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Abstract

A genetic level assessment of Neural Stem Cell (NSC) differentiation 
towards a synthesized novel nanofibrous material is needed for its biomedical 
applications. NSCs differentiated on a neat electrospun Poly-O-Methoxyaniline 
(POMA) underwent a modified method of PCR Selective Suppression 
Hybridization (PSSH) to provide a DNA methylation profile. DNA fragments were 
sequenced and identified using BLAST. Then, identified genes were annotated 
using Gene Set Toolkit (Gestalt), Database for Annotation, Visualization and 
Integrated Discovery (DAVID) and Pathway Interaction Database (PID). 
Eleven genes (NCAM2, KIF5C, DMD, ELMO1, F2R, FZR1, HCN1, DAGLA, 
HSPB8, RAB38, and CMKLR1) corresponding to neural stem cell functions 
were methylated after differentiation on the nanomaterial. This indicates that 
POMA scaffold was efficient in enhancing differentiation of NSCs. Moreover, the 
miRNA profiles of NSC before and after differentiation were assessed by miRNA 
microarray. POMA nanofibers stimulated the expression of miR-1224, miR-204-
3p, miR-30c-1-3p, and miR-92-5p, as compared to a flat substrate (PDL).The 
differential upregulation of these miRNAs further enhanced the differentiation 
and proliferation potential of POMA as a scaffold for neuronal tissue engineering. 
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calcium image studies confirmed that POMA showed enhanced NSC 
attachment and accelerated differentiation [6].

However, stem cell differentiation is controlled by a complex 
pattern of gene regulation, which is governed by an array of cellular 
signaling pathways. It is believed that extracellular factors and 
intracellular process, including epigenetic modification, control cell 
fate specification and differentiation of NSCs [7]. These modifications 
include DNA methylation, histone modification and non-coding 
RNA expression, like miRNAs.

Analysis of methylation states in genomic DNA has provided 
insights into biological phenomena as disparate as genomic 
imprinting, human disease, and atypical floral morphologies [8]. 
Bisulfite treatment can be used to determine the methylation states 
of individual cytosines in DNA. When bisulfite-treated DNA is 
amplified by PCR, 5mC on the template strand pairs with guanine 
on the newly synthesized strand; converted cytosine, which is 
uracil, pairs with adenine. The methylation patterns of individual 
DNA molecules therefore can be inferred from the sequences of 
sub-cloned PCR products. Conversely, differentially methylated 
DNA fragments can be selected through PCR Selective Suppression 
Hybridization (PSSH). It is an adapted and modified technique 
known as Suppression Subtractive Hybridization [9]. PSSH is a PCR-
based technique to analyze methylation states in the genomic DNA. 
This is used to selectively amplify target DNA fragments, which are 
differentially methylated, and simultaneously suppress non-target 
DNA amplification. The method is based on suppression PCR effect 
wherein long inverted terminal repeats attaches to DNA fragments 
that can selectively suppress amplification of undesirable sequences 
in PCR procedures.

Introduction
Neural tissue engineering aims to repair neural tissue through 

the use of biological tools such as normal or genetically engineered 
cells and creating Extracellular Matrix (ECM) equivalents along with 
potent synthetic tools such as biomaterial for scaffold design. Recent 
studies showed that Neural Stem Cells (NSCs) possess a great potential 
as main seed cells in nerve regeneration because of the potential 
therapeutic effect to a number of CNS disorders [1]. However, 
increasing evidence has shown that stem cell development requires a 
niche, which is a local microenvironment that houses stem cells and 
regulates their self-renewal and differentiation [2]. For this reason, 
the physical environment of the cells can affect its differentiation. 
Advanced nano-based polymers are being considered to be used as a 
substrate biomaterial for nerve engineering due to the simple fact that 
the nanostructure mimics more closely the ECM dimensions; thus, 
useful for promoting cell attachment, migration, and proliferation. 
Thus, there are a number of studies using different types of material 
as potential biomaterial for the growth and differentiation of NSCs.

Conducting polymers can be applied as biosensors, scaffolds 
for tissue engineering, neural probes, drug-delivery devices, and 
bioactuators [3]. Polyaniline is one of the oldest known conducting 
polymers that has been often studied due to its beneficial properties 
as a polymeric nanostructure [4]. Many have studied this material 
because of its low cost, high electrical conductivity and good 
environmental stability. A prepared neat electrospun poly(o-
methoxyaniline) (designated as POMA) was previously characterized 
[5] and used for efficient neural stem cell differentiation. Results of 
the cell viability assay, immunofluorescence staining, qRT-PCR and 
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The DNA methylation and miRNA expression profiles of 
neural stem cell differentiation towards a synthetic and inorganic 
microenvironment have never been elaborately discussed. The 
objective of this study is to identify the DNA methylation changes 
and miRNA expression levels triggered by extrinsic mechanical 
signals of POMA for regulating the proliferation and differentiation 
of NSCs. Genomic DNA of NSCs underwent PSSH to have a DNA 
methylation profile and identify differentially methylated genes 
after differentiation. Additionally, the effect of the substrate on the 
miRNA expression was compared with PDL. The data obtained from 
this study will help in discovering the related mechanisms associated 
with NSC differentiation on a biomaterial. These would aid in the 
assessment of the biocompatibility of the material for neural tissue 
engineering, thereby its potential for regenerative medicine.

Materials and Methods
Preparation of poly (o-methoxyaniline)

First, 0.164 mol of o-methoxyaniline was added into 400 mL of 
2.0 M CaCl2 in HCl and cooled to about 0 °C by stirring in an ice 
bath. Then, 0.038 mol of ammonium per sulfate, which served as an 
oxidant, was dissolved in 100 mL of 2.0 M CaCl2 in HCl solution at 
0°C and it was then mixed with the o-methoxyaniline/CaCl2/HCl 
solution by stirring for 12 h. Subsequently, an intense blue-green 
precipitate of POMA was collected and washed on a funnel fitted with 
filter paper (90 mm diameter, Advantec No. 7 filter paper). The final 
product was washed usually five times with 1.0 MHCl (aq) to remove 
any grey salts. Finally, the precipitate was dedoped by stirring with 
500 mL of 1.2 M NH4OH (aq) for 48 h. The Emeraldine Base (EB) of 
POMA was obtained by filtering and drying at a temperature of 60 
°C under vacuum for at least 24 h. The yield of POMA was typically 
20%. The EB of the POMA powder was dissolved in a co-solvent 
system of THF/DMF (50:50 v/v) as an electrospinning solution in the 
concentration range 1–6 wt%. This solution was placed in a plastic 
syringe (Terumo, 5 ml), and the POMA fibers were produced by 
electrospinning, controlling specific parameters (Q, H and V). The 
electrical field used for electrospinning was generated by a variable 
high-voltage power supply (Matsusada, AU-40R0.75), which can 
apply voltages as high as 40 kV. The solution was fed by a syringe 
pump (KD Scientific Model 200) with the feeding rate tuned for 
conjugated polymer solutions (Q = 0.02, 0.03 and 0.04 mL min−1). A 
metallic needle was connected to a high-voltage source set at 15 or 20 
kV, and nozzle-to-collector distances of 8, 10, 12 and 14 cm were set 
to collect the electrospun fiber mat samples. Finally, the collected mat 
was dried in an oven for 1 h at a temperature of 100 °C.

Cell culture and genomic DNA extraction
Pregnant Sprague-Dawley rats were purchased from the National 

Laboratory Animal Center (Taiwan, ROC). All animal operations 
received were in humane care according to the Guidelines for Care 
and Use of Experimental Animals [10]. This study was also approved 
by the Animal Research Ethics Board of Chung Yuan Christian 
University (Taiwan, ROC).

NSCs were isolated from the brains of Sprague-Dawley rat 
embryos on day 14-15. The embryo brains were dissected, cut in 
to pieces and treated with digesting solution containing 30 mg/
ml papain, 50 mM EDTA, 2 mg/ml cysteins, and 150 mM CaCl2. 

Then, the dissected tissue were treated with DNase I, added into 
10% horse serum and collected by centrifugation. The neural stem 
cells were expanded in Dulbeco’s Modified Eagle Medium (DMEM) 
supplemented with N2, 20 ng/ml Epidermal Growth Factor (EGF), 
10 ng/ml basic Fibroblast Growth Factor (bFGF) and the following 
antibiotics: 0.5% penicillin and 1% streptomycin. Cells were allowed 
to grow in a CO2 incubator at 37 °C, 5% CO2 and 95% humidity. The 
number of live cells was counted by trypan blue exclusion assay in 
a hemocytometer. The electrospun nanofibers on the block of glass 
were exposed to UV radiation overnight. The cells were seeded on 
the nanofibers placed in a petri dish at a density of 1 x 106 cells per 
dish and cultured with DMEM-F12 medium containing 1% N2 
supplement. Cells were allowed to grow and proliferate for two days 
before 0.5 mM of dcAMP was added. Cell adhesion, proliferation, 
and differentiation were assessed using a Phase Contrast Light 
microscope. Cells were harvested after 7 days of differentiation and 
genomic DNA extraction was done using the Phenol-chloroform 
method. The genomic DNA was extracted on the seventh day from 
the cultivated cells with and without dbcAMP. The range of the DNA 
concentration obtained was between 300-450 ng/µl.

Bisulfite conversion of DNA
Bisulfite treatment was performed using the Qiagen® Epitech 

Bisulfite kit in accordance to the manufacturer’s protocol. A reaction 
mixture consisted of 1 ng ~ 2 µg of DNA solution, 85 µL of bisulfite 
mix, 35 µL DNA protect buffer, and diluted to 140 µL with RNase-free 
water. Bisulfite DNA conversion was conducted using a thermal cycler 
(ABITM, GenAmp PCR system 9700) with the following conditions: 5 
minutes at 95°C, 25 minutes at 60°C, 5 minutes at 95°C, 85 minutes 
at 60°C, 5 minutes at 95°C, and 175 minutes at 60°C. Converted 
DNA was cleaned up using EpiTect® Spin Columns provided with 
the kit. Uracil residues of bisulfite-converted DNA samples (1~2 μg) 
were cleaved using 1~5U of USERTM Enzyme NEB® (NEB, M5505S) 
suspended in 1X T4 ligase buffer and incubated at 37°C in a water 
bath. Uracils were replaced with biotin-dCTP (InvitrogenTM) by 
incubation at 37°C for 30 minutes with other dNTPs. The reaction 
was stopped by incubating the mixture at 75°C for 20 minutes. To re-
establish the phosphodiester bonds of double-stranded biotinylated 
DNA, the mixture was suspended in 1x T4 DNA ligase buffer for a 
total volume of 70 μl with 350 units of T4 DNA ligase (TAKARA) and 
incubated at 4°C overnight or longer for successful ligation.

Separation of biotinylated DNAs
Dynabeads®MyOneTM Streptavidin (InvitrogenTM, 650.01) with 

a stock concentration of 10mg/mL and a binding capacity of ~20μg 
double-stranded biotin-labeled DNA per mg Dynabeads® was 
initially washed with 1X BW buffer according to the manufacturer’s 
instructions. Washings were done repeatedly as deemed necessary 
using an Easy 50 EasySep® Magnet (STEMCELL TECHNOLOGIES) 
to separate the supermagentic Dynabeads® from the buffer and 
preservatives. Dynabeads® were then resuspended in 2X BW buffer 
to a final concentration of 5μg/μL. For optimum immobilization, an 
equal volume of biotin-labeled DNA suspended in water is added to 
the resuspended Dynabeads® to reduce the NaCl concentration in the 
buffer from 2M to 1M. Incubation was done at room temperature 
with gentle rotation for 15 minutes. Biotin-labeled DNA bound 
to Dynabeads® was separated by three-minute incubations in the 
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Easy 50 EasySep® Magnet and washed with 1X BW buffer. Washed 
supernatant was collected in a separate tube and labeled as methylated 
DNA from differentiated cells. The immobilized biotin-labeled DNA 
was dissociated from Dynabeads® by incubation at 90°C in 95% form 
amide and 10mM EDTA for two minutes. Released biotin-labeled 
DNA contained the unmethylated DNA from undifferentiated NSCs. 
Methylated and unmethylated samples were desalted using Amicon® 
Ultra-0.5 50K centrifugal filters (MILLIPORE Corp.) according to 
manufacturer’s protocol. To eliminate the single-stranded extensions, 
biotin-labeled DNA (0.1 μg/μl) was suspended in 1X Mung Bean 
nuclease buffer with 1U of Mung Bean Nuclease (NEB®,M0250S) per 
μg DNA at 30°C for 30 minutes.

PCR Selective Suppression Hybridization (PSSH)
Figure 1 shows the schematic diagram on principle of PCR 

Selective Suppression Hybridization (PSSH). The methylated and 
unmethylated DNA from NSCs was ligated with Ad1 and Ad2 
adapters, respectively. Adapter sequences were adapted from 
Diatchenko et al. [9] and were custom-synthesized by Genomics® 

BioSci& Tech, Taiwan. The adapter sequences used are as follows:

Ad1 (for methylated DNA):

5 ’ C T A A T A C G A C T C A C T A T A G G G C T C G A G C G 
GCCGCCCGGGCAGGT 3’ 

3’ GGCCCGTCCA 5’

Ad2 (for unmethylated DNA): 

5’ C T A A T A C G A C T C A C T A T A G G G C A G C G T  G 
G T C G C G G C C G A G G T  3’

3’ GCCGGCTCCA 5’

Separate ligation mixtures of 40 μL total volume containing a 
mixture of 1~2 μg DNA samples, 4 μL annealed adapters, 2 μL of 100 
mM ATP (TAKARA, 4021), and 350 U of Ligase (TAKARA, 2011A) 
were incubated at 16°C for 16 hours in a cool block bath (SKYLINE, 
SKC40).

The adapter-ligated methylated and unmethylated samples 

Figure 1: The Schematic Diagram of PSSH.
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(~200ng) were combined and mixed together in a 1.5mL eppendorf. 
The mixture was incubated in boiling water for 10 minutes and allowed 
to anneal by gradual cooling at room temperature. The primary PCR 
was conducted in a 25μL reaction mixture containing 5μL (approx. 
100 ng) hybridized DNA, 1μL primer P1 (5’-CTAATACGACTC 
ACTATAGGGC-3’), 0.5μL dNTP (2.5 mM) and 5U GeneTAQ DNA 
polymerase suspended in proper PCR buffer and placed in a 200μL 
PCR tube. The mixture was centrifuged briefly prior to running in the 
thermal cycle machine (ABITM, GENAMP 9700) using the following 
parameters: 75°C for 5 minutes, 35 cycles at (95°C, 1 minute, 53°C, 1 
minute, 72°C, 1 minute), and a final 7-minute extension step. A 5μL 
aliquot of the primary PCR product was used for the secondary PCR. 

Methylated DNA from differentiated NSC was hybridized with 
the biotin-labeled DNA from the undifferentiated NSCs to determine 
the differentially methylated genes.

Secondary PCR was conducted similar to the primary PCR except 
for the primer, which was replaced with a mixture of the nested 
primers, NP1 (5’-TCGAGCGGCCGC CCGGGCAGGT-3’) and NP2 
(5’-AGCGTGGTCGCGGCCGAGGT-3’). Parameters for the PCR 
run were also changed into the following: 95°C for 5 minutes, 25 
cycles at (95°C, 1 minute, 61°C, 1 minute, and 72°C, 1 minute) plus a 
final 7-minute extension step. The PCR products were analyzed by 2% 
agarose gel electrophoresis and ethidium bromide staining (Figure 2).

The PCR products for (A) Primary PCR and (B) Secondary PCR 
were checked using 2% agarose gel electrophoresis.

TA cloning of PCR products
After successfully producing smear PCR products after secondary 

PCR, this process was used for selective sequence library. Obtained 
DNA fragments (3 µL of PCR product) were inserted in 1 µL of 
pGEM®-T Easy Vector (Promega) using 1 µL of T4 Ligase in 5 µL of 
2X Rapid Ligation Buffer. Solutions were incubated at 14°C for 24 
hours or longer. Briefly, at least 1μl of ligated TA cloning product 
was added to thawed 35-40μl electro competent DH5α cells incubated 
on ice for 30~60 seconds. One pulse was applied at 25µF, 2.1kV and 
200Ω, giving a time constant of 4.5 to 5.0 milliseconds. After a short 
electric pulse, the cuvette was removed as quickly as possible and 1ml 
SOC medium was transferred into it. The cells were gently mixed and 
incubated at 37°C for 1 hour. Electroporated cells were then spread 

onto pre-warmed LB plates with ampicillin, IPTG, and X-Gal. The 
plates were incubated at 37°C for 12~16 hours. White transformed 
colonies were selected for cloned insert checking.

Picked colonies were checked by mixing with 1.2μL primer T7 
and SP6 (3.0 μM), 0.5 μL dNTP (2.5 mM), and 5U of GeneTAQ DNA 
polymerase suspended in proper PCR buffer. The thermal cycler 
(ABITM, GENAMP 9700) ran under the following parameters: 95°C 
for 5 minutes, 35 cycles at (95°C, 1 minute, 62°C, 1 minute, 72°C, 
1 minute), and a final 7 minute extension step. PCR products were 
run on 2% agarose gel and stained with ethidium bromide (EtBr) for 
visualization. The selected colonies with correct inserts were sent to 
Genomics® BioSci& Tech, Taiwan for sequencing. The successfully 
cloned and sequenced genes were aligned using Basic Local Alignment 
Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) from 
the National Institutes of Health (NIH) to determine candidate genes. 
Candidate genes were also analyzed using DAVID (http://david.abcc.
ncifcrf.gov/) and Gestalt (http://bioinfo.vanederbilt.edu/webgestalt/) 
which allowed these genes to be clustered based on function, and 
different gene ontologies. Moreover, Pathway Interaction Database 
(PID) (http://pid.nci.nih.gov/) defined them on the basis of their 
pathway interactions.

miRNA microarray data analysis
Cells cultured in POMA and PDL was maintained at a cell density 

range of 106-107. The culture was washed with 1X PBS. Then, the 
cells were treated with trypsin to detach the cells from the material. 
The enzymatic activity of trypsin was deactivated by adding an 
equal amount of media. The cells were collected by centrifuging at 
1000 rpm for 5 minutes in room temperature and their total RNAs 
were extracted using TriZol. The same density of neurosphere was 
collected for total RNA extraction. The samples were sent to Phalanx 
Biotech Group (Hsinchu, Taiwan) for microarray analysis. The 
standard selection criteria for differentially expressed transcripts 
were with statistical significance taken at log2 ratio of ≥±0.8 and/or 
P-value <0.05 for miRNAs.

Normalized intensity was obtained by normalizing with 75% 
scaling normalization method, then take average of repeated data 
from the same sample. CV is the correlation coefficient of the 
repeated probes within one chip. Normalized spot intensities were 

Figure 2: Validation of PCR Products. 
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transformed to gene expression log2 ratios. 1.74 Fold-Change means 
log2 ratios >= 0.8 or log2 ratios =< -0.8. P-value of differentially 
expressed transcripts is calculated with two samples t-test. It means 
the probability of control sample and test sample are no differential 
expression. So, if p-value (Differentially expressed) is greater than the 
threshold it means no differential repression was observed.

Results and Discussion
Differentially methylated genes involved in NSC 
differentiation on electrospun POMA fibers

Neural stem cells were seeded on electrospun POMA fibers to 
10cm petri dishes and allowed to differentiate for 7 days. Addition 
of the drug dbcAMP was omitted due to its negative effect on cell 
viability after 5 days in culture, especially at high initial cell seeding 
densities (7x105 and 1x106). POMA was observed to facilitate efficient 
cell attachment, promote and support rapid cell proliferation, and 
enable differentiation into predominantly neuron precursor cells 
in culture without drug, while cells treated with dbcAMP exhibited 

more glial cell star-shaped morphology (Figure 3).

Genomic DNA from rat neural stem cells in primary culture 
and from differentiated NSCs on biomaterials were extracted and 
screened for differentially methylated genes involved in rNSCs 
differentiation. Differentially methylated DNA was obtained through 
PSSH technique. DNA fragments cloned in E. coli belonged to cells 
differentiated on POMA in the presence of dbcAMP. The gene identity 
of the cloned inserts was determined using BLAST. These genes 
were further analyzed using three different bioinformatics databases 
that allowed them to be clusetered based on function (DAVID and 
Gestalt), different gene ontologies (Gestalt and PID), and delineated 
on the basis of their Pathway Interactions (PID). 

Among the 69 inserts sequenced, 17 genes were confirmed to be 
actively involved in differentiation (Table 1). There are also genes that 
influence stem cell fate without direct interaction with the inserts. The 
protein products of these genes usually act as transcription factors 
(activators, enhancers, repressors) that regulate the expression of 

Figure 3: NSCs cultured on POMA without dbcAMP for (A) 1 day (B) 3 days (C) 5 days (D) 7 days and with dbcAMP (E-H).

Full Name Symbol and synonyms

Hyperpolarization-activated cyclic nucleotide-gated potassium channel 1 HCN1

Coagulation factor II (thrombin) receptor F2R, PAR-1

Engulfment and cell motility 1 ELMO1

POU class 3 homeobox 3 POU3F3, BRN1, OTF8

Diacylglycerol lipase, alpha DAGLA

Dystrophin DMD

Cdk5 and Abl enzyme substrate 1 CABLES1

Heat shock protein B8 HSPB8

Kinesin family member 5C KIF5C, Kinesin 1C

Histone deacetylase 8 HDAC8

Neural cell adhesion molecule 2 NCAM2

Retinoblastoma 1 RB1

RAB38, member RAS oncogene family RAB38

chemokine-like receptor 1 CMKLR1

Fizzy/cell division cycle 20 related 1 (Drosophila) FZR1, EMI1

Glutamate receptor, ionotropic, delta 1 GRID1

Zinc finger E-box binding homeobox 1 ZEB1

Table 1: Sequenced genes directly associated with stem cell proliferation and differentiation.
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cell-specific genes. Candidate genes with such function, as reported 
in literature, and which were extracted from the sample grown on a 
biomaterial (POMA), are listed in Table 2. 

For the confirmed genes, KIF5C and NCAM2 were found to have 
roles in cell differentiation and neuron projection morphogenesis. 

KIF5C or kinesin family member 5C encodes a protein that, in 
mammals, serves as part of the assembly of Kinesin-1, a major 
anterograde motor that drives transport into the axons of neurons 
[11]. In addition, the kinesin light chain 1 (KLC1) or kinesin-1 subunit 
is said to be essential for normal human neural differentiation [12]. 

Full Name Symbol and synonyms Related gene(s) or pathway

T-cell lymphoma invasion and metastasis 1 TIAM1 RAC1

M-phase phosphoprotein 1, also known as Kinesin family member 20b MPP1, KIF20B, KRMP1 PIN1, Nanog

Deleted in colorectal carcinoma (netrin receptor) DCC Netrin, MAPK

eukaryotic translation initiation factor 5B EIF5B Mei-P26

solute carrier organic anion transporter family, member 4C1 SLCO4C1 SOX17

T-cell leukemia/lymphoma 1A TCLLA AKT1, N-CoR

potassium inwardly-rectifying channel, subfamily J, member 6 KCNJ6, GIRK2 Bcl-XL

cell division cycle 73, Paf1/RNA polymerase II complex component, homolog (S. cerevisiae) CDC73, HRPT2, parafibromin WNT,
Wnt signaling pathway

FAT tumor suppressor homolog 4 (Drosophila) FAT4, CDHF14 Hippo pathway, EGFR/Ras signaling 
pathway

Table 2: Candidate genes indirectly involved in stem cell differentiation.

Confirmed genes Candidate genes Pathway Database

ELMO1 DCC Netrin-mediated signaling events PID

ELMO1 TIAM1
Neurotrophic factor-mediated Trk receptor signaling, PID

Chemokine signaling pathway Gestalt

ELMO1 RASGRF2, TIAM1, VAV1, VAV2 Regulation of RAC1 activity PID

CDH1 TIAM1, VAV2 E-cadherin signaling in the nascent adherens junction, CDC42 signaling events PID

CABLES1, CDH1 TIAM1 Pos-translational regulation of adherens junction stability and disassembly PID

CDH1 VAV2 Nectin adhesion pathway PID

FZR1 ECT2 PLK1 signaling events PID

FZR1 RB1 Cell cycle Gestalt

F2R TIAM1, MON1B, VAV1, Regulation of actin cytoskeleton Gestalt
F2R/PAR

GRID1 - Neuroactive ligand-receptor interaction Gestalt

RB1 DCC Pathways in cancer Gestalt

Table 3: Relationship between confirmed genes and candidate genes.

Name
Normalized Intensity CV log2 (Ratio) P-value

NSC POMA NSC POMA POMA/NSC POMA/NSC

Upregulated

rno-miR-1224 22260.5000 42875.9569 6.89E-02 0.00E+00 0.9457 2.76E-03

rno-miR-204-3p 7280.1151 16412.1084 0.00E+00 0.00E+00 1.1727 0.00E+00

rno-miR-25-5p 411.9822 726.8069 2.15E-02 6.29E-02 0.8190 1.07E-02

rno-miR-30c-1-3p 2413.2447 6881.2467 2.93E-02 0.00E+00 1.5117 1.25E-04

rno-miR-92a-2-5p 3454.7377 6160.4964 1.80E-01 0.00E+00 0.8345 2.55E-02

rno-miR-92b-5p 5543.7327 10315.6114 0.00E+00 8.90E-02 0.8959 1.80E-02

Downregulated

rno-miR-208a-5p 625.9053 253.1711 1.41E-01 3.16E-02 -1.3058 2.72E-02

rno-miR-221-3p 344.1998 144.3519 5.33E-02 3.76E-02 -1.2537 4.56E-03

rno-miR-222-3p 140.1316 78.7374 2.67E-02 0.00E+00 -0.8317 1.85E-03

rno-miR-347 341.0751 162.3202 1.09E-01 1.51E-01 -1.0712 2.96E-02

rno-miR-375-5p 440.8258 124.3647 1.47E-01 0.00E+00 -1.8256 2.02E-02

Table 4: Microarray data of the differentially miRNAs during NSC differentiation on POMA.
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Name
Normalized Intensity CV log2 (Ratio) P-value

PDL NSC PDL NSC PDL/NSC PDL/NSC

Upregulated

rno-miR-1-3p 206.0705 956.1549 5.30E-02 1.73E-02 2.2141 3.50E-04

rno-miR-105 120.4224 288.5020 3.03E-02 6.63E-02 1.2605 6.64E-03

rno-miR-1188-5p 322.6291 660.1830 1.27E-01 1.15E-01 1.0330 3.12E-02

rno-miR-122-5p 167.4323 515.6292 2.72E-02 0.00E+00 1.6228 8.55E-05

rno-miR-125b-1-3p 200.9187 351.8957 0.00E+00 9.98E-02 0.8085 2.60E-02

rno-miR-187-3p 153.2649 504.9289 4.75E-02 8.20E-02 1.7201 7.07E-03

rno-miR-206-3p 211.2222 755.8792 1.72E-02 1.27E-01 1.8394 1.52E-02

rno-miR-210-3p 291.7185 1175.8121 6.87E-02 8.21E-02 2.0110 6.16E-03

rno-miR-214-5p 159.3826 544.0958 2.57E-02 1.62E-01 1.7714 2.54E-02

rno-miR-297 522.5819 2686.7630 6.36E-02 1.20E-01 2.3621 1.10E-02

rno-miR-32-3p 598.5703 4483.7932 2.81E-02 9.80E-02 2.9051 6.34E-03

rno-miR-330-5p 128.1501 270.5337 7.11E-03 3.59E-02 1.0780 2.34E-03

rno-miR-346 371.8928 678.7569 1.10E-02 3.28E-02 0.8680 2.71E-03

rno-miR-3557-3p 189.9712 483.3266 4.79E-03 8.27E-03 1.3472 9.76E-05

rno-miR-3562 622.0753 1251.7231 1.90E-02 8.17E-02 1.0088 1.31E-02

rno-miR-3594-5p 251.1484 463.9451 1.45E-02 5.05E-02 0.8854 6.14E-03

rno-miR-382-5p 113.9827 215.0137 2.40E-02 7.57E-02 0.9156 1.31E-02

rno-miR-410-5p 124.9302 260.0354 2.92E-02 3.29E-02 1.0576 2.36E-03

rno-miR-465-5p 364.1652 1417.6773 3.75E-03 0.00E+00 1.9609 8.41E-07

rno-miR-466b-5p 3690.2715 20171.3155 4.16E-02 0.00E+00 2.4505 4.33E-05

rno-miR-466c-5p 325.2050 1910.6947 8.40E-03 9.18E-02 2.5547 6.06E-03

rno-miR-466d 1518.8038 10394.9545 7.95E-02 9.92E-02 2.7749 6.77E-03

rno-miR-494-5p 89.1899 158.4843 1.53E-02 3.06E-02 0.8294 2.64E-03

rno-miR-496-5p 109.7969 267.3034 5.39E-02 0.00E+00 1.2836 7.06E-04

rno-miR-505-5p 194.8010 540.8655 7.01E-03 1.58E-03 1.4733 1.09E-05

rno-miR-672-5p 1221.2896 7940.7697 4.74E-02 0.00E+00 2.7009 3.70E-05

rno-miR-760-3p 367.7070 674.9210 2.48E-03 8.16E-02 0.8762 1.57E-02

rno-miR-92a-2-5p 2593.9121 6160.4964 3.93E-02 0.00E+00 1.2479 4.09E-04

rno-miR-99b-3p 217.6619 905.6822 8.37E-03 3.22E-02 2.0569 8.98E-04

Downregulated

rno-miR-122-3p 270.7895 125.1723 2.19E-02 9.58E-02 -1.1133 4.19E-03

rno-miR-196c-3p 236.9811 110.4343 6.92E-02 1.29E-02 -1.1016 8.35E-03

rno-miR-208a-5p 872.5797 253.1711 0.00E+00 3.16E-02 -1.7852 8.33E-05

rno-miR-290 712.8751 241.8652 0.00E+00 1.42E-01 -1.5594 2.64E-03

rno-miR-292-5p 249.5385 117.5005 5.66E-02 8.26E-02 -1.0866 8.31E-03

rno-miR-296-5p 245.6746 96.9076 2.41E-02 5.89E-03 -1.3421 7.98E-04

rno-miR-29b-3p 248.5725 115.4815 4.03E-02 6.43E-02 -1.1060 4.36E-03

rno-miR-347 439.1877 162.3202 1.24E-02 1.51E-01 -1.4360 4.10E-03

rno-miR-3574 156.4848 88.2263 0.00E+00 2.27E-02 -0.8267 4.28E-04

rno-miR-3593-3p 358.3694 168.9826 2.67E-02 7.27E-02 -1.0846 3.36E-03

rno-miR-3596a 265.3157 84.5923 4.81E-02 4.39E-02 -1.6491 2.69E-03

rno-miR-3596c 1645.3440 520.2726 9.52E-02 5.43E-02 -1.6610 9.86E-03

rno-miR-375-5p 647.1901 124.3647 1.97E-02 0.00E+00 -2.3796 2.97E-04

rno-miR-466b-1-3p 1176.5336 194.0171 4.64E-03 1.19E-01 -2.6003 2.92E-04

rno-miR-466b-2-3p 263.3838 68.0372 1.73E-02 5.46E-02 -1.9528 4.52E-04

rno-miR-466c-3p 467.5224 135.4687 4.29E-02 8.22E-02 -1.7871 2.37E-03

rno-miR-615 612.0937 226.7234 3.72E-03 3.15E-02 -1.4328 1.89E-04

Table 5: Microarray data of the differentially miRNAs during NSC differentiation on PDL.
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NCAM2, or the neuronal adhesion cell molecule 2, belongs to 
the Immunoglobulin (Ig) super family. NCAM2 contains consensus 
sequences for posttranslational modifications and is involved in 
several neurological disorders such as autism [13]. NCAM2 also has 
functions in neural stem cell adhesion and is expressed early on in 
differentiation but later on repressed [14]. Another confirmed gene 
that DAVID clustered in cell differentiation and neuron projection 
morphogenesis and Gestalt grouped under cell differentiation is 
DMD or dystrophin, muscular dystrophy gene. DMD is a member 
of the Dystrophin/Dystroglycan Glycoprotein (DGC) complex that 
is stabilized by the Lis1-Nde1 complex responsible for maintaining 
radial glial cell functions [15]. Radial glial cells are distinctive, bipolar 
stem cells found in the cerebral cortex. 

Another confirmed gene related by PID to differentiation is the 
coagulation factor II or thrombin receptor F2R, a blood coagulation 
factor found to be differentially expressed in neural, embryonic, and 
hematopoietic stem cells, but not in adult cells [16-18]. F2R shares a 
similar pathway with the gene GRID1, a glutamate receptor required 
for neuronal function, ion transport, and cell motility. GRID1 is silent 
in stem cells but only H3K27 trimethylated in progenitor cells, and it 
is induced upon terminal differentiation, losing its trimethylation at 
lysine 27 of histone 3 [19]. According to Gestalt, GRID1 and F2R are 
part of the neuroactive ligand-receptor interaction pathway necessary 
for environmental information processing. 

Genes that are connected or are actively involved in the same 
pathways are listed accordingly in Table 3. Based on Pathway 
Interaction Database (PID) analysis, confirmed genes and those that 
have indirect interactions with differentiation genes have a distant 
relationship with each other within the pathways they are included 
in. Only ELMO1 and TIAM1 have established relationships with the 
other genes, hinting of a broader influence and a bigger impact on the 
process of differentiation. 

Aside from taking part in the neurotrophic factor-mediated Trk 
receptor signaling (PID), they also appear in the chemokine signaling 
pathway responsible for actin cytoskeleton regulation (Gestalt). 
The neurotrophic factor-mediated Trk receptor signaling mediates 
transcription factors (C/EBPα, -ß, and neuroD) recruitment to early 
gene promoters in order to induce immediate-early gene expression 
[20]. Another pathway TIAM1 and ELMO1 share along with 
RASGRF2, VAV1, and VAV2 is the regulation of RAC1 activity. Loss 
of RAC1 expression results in reduced proliferation and subsequent 
differentiation [21]. 

ELMO1 is also involved in the netrin-mediated signaling events 
along with DCC, an axon guidance receptor that responds to Netrin-1. 
Netrin-1 activates the MAPK pathway in order to guide growth cones. 
MAPK, in turn, directly interacts with DCC, suggesting that netrin 
is involved in the proliferation or differentiation of neural precursor 
cells [22]. DCC is also associated with pathways in cancer along 
with RB1, a known tumor suppressor that triggers cell cycle arrest 
which, in turn, mediates cell-to-cell contact inhibition [23]. RB1 is 
also an important regulator of cell proliferation and differentiation 
[24]. Gestalt confirmed RB1’s presence in the cell cycle pathway 
along with FZR1. FZR1 is similar to Xenopus Early Mitotic Inhibitor 
(EMI1) hence it inhibit the activity of the anaphase-promoting 
complex/cyclosome (APC/C) during S phase until the prophase. It 

was found that depletion of EMI1 results in loss of stem cell identity 
and trophoblast differentiation in embryonic stem cells [25]. 

TIAM1 is also involved in 3 other pathways, namely: the 
E-cadherin signaling in the nascent adherens junction along with 
CDH1 (FZR1), in post-translational regulation of adherens junction 
stability and disassembly with both CDH1 and CABLES1, and in actin 
cytoskeleton regulation with F2R. CABLES 1 is a cyclin-dependent 
kinase-interacting protein known to inhibit cell cycle progression 
[26]. It is also an important protein for early neural differentiation 
[27].

HCN1 is another confirmed gene whose function is also required 
in neuron projection morphogenesis (DAVID). HCN1 belongs to a 
group of ion channels significant for sensory transduction and cellular 
development. Hyperpolarization-activated cyclic nucleotide-gated 
channels have also been found to exert pro-proliferation effects in 
embryonic stem cells [28]. They also carry a particular current I(h) that 
resembles the current found in neurons and cardiomyocytes, as well 
as mediate the generation of pacemaker activity in the heart and brain 
[29]. POU3F3 is a transcription factor that binds to the enhancer of 
the rat nestin (intermediate filament protein) gene and the structurally 
similar regulatory site of the Brain Fatty Acid Binding Protein 
(B-FABP), both of whom are neural stem cell markers, to activate 
expression of neural stem cell-specific properties in cooperation with 
hormone response elements [30]. DAGLA or diacylglycerol lipase, 
alpha functions in axonal growth and guidance during development, 
retrograde synaptic signaling at mature synapses, and maintenance 
of adult neurogenesis. Expression of DAGLA is down-regulated 
when neural stem cells are differentiated into neurons [31]. HSPB8 
is a member of the small heat shock family of proteins that is greatly 
expressed in the cerebellum, cortex, heart, and muscle, as well as 
in motor and sensory neurons. It is also involved in cytoprotection 
via apoptosis blocking and is associated in cell metabolic activities. 
HSPB8 is highly expressed during differentiation [32]. HDAC8 
is a ubiquitously expressed Class I deacetylase that can induce 
differentiation and cell cycle arrest, inhibit clonogenic growth, and 
reduce the proliferation of neuroblastomas upon knockdown [33]. 
RAB38 belongs to a family of small GTPases involved in intracellular 
signaling processes like tethering and docking of vesicles to their 
target compartment, vesicle budding, etc. It is also an identified stem 
cell marker [34]. Finally, CMKLR1 is a cognate receptor that plays a 
role in adipocyte and osteoblast differentiation [35]. 

All of these identified sequences are considered unmethylated 
and functional before differentiation of NSCs but were silenced by 
methylation after differentiation. Of the 17 confirmed genes which are 
involved in NSC lineage commitment, eleven genes corresponding to 
neural stem cell functions were appropriately methylated, indicating 
that the POMA scaffold was efficient in enhancing differentiation 
of NSCs with the help of dbcAMP. These indicators of proper 
differentiation are: NCAM2, ELMO1, KIF5C,DMD, F2R, FZR1, 
HCN1, DAGLA, HSPB8, RAB38, and CMKLR1, whose respective 
expressions should be turned off once NSCs differentiate.

miRNA regulation during NSC differentiation on POMA
The expression of miRNAs on PDL and POMA was normalized 

on the basis of the miRNA expression of undifferentiated NSCs. The 
differentially expressed transcripts were selected with a criteria of 
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having |log2 ratio | ≥ 0.8 and P-value < 0.05. Differentially expressed 
miRNAs during NSC differentiation are shown in Table 4 (POMA) 
and 5 (PDL).

IPA clustered the differentially regulated miRNAs based on their 
seed sequences and identified the highly predicted and experimentally 
observed target mRNAs (Table 4 and 5). Target mRNAs were gathered 
from all identified differentially expressed miRNAs (upregulated 
and downregulated) from both substrates. The target mRNAs from 
differentially miRNAs from both substrates were obtained using IPA 
and miRbase.

POMA up-regulated miR-1224, miR-204-3p, miR-30c-1-3p, and 
miR-92-5p. The miR-1224 had been reported as a potential marker 
for acetaminophen which effects central nervous system to relieve 
pain, induced liver injury [36]. miR-204 was found to have a putative 
function in neural differentiation processes, including axon guidance 
as supported by in vivo functional studies [37]. Knockdown of miR-
204 resulted to axon path finding defects.miR-25 and miR-30c are 
upregulated after NSC differentiation on POMA. These miRNAs 
regulate the proliferation and differentiation of neural adult and 
progenitor stem cells. Knocking down  miR-25  decreases NSPC 
proliferation, whereas ectopically expressing  miR-25  promotes 
NSPC proliferation. Expression of miR-25 in NSPCs increases their 
ability to generate new neurons. On the other hand, elevated miR-
30c increased neuronal proliferation in the SVZ of mouse [38]. Also, 
miR-30c participates in expression of p53 gene which may associated 
with cell apoptosis [39]. Lastly, miR-92 has a significant upregulated 
expression on both POMA and PDL. A study showed that miR-
92a and miR-92b maintain neuroblastself-renewal by inhibiting 
premature differentiation in Drosophilia [40]. The miR-92 family has 
a negative feedback loop as an essential regulator in neural stem cell 
development. The expression of these miRNAs further enhanced the 
differentiation and proliferation potential of POMA as a scaffold for 
NSC differentiation. 

Conclusion
In this study, a neat electrospun poly-o-methoxyaniline (POMA) 

was synthesized and its efficiency as a substrate for NSC differentiation 
were evaluated. It was found that of the seventeen confirmed genes 
which are involved in NSC lineage commitment, eleven genes 
corresponding to neural stem cell functions were appropriately 
methylated, indicating that the POMA scaffold was efficient in 
enhancing differentiation of NSCs with the help of dbcAMP. These 
indicators of proper differentiation are: NCAM2, ELMO1, DMD, 
F2R, FZR1, HCN1, DAGLA, HSPB8, RAB38, and CMKLR1, whose 
respective expressions should be turned off once NSCs differentiate. 
Furthermore, the miRNA microarray data indicated that the 
expression of miR-1224, miR-204-3p, miR-30c-1-3p, and miR-92-5p 
were differentially upregulated as compared to PDL.The expression of 
these miRNAs further enhanced the differentiation and proliferation 
potential of POMA as a scaffold for tissue engineering. 
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