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ABSTRACT

Background: Basic fibroblast growth factor (bFGF) regulates cell proliferation, migration, and differentiation in
various cell types. The aim of the present study was to determine the bFGF target genes in stem cells isolated from
human exfoliated deciduous teeth (SHEDs).

Methods: Cells were isolated from pulp tissue obtained from exfoliated deciduous teeth. Mesenchymal stem cell
surface markers and the differentiation potential toward adipogenic and neurogenic lineages were characterized.
The bFGF-treated SHED transcriptome was examined using a high throughput RNA sequencing technique. The
mRNA and protein expression of selected genes were evaluated using real-time polymerase chain reaction and
immunofluorescence staining, respectively. Cell cycle analysis was performed by flow cytometry. The colony
forming unit number was also examined.

Results: The isolated cells expressed CD44, CD90, CD105, but not CD45. The upregulation of adipogenic and
neurogenic marker genes was observed after culturing cells in the appropriate induction medium. Transcriptome
analysis of the bFGF treated cells revealed that the upregulated genes were in the cell cycle related pathways,
while the downregulated genes were in the extracellular matrix related pathways. Correspondingly, bFGF induced
MKI67 mRNA expression and Ki67 protein expression. Furthermore, bFGF treatment significantly decreased the
G0/G1, but increased the G2/M, population in SHEDs. Colony formation was markedly increased in the bFGF
treated group and was attenuated by pretreating the cells with FGFR or PI3K inhibitors.

Conclusion: bFGF controls cell cycle progression in SHEDs. Thus, it can be used to amplify cell number to obtain
the amount of cells required for regenerative treatments.

1. Introduction

inhibit CD4" and CD8" T cell proliferation [3]. SHEDs exhibit higher
proliferation compared with other sources of mesenchymal stem cells, [4,

Stem cells from exfoliated deciduous teeth (SHEDs) are considered to
be an alternative source of mesenchymal stem cells because they can be
non-invasively isolated from the dental pulp tissue of exfoliated primary
teeth. SHEDs have self-renewal and multi-differentiation ability [1].
After maintaining SHEDs in the appropriate induction medium, the cells
differentiated into cell lineages derived from ectoderm, mesoderm, and
endoderm [1,2]. In addition to their multi-differentiation potency,
SHEDs exhibit immunomodulatory properties. SHEDs regulate
monocyte-derived dendritic cell differentiation and maturation as well as
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5]. Transplanting SHEDs in murine calvarial defects resulted in a similar
amount of bone regeneration compared with human dental pulp stem
cells (hDPSCs) and human bone marrow mesenchymal stem cells
(hBMSCs) [6]. However, the highest osteoid area was observed in the
defects treated with SHEDs [6]. SHEDs combined with collagen scaffolds
promoted dental pulp tissue formation and newly deposited tubular
dentin in subcutaneously implanted root canals [7]. Based on these
findings, SHEDs have been proposed as an alternative mesenchymal stem
cell source for regenerative therapy, especially in the dental field.
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Basic fibroblast growth factor (bFGF) is a member of the fibroblast
growth factor family [8]. It regulates various cell responses, including
cell proliferation, cell migration, and cell differentiation [8,9,10]. bFGF is
commonly added to growth medium to maintain human embryonic or
induced stem cells in an undifferentiated pluripotent state [11]. bFGF
improved skin wound healing efficacy in diabetic mice based on an
increased epithelization rate and cell proliferation [12]. Continuous
treatment with bFGF suppressed osteogenic differentiation as deter-
mined by decreased alkaline phosphatase enzymatic activity and
mineralization in vitro [13]. However, a randomized controlled trial
indicated that a high concentration of recombinant bFGF combined with
p-tricalcium phosphate (f-TCP) enhanced clinical attachment and bone
fill in infrabony vertical periodontal defects compared with 3-TCP alone
[14]. It has been postulated that when used clinically, bFGF promotes cell
migration and cell proliferation as well as enhances angiogenesis in the
defect area, resulting in improved overall periodontal regeneration [14].

SHEDs express a significantly higher bFGF mRNA level compared
with hDPSCs and hBMSCs [15,16]. bFGF upregulates the expression of
several pluripotent markers, including OCT4A, REX1, and NANOG in
SHEDs [10]. Mechanistically, it has been shown that bFGF regulates
REX1 expression via interleukin 6 (IL-6) [9]. Furthermore, bFGF en-
hances cell proliferation, colony forming unit number, and SHED
migration in vitro [10,17]. bFGF inhibits odonto/osteogenic differentia-
tion and mineralization in SHEDs by activating the ERK1/2 pathway and
regulating phosphate/pyrophosphate regulatory genes [18,19]. In
neurogenic induction, bFGF is a crucial growth factor supplement in
neurobasal medium to induce neuronal differentiation in SHEDs [20].

These findings led to the hypothesis that SHEDs utilize different
pathways in response to bFGF to control specific functions, such as pro-
liferation, and multipotency, However, despite the extensive investiga-
tion into the effects of bFGF, the pathways and target genes regulated by
bFGF in oral stem cells remain to be elucidated. Therefore, the aim of the
present study was to investigate the entire bFGF-treated SHED tran-
scriptome to identify regulatory pathways and their functions.

2. Materials and methods
2.1. Cell isolation and culture

The study protocol was approved by the Human Research Ethics
Committee, Faculty of Dentistry, Chulalongkorn University (Approval
number 079/2018). Human deciduous teeth treatment planned for
extraction (e.g. exfoliation or prolong retention) were obtained for cell
isolation. Teeth with pathological conditions were excluded from the
study. The teeth were obtained from the Department of Pediatric
Dentistry, Faculty of Dentistry, Chulalongkorn University. Informed
consent was obtained. A standard explant protocol was used for cell
isolation [21,22]. Briefly, the pulp tissue was gently removed from pulp
chamber using barbed broach and cut into small pieces. The cut tissue
was then placed on 35 mm tissue culture dish with culture medium,
allowing cells to migrate out from tissues. After 7 days, cells and
remaining tissues were trypsinized. The remaining tissue was discarded
and the cells were reseeded in 60 mm tissue culture dish. The cells were
maintained in Dulbecco's modified Eagle medium (DMEM Cat. No.
11960-044, Gibco™, ThermoFisher, NY, USA) supplemented with 2mM
L-glutamine (GlutaMAX™-1 Cat. No. 35050-061, Gibco™), 1X
antibiotic-antimycotic (Cat. No. 15240-062, 100 unit/mL penicillin, 100
pg/mL streptomycin, and 250 ng/mL amphotericin B, Gibco™) and 10%
Fetal Bovine Serum (Gibco™) at 37 °C in a 5% CO, humidified atmo-
sphere. After reaching confluence, the cells were trypsinized using
trypsin/EDTA (Cat. No. 25200-072, Gibco™) at a 1:3 ratio. Cells from
passage 3-6 were used in the experiments. Four donor cell lines were
used in the experiments.

In the cell differentiation assays, the cells were maintained in adi-
pogenic medium [23], which was growth medium supplemented with
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0.1 mg/mL insulin (Cat. No. 11882, Sigma-Aldrich), 1 pM dexametha-
sone, 1 mM 3-isobutyl-methylxanthine (IBMX, Cat. No. 15879,
Sigma-Aldrich), and 0.2 mM indomethacin (Cat. No. 17378,
Sigma-Aldrich). For neurogenic differentiation, neurosphere culture was
performed by seeding cells in a Petri-dish (Cat. No. 430166, Corning, NY,
USA) and the cells were maintained in neurobasal medium (Cat. No.
21103-049, Gibco™) supplemented with 2% B-27™ (Cat. No. 17504044,
Gibco™), 2mM L-glutamine, 1X antibiotic-antimycotic, 20 ng/mL bFGF
(Cat. No. 13256-029, Invitrogen, MD, USA), and 20 ng/mL EGF [13].

2.2. Flow cytometry analysis

The expression of hematopoietic and mesenchymal stem cell surface
markers was determined using flow cytometry. Briefly, single cell sus-
pensions were obtained by trypsinization with trypsin/EDTA solution.
Subsequently, the cells were stained with the following fluorescence
conjugated antibodies: FITC conjugated anti-human CD44 (Cat. No.
555478, BD Bioscience Pharmingen, NJ, USA), PE-conjugated anti-
human CD105 (Cat. No. 21271054, Immuno Tools, Friesoythe, Ger-
many), FITC-conjugated anti-human CD90 (Abcam, USA), and PerCP-
conjugated anti-CD45 (Cat. No. 21810455, Immuno Tools). Mean fluo-
rescence intensity was examined using a FACS®®" Flow cytometer (BD
Bioscience).

For cell cycle analysis, cells (50,000 cells) were seeded in 6-well-
plates and maintained with or without bFGF (Cat. No. 13256-029, Invi-
trogen, 20 and 40 ng/mL) for 72 h. The cells were then harvested and
fixed with 70% v/v ice-cold methanol (Cat. No. RP230-4, Honeywell,
Ulsan, Korea). PI/RNase staining (Sigma-Aldrich) was performed for 30
min. The samples were further analysed with a FACS®®™ Flow
cytometer.

2.3. Whole transcriptome analysis

Whole transcriptome analysis was performed using the NextSeq 5000
desktop sequencing system at the Omics Sciences and Bioinformatics
Center, Faculty of Science, Chulalongkorn University. The cells were
treated with bFGF (10 ng/mlL, Invitrogen, USA) for 24 h in normal
growth medium. Subsequently, total RNA was isolated using a RNeasy kit
(Cat. No. 74104, Qiagen, MD, USA). DNase treatment was performed in
columns. Total RNA quantity and quality were examined using a Nano-
drop and Aligent 2100 Bioanalyzer system. Subsequently, total RNA was
processed using a Ribo-zero rRNA removal kit (Illumina, USA) and sub-
jected to cDNA synthesis using a TrueSeq Stranded mRNA library prep kit
(lumina, USA). Library quality assurance was conducted using an Ali-
gent 2100 Bioanalyzer system and Qubit 3.0 fluorometer. Sequencing
was performed in a NextSeq 500 sequencing system. Read quality was
checked, trimmed, and filtered with a FastQC and FastX-toolkit [24].
Reads were mapped with Homo sapiens UCSC hg38 using TopHat2 [25,
26]. FPKM estimation of reference genes and transcripts was performed
using Cufflink2 [26]. Assembly of the novel transcriptome was analysed
using Cufflink2 and Cuffmerge [26]. Variant calling was examined using
an Isaac Variant caller [27]. Differentially expressed genes and isoforms
were determined using Cuffdiff2 [28]. The differentially expressed genes
were further analysed for pathway enrichment using network-based vi-
sual analytics for gene expression profiling, meta-analysis, and inter-
pretation, NetworkAnalyst [29]. RNA sequencing raw data was uploaded
and made publicly available in the NCBI Sequence Read Archive
(SRP199447) and NCBI Gene Expression Omnibus (GSE131758).

2.4. Colony formation assay

Five hundred cells were seeded on 60-mm tissue culture dishes (Cat.
No. 174888, Nunc™, ThermoFisher Scientific, MA, USA). The cells were
maintained in growth medium with or without bFGF for 14 d. The culture
medium was changed every 48 h. The cells were washed with phosphate



N. Nowwarote et al.

buffered saline and fixed with 10% buffered formalin (Cat. No.
1039991000, Merck Millipore, Darmstadt, Germany) for 10 min. Col-
onies were stained with Coomassie blue (Sigma-Aldrich). In some ex-
periments, the cells were pretreated with an FGFR (SU5402 20 pM, cat.
No. 215542-92-3, Sigma-Aldrich) or PI3K inhibitor (LY294002 1.4 pM,
cat. No. 440202, Calbiochem) 30 min prior to bFGF exposure and
maintained in culture medium supplemented with the inhibitor and
bFGF.

2.5. Real-time polymerase chain reaction

Total RNA was extracted using Trizol reagent (RiboEX™, Cat. No.
301-001, GeneALL®, Seoul, Korea). Quality and quantity of the isolated
RNA were determined using a Nanodrop ONE (ThermoFisher Scientific).
One microgram of total RNA was converted to complimentary DNA using
the Improm-II"™ Reverse Transcription system (Cat. No. A3800, Prom-
ega, WI, USA). Real-time polymerase chain reaction (PCR) was per-
formed using a FastStart Essential DNA green Master kit (Cat. No.
6402712001, Roche Diagnostic, IN, USA) on a LightCycler96 real-time
PCR system (Roche Applied Science, USA). 18S expression levels were
used as the reference. The expression values were normalized using the
2742C method. The primer sequences used are listed in Supplementary
Table 1.

2.6. Immunofluorescence staining

Cells were washed with phosphate buffered saline and fixed in 10%
buffered formalin for 30 min. Subsequently, the samples were incubated
in 10% v/v horse serum for 1 h. Primary antibody incubation was per-
formed at 4 °C overnight using a Ki-67 monoclonal antibody (SolA15),
eBioscience™, (Cat. No. 14-5698-82, ThermoFisher Scientific). Bio-
tinylated rabbit anti-rat antibodies (Cat. No. Ab6733, Abcam, MA, USA)
were employed as secondary antibody and the samples were stained with
Strep-FITC (Cat. No. S3762, Sigma-Aldrich). Cell nuclei were counter-
stained with DAPI (Cat. No. 32670, Sigma-Aldrich). The staining was
evaluated under a fluorescence microscope ZEISS Apotome.2 (Carl Zeiss,
Jena, Germany). The negative control was performed by omitting the
primary antibody incubation step.
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2.7. Statistical analysis

The data were plotted as mean + standard error. The statistical
analysis was performed using Prism 8 (GraphPad Software, CA, USA).
The Mann Whitney U test was utilized for two group comparison. For
three or more group comparison, the Kruskal Wallis test was employed
followed by pairwise comparison. A statistically significant difference
was defined as p < 0.05.

2.8. Ethics approval and consent to participate

The study was approved by Human Research Ethics Committee,
Faculty of Dentistry, Chulalongkorn University (Approval number 079/
2018). The procedure was performed according to the Declaration of
Helsinki. Informed consent was obtained.

3. Results
3.1. Isolated cell characteristics

The isolated cells (passage 3) expressed the mesenchymal stem cell
surface markers CD44, CD90, and CD105, but not the hematopoietic stem
cell marker CD45 (Figure 1A-E). At day 8 of adipogenic induction, the
cells significantly increased LPL and PPARy expression compared with
the control (Figures 1F and 1G). Further, neurosphere culture induced
neurogenic related gene expression (NF and NMD) compared with the
undifferentiated control at day 7 (Figures 1H and 1I). These findings
confirmed the mesenchymal stem cell characteristics of the isolated cells.

3.2. Transcriptome analysis of bFGF-treated SHEDs

Tables 1, 2, and 3 present the significantly differentially expressed
genes, primary transcripts, and coding sequences that exhibited more
than 1.5 Log 2 fold change. The entire list of the significantly differen-
tially expressed genes, primary transcripts, and coding sequence are lis-
ted in Supplementary Table 2, 3, and 4, respectively. There was no
difference in differential isoforms, differential splicing, differential cod-
ing output, or differential promotor use in bFGF-treated SHEDs compared
with the control (data not shown).
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Figure 1.

Characterization of the isolated cells. Stem cell surface markers were evaluated using flow cytometry (A-D). The percentage of cells expressing each surface

marker (E). Cells were cultured in differentiation medium. The expression of differentiation markers was examined using real-time polymerase chain reaction (F-I) at
day 8 of adipogenic induction and day 7 of neurogenic induction. Bars indicate a significant difference. (AM; adipogenic medium, NM; neurogenic medium).



N. Nowwarote et al.

Heliyon 6 (2020) e04246

Table 1. Gene-level differential expression of bFGF-treated SHEDs (more than 1.5 Log2 fold change).

Gene symbol Gene name Log2 fold change q value
SULT1B1 Sulfotransferase family, cytosolic, 1B, member 1 2.76 0.030
AKAP6 A kinase (PRKA) anchor protein 6 2.42 0.045
ALDHI1A2 Aldehyde dehydrogenase 1 family, member A2 2.15 0.012
TMEM100 Transmembrane protein 100 1.67 0.021
SDPR Serum deprivation response 1.67 0.021
TM4SF20 Transmembrane 4 L six family member 20 -4.26 0.012
INHBE Inhibin, beta E -2.95 0.012
CHAC1 ChaC, cation transport regulator homolog 1 (E. Coli) -2.92 0.012
MRVI1 Murine retrovirus integration site 1 homolog -2.84 0.012
WFDC1 WAP four-disulfide core domain 1 -2.82 0.012
TRIB3 Tribbles homolog 3 (Drosophila) -2.71 0.012
ACTA2 Actin, alpha 2, smooth muscle, aorta -2.64 0.012
SOST Sclerostin -2.51 0.012
COL15A1 Collagen, type XV, alpha 1 -2.50 0.012
ELN Elastin -2.48 0.012
KCND3 Potassium voltage-gated channel, Shal-related subfamily member 3 -2.48 0.045
COL11A1 Collagen, type XI, alpha 1 -2.47 0.012
ADM2 Adrenomedullin 2 -2.46 0.012
CLDN1 Claudin 1 -2.38 0.021
FLG Filaggrin -2.33 0.021
RAMP1 Receptor (G protein-coupled) activity modifying protein 1 -2.28 0.012
ACTG2 Actin, gamma 2, smooth muscle, enteric -2.14 0.012
ITGA11 Integrin, alpha 1 -2.01 0.012
LBH Limb bud and heart development homolog (mouse) -2.01 0.012
LMOD1 Leiomodin 1 (smooth muscle) -1.75 0.012
CNN1 Calponin 1, basic, smooth muscle -1.73 0.012
PSAT1 Phosphoserine aminotransferase -1.69 0.012
STC2 Stanniocalcin 2 -1.69 0.049
CTGF Connective tissue growth factor -1.68 0.012
KRTAP1-5 Keratin associated protein 1-5 -1.67 0.012
ASNS Asparagine synthetase (glutamine-hydrolyzing) -1.63 0.012
PCK2 Phosphoenolpyruvate carboxykinase 2 (mitochondrial) -1.58 0.045
SLC7A11 Solute carrier family 7 (anionic amino acid transporter light chain, xc-system) member 11 -1.58 0.045
GPT2 Glutamic pyruvate transaminase (alanine aminotransferase) 2 -1.57 0.012
AMIGO2 Adhesion molecule with Ig-like domain 2 1.52 0.012

The bioinformatic analyses of the pathway enrichment of signifi-
cantly differentially expressed genes are illustrated in Figures 2 and 3.
The reactome pathways enrichment analysis demonstrated that the
upregulated genes in bFGF-treated SHEDs were related to cell cycle
related pathways, including cell cycle, mitotic, M Phase, and mitotic
anaphase (Figure 2A). In contrast, the downregulated genes were cate-
gorized in the extracellular matrix related pathways, such as collagen
degradation, collagen formation, extracellular matrix degradation, and
extracellular matrix organization (Figure 2B). Gene ontology analysis
showed that the majority of the upregulated genes were categorized in
biological regulation and cellular component organization, while most of
the downregulated genes were in biological regulation (Figure 3A). For
cellular component evaluation, the upregulated genes were mostly in the
nucleus and cytosol categories, however, the downregulated genes were
in the membrane category (Figure 3B). Lastly, both up- and down-
regulated genes were in the protein binding category when analysed
based on molecular function ontology (Figure 3C).

3.3. bFGF enhanced cell proliferation in SHEDs

The upregulation of the proliferation marker gene, MKI67, was vali-
dated using real-time PCR. Although bFGF did not influence MKI67
mRNA expression at 6 h, a significant increase in MKI67 mRNA levels
was observed in the bFGF-treated cells at 24 h (Figure 4A).

Correspondingly, bFGF upregulated Ki67 protein expression at 24 h as
determined by immunofluorescence staining (Figure 4B). Furthermore,
bFGF supplementation enhanced colony formation in SHEDs at day 14
(Figure 5A). Colony number, size, and cellular density were increased in
a dose-dependent manner (Figures 5A and 5B). This inductive effect was
attenuated by an FGFR or PI3K inhibitor. The FGFR inhibitor markedly
decreased colony number and size. The PI3K inhibitor slightly decreased
colony number and size, while a marked decrease in cellular density was
observed compared with the control vehicle. Moreover, bFGF treatment
significantly increased the G2/M and decreased the GO/G1 population in
SHEDs (Figures 5C and 5D).

4. Discussion

Despite the known mitogenic effect of bFGF on various stem cells
including SHEDs, this present study is the first report on the tran-
scriptome profile of bFGF-regulated SHEDs using a high throughput RNA
sequencing technology. We found corresponding bFGF-induced differ-
entially expressed genes, primary transcripts, and coding sequences. RNA
sequencing generates both qualitative and quantitative information [30].
Unlike microarray, a high throughput RNA sequencing technique is not
based on RNA and immobilized probe hybridization [30]. Thus, the bias
from probe selection is diminished and low expression targets can also be
detected [31,32]. A previous report demonstrated that the RNA
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Table 2. Primary transcript differential expression of bFGF-treated SHEDs (more than 1.5 Log2 fold change).

Gene symbol Gene name Log2 fold change q value
NPTX1 Neuronal pentraxin I 1.50 0.037
CHAC1 ChaC, cation transport regulator homolog 1 (E. Coli) -2.99 0.037
ACTA2 Actin, alpha 2, smooth muscle, aorta -2.74 0.037
TRIB3 Tribbles homolog 3 (Drosophila) -2.73 0.037
COL15A1 Collagen, type XV, alpha 1 -2.65 0.037
ELN Elastin -2.53 0.037
SOST Sclerostin -2.51 0.037
LINC01125 Chromosome 2 open reading frame 92 -2.48 0.037
ADM2 Adrenomedullin 2 -2.46 0.037
RAMP1 Receptor (G protein-coupled) activity modifying protein 1 -2.25 0.037
ACTG2 Actin, gamma 2, smooth muscle, enteric -2.14 0.037
ITGA11 Integrin, alpha 1 -2.10 0.037
LBH Limb bud and heart development homolog (mouse) -1.94 0.037
CNN1 Calponin 1, basic, smooth muscle -1.78 0.037
STC2 Stanniocalcin 2 -1.75 0.037
LMOD1 Leiomodin 1 (smooth muscle) -1.75 0.037
PSAT1 Phosphoserine aminotransferase -1.69 0.037
CTGF Connective tissue growth factor -1.68 0.037
NUPR1 Nuclear protein, transcriptional regulator, 1 -1.67 0.037
KRTAP1-5 Keratin associated protein 1-5 -1.66 0.037
ASNS Asparagine synthetase (glutamine-hydrolyzing) -1.61 0.037
Table 3. Coding sequence differential expression of bFGF-treated SHEDs (more than 1.5 Log2 fold change).

Gene symbol Gene name Log2 fold change q value
CHAC1 ChaC, cation transport regulator homolog 1 (E. Coli) -2.95 0.035
WEDC1 WAP four-disulfide core domain 1 -2.84 0.035
ACTA2 Actin, alpha 2, smooth muscle, aorta -2.75 0.035
TRIB3 Tribbles homolog 3 (Drosophila) -2.65 0.035
SOST Sclerostin -2.51 0.035
ADM2 Adrenomedullin 2 -2.46 0.035
RAMPI1 Receptor (G protein-coupled) activity modifying protein 1 -2.25 0.035
ACTG2 Actin, gamma 2, smooth muscle, enteric -2.13 0.035
ITGA11 Integrin, alpha 1 -2.13 0.035
LBH Limb bud and heart development homolog (mouse) -1.96 0.035
LMOD1 Leiomodin 1 (smooth muscle) -1.83 0.035
CNN1 Calponin 1, basic, smooth muscle -1.78 0.035
CTGF Connective tissue growth factor -1.68 0.035
NUPRI Nuclear protein, transcriptional regulator, 1 -1.67 0.035
KRTAP1-5 Keratin associated protein 1-5 -1.67 0.035
ASNS Asparagine synthetase (glutamine-hydrolyzing) -1.65 0.035
PSAT1 Phosphoserine aminotransferase 1 -1.63 0.035
AMIGO2 Adhesion molecule with Ig-like domain 2 -1.51 0.035

sequencing technique was more beneficial for transcriptome analysis
compared with microarray because the low abundance transcripts, iso-
forms, and genetic variants can be identified [32]. In the present study,
differential isoforms, splicing, coding output, and promotor analyses
were also performed. However, no significant differences were found in
these assays. However, these analyses provided additional information to
better understand the biological regulation of SHEDs by bFGF.

Studies have shown that bFGF influences both stemness maintenance
and differentiation of various stem cells. bFGF upregulated the expres-
sion of pluripotent stem cell markers in SHEDs [9,10] and bFGF-induced
REX1 expression was regulated by FGFR and Akt pathway [9]. Roles of
bFGF in stem cell differentiation are also reported. Our previous reports
demonstrated that bFGF addition in osteogenic induction medium
resulted in the decrease of mineral deposition in SHEDs [33]. Corre-
spondingly, endogenous bFGF inhibition resulted in the increase of

mineral deposition in SHEDs [1]. For neurogenic differentiation, bFGF
addition in neurogenic induction medium led to the increased size of
neurospheres and the upregulation of neurogenic markers in human
dental pulp stem cells [13]. Interestingly, roles of bFGF on7-20 adipo-
genic differentiation is stage dependent. In this regard, bFGF supple-
mentation in early induction time point (first 2 days) led to the
enhancement of adipogenic differentiation while the supplementation in
later time points resulted in the inhibitory effects [34]. Taken all these
evidences together, bFGF may play crucial role in both proliferation and
differentiation of stem cells depending on cell types and stages as well as
culture conditions.

Our results of the gene-level transcriptome demonstrated that bFGF-
treated SHEDs increased their expression of genes in the cell cycle
regulation pathways, while decreasing the expression of genes related to
the extracellular matrix pathways. Correspondingly, bFGF promoted
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Figure 2. Pathway enrichment analysis. The reactome pathways for the upregulated genes (A) and downregulated genes (B) in bFGF-treated SHEDs.

SHED:s colony forming unit ability as shown by increased colony number,
size, and cellular density. Results confirmed the known information
regarding the mitogenic effects of bFGF on SHEDs as previously reported
by our group [1,10]. Moreover, the present study also revealed that bFGF
regulated cell cycle and Ki67 expression. Further, we also identified that
mitogenic effects of bFGF occurred via the PI3K pathway. Besides, other
bFGF regulated pathways were also identified by transcriptome analyses.
Further validation experiments will be indeed required to prove the in-
fluence of bFGF on those pathway regulations in SHEDs.

Previous studies have demonstrated the influence of bFGF on prolif-
eration in various cell types, including bone marrow derived mesen-
chymal stem cells, umbilical cord blood mesenchymal stem cells, and
Wharton's jelly mesenchymal stem cells [35,36,37]. In addition, bFGF
treatment promoted cell proliferation in bone marrow-derived mesen-
chymal stem cells from diabetic mice [38]. Our previous study demon-
strated that bFGF-induced SHED proliferation depends on cell density
[10]. bFGF promoted cell proliferation at low cell density [10]. In this
regard, bFGF enhanced colony numbers and cell density in colonies
compared with the control [10]. However, bFGF did not alter prolifera-
tion when SHEDs were cultured at high densities [10]. It has been shown
that FGFR expression was cell density-dependant, which influenced the
cells' response to bFGF.

Previous report demonstrated that bFGF (range from 10-40 ng/mL)
promoted angiogenesis in dose-dependent manner in vitro [39]. In human
embryonic stem cells, bFGF at 10 ng/mL exhibited higher effects in the
pluripotent marker expression than the higher doses while the effect of
cell proliferation was not significant difference among tested doses in
early cell passages [40]. On the contrary, bFGF (10-40 ng/mL) promoted
proliferation in murine pre-osteoblast cell line in dose dependent manner
[41]. bFGF at 40 ng/mL exhibited the highest inductive effect on alkaline
phosphatase enzymatic activity in murine pre-osteoblast cell line [41].

However, it has been reported that low concentration (5-20 ng/mL) of
bFGF promoted cell proliferation in bone marrow-derived MSCs and
while high concentration (40 ng/mL) inhibited [42]. Thus, the optimal
concentration of bFGF on specific cell types is indeed required for
investigation. The present study utilized 2 different concentrations of
bFGF (20 and 40 ng/mlL) to observe the effect of dose and results
demonstrated that bFGF enhanced Ki67 expression, colony forming unit,
and cell cycle control in dose dependent manner.

When bFGF binds to its receptor, receptor phosphorylation occurs and
subsequently triggers various intracellular signalling cascades, including
the JAK/STAT, PLCy, PI3K, and MEK pathways [8]. The present study
found that bFGF promoted SHED colony forming unit number via the
FGFR and PI3K pathways. It has been previously shown that bFGF
induced neuronal differentiation in human dental pulp stem cells
through the FGFR and PLCy signalling pathways [13]. In SHEDs, bFGF
inhibited mineral deposition in vitro via the ERK pathway [18]. Corre-
sponding, our previous report showed that the bFGF-attenuated alkaline
phosphatase enzymatic activity and mineral deposition were rescued by
pretreating the SHEDs with a MEK inhibitor [43]. In contrast, the addi-
tion of a P38 inhibitor to bFGF-treated SHEDs in osteogenic medium
resulted in markedly decreased mineralization [18]. Further, bFGF
controlled pluripotent marker gene expression, REX1, in SHEDs via the
FGFR/Akt pathways [9]. Taken together, bFGF may utilize different
intracellular signalling pathways to control specific biological processes
in SHED:s.

Ki67 is a proliferative marker and is expressed during the cell cycle
[44]. In our study, a significant increase in MKI67 mRNA and Ki67
protein expression was observed in the bFGF-treated cells. In addition,
the G2/M subpopulation was higher in the bFGF-treated cells compared
with the control. It has been reported that bFGF treatment in cardiac
fibroblasts rescue the TGF-B1-suppressed cell proliferation by increasing
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Ki67 expression [37]. Moreover, the G2/M subpopulation was markedly
increased, while the GO/Gl subpopulation was decreased in
bFGF-treated human periodontal ligament stem/progenitor cells [45]. In
contrast, bFGF inhibited cell proliferation and cell cycle progression in
several cancer cell types, including adrenocortical carcinoma, breast
cancer, and neuroepithelioma [46,47,48]. These results confirm the
regulation of SHED cell proliferation by bFGF.

At the gene expression level, bFGF downregulated extracellular ma-
trix pathway genes. COL5A1, COL8A2, COL11A1, and COL15A1 mRNA
levels were decreased in bFGF-treated SHEDs. Our previous report also
demonstrated that bFGF significantly inhibited COL1A1 mRNA expres-
sion in SHEDs at day 1, 3, and 7 after osteogenic induction [19]. Simi-
larly, bFGF attenuated TGF-p1-induced COL1A1 and COL3A1 expression
in cardiac fibroblasts [37]. In human periodontal ligament stem/proge-
nitor cells, bFGF treatment dramatically downregulated COLI1AI,
COL3A1, ACTA2, and FBN1 mRNA levels [45]. The influence of bFGF on
collagen genes led to a hypothesis that bFGF acts as an anti-fibrotic agent
in several cell types [49]. Furthermore, bFGF also inhibited members of
the two other core categories of ECM molecules, glycoproteins (FBN2 and
ELN) and proteoglycans. However, the effect of bFGF on SHEDs in
regulating extracellular matrix genes remains unknown. Further study
will be required to elucidate this function.

Previous reports from our laboratory demonstrated that bFGF atten-
uated odonto/osteogenic differentiation in hDPSCs and SHEDs [1,13,
19]. bFGF inhibited alkaline phosphatase enzymatic activity and mineral
deposition in SHEDs [19]. The present transcriptome analysis data sug-
gest several explanations for these findings. First, ITGA11 was down-
regulated in bFGF-treated SHEDs. Similarly, ITGA11 expression was
decreased by bFGF in human dermal fibroblasts [49]. It was hypothe-
sized that bFGF acts as an anti-fibrotic agent in human dermal fibroblast
cells [49]. The expression and function of ITGA11 in dental pulp cells of
both deciduous and permanent teeth have never been reported. How-
ever, ITGA11 mRNA and protein were detected in human periodontal
ligament cells (hPDLs) and human gingival fibroblasts (hGFs) [50]. When

seeding hPDLs and hGFs on collagen 1-coated surfaces, ITGA11 expres-
sion was localized at the edge of the cells in a focal contact-like pattern
and was shown to participate in extracellular matrix contraction in both
cell types [50]. In addition, shRNA knockdown of ITGA11 in human
hepatic cells reduced myofibroblast differentiation [51]. The impaired
myofibroblast phenotypes, including cell adhesion, cell migration, and
collagen I contraction were observed in the ITGA11 knockdown cells
[51]. Itgal1 knockout in MC3T3-E1 cells resulted in reduced osteogenic
differentiation, as determined by a significant decrease in Dmpl mRNA
expression and mineral deposition in vitro [52]. Second, bFGF inhibited
CTGF expression in SHEDs. CTGF has been shown to regulate reparative
dentin formation. This molecule promoted cellular adhesion in murine
pre-osteoblasts and in vitro mineralization in human dental pulp cells [53,
54]. Moreover, adding CTGF to osteogenic medium stimulated osteo-
genic marker gene expression and mineralization in murine vascular
smooth muscle cells [55]. ITGA11 and CTGF downregulation along with
the downregulated extracellular matrix genes may explain the
anti-fibrotic effects of bFGF. This effect should be explored more thor-
oughly in future studies, especially in the dental pulp.

Lastly, ATF4 downregulation in bFGF-treated SHEDs may also
participate in the mechanism by which bFGF attenuates osteogenic dif-
ferentiation in SHEDs. It has been shown that reduced ATF4 expression
corresponded with decreased osteogenic differentiation potency in
human periodontal ligament stem cells [56]. In addition, miRNA tar-
geting ATF4 negatively influences osteogenic differentiation in vitro and
bone formation in vivo [56,57]. Hence, ITGA11, CTGF, and ATF4 down-
regulation in bFGF-treated SHEDs may participate in the mechanism(s)
by which bFGF negatively controlled odonto/osteogenic differentiation
in these cells. Further investigation is needed to confirm this hypothesis.

5. Conclusion

This study reveals the effects of bFGF on the whole transcriptome of
SHEDs. In addition, bFGF upregulates genes in cell cycle progression,
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while attenuating the expression of genes related to extracellular matrix
formation and remodelling in these cells. The present study also high-
lights transcriptomic profile of bFGF-treated SHEDs which shown the
regulation of SHED self-renewal and cell proliferation.

Declarations
Author contribution statement

N. Nowwarote, J. Manokawinchoke and K. Kanjana: Performed the
experiments; Analyzed and interpreted the data; Wrote the paper.

W. Sukarawan: Analyzed and interpreted the data; Contributed re-
agents, materials, analysis tools or data; Wrote the paper.

B. Fournier: Analyzed and interpreted the data.

T. Osathanon: Conceived and designed the experiments; Analyzed
and interpreted the data; Wrote the paper.

Funding statement

This work was supported by the Chulalongkorn Academic Advance-
ment into Its 2nd Century Project and Faculty of Dentistry Research
Fund, Chulalongkorn University (DRF 60016). T. Osathanon was sup-
ported by the Thailand Research Fund (TRF-RSA6180019). N. Now-
warote was supported by the Ratchadapisek Sompote Fund for
Postdoctoral Fellowship, Chulalongkorn University.

Competing interest statement

The authors declare no conflict of interest.

Additional information

Data associated with this study has been deposited at NCBI Sequence
Read Archive under the accession number SRP199447, and NCBI Gene
Expression Omnibus under the accession number GSE131758.

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2020.e04246.

Acknowledgements

The authors thank Dr. Panathanee Prasertpunt, Dr. Preeyanun Pra-
sertsit, and Dr. Pongkarn Kanjanawattana for assistance regarding real-
time polymerase chain reaction analysis. The authors are grateful to
Prof. Rangsini Mahanonda and Mr. Noppadol Sa-Ard-lam for flow
cytometry assistance. In addition, authors thank Dr. Kevin Tompskin for
language editing.

References

[1] N. Nowwarote, P. Pavasant, T. Osathanon, Role of endogenous basic fibroblast
growth factor in stem cells isolated from human exfoliated deciduous teeth, Arch.
Oral Biol. 60 (2015) 408-415.

[2] G. Kim, K.H. Shin, E.K. Pae, Zinc up-regulates insulin secretion from beta cell-like
cells derived from stem cells from human exfoliated deciduous tooth (SHED), Int. J.
Mol. Sci. 17 (2016).

[3] S. Silva Fde, et al., Mesenchymal stem cells derived from human exfoliated
deciduous teeth (SHEDs) induce immune modulatory profile in monocyte-derived
dendritic cells, PloS One 9 (2014), e98050.

[4] J. Li, et al., Comparison of the biological characteristics of human mesenchymal
stem cells derived from exfoliated deciduous teeth, bone marrow, gingival tissue,
and umbilical cord, Mol. Med. Rep. 18 (2018) 4969-4977.

[5] M. Miura, et al., SHED: stem cells from human exfoliated deciduous teeth, Proc.
Natl. Acad. Sci. U. S. A. 100 (2003) 5807-5812.

[6] K. Nakajima, et al., Comparison of the bone regeneration ability between stem cells
from human exfoliated deciduous teeth, human dental pulp stem cells and human
bone marrow mesenchymal stem cells, Biochem. Biophys. Res. Commun. 497
(2018) 876-882.

[7] V. Rosa, Z. Zhang, R.H. Grande, J.E. Nor, Dental pulp tissue engineering in full-
length human root canals, J. Dent. Res. 92 (2013) 970-975.

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

Heliyon 6 (2020) e04246

N. Nowwarote, C. Sawangmake, P. Pavasant, T. Osathanon, Review of the role of
basic fibroblast growth factor in dental tissue-derived mesenchymal stem cells,
Asian Biomed. 9 (2015) 271-283.

N. Nowwarote, W. Sukarawan, P. Pavasant, T. Osathanon, Basic fibroblast growth
factor regulates REX1 expression via IL-6 in stem cells isolated from human
exfoliated deciduous teeth, J. Cell. Biochem. 118 (2017) 1480-1488.

W. Sukarawan, N. Nowwarote, P. Kerdpon, P. Pavasant, T. Osathanon, Effect of
basic fibroblast growth factor on pluripotent marker expression and colony forming
unit capacity of stem cells isolated from human exfoliated deciduous teeth,
Odontology 102 (2014) 160-166.

M.E. Levenstein, et al., Basic Fibroblast Growth Factor Support of Human
Embryonic Stem Cell Self-Renewal, 2006.

C. Huang, et al., Proapoptotic effect of control-released basic fibroblast growth
factor on skin wound healing in a diabetic mouse model, Wound Repair Regen. 24
(2016) 65-74.

T. Osathanon, N. Nowwarote, P. Pavasant, Basic fibroblast growth factor inhibits
mineralization but induces neuronal differentiation by human dental pulp stem
cells through a FGFR and PLCgamma signaling pathway, J. Cell. Biochem. 112
(2011) 1807-1816.

D.L. Cochran, et al., A randomized clinical trial evaluating rh-FGF-2/beta-TCP in
periodontal defects, J. Dent. Res. 95 (2016) 523-530.

R. Kunimatsu, et al., Comparative characterization of stem cells from human
exfoliated deciduous teeth, dental pulp, and bone marrow-derived mesenchymal
stem cells, Biochem. Biophys. Res. Commun. 501 (2018) 193-198.

S. Nakamura, et al., Stem cell proliferation pathways comparison between human
exfoliated deciduous teeth and dental pulp stem cells by gene expression profile
from promising dental pulp, J. Endod. 35 (2009) 1536-1542.

J. Kim, et al., Treatment of FGF-2 on stem cells from inflamed dental pulp tissue
from human deciduous teeth, Oral Dis. 20 (2014) 191-204.

B. Li, et al., Basic fibroblast growth factor inhibits osteogenic differentiation of stem
cells from human exfoliated deciduous teeth through ERK signaling, Oral Dis. 18
(2012) 285-292.

N. Nowwarote, W. Sukarawan, P. Pavasant, B.L. Foster, T. Osathanon, Basic
fibroblast growth factor regulates phosphate/pyrophosphate regulatory genes in
stem cells isolated from human exfoliated deciduous teeth, Stem Cell Res. Ther. 9
(2018) 345.

C. Morsczeck, et al., Comparison of human dental follicle cells (DFCs) and stem cells
from human exfoliated deciduous teeth (SHED) after neural differentiation in vitro,
Clin. Oral Invest. 14 (2010) 433-440.

W. Sukarawan, K. Peetiakarawach, P. Pavasant, T. Osathanon, Effect of Jagged-1
and DII-1 on osteogenic differentiation by stem cells from human exfoliated
deciduous teeth, Arch. Oral Biol. 65 (2016) 1-8.

N. Govitvattana, T. Osathanon, T. Toemthong, P. Pavasant, IL-6 regulates stress-
induced REX-1 expression via ATP-P2Y1 signalling in stem cells isolated from
human exfoliated deciduous teeth, Arch. Oral Biol. 60 (2015) 160-166.

T. Osathanon, K. Subbalekha, P. Sastravaha, P. Pavasant, Notch signalling inhibits
the adipogenic differentiation of single-cell-derived mesenchymal stem cell clones
isolated from human adipose tissue, Cell Biol. Int. 36 (2012) 1161-1170.

S. Andrews, FastQC: a Quality Control Tool for High Throughput Sequence Data,
2018. http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

D. Kim, et al., TopHat2: accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions, Genome Biol. 14 (2013) R36.

C. Trapnell, et al., Differential gene and transcript expression analysis of RNA-seq
experiments with TopHat and Cufflinks, Nat. Protoc. 7 (2012) 562-578.

C. Raczy, et al., Isaac: ultra-fast whole-genome secondary analysis on Illumina
sequencing platforms, Bioinformatics 29 (2013) 2041-2043.

C. Trapnell, et al., Differential analysis of gene regulation at transcript resolution
with RNA-seq, Nat. Biotechnol. 31 (2013) 46-53.

J. Xia, E.E. Gill, R.E. Hancock, NetworkAnalyst for statistical, visual and network-
based meta-analysis of gene expression data, Nat. Protoc. 10 (2015) 823-844.

V. Chaitankar, et al., Next generation sequencing technology and genomewide data
analysis: perspectives for retinal research, Prog. Retin. Eye Res. (2016).

Y. Han, S. Gao, K. Muegge, W. Zhang, B. Zhou, Advanced applications of RNA
sequencing and challenges, Bioinf. Biol. Insights 9 (2015) 29-46.

S. Zhao, W.P. Fung-Leung, A. Bittner, K. Ngo, X. Liu, Comparison of RNA-Seq and
microarray in transcriptome profiling of activated T cells, PloS One 9 (2014),
e78644.

N. Nowwarote, W. Sukarawan, P. Pavasant, B.L. Foster, T. Osathanon, Basic
fibroblast growth factor regulates phosphate/pyrophosphate regulatory genes in
stem cells isolated from human exfoliated deciduous teeth, Stem Cell Res. Ther. 9
(2018). ARTN 345.

M.P. Marquez, et al., The role of cellular proliferation in adipogenic differentiation
of human adipose tissue-derived mesenchymal stem cells, Stem Cell. Dev. 26 (2017)
1578-1595.

S. Lee, et al., The effect of fibroblast growth factor on distinct differentiation
potential of cord blood-derived unrestricted somatic stem cells and Wharton's jelly-
derived mesenchymal stem/stromal cells, Cytotherapy 17 (2015) 1723-1731.
Y.Y. Jia, et al., Effect of optimized concentrations of basic fibroblast growth factor
and epidermal growth factor on proliferation of fibroblasts and expression of
collagen: related to pelvic floor tissue regeneration, Chin. Med. J. (Engl) 131 (2018)
2089-2096.

T.T.A. Liguori, G.R. Liguori, L.F.P. Moreira, M.C. Harmsen, Fibroblast growth
factor-2, but not the adipose tissue-derived stromal cells secretome, inhibits TGF-
betal-induced differentiation of human cardiac fibroblasts into myofibroblasts, Sci.
Rep. 8 (2018) 16633.


https://doi.org/10.1016/j.heliyon.2020.e04246
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref1
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref1
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref1
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref1
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref2
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref2
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref2
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref3
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref3
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref3
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref4
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref5
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref5
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref5
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref6
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref7
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref7
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref7
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref8
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref8
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref8
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref8
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref9
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref9
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref9
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref9
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref10
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref11
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref11
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref12
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref13
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref14
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref15
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref15
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref15
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref15
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref16
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref16
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref16
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref16
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref17
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref17
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref17
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref18
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref19
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref20
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref21
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref22
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref23
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref23
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref23
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref23
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref25
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref25
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref26
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref26
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref26
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref27
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref27
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref27
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref28
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref28
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref28
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref29
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref29
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref29
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref30
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref30
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref31
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref31
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref31
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref32
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref32
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref32
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref33
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref34
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref34
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref34
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref34
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref35
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref35
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref35
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref35
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref36
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref36
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref36
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref36
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref36
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref37
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref37
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref37
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref37

N. Nowwarote et al.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

P. Vivatbutsiri, et al., Characterization of femur, mandible and bone marrow-
derived mesenchymal stromal cells from streptozotocin-injected mice, Thai J. Vet.
Med. 44 (2014) 477-486.

X.T. Sun, et al., Angiogenic synergistic effect of basic fibroblast growth factor and
vascular endothelial growth factor in an in vitro quantitative microcarrier-based
three-dimensional fibrin angiogenesis system, World J. Gastroenterol. 10 (2004)
2524-2528.

N. Navarro-Alvarez, et al., Long-term culture of Japanese human embryonic stem
cells in feeder-free conditions, Cell Transplant. 17 (2008) 27-33.

A.Q. Zheng, J. Xiao, J. Xie, P.P. Lu, X. Ding, bFGF enhances activation of osteoblast
differentiation and osteogenesis on titanium surfaces via PI3K/Akt signaling
pathway, Int. J. Clin. Exp. Pathol. 9 (2016) 4680-4692.

G.B. Song, Y. Ju, H. Soyama, Growth and proliferation of bone marrow
mesenchymal stem cells affected by type I collagen, fibronectin and bFGF, Mat. Sci.
Eng. C-Bio S 28 (2008) 1467-1471.

T. Osathanon, N. Nowwarote, J. Manokawinchoke, P. Pavasant, bFGF and
JAGGED1 regulate alkaline phosphatase expression and mineralization in dental
tissue-derived mesenchymal stem cells, J. Cell. Biochem. 114 (2013) 2551-2561.
T. Scholzen, J. Gerdes, The Ki-67 protein: from the known and the unknown, J. Cell.
Physiol. 182 (2000) 311-322.

K. Kono, et al., Exposure to transforming growth factor-betal after basic fibroblast
growth factor promotes the fibroblastic differentiation of human periodontal
ligament stem/progenitor cell lines, Cell Tissue Res. 352 (2013) 249-263.

H. Wang, et al., Basic fibroblast growth factor causes growth arrest in MCF-7 human
breast cancer cells while inducing both mitogenic and inhibitory G1 events, Canc.
Res. 57 (1997) 1750-1757.

J. Salotti, M.H. Dias, M.M. Koga, H.A. Armelin, Fibroblast growth factor 2 causes
G2/M cell cycle arrest in ras-driven tumor cells through a Src-dependent pathway,
PloS One 8 (2013), €72582.

V.A. Smits, et al., Negative growth regulation of SK-N-MC cells by bFGF defines a
growth factor-sensitive point in G2, J. Biol. Chem. 275 (2000) 19375-19381.

10

[49]

[50]
[51]
[52]
[53]

[54]

[55]

[56]

[57]

Heliyon 6 (2020) 04246

A. Grella, D. Kole, W. Holmes, T. Dominko, FGF2 overrides TGFbetal-driven
integrin ITGA11 expression in human dermal fibroblasts, J. Cell. Biochem. 117
(2016) 1000-1008.

M.M. Barczyk, et al., A role for alphallbetal integrin in the human periodontal
ligament, J. Dent. Res. 88 (2009) 621-626.

R. Bansal, et al., Integrin alpha 11 in the regulation of the myofibroblast phenotype:
implications for fibrotic diseases, Exp. Mol. Med. 49 (2017) e396.

B. Shen, et al., Integrin alphall is an Osteolectin receptor and is required for the
maintenance of adult skeletal bone mass, Elife 8 (2019).

K. Muromachi, N. Kamio, T. Matsumoto, K. Matsushima, Role of CTGF/CCN2 in
reparative dentinogenesis in human dental pulp, J. Oral Sci. 54 (2012) 47-54.

H. Hendesi, M.F. Barbe, F.F. Safadi, M.A. Monroy, S.N. Popoff, Integrin mediated
adhesion of osteoblasts to connective tissue growth factor (CTGF/CCN2) induces
cytoskeleton reorganization and cell differentiation, PloS One 10 (2015),
e0115325.

J. Huang, et al., Connective tissue growth factor induces osteogenic differentiation
of vascular smooth muscle cells through ERK signaling, Int. J. Mol. Med. 32 (2013)
423-429.

S. Yao, et al., MicroRNA-214 suppresses osteogenic differentiation of human
periodontal ligament stem cells by targeting ATF4, Stem Cell. Int. 2017 (2017)
3028647.

X. Wang, et al., miR-214 targets ATF4 to inhibit bone formation, Nat. Med. 19
(2013) 93-100.


http://refhub.elsevier.com/S2405-8440(20)31090-2/sref38
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref38
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref38
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref38
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref39
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref39
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref39
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref39
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref39
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref40
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref40
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref40
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref41
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref41
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref41
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref41
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref42
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref42
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref42
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref42
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref43
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref43
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref43
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref43
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref44
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref44
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref44
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref45
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref45
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref45
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref45
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref46
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref46
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref46
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref46
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref47
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref47
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref47
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref48
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref48
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref48
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref49
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref49
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref49
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref49
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref50
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref50
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref50
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref51
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref51
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref52
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref52
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref53
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref53
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref53
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref54
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref54
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref54
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref54
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref55
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref55
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref55
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref55
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref56
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref56
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref56
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref57
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref57
http://refhub.elsevier.com/S2405-8440(20)31090-2/sref57

	Transcriptome analysis of basic fibroblast growth factor treated stem cells isolated from human exfoliated deciduous teeth
	1. Introduction
	2. Materials and methods
	2.1. Cell isolation and culture
	2.2. Flow cytometry analysis
	2.3. Whole transcriptome analysis
	2.4. Colony formation assay
	2.5. Real-time polymerase chain reaction
	2.6. Immunofluorescence staining
	2.7. Statistical analysis
	2.8. Ethics approval and consent to participate

	3. Results
	3.1. Isolated cell characteristics
	3.2. Transcriptome analysis of bFGF-treated SHEDs
	3.3. bFGF enhanced cell proliferation in SHEDs

	4. Discussion
	5. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


