMP (Sigma) and forskolin (Sigma). 

The dopaminergic neuron induction medium includes FGF8 (Peprotech) and 

Purmorphamine (Sigma). Astrocyte induction medium contained 1% FBS. 

Oligodendrocyte induction media were including RA, Purmorphamine (Sigma), T3, cAMP 

(Sigma), and PDGF (Peprotech).   

 

2.2.4. RT-PCR and Quantitative real-time PCR 

Total RNA was extracted from cells using PureLink RNA Mini Kit (Ambion, 

Carlsbad, CA) according to manufacturer’s protocol. cDNA synthesis was proceeded using 
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the Superscript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). For RT-PCR, 

the cDNA, primers, and DEPC were combined with a PCR premix (Bioneer, Sung Nam, 

Korea) and proceed by gel electrophoresis on 1.5% agarose gels with gel-red (Koma, 

Korea). Primers listed in Table 2.1. Fluorescence digitization was detected using a Bio-Rad 

GelDoc XR system (Bio-Rad). Real-time PCR was performed using SYB-R Green PCR 

Master Mix (Applied Biosystems, Foster City, CA, USA). ABI 7300 sequence detection 

system with supplied software (Applied Biosystems) was used to quantify gene expression. 

The relative gene expression levels were calculated using the 2-∆∆Ct method after 

normalization to the endogenous expression level of GAPDH, and gene expression levels 

were measured in at least three independent analyses.  
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Table 2.1. Primers used for qRT-PCR and RT-PCR analysis 

Gene Primer sequence 

GAPDH F 5’-TGATGACATCAAGAAGGTGGTG-3’ 

R 5’-ACCCTGTTGCTGTAGCCAAAT-3’ 

SOX2 F 5’-CCCCTGGCATGGCTCTTGGC-3’ 

R 5’- GTTCGCTGTCCGGCCCTCAC-3' 

HMGA2 F 5’-CAAGAGTCCCTCTAAAGCAG-3' 

R 5’-GCAGACTCTTGTGAGGATGT-3' 

PAX6 F 5’-ATTCTGGGCAGGTATTACGAG-3' 

R 5’-GATTTCCCAAGCAAAGATGGAC-3' 

NESTIN F 5’-AACAGCGACGGAGGTCTCTA-3' 

R 5’-TTCTCTTGTCCCGCAGACTT-3' 

CXCR4 F 5’-CGTCTCAGTGCCCTTTTGTTCT-3' 

R 5’-AATCCTACAACTCTCCTCCCCAT-3' 

BRN2 F 5’-TTGTGTTGCCCCTTCTTCGT-3' 

R 5’-TTGCCTTCGATAAAGCGGGT-3' 

NEFL F 5’-CTGGAAATCGAAGCATGCCG-3' 

R 5’-GCGGGTGGACATCAGATAGG-3' 

OLIG2 F 5’-ATCGCATCCAGATTTTCGGGT-3' 

R 5’-AAAAGGTCATCGGGCTCTGG-3' 

SCL1A3 F 5’-CAGATTCGTGCTCCCCGTAG-3' 

R 5’-CGGAGGCGATCCCTGATTG-3' 

ASCL1 F 5’-CCCCCAACTACTCCAACGAC-3' 

R 5’-AGATGCAGGTTGTGCGATCA-3' 

ISL2 F 5’-GACCAGTTTATCCTGCGGGT-3' 

R 5’-CACTCGATGTGGTACACGCT-3' 

COL1A2 F 5’-ACCACAGGGTGTTCAAGGTG-3' 

R 5’-AGGACCAGGGAGACCAAACT-3' 
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S100A4 F 5’-GGTGGGGAAAGGGTTTGATGA-3' 

R 5’-CTCTAATGTGTGCATCCCCTCC-3' 

ACTA2 F 5’-AGCGTGGCTATTCCTTCGTT-3' 

R 5’-GCCCATCAGGCAACTCGTAA-3' 

HSP47 F 5’-CCAGAAGTTTCTCGGGACGG-3' 

R 5’-TTTCATTCTGGGTCGGGCTG-3' 

DKK F 5’-GCCACCATGTATTCATCCAGAGTT-3' 

R 5’-CCAAGAACTACAGAAGAGCAGTTGA-3' 
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2.2.5. Immunocytochemistry  

ciNSCs were fixed with 4% paraformaldehyde (PFA) in 0.1 M PBS for 15 minutes 

at room temperature, followed by permeabilization with 0.25% Triton X-100 (Sigma) for 

10 minutes. The cells were incubated with blocking solution [5% normal goat serum (NGS; 

Zymed, San Francisco, CA, USA)] for 1 hour. Afterwards, each primary antibody diluted 

in 5% NGS at manufacture recommendation and cells were treated with primary antibody 

for overnight at 4°C. Primary antibodies were as follows: rabbit-anti-SOX2 (Abcam 1:200), 

rabbit-anti-PAX6 (Biolegend 1:400), rabbit-anti-HMGA2 (Abcam 1:200), rabbit-anti-Ki67 

(Abcam 1:500), mouse-anti-NESTIN (Abcam 1:200), mouse-anti-NF (Cell signaling 

1:400), mouse-anti-GFAP (Abcam 1:500), mouse-anti-O4 (Millipore 1:200), mouse-anti-

TH (R&D system 1:200), rabbit-anti-PITX3 (Abfinity 1:500), rabbit-anti-Synapsin1 

(Abcam 1:100), rabbit-anti-vGLUT1 (Abcam 1:100), goat-anti-GABA (Abcam 1:100). 

The cells were incubated with secondary Alexa 488- or Alexa 546-conjugated antibodies 

(1:1000; Invitrogen) for 1hr at room temperature. The nuclei were stained with 4’,6-

diamidino-2-phenylindole (DAPI, Sigma) for 5 min. The images were taken using a 

confocal microscope (Nikon, Eclipse TE200, Japan). 

 

2.2.6. Cryogenic lesion models 

 Anesthesia was induced with 5% isoflurane and maintained with 2% isoflurane 

through a facial mask. Along the midline of the head, scalp incision was performed. Copper 

pointy stick (diameter is less than 2.5mm) were placed in liquid nitrogen (-80 °C) for more 
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than 1min and stereotactically place on each side of the skull for 60 secs. Before changed 

the side, the copper stick placed in liquid nitrogen. After procedure, wound closed by using 

vet bond (3M).  

 

2.2.7. Transplantation of the ciNSCs into mice  

The ciNSCs were detached using accutase and suspended in PBS. hiNSCs were 

labeled with CM-DiI (Molecular Probes) for tracking after injection. The hiNSCs were 

incubated with CM-DiI for 15 minutes in a 37°C water bath, followed by incubation at 4°C 

for 10 minutes. The CM-DiI- labeled hiNSCs were suspended in PBS at a density of 1 x 

105 cells/µl. The mice (4 weeks old) were anesthetized with 5% isoflurane and maintained 

with 2% isoflurane administered through a facial mask. hiNSCs were transplanted into the 

hippocampus using a stereotaxic apparatus and an ultra-micropump (World Precision 

Instruments, Sarasota, FL, USA). The injection coordinates were 1.4 mm posterior, 2 mm 

bilateral to bregma and 1.5 mm depth. Each mouse received approximately 2 x 105 cells in 

2 µl PBS at a rate of 250 nl per minute. After transplantation, the scalp was sutured closed, 

and the animals were allowed to recover from anesthesia.  

To trace the transplanted hiNSCs, the mice were perfused with 0.1 M PBS (pH 

7.4), followed by 4% PFA in 0.1 M PBS. Subsequently, the brains were carefully isolated 

and soaked in 4% PFA overnight for post-fixation and transferred to 30% sucrose for 48 

hours. The brains were molded with infiltration mixture (OCT compound; Sakura Finetek, 

Tokyo, Japan) and stored at -70°C overnight, followed by cryosection using a cryostat (CM 

3050, Leica, Wetzlar, Germany). A procedure similar to ICC was performed. Briefly, the 
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tissues were incubated with 0.05% Triton X-100 for 20 minutes, followed by incubation 

with 5% NGS for blocking unspecific antibody binding. Subsequently, the tissues were 

incubated with primary antibody according to the manufacturer’s recommended dilution 

ratio in 5% NGS overnight at 4°C. The tissues were incubated with secondary Alexa 488- 

or Alexa 546-labeled antibody (1:1000) for 1 hour at room temperature. The nuclei were 

stained with DAPI for 10 minutes. The images were captured using a confocal microscope 

(Nikon).  

 

2.2.8. Immunohistochemistry 

Mice were perfused with 0.1M PBS (pH 7.4), followed by 4% paraformaldehyde 

in 0.1M PBS, and brains were isolated and soaked in 4% paraformaldehyde in 0.1M PBS 

overnight for post-fixation then transferred to 30% sucrose until the brain float. Then brains 

were molded in OCT compound (Sakura Finetek) and kept at -70C overnight. The brains 

were sectioned with a cryostat (CM 3050, Leica). After this process, immunostaining 

procedure is similar as ICC. Briefly, after washing the tissue with PBS, it incubated with 

0.05% Triton X-100 for 20mins for permeability. Then, sections were blocked with 5% 

normal goat serum in PBS, and transferred to a primary antibody solution in recommended 

dilution ratio overnight at 4°C. Primary antibodies were as follows: mouse-anti-NF (Cell 

signaling 1:400), mouse-anti-GFAP (Abcam 1:500), mouse-anti-TUJ1 (Millipore 1:200), 

rabbit-anti-MBP (Millipore 1:200). Next day, sections were incubated with appropriate 

secondary antibody (1:1000; Invitrogen) for 1hr at room temperature. The nuclei were 

detected with DAPI. The images were taken by a confocal microscope (Nikon).   
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2.2.9. Microarray 

After RNA is extracted, the synthesis of target cRNA probes and hybridization 

were performed using Agilent’s Lowinput QuickAmp Labeling Kit (Agilent Technologies, 

CA, USA) according to the manufacturer’s instruction. Briefly, total RNA and T7 promotor 

primer mix were incubated at 65°C for 10mins. cDNA master mix was prepared and added 

to the reaction mixture. The samples were incubated at 40°C for 2 hours, then the RT and 

dsDNA synthesis was terminated by incubating at 70°C for 10 mins.  

Transcription of dsDNA was performed by adding the transcription master mix to 

the dsDNA reaction samples and incubating at 40°C for 2 hours. Amplified and labeled 

cRNA was purified on RNase mini column (Qiagen) according to the manufacturer’s 

instruction. Labeled cRNA target was measured by ND-1000 spectrophotometer (, USA).  

Each cyanine 3-labeled cRNA target was carried out the fragmentation of cRNA 

was performed by adding 10X blocking agent and 25X fragmentation buffer and incubating 

at 60°C for 30 mins. The fragmented cRNA was suspended with 2X hybridization buffer 

and transfer to assembled Agilent Mouse (V2) Gene Expression 4X 44K Microarray. The 

hybridized microarrays were washed as the manufacturer’s washing protocol (Agilent 

Technologies).  

The hybridization images were analyzed by Agilent DNA microarray scanner 

(Agilent Technologies) and the quantification was performed using Agilent Feature 

Extraction software 10.7. All data normalization and selection of fold-changed genes were 

performed using GeneSpringGX 7.3.1. (Agilent Technologies).    
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2.2.10. Statistical analysis  

All experiments were conducted at least in triplicate (n = 3), and the results were 

expressed as the mean ± SD from independent experiments. Statistical analyses were 

conducted via an analysis of variance (ANOVA), followed by Duncan’s multiple range 

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

0.01).  
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2.3 RESULTS 

 

2.3.1 Generation of ciNSCs from human fibroblasts  

I hypothesized that a combination of small molecules that upregulate SOX2 and 

HMGA2 expression can directly converse the human somatic cells into iNSCs as reported 

in our previous study using a retroviral delivery system (Yu et al. 2015). To select a 

combination of small molecules, I screened 10 small molecules that regulated epigenetic 

modification and signaling pathways, which are known to be involved in stem cell 

reprogramming and differentiation. Out of these 10 small molecules, only two – Forskolin 

and 5-Azacytidine –upregulated gene expressions of SOX2 in HNF fibroblasts, whereas 5-

Azacytidine, SB431642, BayK8644 and BIX01294 induced significant overexpression of 

HMGA2 (Figure 2.2A). Based on this aggregative gene expression analysis, I selected three 

small molecules, such as SB431542, 5-AZA, and Forskolin. In addition to this, I included 

the CHIR99021, which is well-known induce robustly the reprogramming and reduces the 

reprogramming barrier. Therefore, I was finally able to select four candidate chemicals to 

reprogram fibroblasts into NSCs. To optimize the working concentration of four candidate 

chemicals, three different doses by each single treatment were tested, how much they 

induce SOX2 and HMGA2 expression (Figure 2.2B-C). Here, I could figure out that 

SB431642 is effective at the dose of 10 µM for both SOX2 and HMGA2. Next, doses of 

chemicals in three different combinations were tested to find out which combination 

induces the NSC-specific NES expression and reduces the fibroblast-specific COL1A2 
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expression, respectively (Figure 2.2D). Together with both single and combination tests, I 

finally optimized the working concentration of four candidate chemicals as illustrated in 

Figure 2.1C.  

As hypothesized above, I investigated the change of gene expression patterns in 

fibroblasts whether the individual and combinations of four candidate chemicals regulate 

NSC- and fibroblast-enriched genes at first and second week post-treatment (Figure 2.1A). 

The NSC-enriched genes (SOX2, PAX6, OLIG2, NES) with chemical treatments at three 

every other day are expressed extremely lower than hES-derived NSCs in all individuals 

or combinations, whereas all gene expressions were increased in the combination of all 

four candidate chemicals at chemical-free second week post-treatment. In addition, the 

fibroblast-enriched gene COL1A2 remained at reduced gene expression levels compared to 

HNF fibroblasts in all conditions. By monitoring the NSC- and fibroblast-enriched genes 

using time-course analysis, the dramatic changes of endogenous gene expression level of 

SOX2, NES and COL1A2 were observed at 4-days post-treatment (Figure 2.1B). To induce 

successfully iNSCs, cells should be treated with the four chemicals for one week and 

cultured continually for four weeks to complete the generation of ciNSCs (Figure 2.1C-D). 

After two weeks, induced cells were progressively formed as a neurosphere in an 

attached culture condition. To obtain a homogeneous population of ciNSCs, cells were 

repeatedly changed between monolayer and suspension culture conditions and quantified 

by gene expression analysis, which indicated a pure characteristic of generated ciNSC 

population. Based on these results, we optimized the chemical-only method to generate 

ciNSCs in 4-weeks post-treatment. 
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Figure 2.1. Generation of chemical induced neural stem cells by small 

molecules.  

(A) Relative expression levels of the NSC-specific marker (SOX2, PAX6, OLIG2 and 

NESTIN (NES)) and fibroblast marker (COL1A2) were measured through qRT-PCR 

depends on chemical combination at 1 week and 2 weeks post-treatment. Error bars denote 

the SD of triplicate reactions. 
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(B) qRT-PCR analysis of SOX2, NESTIN and COL1A2 expression at day 0, 2, 4, and 6 after 

chemical treatment. Error bars denote the SD of triplicate reactions. *p < 0.05; **p < 0.01; 

***p < 0.001. 

(C) Schematic of the direct conversion protocol of fibroblasts into ciNSCs. 

(D) Morphological changes of human fibroblasts to sphere-formation through chemical 

treatment in bright-field microscopy. The scale bar represents 100µm. 
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Figure 2.2. Identification and optimization of neural stem cell-inducing small 

molecules.  

(A) qRT-PCR analysis of SOX2 and HMGA2 expression for identifying the candidate small 

molecules to induce the neural stem cells. Error bars denote the SD of triplicate reactions. 

(B-C) Relative expression of neural stem cell related gene expression SOX2 (B) and 

HMGA2 (C) were measure to optimize the concentration of chemicals. Error bars denote 

the SD of triplicate reactions.  
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2.3.2 Comprehensive characterization of ciNSCs in monolayer 

and suspension culture 

Not only generated ciNSCs could be serially propagated between monolayer and 

suspension culture conditions, but also their morphology in both monolayer and suspension 

culture was similar to human ESC-derived NSCs. To further characterized the generated 

ciNSCs, they were plated in a monolayer culture condition and stained by 

immunocytochemistry against NSC specific markers, SOX2, PAX6 and NESTIN as well 

as proliferating marker Ki-67 (Figure 2.3A). The NESTIN-positive cells co-expressed 

SOX2, PAX6 and Ki-67 in their nuclei. The percentages of DAPI-positive cells expressing 

SOX2, PAX6 and Ki-67 were 95.5 ± 2.2%, 98.6 ± 2.5% and 87.9 ± 3.6%, respectively. In 

addition to the monolayer culture, ciNSCs in a sphere from were stained by 

immunocytochemistry (Figure 2.3B). These ciNSCs in spheres also expressed the multiple 

NSC-specific markers, but not in the entire population. In these spheres, the percentages of 

DAPI-positive cells expressing SOX2, PAX6 and Ki-67 were 28.5 ± 7.3%, 20.7 ± 17.3% 

and 12.5 ± 3.9%, whereas the percentages of NESTIN-positive cells co-expressing SOX2, 

PAX6 and Ki-67 were 28.5 ± 7.3%, 16.6 ± 10.6% and 12.5 ± 3.9%, respectively. 

Remarkably, the SOX2-expressing cells were localized at the outer and center layers in 

spheres, whereas the PAX6- and Ki-67-expressing cells showed a biased localization at the 

one side.  

The expression of neural stem cell- (SOX2, CXCR4, BRN2, SCL1A3 and PAX6) 

and fibroblast- (COL1A2, S100A4 and ACTA2) specific genes was measured in ciNSCs in 

monolayer and suspension culture by qRT-PCR comparing to H9-derived NSCs (H9-
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NSCs), these analyses indicated generated ciNSCs in monolayer and suspension culture 

shows the similar gene expression pattern as hES-NSCs (Figure 2.3C and 2.3D). The 

different ciNSC cell lines showed NSC specific genes were upregulated compared to 

fibroblast and comparable to hES-NSCs. Furthermore, fibroblast markers were 

downregulated (Figure 2.4). It indicates ciNSCs showed similar characteristics to H9-NSCs 

in morphology, gene expression and protein expression.  
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Figure 2.3. Characterization of ciNSCs in monolayer and suspension. 

(A) Characterization of ciNSCs in monolayer. Morphology of ciNSCs accessed using 

bright-field microscopy. Immunocytochemistry images of ciNSCs using antibodies against 

SOX2, PAX6, NESTIN and Ki-67. The scale bar represents 10 or 100µm. Quantification 

of SOX2, PAX6, Ki-67, double positive with NESTIN was measured over the total number 

of cells. Error bars denote the SD of triplicate reactions. 

(B) Characterization of ciNSCs in suspension culture. Neutrosphere formation shows in 

bright-field image. ciNSCs were stained for the NSC-specific markers SOX2, PAX6, and 

NESTIN and proliferation marker, Ki-67. The scale bar represents 10 or 100µm.  

Quantification of SOX2, PAX6, Ki-67 positive cell and double positive with NESTIN were 

measured over the DAPI positive cells. Error bars denote the SD of triplicate reactions.  

(C-D) qRT-PCR validation of NSC and neuronal related markers (C), and fibroblast related 

markers (D) in hDFs, ciNSCs in monolayer, ciNSCs in sphere, and H9-NSCs. Error bars 

denote the SD of triplicate reactions. *p < 0.05; **p < 0.01; ***p < 0.001.    

 

. 



 

 75   

 

 

 

Figure 2.4. Gene expression pattern of different ciNSC lines.    

Gene expression pattern between different ciNSCs lines compared to hDF and hES-NSC 
confirmed by RT-PCR analysis.  
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2.3.3 Global gene expression profiling of ciNSCs  

To further characterize the ciNSC, I analyzed the gene expression profiles, the 

transcriptomes of hDFs, ciNSCs and hES-NSCs were compared by microarray analyses. 

The global genome heat-map represented 3 different ciNSC lines showed the similar gene 

expression profiles compared to hES-NSCs, as a positive control (Figure 2.5A). In addition, 

different three lines of ciNSCs were highly expressed of NSC- enriched genes, which 

represented as red, showed low expression pattern of fibroblast-enriched gene, represented 

in blue (Figure 2.5A Right). Additional cluster data represented a significant difference 

between ciNSCs and their parental hDFs (Figure 2.5B) and highly similarity between 

ciNSCs and hES-NSCs (Figure 2.5C). The genes that changed more than 4-fold compared 

to hDFs were selected and analyzed by DAVID, and most genes were primarily involved 

in brain development which represents characteristics of ciNSCs had comparably different 

to their parental hDFs (Figure 2.5D). Furthermore, the expression of NSC-enriched genes 

was increased in three different ciNSCs lines and hES-NSCs compared to hDFs, however, 

the expression of fibroblast-enriched genes was decreased (Figure 2.6A). These data 

support that a combination of small molecules can successfully converse hDFs into NSCs 

through the direct conversion process.  
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Figure 2.5. Genome-wide profiling of ciNSCs.     

(A) Heat-map presentation of microarray analysis of ciNSCs compared to hDFs and hES-

NSCs (Left). Along the ciNSC lines, the gene expression pattern of NSC- and fibroblast 

enriched gene were compared (Right).  

(B) Scatter plots analysis from the microarray data of ciNSCs versus hDFs. 

(C) Scatter plots analysis from the microarray date of ciNSCs versus hES-NSCs.  

(D) 4-fold changed genes (total 2549genes) of ciNSCs compared to hDFs were analyzed 

by its functions. Error bars denote the SD of triplicate data. 
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Figure 2.6. Gene expression changes between in hDFs, ciNSCs and hES-NSCs  

Gene expression of NSC-enriched genes, BRN2, CXCR4, SOX2, SLC1A3 and PAX6, and 

Fibroblast-enriched genes, COL1A2, S100A4 and ACTA2 were compared between hDFs, 

ciNSCs and hES-NSCs.   
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2.3.4 Multipotency of ciNSCs into Neurons, Astrocytes and 

Oligodendrocytes in vitro  

One of the distinguishable characteristics of NSCs is able to differentiate into the 

three main neural lineage. To confirm the tripotency of ciNSCs, ciNSCs were seeded on 

the PLO/FN coated coverslip and differentiated into neurons, astrocytes and 

oligodendrocytes. After two to three weeks of neuronal induction media including BDNF, 

GDNF, IGF-1, AA, RA and NT3 (Figure 2.7A), about 60% cells of ciNSCs were stained 

positive to Neurofilamnet (NF) which is the marker for neuron (Figure 2.7B and 2.7C). 

After differentiation with neuronal differentiation medium for long period about 4-5weeks, 

ciNSCs were able to further differentiate into glutamergic neuron (vGLUT1-positive) and 

GABAergic neuron (GABA-positive) (40% and 20%, relatively; Figure 2.7B and 2.7C). 

The synaptic marker, SYN1, is also stained after neuronal differentiation (40%; Figure 

2.7B and 2.7C). In addition, neuronal differentiation medium with FGF8 and 

purmorphamine can differentiate the ciNSCs into TH- and PITX3-positive dopaminergic 

neuron (90%, Figure 2.7D). Under the astrocytic differentiation medium including FBS, 

approximately 60% cells of ciNSCs could develop into GFAP-positive cells within two 

weeks (Figure 2.7E). Besides, ciNSCs can differentiate into O4-positive oligodendrocytes 

relatively low efficiency (20%) compared to neurons and astrocytes (Figure 2.7E). It 

indicated that chemically induced NSCs have tripotent potential as hES-NSCs. 
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Figure 2.7. Multipotency of ciNSCs in vitro.  

(A) Schematic protocol for neuronal differentiation.  

(B) Quantification of neuronal differentiation was measured according to NF+, vGLUT1+, 

SYN1+ and GABA+ over the total cells. Error bars denote the SD of triplicate reactions.  

(C) Immunocytochemical analysis of ciNSCs after differentiation into neurons, NF+ and 

SYN1+ and mature lineage of neurons, glutamergic neuron (vGLUT1+) and GABAergic 

neurons (GABA+). The scale bar represents 10 (zoom) or 100µm. 

(D) Schematic differential protocol to dopaminergic neuron. Immunofluorescent analysis 

of ciNSCs after differentiation into dopaminergic neurons (TH/PITX+) and quantified the 

TH+ and PITX+ cell over the DAPI positive cells. The scale bar represents 100µm. Error 

bars denote the SD of triplicate reactions.  

(E) Schematic protocol for astrocytic and oligodendrocyte differentiation. 

Immunocytochemistry analysis of astrocyte specific marker, GFAP and oligodendrocyte 

specific marker, O4. Quantification of amount of GFAP- and O4-positive differentiated 

cells over the total cells. The scale bar represents 100µm. Error bars denote the SD of 

triplicate reactions.    
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2.3.5 Multipotency of ciNSCs in vivo  

To confirm the differentiation potential of ciNSCs in vivo, ciNSCs were 

transplanted into the hippocampal region of 6-week-old mouse. Prior to transplantation, 

ciNSCs were labeled with CM-Di1 for tracking the cells. 6weeks post-transplantation, CM-

Di1 positive cells were able to detect by immunofluorescent images which represents that 

ciNSCs were able to survive and integrate with mouse brain. In addition, CM-Di1 positive 

cells were stained with NF and TUJ1, and it revealed that transplanted ciNSCs 

differentiated into neuron (Figure 2.8A). Furthermore, CM-Di1 positive cells labeled with 

antibody against GFAP and MBP, astrocyte and oligodendrocyte, relatively (Figure 2.8B 

and 2.8C). These results represented grafted ciNSCs not only survive in mouse 

microenvironment successfully but also differentiate into neurons, astrocytes, and 

oligodendrocytes in vivo. No teratoma formation was observed (data not shown). 
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Figure 2.8. Functional characterization of ciNSCs in vivo. 

(A-C) Transplanted CMDI-1 labeled ciNSCs were transplanted into mouse hippocampal 

regions and differentiated into neuron (TUJ1+, NF+; (A)), astrocyte (GFAP+; (B)) and 

oligodendrocyte (MBP+; (C)). The scale bars represent 10 (Zoom) and 100µm. 
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2.4 DISCUSSION 

 

In this study, I demonstrated a combination of four small molecules which directly 

converse human fibroblasts into NSCs, which are similar to ESC-derived NSCs by 

morphological and molecular characteristics of NSCs. Importantly, the generated ciNSCs 

can proliferate and be maintained more than 40 passages. Moreover, ciNSCs have 

differentiation potential to differentiate to three main neural lineages, such as neurons, 

astrocytes, and oligodendrocytes in vitro and in vivo. Noteworthy, ciNSCs could terminally 

differentiates into mature neurons like dopaminergic-, GABAergic-, glutamergic-neurons 

and furthermore survive and integrate in host tissues after transplantation into mouse brains.  

During the combination of four small molecules can successfully reprogram the 

fibroblast into NSCs, fibroblast-related markers are dramatically down-regulated, whereas 

NSC-related genes are significantly up-regulated. This phenomenon indicates that loss of 

the original fibroblast features and gain of the NSC-specific features in ciNSCs. 

Specifically, CHIR99021, GSK3β inhibitor, activates the Wnt signaling and promotes NSC 

self-renewal and SB431542, TGFβ and Activin receptors inhibitor, promotes 

mesenchymal-to-epithelial transition and improves the neural differentiation and also is 

known to replace SOX2 (Ichida et al. 2009, Kim et al. 2009, Mao et al. 2009, Li et al. 2011). 

Combination of CHIR99021 and SB431542 enhances the efficiency of NSC 

reprogramming (Li et al. 2013). In addition, 5-AZA, a DNA methyltransferase inhibitor, 

increases the reprogramming efficiency (Huangfu et al. 2008, Ichida et al. 2009). Moreover, 
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Forskolin can activate the cAMP/CREB pathway which leads neural differentiation by 

phosphorylation of PKA and CREB (Kang et al. 2014).  

Induced neural stem cells might be promising source to understand the underlying 

mechanisms and apply to the clinical approaches of neurodegenerative diseases and 

neurological disorders. Due to its proliferation and multi-differentiation potential, it can be 

applied to drug screening, toxicity test and disease modeling (Liu et al. 2012, Han et al. 

2016). Previous studies introduced the exogenous genes to converse somatic cells to NSCs 

lead to the possibility of integration of viral vector to the host gene, which bring a safety 

concern in clinical therapy (Kim et al. 2011, Han et al. 2012, Thier et al. 2012).  

Therefore, recent studies suggest non-integrating reprogramming method by 

using small molecules. Small molecules were already known to enhance the efficiency of 

reprogramming process with ectopic transcription factors (Ladewig et al. 2012, Liu et al. 

2013, Xu et al. 2015). Hou et al. successfully developed the method to generate iPSCs from 

mouse somatic cells by 6 small molecule compounds (Hou et al. 2013). Since then, 

numerous studies using small molecules to reprogram have been reported. After generating 

neural progenitor cells (NPCs) by chemical cocktails in hypoxia condition was firstly 

reported, many studies published to converse the somatic cells into NSCs or NPCs (Cheng 

et al. 2014, Han et al. 2016, Zhang et al. 2016, Zheng et al. 2016). However, these 

conversion studies main cell sources were derived from mouse and one study was from 

human urinary cells. Additional reports of generating functional neurons by small 

molecules have emerged lately (Hu et al. 2015, Li et al. 2015, Zhang et al. 2015). Although 

these induced neurons were fully differentiated and functional, due to the limited 
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proliferation capacity, it is not appropriate for cell replacement treatment which needed the 

massive amount of cell. For cell therapy, my direct conversion method using combination 

of 4 small molecules will be more suitable due to its proliferation and differentiation 

potential into functional neurons, astrocytes and oligodendrocytes.  

Further study would be needed to converse the patient specific fibroblast to NSCs 

by using my chemical combination for disease specific modeling and induce the cell 

lineage conversion in vivo. In summary, my research suggests the potential tool to apply 

NSC therapy and study the mechanism of neurodegenerative disease such as Alzheimer’s 

Disease and Parkinson’s disease.    
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GENERAL CONCLUSION 

 

Neural stem cells (NSCs) are capable of self-renewal and differentiated into three 

main neural lineages – neurons, astrocytes and oligodendrocytes. Due to its potential of 

clinical application, many studies have demonstrated generation of NSCs by integrating or 

non-integrating methods(Kim et al. 2011, Han et al. 2012, Ruggieri et al. 2014, Yu et al. 

2015, Han et al. 2016Cheng et al. 2014). Induced neural stem cells (iNSCs) show similar 

properties as wild NSCs, consequently, iNSCs hold a great potential for disease modeling 

and therapeutic treatment for neurodegenerative diseases. Patient-derived iNSCs can be 

used for study the phenotype of diseases and screen the drug which can specifically work 

for the patients who is derived from in vitro (Liu et al. 2012). Moreover, grafted iNSCs 

were able to survive and functionally differentiate in vivo, it indicated that iNSCs are 

suitable for cell replacement or transplantation therapy which can replace the dysfunctional 

neurons.          

In the first study, I demonstrated generation of human NSCs from various somatic 

cell types such as human fibroblasts, senescent cells, stem cells and blood cells by 

introducing exogenous SOX2 and HMGA2 genes. Human induced NSCs (hiNSCs) 

maintained proliferation capacity and stemness for more than 40 passages, and the gene 

expression pattern and protein expression are similar to wild-type NSCs. In addition, 

hiNSCs show tripotency by differentiation into neurons, astrocytes and oligodendrocytes, 

and electrophysiology data indicates that differentiated neurons were functional in vitro. 
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After hiNSCs was transplanted into mouse brain, hiNSCs were engrafted and integrated in 

the mouse microenvironment and differentiated into three lineages.  

Direct conversion method using lentiviral or retroviral vector could bring the 

safety concerns because the genes can be randomly inserted into host genes’ mutagenic site 

and resulted in tumorigenesis. Therefore, in my second study, I screened the small 

molecules to effectively converse the somatic cells into NSCs, and four small molecules 

can successfully transform human fibroblasts into iNSCs. Chemically induced NSCs 

(ciNSCs) shows the NSC specific gene and protein expression comparable to wild-type 

NSCs and virus-induced NSCs. Additionally, ciNSCs can proliferate and have self-renewal 

capacity, it can grow in adherent and suspension culture as hES-NSCs. To confirm the 

multipotency of ciNSCs in vitro, ciNSCs were differentiated into three lineages – neurons, 

astrocytes and oligodendrocytes. Furthermore, after ciNSCs were transplanted into mouse 

brain, transplanted cells can survive and differentiate into neuron, astrocyte and 

oligodendrocytes as virus-induced-NSCs and hES-NSCs do. Without using the integrating 

viral vector, NSC generation can be repeated, and ciNSCs will be a promising and safe cell 

source for cell based therapeutic treatment of neurodegenerative disease.    

 Taken together, my research discovered novel reprogramming methods to 

generate expandable and tripotent neural stem cells (Figure 5). As a result, I expect these 

finding could provide a better understanding of neurological disorder and bring new 

insights for the regenerative medicine.   

 



 

 91   

 

 

 
Figure 5. Schematic diagram of direct conversion to generate iNSCs  
 
Somatic cells, senescent somatic stem cell, blood cells and fibroblast can directly converse 

to the induced neural stem cell by SOX2 and HMGA2 overexpression. Additionally, using 

the combination of 4 chemicals can induced human fibroblast to NSCs. These virus and 

chemical induced neural stem cells can differentiate into 3 neural lineages in vitro and in 

vivo.   
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국문 초록 

 

인간 비 신경 체세포로부터 

신경줄기세포로의 직접교차분화 연구 

 

서울대학교 대학원 

수의학과 

수의병인생물학 및 예방수의학 전공 

 신 지 희 

 

(지도교수: 강경선) 

 

지속적인 신경세포의 손실과 기능 상실에 의해 야기되는 신경 퇴행성 

질환은 대부분 명확한 병태생리학적 기전이 아직 완전히 밝혀지지 않았고, 
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임상증상완화에만 국한된 대증치료 외에 근본적인 치료가 불가능한 실정이다. 

따라서, 근본적인 치료법 개발에 대한 연구가 활발이 이루어지고 있으며, 그 

중 세포 이식을 포함한 세포 기반 치료가 손상된 신경세포 대체 및 관련 

기전을 복구할 수 있다는 장점으로 인해 신경 퇴행성 질환의 새로운 

치료법으로 떠오르고 있다. 특히, 신경줄기세포 및 신경세포의 이식이 신경 

퇴행성 질환의 가장 이상적인 세포치료제로 여겨지고 있지만 두 세포 모두 

인간으로부터 직접 분리 배양 하는 데 있어 현실적으로 어려움이 있다. 

따라서, 직접교차분화 방법을 이용해 실험실 환경에서 마우스와 인간 

체세포로부터 유도 신경줄기세포 및 유도 신경세포를 효율적으로 구축하고자 

하는 다양한 방법이 연구되고 있다. 이렇게 직접교차분화방법을 이용해 

안정적으로 얻어진 유도 신경줄기세포 혹은 유도 신경세포는 치료 적용 

가능성이 높을 뿐만 아니라, 확립된 기술을 이용하면 신경 퇴행성 질환자의 

체세포로부터 질병 특이적 유도 신경줄기세포 및 유도 신경세포의 구축이 

가능하고, 이는 신약개발 및 질병의 병리학적 기작 규명에 핵심적 자원으로 

사용될 수 있다. 유도 신경세포의 경우 이미 완전한 분화가 완료되어 더이상 

증식을 하지 않는 것에 반해, 유도 신경줄기세포의 경우 다분화능을 보유한 

전구세포이기 때문에 증식과 분화가 가능하다는 장점이 있다. 따라서, 원하는 

환경에서 유동적인 증식과 분화가 가능한 유도 신경줄기세포가 질병 연구 

모델링과 임상적 이용에 더욱 적합한 것으로 여겨지고 있다. 그러므로, 본 

연구에서는 신경 퇴행성 연구에 다방면으로 유용하게 사용 가능한 유도 신경 
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줄기세포를 인간체세포로부터 효율적이고 안정적으로 구축하고자 하였으며, 

두 가지 다른 직접교차분화 방법을 확립하였다.  

 첫 번째 연구는 특정 인자 유전자 도입을 이용하여 인간 

신경줄기세포의 유도 및 구축 하고자 연구를 진행하였다. 다각적 분석을 통해 

인간 유도 신경줄기세포를 효율적으로 유도하는 인자로 HMGA2 (human high-

mobility group protein A2)와 let-7 miRNA를 발굴하였다. miRNA 발현 분석 결과,  

let-7 miRNA 가 성인 유래 체세포의 리프로그래밍을 도와 PAX6 와 NESTIN 

모두 양성인 신경세포 군집 형성에 핵심적인 역할을 한다는 것을 규명 하였고, 

또한 유도 신경줄기세포에서의 증식과 자가 재생에 중요한 역할을 한다는 

것을 확인하였다. 그리고 let-7 의 표적유전자인 HMGA2 는 형태학적으로나 

분자생물학적으로 신경줄기세포와 유사한 특성을 가지는 유도 

신경줄기세포로의 유도를 가능하게 만들었다. 뿐만 아니라, HGMA2와 SOX2를 

함께 노화된 체세포나 CD34 양성 혈액 세포에 유입할 경우, 신속하고 

효율적인 교차 분화가 일어남을 확인하였다. 반면  SOX2 단독 처치 또는 

다른 유전자 조합에서는 신경줄기세포로의 직접교차분화 능력에 한계를 

보였다. 종합적으로, HMGA2 와 let-7 이 인간 신경줄기세포의 직접 형질 변환 

과정에 효율적인 인자로 작용하며, 이러한 인자의 도입으로 효율적으로 

증식과 유지가 가능한 유도 신경줄기세포를 구축하였다. 유도신경줄기세포는 

임상적 이용 및 신경 퇴행성 질환의 치료에 유용하게 적용할 수 있을 것으로 

예상된다.  
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두 번째 연구에서는, 사람의 체세포를 바이러스 감염을 통한 유전자 

도입 없이 오직 저분자 화합물만을 이용하여 전능성 단계를 경유하지 않고, 

증식이 가능한 유도신경줄기세포로의 직접 교차 분화 방법을 구축하고자 

연구를 진행하였다. 최근 연구에 따르면, 유도만능줄기세포를 거치지 않고 

외부 유전자 도입 없이 사람의 체세포를 신경세포로의 유도가 가능함이 

보고되었다. 하지만, 완전히 분화가 된 세포의 경우 대량의 세포가 요구되는 

세포 치료제로의 이용 가능성에 한계가 있다. 그리하여, 여러 저분자 화합물 

스크리닝을 통하여, 신경세포가 아닌 신경줄기세포로의 유도를 진행하였고, 

이렇게 유도된 ciNSCs 는 신경줄기세포와 바이러스를 이용해 만든 iNSCs 와 

같이 스피어 형성이 가능하며, 신경줄기세포 관련 유전자 및 단백질 마커의 

발현이 비슷함을 확인하였다. 또한, 생체 외 및 생체 내에서의 뉴론, 

별아교세포, 및 희소돌기신경료로의 분화가 가능함을 확인하였다. 또한 여러 

신경세포 종류인 도파민성 신경세포, glutamate 성 신경세포, GABA 성 

신경세포로의 분화능을 확인하였다. 종합적으로, 확립된 저분자 화합물 

조합만으로 증식과 분화가 가능하고 신경줄기세포의 고유 특성을 보유한 인간 

유도 신경유래세포의 구축에 성공하였다. 이러한 결과는 임상적으로 

이용하는데 있어 위험성이 없기 때문에, 세포 기반 치료에 용이하게 이용 될 

수 있을 것이라 기대된다.  

 이 연구 결과들은 (1) 새로운 유전자의 도입을 통하여, 기존에 알려진 

방법 보다 훨씬 빠르고 효율적으로 신경줄기세포를 유도 할 수 있는 방법과 
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기전연구를 제시함과 동시에, (2) 유전자도입에 따른 임상 적용의 한계성을 

저분자 화합물만을 이용하여, 자가 재생, 증식 및 분화가 가능한 

신경줄기세포로의 유도가 가능하다는 것을 밝혔다. 결과적으로, 본 연구를 

통하여 환자 유래 질병 특이적 유도신경줄기세포주 수립 및 질병 모델 구축과 

질병 유발 기전 연구 및 신약 개발을 통하여, 유도 신경줄기세포가 신경 

퇴행성 질환 치료 및 연구 분야에 적용 가능성에 대한 근거를 제시했다.   

 

주요어: 역분화, 유도분화, 유도신경줄기세포, 저분자 화합물, 줄기세포, 

직접교차분화 
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