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Introduction

Abstract

Introduction: Induced neural stem cells (iNSCs) have
the ability of differentiation into neurons, astrocytes
and oligodendrocytes. iNSCs are very useful in terms of
research and treatment. The present study offers an idea
that biomaterials could be one of the tools that could
modulate reprogramming process in the fibroblasts.
Methods: Gelatin biomaterials were fabricated into 3
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types, including (i) gelatin, (ii) gelatin with 1 mg/mL | : o -t
hydroxyapatite, and (iii) gelatin with hydroxyapatite Piop g

and pig brain. NIH/3T3 fibroblasts were cultured on M;moﬁ,;:o\"/ S

each type of biomaterial for 7, 9 and 14 days. RT-PCR e

was performed to investigate the gene expression of the
fibroblasts on biomaterials compared to the fibroblasts
on tissue culture plates. PI3K/Akt signaling was performed by flow cytometry after 24 hours
seeding on the biomaterials. The biomaterials were also tested with the human APCs and PDL
cells.

Results: The fibroblasts exhibited changes in the expression of the reprogramming factor; Klf4
and the neural transcription factors; NFla, NFIb and Ptbp1 after 9 days culture. The cultivation of
fibroblasts on the biomaterials for 7 days showed a higher expression of the transcription factor
SOXO9. The expression of epigenetic genes; Kat2a and HDAC3 were changed upon the cultivation
on the biomaterials for 9 days. The fibroblasts cultured on the biomaterials showed an activation
of PI3K/Akt signaling. The human APCs and human PDL cells developed mineralization process
on biomaterials.

Conclusion: Changes in the expression of Klf4, NFIa, NFIb, Ptbpl and SOX9 indicated that
fibroblasts were differentiated into an astrocytic lineage. It is possible that the well-designed
biomaterials could work as powerful tools in the reprogramming process of fibroblasts into iNSCs.

A number of researchers have proposed a concept

The world population is entering an aging society and
soon the health problems of the elderly will inevitably
increase. One of the major health problems of the elderly
is neurodegenerative disorder due to the deterioration
of brain tissue. Neurodegenerative disorder will be more
severe as the patient ages increase. Alzheimer's disease
(AD), Parkinson's disease and multiple sclerosis are
considered as the neurodegenerative disorders, while
there exists no therapeutic method to slow down or stop
the neuronal damage. The treatment is only to alleviate
the symptoms that occur.

for using stem cells to treat the neurodegenerative
disorders."”* However, the use of stem cells in the elderly is
limited in both quantity and quality. Recently, researchers
have turned their attention to a new technology, so-called
induced pluripotent stem cells (iPSCs).*® The iPSCs are
very useful in terms of research® but the use of iPSCs in
the treatment of diseases is also questionable as iPSCs
can cause cancer because reprogramming process might
result in telomere length” which is similar to some types
of cancer cells.*” It is reported that the length of the
telomere is associated with glioma.® Based on the iPSC's
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technology, there is an expanded field of research called
transdifferentiation, which refers to the irreversible
conversion of one cell type to another by forcing the
expression of lineage-related transcription factor.'”"
The examples include the conversion of fibroblasts into
the chondrocytes by forcing the fibroblasts to express
reprogramming factors c-Myc and Klf4 together with
the chondrogenic factor SOX9'" or the conversion of
fibroblasts to astrocytes by forcing fibroblasts to express
NFIa, NFIb and SOX9 transcription factors."! However,
new cell types derived from the transdifferentiation
process showed a less potential for the cell proliferation
compared to stem cells. It has been suggested that the
conversion of fibroblasts to the induced neuronal stem
cells (iNSCs) would be a better way because it is believed
to be more secure as the iNSCs showed a lower incidence
of tumorigenicity than the iPSCs and also the iNSCs still
have multipotent ability to differentiate into astrocytes,
neurons and oligodendrocytes. The method of conversion
of fibroblasts into the iNSCs was performed by forcing
the fibroblasts to have the expression of transcription
factors that were specific to the neural stem cells which
could be achieved by transfection of viral vectors into the
fibroblasts. This method may cause random integration
in the fibroblast genome, in which non-viral methods
are preferred.”'® Thus, the idea that forcing fibroblasts to
express the neural transcription factors by transfection of
the viral vector into fibroblasts may not be the safest way.

Biomaterials possibly play an important role in the
cellular reprogramming of fibroblasts into the neural cell
type.Inaprevious study, it was shown that the photocurable
hydrogel successfully induced a neural differentiation in
mesenchymal stem cells (HMSCs).'”'® The study by Tanum
et al presented that the addition of hydroxyapatite (HA)
into 10% gelatin and crosslinking by glutaraldehyde (GA)
could be used in the HMSCs cultivation.”” Furthermore,
it was shown that the biomaterials from the study of
Tanum et al*® could induce a neural differentiation in the
HMSCs.? The present study aimed to demonstrate that
the gelatin-hydroxyapatite-pig brain biomaterials could
induce the expression of the reprogramming factor Klf4
and nerve transcription factors, such as NFIa, NFIb,
and SOX9 in fibroblasts. Thus, we hypothesized that
biomaterials could be used effectively and economically
as a tool to generate iNSCs from fibroblasts. The iNSCs
derived from the transdifferentiation process which
still have multipotent ability might be useful as a tool in
research for finding therapeutic targets, modeling for
studying the pathogenesis process, drug screening and
ultimately for autologous cell therapy.

Materials and Methods

Materials

Gelatin was obtained from HiMedia Laboratories Pvt.
Ltd., Mumbai, India. Nano-hydroxyapatite (HA), particle
size <200 nm was from Sigma-Aldrich; Saint Louis, MO
63103, USA. Glutaraldehyde (25%) was from AppliChem

Inc; Saint Louis, USA. Dulbecco's Modified Eagle
Medium (DMEM), Trypsin-EDTA (1X), fetal bovine
serum (FBS) and Pen-Strep were purchased from Gibco
Life technology, Nucleospin Kit was from MACHEREY-
NAGEL (Diiren, Germany). cDNA synthesis kit was
from ReverTra Ace-a-® - Toyobo; Japan. SYBR Green
Mastermix was from SensiFAST SYBR® No-ROX Kit-
Bioline (Taunton, USA). PI3K Activation Dual Detection
Kit was from Merck-Millipore (Burlington, USA).

Brain extract

Pig brain was purchased from the local market and
preserved in frozen condition before use. Frozen pig brain
was thawed at room temperature then 30 g of pig brain
was washed in sterile water before blending in a blender
with 100 mL of sterile phosphate buffer saline (PBS) using
the liquidify mode for 1 minute. Then, the liquidified
brain was spun at 2500 rpm (2320 xg) for 10 minutes in
the centrifuge (KUBOTA Model 5200, KUBOTA CORP,
Japan). The supernatant was discarded and the white
brain precipitant was kept at -20°C until used.

Biomaterial preparation

Gelatin 10 wt.% in distilled water was incubated in water
bath at 50°C for 45 minutes until gelatin was dissolved.
Then gelatin solution was stirred at 50°C for 30 minutes.
The gelatin solution was stirred for 15 minutes at room
temperature before adding 10 mg of nanoHA and
continued stirring for 30 minutes. For gel+HA+brain,
add 1 mL of brain extract together with HA then 25%
glutaraldehyde 5-6 uL/mL was added and mixed together
before pouring into 6-well plate. The biomaterial was
prepared well-by-well using 2 mL of solution per well.
The solution was left overnight then polymerized gelatin
was washed with sterile distilled water three times for 15
minutes each. After that polymerized gelatin was soaked
in sterile distilled water overnight. Water was discarded
and polymerized gelatin was then gently tapped on tissue
paper to get rid of the rest of water on the surface of
gelatin. Polymerized gelatin was frozen at -20°C before
freeze-drying in the lyophilizer (LYOLAB; Lyophilization
Systems, Inc., Kingston, USA) at 9 mTorr with condenser
temperature 84.1°C for 24 hours.

Preconditioning of biomaterials

Biomaterials were immersed in 70% ethanol for 30
minutes. After 70% ethanol was discarded, biomaterials
were immersed in sterile water for 30 minutes 3 times.
Complete DMEM (3 mL) was added to each biomaterial
and incubated in 5% CO, incubator at 37 °C for at least 24
hours. Then the biomaterials were ready for cell culture.

NIH/3T3 culture

The NIH/3T3 fibroblasts (passage 8") were seeded onto
preconditioned biomaterials at the density 1 x 10° cells per
gel. The cells were cultured in an incubator with 5% CO,
at 37 °C for the desired periods.
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Preparation of periodontal ligament cells and apical
pulp cells

Preparation of periodontal ligament (PDL) cells and apical
pulp cells (APCs) were received from patients coming
for a routine tooth extraction. Primary PDL cells and
APCs were obtained as previously reported.! Caries-free
third molar that was extracted for orthodontic treatment
purposes was used. PDL cells were derived from 2 different
donors (N1 and N2). The periodontal ligament and the
apical tissues were removed from human third molars and
minced into small pieces with a sharp blade. The tissue
pieces were then cultured in tissue culture dishes. After
becoming confluent, the cells were washed with PBS
and trypsinized with trypsin-EDTA to generate the next
passage. The PDL cells (passages 6™) or APCs (passages
5%) at a seeding density of 1.0 x 10* cells were cultured
onto preconditioned biomaterials and maintained for 1 or
2 weeks in complete DMEM at 37°C with 5% CO,. Cell
morphology was examined under an inverted microscope
(Nikon Eclipse TS100; Nikon Instruments Inc., Melville,
USA).

Real-time PCR

RNA extraction was performed using Nucleospin kit and
cDNA synthesis was performed using ReverTra Ace cDNA
synthesis kit following the protocols of manufacturers.
The ¢cDNA sample was diluted to the desired dilution,
then 4.0 pL of the cDNA was mixed with SYBR Green
Mastermix and the primer at a final concentration of
0.25 uM in the total volume of 10 pL. Real time-PCR was
performed in LightCycler® 480. The PCR program contain
3 steps: (i) pre-incubation step at 95°C for 2 minutes, (ii)
real time-PCR step (denature at 95°C, annealing at 60°C
and extension at 72°C) for 40 cycles, and (iii) the melting
curve analysis at 95, 65 and 97°C. The list of primers used
in this study was shown in Table S1 in supplementary
data. The experiments were divided into the following
groups, including control (cells cultured on tissue culture
plate), cells cultured on gelatin (gel), cells cultured on
gelatin with 1 mg/mL HA (gel+HA) and cells cultured on
gelatin with 1 mg/mL HA and brain (gel+HA+brain). The
experiments were repeated at least 3 times. Target genes
were normalized with reference genes GAPDH and 18s
rRNA using LightCyCler 4.0 software.

PI3 Kinase pathway/AKt assay

NIH/3T3 cells or APCs at a seeding density of 2.0 x 10°cells
were cultivated onto each biomaterial in complete DMEM
and incubated in 5% CO, incubator at 37°C for 24 hours.
The cells cultured just on tissue culture plates were used
as the control. Each type of biomaterial was tested 3 times
independently. After 24 hours, the cells were trypsinized
with trypsin-EDTA and cell counting was performed.
The NIH/3T3 or APCs (7.5 x 10*cells) were used in the
analysis. Cells were spun down at 300 xg for 5 minutes
and the media was discarded. The cells were resuspended
by adding 200 pL of 1x assay buffer, then 200 pL of fixation

buffer was added to the cell suspension and incubated for
5 minutes on ice. The cells were spun down at 300 xg for 5
minutes and the supernatant was discarded. The cells were
permeabilized by adding 400 pL ice-cold permeabilization
buffer and incubated on ice for 5 minutes. The cells were
spun down at 300 xg for 5 minutes and the supernatant
was discarded, then resuspended in 90 pL 1X assay buffer.
Then, 10 uL of the antibody working cocktail solution
was added to each microcentrifuge tube containing the
cell suspension and incubated for 30 minutes in the dark
at room temperature. Following incubation step, 100 pL
of 1x assay buffer was added to each microcentrifuge
and centrifuged at 300 xg for 5 minutes on a tabletop
centrifuge. The supernatant was discarded and the cells
were resuspended in each microcentrifuge tube with 200
uL of 1x Assay Buffer. Samples were assayed on the Muse™
Cell Analyzer using the onscreen instructions.

Data analysis

One-way ANOVA followed by a post hoc analysis was used
to test the difference between each type of biomaterials
and treated cells. Afterward, the unpaired t-test was used
to determine the difference between the test groups and
control groups that seemed to be different but showed
insignificant statistics by one-way ANOVA followed by a
post hoc analysis. For PDL cells, one-way ANOVA with
post hoc analysis was used to test the difference between
each type of biomaterial. Then, Wilcoxon-Mann-Whitney
test was used to determine the difference between the test
groups and control groups that seemed to be different but
showed insignificant statistics by one-way ANOVA with
post hoc analysis.

Results

Biomaterials

It was found that the appropriate amount of GA used
in this study was 5-6 puL/mL. The amount of GA less
than 5 yL/mL was not enough for polymerization and
biomaterials dissolved in the washing process. Too much
GA (more than 6 uL) accelerated the cross-linking process
and caused heterogeneous polymerization. The surface of
all types of biomaterial was ruffled as shown in graphical
abstract.

NIH/3T3 fibroblast culture

In this study, NIH/3T3 fibroblasts could be cultured on
all types of the biomaterials used. The morphology of
NIH/3T3 fibroblasts cultured for 24 hours is shown in Fig.
S1 (Supplementary Data). The morphology of NIH/3T3
fibroblasts cultured for 2 weeks is shown in Fig. S2
(Supplementary Data) and the morphology of NIH/3T3
tibroblasts cultured for 9 days is shown in Fig. 1.

NIH/3T3 gene expression of transcription factors

KlIf4 and NFIb were detected at day-7 and day-9 but both
genes were significantly upregulated at day-9 especially in
gel+HA-+brain. The expression of KlIf4 is shown in Fig. 2
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Fig. 1. NIH/3T3 9 days. A) The control cells (NIH/3T3 cultured on
tissue culture plate). B) NIH/3T3 cultured on the gel. C) NIH/3T3
cultured on the gel+HA. D) NIH/3T3 cultured on the gel+HA+brain.

and the expression of NFIb is shown in Fig. 3. NFIa and
Ptbpl were exclusively detected at day-9 especially in
gel+HA+brain (Fig. 4). SOX9 was detectable at day-7 and
day-14 but it was significantly upregulated at day-7 (Fig.
5). The summary of transcription factor gene expression
in NIH/3T3 is shown in Table S2.

NIH/3T3 gene expression of differentiation markers

MAP2 gene was insignificantly detected only at day-
9 (Fig. 6). CD44 gene was detected at day-9 and day-14
but the significant upregulation was found in gel and
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Fig. 2. The KIf4 expression in the NIH/3T3 cells cultured on the
biomaterials. A) The KIf4 overexpression in the cells cultured on
the gel+HA+brain on day 7. B) The KIif4 overexpression in the cells
cultured on the gel+HA and gel+HA+brain on day 9. * P < 0.05 and
** P<0.01.

NFlb ~ 7days  « 9days
" *x | * p<oos

i s | *%p 001

@

g 28 &

% T

o 2 6

§

o 15 s

5 4

& 1

g 3

5 05 o [

b} 1 ]

2 o , N

A control  gel  gel+HA gelsHAsbrain | B control  gel  gel+HA gel+HA#brain

Fig. 3. The NFIb expression in the NIH/3T3 cells cultured on the
biomaterials. A) The NFIb overexpression in the cells cultured on the
gel+HA and gel+HA+brain on day 7. B) The NFIb overexpression in
the cells cultured on the gel+HA+brain on day 9. * P < 0.05 and ** P
<0.01.

gel+HA+brain at day-9 when compared to control (Fig.
6). Class III B-tubulin, neurofilament light polypeptide,
GFAP, nestin and prominin-1 were undetectable at all
time points.

NIH/3T3 gene expression of epigenetic markers
At 9 days culture, gene expression of Kat2a was decreased
in all types of biomaterial compared to control, whilst the
expression of HAT1 on biomaterials was not different
from control. In the meanwhile, HDAC3 expression was
increased significantly in gel+HA+brain (Fig. 7).

Gene expression of human APC and human PDL culture
The morphology of APCs culture on biomaterials are
shown in Fig. S4 and PDL cells culture on biomaterials
are shown in Fig. S3. The results of gene expression at 1
week and 2 weeks cultures were different from the result
of NIH/3T3. At 1 week culture, only SOX9 and OCN were
detected in the APCs and PDL cells as shown in Fig. 8. The
1-week result revealed that SOX9 and OCN were highest
in the PDL cells cultured on the gel+HA+brain. Then, the
PDL cells from another donor (N2) were tested with the
gel+HA and gel+HA+brain for 2 weeks to observed the
gene expression in long-term culture (Fig. 9). Early bone
markers; collagen type I and ALP were upregulated in the
gel+HA. Non-collagenous bone matrix proteins; OCN
was significantly upregulated in the gel+HA-+brain, while
OPN was downregulated in all biomaterials compared to
the control. Versican was upregulated in the gel+HA with
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Fig. 4. The Nfia and Ptbp1 expression in the NIH/3T3 cells cultured
on the biomaterials after 9 days. A) The NFla overexpression in the
cells cultured on the gel+HA+brain. B) The Ptbp1 overexpression
in the cells cultured on the gel+HA+brain. * P < 0.05 and ** P <
0.01.
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Fig. 5. The SOX9 expression in the NIH/3T3 cells cultured on the
biomaterials. A) The SOX9 overexpression in the cells on day 7.
B) The SOX9 expression in the cells after two weeks cultivation.
*P<0.05and ** P<0.01.
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on the gelatin and gel+HA+brain. * P < 0.05 and ** P < 0.01.

fold-change of the gene expression <2, while aggrecan
was significantly upregulated in the gel+HA+brain. The
summary of transcription factor gene expression in APCs
and PDL cells is shown in Table S3.

PI3 Kinase pathway/AKt assay

The NIH/3T3 cells cultured in the gel and gel+HA
showed the activation of PI3K/Akt pathway (Fig. 10),
while the APCs showed a decreased PI3K/Akt pathway
activation when they were cultured on the gel and gel+HA
(Fig. 11). However, the PI3K/Akt pathway activation
was dominantly increased in the gel+HA+brain (both
NIH/3T3 and APCs). For the NIH/3T3 cells, control and
each type of biomaterial were repeated 3 times. The mean
value and SD of each experimental group were calculated
(Fig. 10F), which indicate the reproducibility of the PI3K/
Akt activation.

Discussion

Some researchers have reported on the transformation
of fibroblasts into the neural progenitor cells or neural
stem cells (NSCs) using a set of specific transcription
factors together with reprogramming agents.”>*® Many
previous studies*?® forced the fibroblasts to express the
neural transcription factor by infecting fibroblasts with

the pMX retroviral vectors. In this study, cells expressed
the transcription factors using a non-invasive method by
seeding cells on the gelatin biomaterials and growing in
conventional medium without infection of viral particles,
in which change of epigenetic genes occurred without
the addition of any chemical reagents so this point
showed the novelty of this work. It is possible that the
neurodegenerative diseases could be cured by the induced
NSCs produced from the somatic cells. Currently, there
were 2 ways to produce iNSCs. The first method was an
indirect reprogramming approach, in which fibroblasts
were passing through iPSCs as the intermediate stage.”**
However, the iPSCs showed the potential to become
cancerous. It has been reported that the iNSCs generated
by the iPSCs had also potential for tumorigenicity but
the efficiency was less than iPSCs.*® A solution could be
achieved by the direct reprogramming of the somatic
cells without going through the pluripotent state.’! The
direct transformation of somatic cells into the lineage-
committed multipotent stem cells might be an attractive
way to generate desired types of cells. This could allow
sufficient numbers of cells to be produced for basic
researches, drug screening and disease modeling or cell
therapy.”

An increased expression of the reprogramming factor
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the APCs cultured on the gel and gel+HA+brain. B) The OCN
underexpression in the APCs cultured on the gel+HA+brain.
C) The SOX9 overexpression in the PDL cells cultured on the
gel+HA+brain. D) The OCN overexpression in the PDL cells
cultured on the gel+HA+brain. * P < 0.05 and ** P < 0.01.

Klf4 suggested a state of reprogramming,** hence
Kim et al showed that transient induction of the four
reprogramming factors (i.e., Oct4, Sox2, Klf4, and
c-Myc) could efficiently transdifferentiate fibroblasts into
the functional neural stem/progenitor cells (NPCs).”
The Klf4 gene encoded zinc finger protein which was
required for a normal development of skin function.
Transcription factors NFIa, NFIb and Ptbpl indicated
an astrocytic cell type.!**** The NFI family played
important roles in the development of the central nervous
system.””*® The study by Deneen et al indicated that NFIa
was important in the transition from neurogenesis to
gliogenesis.”” Oligodendrocytes, astrocytes, ependymal
cells and microglia were considered as glial cells in the
central nervous system. Schwann cells and satellite cells
were considered as glial cells in the peripheral nervous
system.” The oligodendrocyte lineage required the
maintenance of Olig2 and Nkx2.2 expression.*"** Because
Olig2 and Nkx2.2 were undetectable throughout this
study thus this evidence indicated that NITH/3T3 did not
differentiate to oligodendrocytes. Up-regulation of NFIa
was required to promote migration and differentiation of
astrocyte precursors.” Thus, the up-regulation of NFIa in
this study might be an indicative of the development of an
astrocytic lineage. In this study, NFIa could be detected
on day 9 of culture. It was upregulated significantly in
NIH/3T3 cultured in gel+HA+brain. NFIb was found
significantly increased only in gel+HA+brain on day
9 of culture. Polypyrimidine tract-binding proteins
(PTBPs) were RNA-binding proteins that were extensively
characterized as trans-acting splicing repressors.** PTBPs
gene expressed heterogeneous nuclear ribonucleoproteins
(hnRNPs) which bound to heterogeneous nuclear RNA
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Fig. 9. Gene expression in the PDL cells cultured for 2 weeks.
A) The versican overexpression in the cells cultured on the
gel+HA. B) The aggrecan upregulation in the cells cultured on
the gel+HA+brain. C) The OCN upregulation in the cells cultured
on the gel+HA+brain. D) The OPN downregulation in the cells
cultured on all types of the biomaterials. E) The collagen type
| upregulation in the cells cultured on the gel+HA. F) The ALP
upregulation in the cells cultured on the gel+HA. * P < 0.05 and
** P <0.01.

(hnRNA). During neuronal differentiation, the splicing of
a large group of exons was reprogrammed by a switch in
expression between two types of PTBPs.* NPCs expressed
PTB and when NPCs differentiated into the neurons,
PTB expression was disappeared and the neural PTB was
induced. However, during the differentiation of these cells
into the astrocytes, they maintained the PTB expression.*
Ptbpl was a modulator of pre-mRNA splicing® which
expressed at high levels in the non-neuronal cells and
neuronal precursors. The Ptbpl expression was reduced
by miR-124 during the neuronal differentiation. The
reduction of Ptbpl allowed a neuronal differentiation to
happen.* Weassumed thatif Ptbp1 washigh so the miR-124
should be low and downregulation of miR-124 suppressed
the neuronal differentiation and promoted the astrocyte
differentiation.”® The study by Neo et al suggested that
miR-124 is among the most efficient miRNA regulators
of the histone H3 Lys-27 histone methyltransferase
(Ezh2) expression.* The downregulation of miR-124
inhibited the neuronal differentiation and promoted
the astrocyte differentiation.*® Thus, the astrocyte
differentiation might happen when the histone H3 Lys-
27 histone methyltransferase was increased. Other than
Ezh2, the histone deacetylases (HDACs) also regulated
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Fig. 10. The PI3K activation in the NIH/3T3 cells. A) The PI3K activation in the cells cultured on tissue culture plate. B) The PI3K activation,
as the positive control, in the cells cultured on tissue culture plate supplemented with 2.5 mM ascorbic acid. C) The PI3K activation in the
cells cultured on the gelatin. D) The PI3K activation in the cells cultured on the gel+HA. E) The PI3K activation in the cells cultured on the
gel+HA+brain. F) The mean and SD values of PI3K/Akt activation of each group in the replicated the experiments (n=3).

miR-124, which implied an important function for miR-
124 and its downstream target, Ptbpl, in the generation
of epigenetically reprogrammed.” These phenomena
suggested the relation of epigenetic modification and
transcription factors. Thus, the increased gene expression
of HDACS3 in the gel+HA+brain on day 9 of the culture
might imply that miR-124 was decreased and, according to
the work of Neo et al., the astrocyte-specific differentiation
was promoted when miR-124 was decreased.* The
relation between Ptbpl, HDAC3 and astrocyte-specific
differentiation is presented in the graphical abstract.
SOX9 is involved in differentiation mechanism that

POPULATION PROFILE EXPRESSION (%)

INSCs to differentiate from the neurogenesis to the
gliogenesis. Stolt et al indicated that SOX9 expressed
firstly in the neural stem cells, and later in the glial cells.
However, the SOX9 expression in the oligodendrocyte
lineage was ended at the onset of terminal differentiation.
Then, mature oligodendrocytes expressed SOX10 and
SOX8.% SOX9 and Olig2 appeared to be important for
the oligodendrocyte identity, while SOX9 seemed to
be essential for the glial identity and Nkx2.2 and Olig2
were important for the subtype identity. Without the
expression of Nkx2.2 and Olig2, it could be concluded
that the upregulation of Ptbpl in accordance with Klf4,
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Fig. 11. The PI3K activation in the APCs. A) The PI3K activation in the cells cultured on tissue culture plate. B) The PI3K activation in the
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SOX9, NFIa and NFIb might result in the astrocytic
lineage differentiation, while the neuronal differentiation
might be suppressed.'” Real time-PCR assays for other
transcription factors (i.e., Pou3f2, Pax6, Sox2, Pou5fl,
Nanog, Notchl, Foxa2) and other neuronal markers
(i.e., CD133, nestin, PIIITUB, GFAP) were undetectable.
Only 2 astrocyte differentiation markers (i.e., MAP2 and
CD44) were detected, thus it could be possible that the
biomaterials in our study played just only partial roles in
the astrocyte differentiation process. Further studies using
ELISA, immunofluorescent staining and RNA sequencing
techniques are now going on in our laboratory to confirm
the real time-PCR results. For functional astrocyte
differentiation, better-designed biomaterials are needed.
The importance of each transcription factors*is explained
in the diagram in Fig. S5 (Supplementary Data).

The PI3K/Akt pathway was activated during
reprogramming.®® PI3K-Akt signaling was important
in the early steps of the reprogramming process.”
Flow cytometry showed that PI3K/Akt activation was
increased in the NIH/3T3 cells cultured using all types
of biomaterials, especially on the gel+HA+brain. The
PI3K/Akt result was concordant with real time-PCR
results because most of the gene expression increased
significantly in the gel+HA+brain compared to the
control. PI3K/Akt activation was decreased in APCs
cultured on the gel and gel+HA but PI3K/Akt activation
was increased in APCs cultured on the gel+HA-+brain. It
was possible that the extremely high PI3K activation could
happen because of the interference from pig brain particles
in the gel+HA+brain. Kat2a was found significantly
downregulated in all types of biomaterial compared to the
control. Recently, Tapias et al reviewed the roles of lysine
acetylation and deacetylation in the brain development™
and they mentioned that the KAT activity was necessary
for the neuronal progenitor differentiation.”> When
human periodontal ligament cell-like fibroblast® and
human APCs were cultured on the biomaterials for
1-week, it was found that the human PDL cells and
APCs could survive but the profile of gene expression
was totally different from the NIH/3T3 cells after 1 week
culture. In 1 week culture, only OCN and SOX9 genes
were detected in both APCs and PDL cells. Significant
upregulation of SOX9 was found in both APCs and the
PDL cells. PDL cells from another patient (N2) were
cultured on the gel+HA and gel+HA+brain for 2 weeks
and results of the gene expression suggested dental tissue
mineralization®** instead of the neural differentiation.
Both types of biomaterials might induce mineralization in
different amplitudes. Such finding might indicate that the
adult PDL cells strongly maintained the characteristics of
mesenchymal lineage, while NIN/3T3 cells present more
plasticity.”® This phenomenon was similar to the study of
Caiazzo et al, who capitalized on a set of transcription
factors to convert mouse fibroblasts into the functional
astrocytes. However, when the method was applied to
the human fibroblasts, the result was less successful as

Research Highlights

What is current knowledge?

v Proper biomaterials could be used to initiate cellular
reprogramming which involved with epigenetic modification.
V The reprogramming initiated by the biomaterials could not
drive the complete reprogramming process and might need
combination of other growth factors.

What is new here?

v Biomaterials could induce upregulation of a set of
transcription factors that specific for astrocyte differentiation.
v Biomaterials might impose some impacts on the epigenetic
pattern, indicating biomaterials application as a tool for the
cellular reprogramming or transdifferentiation in the future.

compared to the mouse fibroblasts."

Conclusion

The NIH/3T3 cells cultured on the gel+HA+brain
expressed a set of transcription factors (i.e., NFIa,
NFIb, Ptbpl and SOX9), indicating that the cells were
differentiated into an astrocytic lineage. The cells might
be passed through the neural stem cell (neural progenitor)
state because the NIH/3T3 cells expressed the Klf4, a
pluripotency marker which was significantly upregulated
on the gelatin+tHA+brain during the first week of the cell
culture. The PI3K/Akt activation was involved in the early
steps of the reprogramming process as it was increased in
NIH/3T3 cells cultured using biomaterials especially on
the gelatin+HA+brain. These results demonstrate that
the chemical and mechanical properties of biomaterials
could initiate reprogramming process in the NIH/3T3
fibroblasts in a non-invasive manner. However, the
properties of biomaterials are needed to be improved for
the clinical applications.
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