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The pluripotent factor OCT4A enhances et

the self-renewal of human dental pulp stem
cells by targeting IncRNA FTX in an LPS-induced
inflammatory microenvironment

Hong Hong'", Kai Zeng'!, Can Zhou', Xiaochuan Chen', Zhezhen Xu', Mengjie Li', Lu Liu', Qian Zeng',
QianTao'" and Xi Wei'"

Abstract

Background Regulating the pluripotency of human dental pulp stem cells (hDPSCs) is key for the self-repair of
injured dental pulp. We previously found that OCT4A promotes the proliferation and odontogenic differentiation of
human dental pulp cells (hDPCs). Recent studies have shown the interaction between OCT4A and IncRNAs in pluripo-
tency maintenance of various stem cells. The aim of this study was to explore the underlying roles and mechanisms of
OCT4A and its related IncRNAs in the proliferation and multidirectional differentiation of hDPSCs in an inflammatory
microenvironment.

Methods Human IncRNA microarrays were applied to screen out the differentially expressed IncRNAs in hDPSCs
between the OCT4A-overexpressing and vector groups. Lipopolysaccharide (LPS) was used to simulate the inflam-
matory microenvironment. The effects of OCT4A and the INncRNA FTX on the proliferation and multidifferentiation of
hDPSCs were observed by the CCK-8 assay, EdU staining, real-time PCR, western blotting, and Alizarin red and oil red
O staining. Bioinformatics analysis and chromatin immunoprecipitation (ChIP) assays were performed to clarify the tar-
geted mechanism of OCT4A on FTX. The regulation by FTX of the expression of OCT4A and its downstream pluripo-
tent transcription factors SOX2 and c-MYC was further detected by real-time PCR and western blotting.

Results The microarray results showed that 978 IncRNAs (250 of which were upregulated and 728 downregulated)
were potentially differentially expressed genes (fold change > 2, P<0.05). LPS stimulation attenuated the self-renewal
of hDPSCs. OCT4A enhanced the cell proliferation and multidifferentiation capacities of hDPSCs in an inflammatory
microenvironment, while FTX exhibited the opposite effects. OCT4A negatively regulated FTX function by binding

to specific regions on the FTX promoter, thereby inhibiting the transcription of FTX. Moreover, overexpression of FTX
downregulated the expression of OCT4A, SOX2 and c-MYC, whereas knockdown of FTX facilitated their expression.

Conclusions OCT4A was found to be a crucial factor maintaining the self-renewal of hDPSCs by transcriptionally
targeting FTX in an inflammatory microenvironment. Moreover, we proposed a novel function of FTX in negatively
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regulating the pluripotency and multilineage differentiation capacity of hDPSCs. The hierarchical organization
between OCT4A and FTX expanded the understanding of the network between transcription factors and IncRNAs in
fine-tuning the pluripotency/differentiation balance of adult stem cells, and provided prospective targets for optimiz-
ing dental-derived stem cell sources for regenerative endodontics.

Keywords Dental pulp stem cells, OCT4A, LncRNA, FTX, Pulpitis

Background

Dental pulp inflammation, also known as pulpitis, is
the most common inflammatory disease that leads to
the destruction of pulp tissue and loss of tooth func-
tion. Human dental pulp stem cells (hDPSCs) are a type
of adult stem cell existing in dental pulp tissues with an
immunophenotype and multidirectional differentiation
characteristics similar to those of bone marrow mesen-
chymal stem cells (BMSCs) [1]. When the dental pulp
microenvironment is invaded by bacteria or under-
goes trauma, DPSCs are prone to migrating toward the
injured site and differentiating into odontoblasts, secret-
ing reparative dentin to protect the dental pulp [2, 3].
Several clinical and preclinical animal studies have also
demonstrated important prospects for pulp regeneration
using DPSCs in pulpitis [4—6]. Therefore, it would be of
great significance to identify targets for optimizing the
stemness property of hDPSCs for the repair and regen-
eration of injured dental pulp.

The differentiation of stem cells is regulated by a net-
work of nuclear transcription factors, epigenetic factors
and signaling pathways. Octamer-binding transcription
factor 4A (OCT4A), the original form of OCT4 which
belongs to class V of the POU (PIT/OCT/UNC) tran-
scription factor family, has been proven to be the key
transcription factor for the maintenance of self-renewal
and pluripotency of embryonic stem cells (ESCs) and
adult stem cells, and is closely relating to the processes
of cell differentiation and injury repair [7]. Our previ-
ous study showed that OCT4A played a vital role in the
promotion of pluripotency and multidirectional differ-
entiation capability of human dental pulp cells (hDPCs)
[8]. However, the specific molecular mechanism requires
further exploration.

Long noncoding RNAs (IncRNAs) are a class of non-
coding RNAs that are more than 200 bp in length, and
are implicated in the complex molecular circuitry in
diverse biological processes [9, 10]. A growing body of
evidence has demonstrated that IncRNAs act as an essen-
tial part of the pluripotency controlling network and spe-
cific lineage commitment of ESCs or adult stem cells [11,
12]. A recent study showed that IncRNA Gm15055 was
obviously induced by OCT4 and interacted with PRC2
to maintain H3K27me3 levels on HoxA genes to modu-
late embryonic pattern formation of mouse ESCs [13].

LncRNA NEAT1 impaired OCT4/SOX2 complex stabil-
ity to dysregulate downstream transcription networks
of pluripotency maintenance in aged BMSCs [14]. The
OCT4 pseudogene IncRNA Oct4P4 can form a complex
with the SUV39H1 HMTase to silence the OCT4 gene
and reduce mouse ESC self-renewal [15]. These studies
indicated that the interaction between OCT4 and IncR-
NAs may play an important role in cell pluripotency
maintenance.

Accordingly, we hypothesized that IncRNAs were also
involved in the molecular network of OCT4A to regulate
the repair of injured dental pulp. In the present study, we
utilized high-throughput microarrays to identify poten-
tial IncRNAs related to OCT4A and investigated func-
tions of both OCT4A and candidate IncRNAs in the
proliferation and multidirectional differentiation of hDP-
SCs under inflammatory conditions. Furthermore, we
explored how OCT4A interacts with the candidate IncR-
NAs to reveal their potential regulatory mechanisms on
the pluripotency of hDPSCs.

Methods

Cell culture

hDPSCs were cultured as described previously [16].
Healthy human premolars and impact third molars were
collected from 18- to 25-year-old patients who were
experiencing tooth extractions for the purpose of ortho-
dontic treatment at the Hospital of Stomatology, Sun
Yat-sen University. Informed consent was obtained from
all donors. All experimental protocols were performed
according to the guidelines of the Ethics Review Board.
hDPSCs were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, USA) with 20% fetal bovine
serum (FBS; Gibco, Australia), and incubated at 37 °C in
5% CO,. Cells from passages 3 to 5 were used in the fol-
lowing experiments.

Flow cytometric analysis of surface markers

Flow cytometric analysis was conducted to identify the
phenotype of hDPSCs. The MSC phenotyping cocktail
is comprised of both positive (CD29-FITC, CD44-PE,
and CD90-PE-CY5, BD Bioscience, USA) and negative
(CD34-PE and CD45-PE-CY5, BD Bioscience, USA)
fluorochrome-conjugated =~ monoclonal  antibodies.
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IgG1-FITC, IgG1-PE-CY5 and IgG1-PE (BD Bioscience,
USA) were used as isotype controls. hDPSCs were sus-
pended to 4 x 10° cells/mL, incubated with different anti-
bodies for 30 min at 4 °C, resuspended in FACS buffer,
and analyzed using a MOFloTM high-performance cell
sorter (Beckman Coulter, USA).

Establishment of OCT4A+ /hDPSCs or OCT4A-/hDPSCs,
and FTX+/hDPSCs or FTX-/hDPSCs

For OCT4A overexpression (OCT4A+ /hDPSCs), the
coding domain sequence region of the OCT4A gene
was amplified and cloned into a replication-deficient
lentivector (GenePharma, China) carrying a green fluo-
rescent protein (GFP) reporter gene. For OCT4A knock-
down (OCT4A-/hDPSCs), 3 different OCT4A shRNA
sequences (Table 1) named shRNA1, shRNA2 and
shRNA3 were designed to construct recombinant shuttle
plasmid and cloned into a replication-deficient lentivec-
tor (GenePharma, China) to obtain the stable knockdown
effect of OCT4A in hDPSCs.

For FTX overexpression (FTX+ /hDPSCs), the coding
domain sequence region of the FTX gene was amplified
and cloned into the pHBLV-CMVIE-Puro lentivector
(Hanbio, China) to transfect hDPSCs. RNA interference
(RNAi) was performed for knockdown of FTX (FTX-/
hDPSCs) by using a commercial RiboTM human-FTX
Smart Silencer (Ribo, China), which contained 6 differ-
ent FTX RNAI target sequences (Table 2). hDPSCs were
transfected with human-FTX Smart Silencer by using
Lipofectamine RNAiIMAX (Invitrogen, Life Technolo-
gies, USA).

The expression of GFP in hDPSCs was visualized using
a fluorescence microscope (Zeiss, Germany) after cell
transfection for 48 h. After being cultured with 1 pg/mL
puromycin (Hanbio, China) for one week, the expression
of OCT4A or FTX was detected in OCT4A overexpress-
ing, OCT4A knockdown or FTX overexpressing cells.
FTX levels in FTX knockdown hDPSCs were detected by

Table 1 Three different shRNA sequences of the OCT4A gene
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real-time PCR after transfection with human-FTX Smart
Silencer for 24, 48 and 72 h.

LncRNA microarrays

Total RNA was isolated from OCT4A-overexpress-
ing and vector hDPSCs. Human IncRNA microarrays
(KangChen Bio-tech, China) were used to screen the dif-
ferentially expressed IncRNAs in hDPSCs between the
OCT4A- overexpressing and vector groups. The array
image analysis and subsequent data processing were per-
formed by Agilent Feature Extraction software (version
11.0.1.1) and the GeneSpring GX v11.5.1 software pack-
age (Agilent Technologies, USA). Differentially expressed
IncRNAs and mRNAs with statistically significant differ-
ences (fold change>2.0 or<— 2.0, P<0.05) between the
two groups were identified and distinguished by volcano
plot filtering and hierarchical clustering. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were applied to investigate the
roles of the differentially expressed genes in GO terms or
biological pathways.

Five differentially expressed IncRNAs, namely, down-
regulated FTX, SNHG6 and SUZ12P1 and upregu-
lated MT1DP and ST3GALS3, were selected for further
validation by real-time PCR, and related differentially
expressed mRNAs were selected to construct coding-
noncoding gene coexpression (CNC) networks using

Table 2 Six FTX interference target sequences for RNAi

Silencer Sequence

Silencer 1 GATCTGCCTGTTACTCATA
Silencer 2 TGTCCACGTATCACAGAGG
Silencer 3 CTTCAGGTGTAACATAAGG
Silencer 4 ATTCCTGCTACGACACTGAA
Silencer 5 TTAAAACATCCTTGCCTCAG
Silencer 6 GATTGTGCCGCTGTTAGACG

shRNA Sequence

SshRNAT

Sense GATCCGAAGGATGTGGTTCGAGTATTCAAGAGATACTCGAACCACATCCTTCTTTTTTG

Antisense AATTCAAAAAAGAAGGATGTGGTTCGAGTATCTCTTGAATACTCGAACCACATCCTTCG

shRNA2

Sense GATCCGCGGACCTGGCTAAGCTTCCAATTCAAGAGATTGGAAGCTTAGCCAGGTCCGCTTTTTTG
Antisense AATTCAAAAAAGCGGACCTGGCTAAGCTTCCAATCTCTTGAATTGGAAGCTTAGCCAGGTCCGCG
SshRNA3

Sense GATCCGTGGCTTCGGATTTCGCCTTCTTTCAAGAGAAGAAGGCGAAATCCGAAGCCACTTTTTTG
Antisense AATTCAAAAAAGTGGCTTCGGATTTCGCCTTCTTCTCTTGAAAGAAGGCGAAATCCGAAGCCACG
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Cytoscape 2.8.3 software (The Cytoscape Consortium,
USA). The IncRNA-mRNA coexpression networks were
identified by Pearson correlation coefficient values | r
|>0.9 and P<0.05.

Fluorescence in situ hybridization

For the detection of subcellular localization of IncRNA
FTX, hDPSCs were incubated on slides and hybridized
with the probe overnight. 4,6-Diamidino-2-phenylindole
(DAPI) solution (KeyGEN Biotech, China) was used for
cell nuclei staining. The cells were imaged under a fluo-
rescence inversion microscope (Zeiss, Germany).

Chromatin immunoprecipitation (ChIP) assay

To explore the potential mechanism of OCT4A on FTX
expression, the online databases JASPAR (http://jaspar.
genereg.net) and PROMO (http://alggen.Isi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3)
were used to predict the possible binding regions of
OCT4A and the FTX promoters. A ChIP Kit (Axl-Bio-
tech, China) was used to perform ChIP assays accord-
ing to the manufacturer’s instructions. In brief, cells
were incubated with 1% formaldehyde (Solarbio, China)
for 10 min for DNA-protein cross-link generation.
Cell lysates were then collected and sonicated to yield
genomic DNA fragments of 200-600 bp and immuno-
precipitated with an OCT4A antibody (Abcam, UK).
Normal rabbit IgG was used as a control. qPCR was con-
ducted using ChamQ SYBR qPCR Master Mix (Vazyme,
China). Agarose gel (Biowest, France) electrophoresis
was used to analyze the PCR products.

Cell proliferation

A total of 1 pg/mL LPS derived from E.coli (Sigma-
Aldrich, USA) was used to simulate the inflammatory
microenvironment for the subsequent experiments.
hDPSCs were stimulated with LPS for 1-7 days. Cell
proliferation was measured using the Cell Counting
Kit-8 (CCK-8) assay and 5-ethynyl-2"-deoxyuridine
(EdU) staining. For the CCK-8 assay, briefly, 3 x 10 cells
were cultured on 96-well plates and incubated with 100
uL of DMEM containing 10 puL of CCK-8 (Beyotime,
China) solution for 2 h. Cell proliferation was detected
by a quantitative assay at an absorbance of 450 nm. For
EdU staining, DNA replication activity was evaluated by
using an EdU detection kit (KeyGEN BioTECH, China)
according to the manufacturer’s instructions. hDPSCs
were seeded into a glass-bottom plate at a density of
1 x 10° cells in 12-well plates and were treated with LPS
for 24 h, followed by incubation with 500 pL of medium
containing 50 uM EdU for 2 h at 37 °C. Then, the cells
were fixed with 4% paraformaldehyde (Biosharp, China)
for 30 min. After washing with PBS three times, the cells
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were permeabilized with 0.5% Triton X-100 (Solarbio,
China) in PBS for 20 min. The nuclei were stained with
Hoechst 33,342 dye (KeyGEN BioTECH, China). The
cells were observed under a confocal fluorescence micro-
scope (Olympus FV3000, Japan).

Odontogenic differentiation

Once the cells reached 70% confluence, hDPSCs were
induced in commercial osteogenic medium (Cyagen Bio-
sciences, China) for 7, 14 and 21 days. The expression of
the odontogenic-related markers alkaline phosphatase
(ALP), osteocalcin (OCN), dentin sialophosphoprotein
(DSPP) and dentin matrix protein-1 (DMP-1) was moni-
tored by real-time PCR. Western blotting was performed
to quantify DSPP and DMP-1. Cells were incubated in
1% Alizarin red solution (Cyagen Biosciences, China) for
5 min, and imaged with a stereomicroscope (Olympus,
Japan) to detect mineralized nodule formation. The stain
was desorbed with 10% cetylpyridinium chloride (Sigma—
Aldrich, USA) for 1 h and assessed by the absorbance at a
562-nm wavelength.

Adipogenic differentiation

For adipogenesis, hDPSCs reaching 80% confluence were
treated with commercial adipogenic induction medium
(Cyagen Biosciences, China) for 3 days, followed by adi-
pogenic maintenance medium (Cyagen Biosciences,
China) for 1 day. After completing the three cycles of
induction and maintenance, the cells were incubated in
adipogenic maintenance medium for another 7 days.
After 21 days of induction, the adiopogenic capacity was
assessed by performing oil red O (Cyagen Biosciences,
China) staining. The expression of the adipogenic-related
markers peroxisome proliferator-activated receptor-
gamma 2 (PPARy-2) and lipoprotein lipase (LPL) were
monitored by real-time PCR and western blotting.

Chondrogenic induction

For chondrogenesis, hDPSCs reaching 80% confluence
were treated with commercial chondrogenic induction
medium (Cyagen Biosciences, China) for 21 days. Alcian
blue staining (Cyagen Biosciences, China) was performed
for the detection of chondrogenesis. The cell images were
captured with a stereomicroscope (Olympus, Japan).

Real-time PCR assay

Total RNA was isolated using RNAzol reagent (MRC,
Inc., USA). ¢cDNA was synthesized from 1 pg of total
RNA using a reverse transcriptase master mix (TaKaRa,
USA) in a total volume of 20 uL. Gene expression was
measured by real-time PCR with SYBR Green (Roche,
Germany). Primers were synthesized by the Beijing
Genomics Institute (Shenzhen, China) and are listed in
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Table 3. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The data were
acquired and analyzed using a LightCycler 480 system.

Western blotting

Cells from each set of experiments were harvested and
proteins were collected by lysis with phosphatase and
protease inhibitors (Thermo Fisher Scientific, USA).
Thirty micrograms of protein was separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis
(GeneScript, USA) and transferred to polyvinylidene flu-
oride membranes (Millipore, USA). The membranes were
incubated with specific antibodies overnight at 4 °C, and
then were incubated with the horseradish peroxidase-
conjugated secondary antibody (1:5000; Emarbio, China).

Table 3 Primers used in the real-time fluorescent quantitative

PCR
Gene Primer sequence
OCT4A Forward:5"- TGGGCCAGGCTCTGAGGTGT -3/

Reverse:5’- TCCTGCTTCGCCCTCAGGCT -3/
FTX Forward: 5-CGGCGATTCTGGAGAGGTTG-3/
Reverse: 5-GGCATCACCTCCTGGTTGAA -3/

SOX2 Forward: 5'-GAGAACCCCAAGATGCACAAC-3!
Reverse: 5-CGCTTAGCCTCGTCGATGA-3!
c-MYC Forward: 5-GGCTCCTGGCAAAAGGTCA-3’
Reverse: 5-AGTTGTGCTGATGTGTGGAGA-3’
SNHG6 Forward: 5-GTTAGTCATGCCGGTGTGGT -3/
Reverse: 5-AATACATGCCGCGTGATCCT -3/
SUZ12P1 Forward: 5-TCCCACAGAGTGACTCGTCC-3/
Reverse: 5-TTCCAGAACATTGTGGGAGC-3'
MTI1DP Forward: 5-TTCTGAGGCGAGAGGACTGA-3/
Reverse: 5-CAGCTGCACTTCTCCAATGC-3/
ST3GAL3 Forward: 5'-AAGCTGCACATTGACCATCATA-3/
Reverse: 5-GTGCGTCCAGGACACTCTC-3/
ALP Forward:5’- GTTGACACCTGGAAGAGCTT -3/
Reverse:5’- GTTCCTGTTCAGCTCGTACTG -3/
OCN Forward:5’- AGCAAAGGTGCAGCCTTTGT -3/
Reverse:5'- GCGCCTGGGTCTCTTCACT -3/
DSPP Forward:5’- GGGATGTTGGCGATGCA -3/
Reverse:5'- CCAGCTACTTGAGGTCCATCTTC -3/
DMP-1 Forward:5"-ACATCAACCTGATTTTTGAGACTT-3/
Reverse:5’-GGGTCTTCATTTGCCAAGGG-3’
PPARy2 Forward:5’- GGCTTCATGACAAGGGAGTTTC -3/

Reverse:5’- AACTCAAACTTGGGCTCCATAAAG -3/
LPL Forward:5’- TGTGGTGGACTGGCTGTCA -3/
Reverse:5’- CTGTCCCACCAGTTTGGTGTAG -3/
Forward:5’- CTGGGCTACACTGAGCACC -3/
Reverse:5’- AAGTGGTCGTTGAGGGCAATG -3/

GAPDH
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Immunoreactive proteins were visualized by electrogen-
erated chemiluminescence detection agents (Millipore,
USA). Image] version 1.50i software (Bethesda, USA) was
used to quantify the densities of the protein bands. The
following antibodies were used: OCT4A (1:1000; Abcam,
UK), DSPP (1:1000; Santa Cruz, USA), DMP-1 (1:500;
Abcam, UK), PPARy-2 (1:500; Cell Signaling Technol-
ogy, USA), LPL (1:500; Cell Signaling Technology, USA),
SOX2 (1:1000; Abcam, UK), c-MYC (1:1000; Abcam,
UK), Vinculin (1:5000; Cell Signaling Technology, USA),
GAPDH (1:1000; ZENBIO, China) and B-actin (1:1000;
Servicebio, China).

Statistical analysis

All experiments were repeated at least three times. The
data are shown as the means=standard deviations
(SDs) and were analyzed with SPSS 22.0 software (SPSS,
USA). Statistical analyses were performed by analysis of
variance, followed by Student’s ¢ test for pairwise com-
parisons and one-way analysis of variance (ANOVA) for
multiple comparisons. Statistical significance was defined
as P<0.05.

Results

Identification of hDPSCs

hDPSCs were successfully isolated from dental pulp tis-
sues (Additional file 1: Fig. S1A). The cells exhibited
spindle-shaped, fibroblast-like morphological properties,
and there was no distinct change between passages 0 and
passages 5 of hDPSCs (Additional file 1: Fig. S1A). Flow
cytometric analysis showed high expression levels of the
MSC markers CD29 (99.9%), CD44 (99.9%) and CD90
(100%) of hDPSCs, whereas negative expression was
observed for the hematopoietic markers CD34 (0.4%)
and CD45 (0.9%) (Additional file 1: Fig. S1B). In addition,
after 21-days of osteogenic, adipogenic or chondrogenic
induction, hDPSCs formed mineralized nodules that
were detected by Alizarin red staining and lipid droplets
as observed by oil red O staining, as well as proteoglycan
accumulation in cartilage extracellular matrix visualized
by Alcian blue staining (Additional file 1: Fig. S1C). These
results demonstrated the stem cell characteristics and
multidirectional differentiation capabilities of hDPSCs.

OCT4A promoted the proliferation and multidirectional
differentiation capabilities of hDPSCs under LPS
stimulation

We next treated hDPSCs with lentivirus to strengthen
or interfere with OCT4A expression. Strong GFP green
fluorescence of transfected cells was detected under the
fluorescence microscope in both the OCT4A-overex-
pressing and OCT4A-knockdown groups (Fig. 1A, B).
Real-time PCR and western blot results revealed that
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Fig. 1 Establishment of OCT4A+/hDPSCs or OCT4A- /hDPSCs. A, B Green fluorescence of the GFP plasmid in hDPSCs with OCT4A overexpression
or knockdown (x 50). C, D Expression of the OCT4A gene in the OCT4A-overexpressing group or 3 different OCT4A shRNA groups. E, F Expression
of OCT4A protein in the OCT4A-overexpressing group or 3 different OCT4A shRNA groups. Full-length blots are presented in Additional file 4. *:
compared with the vector group, P< 0.05, **: compared with the vector group, P<0.01; ***: compared with the vector group, P<0.001
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Fig. 2 Effect of OCT4A on the prolifeation of hDPSCs. A, B The CCK-8 assay showed that the inflammatory stimulus with 1 pg/mL LPS significantly
inhibited the proliferation of hDPSCs. Overexpression of OCT4A alleviated the changes in cell proliferation caused by LPS stimulation, while
knockdown of OCT4A further attenuated the proliferation of hDPSCs. C, D EdU staining showed that overexpression of OCT4A obviously increased
the percentage of EdU-positive cells in LPS-treated hDPSCs, while EdU-positive cells were markedly inhibited by OCT4A interference. *: compared
with the vector group, P<0.05, **: compared with the vector group, P<0.01; A: compared with the LPS stimulation group, P <0.05; AA: compared
with the LPS stimulation group, P<0.01
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the mRNA and protein expression levels of OCT4A in
the OCT4A-overexpressing groups were significantly
increased compared with those in the vector groups
(Fig. 1C, F, **P<0.01). The 50% interference efficiency
of OCT4A in the shRNA1 group was shown by real-
time PCR and western blotting (Fig. 1D, E, **P<0.01).
Therefore, the lentivirus vector shRNA1 was chosen to
construct OCT4A knockdown hDPSCs for subsequent
experiments.

The CCK-8 assay showed that the inflammatory stimu-
lus with 1 pg/mL LPS caused significant downregulation
of the proliferation of hDPSCs (Fig. 2A, B). Overexpres-
sion of OCT4A partially alleviated the changes in cell
proliferation caused by LPS stimulation, while knock-
down of OCT4A further inhibited the proliferation of
hDPSCs (Fig. 2A, B). Furthermore, overexpression of
OCT4A obviously increased the percentage of EdU-
positive cells in LPS-treated hDPSCs, while EQU-positive
cells were markedly inhibited by OCT4A interference
(Fig. 2C, D). After 21 days of odontogenic or adipogenic
induction, both the odontogenic and adipogenic differ-
entiation capabilities of hDPSCs in the LPS stimulation
groups were attenuated (Figs. 3, 4). Overexpression of
OCT4A upregulated the expression of the odontogenic-
related markers ALP, OCN, DSPP, and DMP-1 and the
adipogenic-related markers PPARy-2 and LPL at both
the gene and protein levels (Figs. 3A, C, Fig. 4A, C), while
OCT4A knockdown caused downregulation of these
markers compared with expression in the vector groups
(Figs. 3B—D and 4B-D). OCT4A overexpressing hDPSCs
exhibited increased and larger calcification nodules and
lipid droplet formation compared with the normal vector
groups, whereas the OCT4A knockdown groups showed
the opposite results (Figs. 3E, 4E).

Microarray expression profile analysis of IncRNAs

and mRNAs in OCT4A overexpressing hDPSCs

To determine whether IncRNAs were involved in the
OCT4A-related network that regulates the self-renewal
of hDPSCs, human IncRNA microarrays were used to

(See figure on next page.)
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identify the IncRNA expression profiles in OCT4A-
overexpressing and vector hDPSCs. The results (Fig. 5A)
showed that 978 IncRNAs (250 of which were upregu-
lated and 728 downregulated) and 404 mRNAs (222 of
which were upregulated and 182 downregulated) were
potential differentially expressed genes (fold change> 2,
P<0.05). The scatter plot in Additional file 2: Fig. S2
shows a strong correlation between samples, and the
box plot indicated a similar distribution of the intensities
among all samples (Additional file 2: Fig. S2A-D).

GO and KEGG pathways were employed to analyze dif-
ferentially expressed mRNAs in OCT4A-overexpressing
hDPSCs. GO analysis showed that a variety of biologi-
cal processes, such as extracellular matrix organization
and decomposition, system development, protein and
macromolecule metabolic process, signal transduction,
cellular response to external stimulus, and cell commu-
nication (Additional file 3: Fig. S3A, B), were significantly
involved. KEGG analysis of the differentially expressed
mRNAs showed several important pathways such as
the Toll-like receptor signaling pathway, TNF signaling
pathway and cytokine—cytokine receptor interaction,
were significantly enriched (Additional file 3: Fig. S3C).
Functional identification of the differentially expressed
mRNAs confirmed that OCT4A may play an important
role in the biological processes of hDPSCs through its
effects on these signaling pathways under inflammatory
conditions.

Validation of the differentially expressed IncRNAs and CNC
network analysis

To verify the microarray results, five of the differen-
tially expressed IncRNAs were selected and analyzed
in OCT4A-overexpressing and vector hDPSCs. The
qRT-PCR results were consistent with the microar-
ray data (Fig. 5B). Based on the results of quantitative
validation, we performed coexpression analysis and
constructed a CNC network (Fig. 5C). Next, we con-
ducted GO and KEGG pathway analyses of differentially

Fig. 3 Effect of OCT4A on the odontogenic differentiation of hDPSCs. A, B After 7, 14, and 21 days of odontogenic induction, LPS reduced the
expression of the odontogenic-related genes ALP, OCN, DSPP and DMP-1 compared with the unstimulated cells. Overexpression of OCT4A
promoted the expression of these genes in both the LPS-stimulated and nonstimulated groups (A), while knockdown of OCT4A decreased their
expression compared with the vector groups (B). C, D After odontogenic induction for 21 days, the protein expression of DSPP and DMP-1 in each
group showed a similar trend to their gene expression (C1 & D1: Representative bands of the protein expression of DSPP and DMP-1; C2 & D2:
Quantitative analysis results of western blotting; Full-length blots are presented in Additional file 4). E The calcification nodule formation of hDPSCs
was shown by Alizarin red staining (x 50). The LPS inflammatory stimulus reduced calcification nodule formation. The number and size of the
mineral nodules in DPSCs with OCT4A overexpression were greater than those in the vector groups, while DPSCs with OCT4A knockdown exhibited
the opposite result. *: compared with the vector group, P<0.05; **: compared with the vector group, P<0.01; ***: compared with the vector group,
P<0.001; A: compared with the LPS stimulation group, P<0.05; AA: compared with the LPS stimulation group, P<0.01; AAA: compared with the LPS

stimulation group, P<0.001
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expressed mRNAs coexpressed with the above five can-
didate IncRNAs. The GO analysis showed that differen-
tially expressed mRNAs coexpressed with the candidate
IncRNAs were involved in 350 biological processes, 76
cellular components, and 46 molecular functions. The
significantly enriched GO terms were cellular component
organization/biogenesis, cellular metabolic process, cell
motility, cell migration, response to oxidative stress and
cell cycle in biological processes and cytoplasm, intracel-
lular anatomical structure, intracellular organelle, cyto-
sol, and cytoskeleton in cellular components (Fig. 5D, E).
In addition, the molecular functions of protein binding,
MAP kinase kinase activity, cell adhesion molecule bind-
ing, transcription regulator activity and transcription fac-
tor binding were significantly enriched (Fig. 5F). KEGG
pathway analysis showed that differentially expressed
mRNAs coexpressed with the candidate IncRNAs were
enriched in Hippo signaling pathway, TNF signaling
pathway, PI3K-Akt signaling pathway, autophagy and
signaling pathways regulating pluripotency of stem cells
(Fig. 5@). Functional identification of the coexpressed
mRNAs indicated that the candidate IncRNAs may play a
potential role in the biological functions of OCT4A-over-
expressing hDPSCs through their effects on the coex-
pressed mRNAs to regulate these biological processes
and signaling pathways.

OCT4A repressed IncRNA FTX expression in hDPSCs

Among the five IncRNAs, FTX (fold change=2.81,
P<0.05) was the most differentiated IncRNA from the
verification results (Fig. 5B), and was taken as the can-
didate IncRNA. The real-time PCR results confirmed
that FTX was downregulated in OCT4A-overexpressing
hDPSCs and upregulated in OCT4A-knockdown hDP-
SCs, which was consistent with the microarray analyses
(Fig. 6A, B). In addition, FTX and OCT4A exhibited an
opposing expression trend in subsequent passages of
hDPSCs. The PCR and western blotting results showed
that OCT4A was activated at early passages (P1-P3) and
then subsequently decreased with extended passages
of hDPSCs (Fig. 6C, E), while FTX showed an expres-
sion profile that was downregulated from P1 to P6 and

(See figure on next page.)
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upregulated at P7 (Fig. 6D), suggesting their different
roles in regulating cell fate.

Overexpression of FTX inhibited proliferation

and multidifferentiation of hDPSCs under LPS stimulation
We next treated hDPSCs with FTX overexpression len-
tivirus for stable transfection or human-FTX Smart
Silencer for transient transfection to clarify the function
of FTX. The FISH results revealed that FTX was dis-
tributed both in the nucleus and cytoplasm of hDPSCs
(Fig. 7A-C). Figure 7D&F showed that the FTX expres-
sion was effectively reduced in hDPSCs transfected with
human-FTX Smart Silencer, but significantly enhanced
in FTX-overexpressing hDPSCs. As shown in Fig. 7G,
I, 1 pg/mL LPS suppressed the proliferation of hDPSCs.
Overexpression of FTX further reduced the proliferation
activity of hDPSCs (P<0.05). In addition, the EAU assay
results showed that FTX silencing conspicuously pro-
moted the incorporation of EdU in the genome of LPS-
induced hDPSCs, while upregulation of FTX notably
decreased the EdU-positive cells (Fig. 7H, J).

After 21 days of induction, the 1 pg/mL LPS inflam-
matory stimulus significantly reduced the odontogenic
and adipogenic differentiation capabilities of hDPSCs
(Figs. 8, 9). Overexpression of FTX further suppressed
the expression of the odontogenic-related markers ALP,
OCN, DSPP, and DMP-1 as well as the adipogenic-related
markers PPARy-2 and LPL at both the gene and protein
levels at each time point (Figs. 8, 9). The size and number
of the mineral nodules or lipid droplets in DPSCs with
FTX overexpression were smaller and less than those in
the vector groups (Figs. 8C, 9A).

OCT4A inhibits IncRNA FTX transcriptional levels

by binding to its promoter region

We further explored the potential mechanism by which
OCT4A downregulated the expression of IncRNA
FTX. The online TF prediction tools JASPAR (http://
jaspar.genereg.net) and PROMO (http://alggen.Isi.upc.
es/cgibin/promo_v3/promo/promoinit.cgi?dirDB=
TF_8.3) were used to predicate that several TFs, includ-
ing OCT4A, may bind to the conserved octamer motif

Fig. 4 Effect of OCT4A on the adipogenic differentiation of hDPSCs. A, B After 7, 14, and 21 days of adipogenic induction, LPS reduced the
expression of the adipogenic-related genes PPARy-2 and LPL compared with the unstimulated cells. Overexpression of OCT4A promoted the
expression of these genes in both the LPS-stimulated and nonstimulated groups (A), while knockdown of OCT4A decreased their expression
compared with the vector groups (B). C, D After adipogenic induction for 21 days, the protein expression of PPARy-2 and LPL in each group showed
a similar trend to their gene expression (C1 & D1: Representative bands of the protein expression of PPARy-2 and LPL; C2&D2: Quantitative analysis
results of western blotting; Full-length blots are presented in Additional file 4). E The lipid droplet formation of hDPSCs was observed by oil red O
staining (x 200). The LPS inflammatory stimulus reduced lipid droplet formation. The number and size of the lipid droplets in hDPSCs with OCT4A
overexpression were greater than those in the vector groups, while hDPSCs with OCT4A knockdown exhibited the opposite result. *: compared
with the vector group, P <0.05; **: compared with the vector group, P<0.01; ***: compared with the vector group, P<0.001; A: compared with the
LPS stimulation group, P <0.05; AA: compared with the LPS stimulation group, P <0.01; AAA: compared with the LPS stimulation group, P<0.001
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(ATGCAAAT) in the promoter region of IncRNA FTX,
and 3 potential binding sites of OCT4A were analyzed
(Fig. 10A). To determine which OCT4A binding site was
responsive to OCT4A-mediated transcriptional repres-
sion of FTX, a ChIP assay was performed. Our results
confirmed that the predicted binding site 3 (B3) of
IncRNA FTX promoter DNA fragments presented nota-
bly higher binding affinity with anti-OCT4A antibody,
compared with the isotype control antibody (Fig. 10B,
C). Overall, these data demonstrated that OCT4A inhib-
ited the transcription of IncRNA FTX by binding to its
promoter.

FTX suppressed the expression of OCT4A and its
downstream pluripotent transcription factors in hDPSCs
To explore how FTX might integrate into the core tran-
scriptional regulatory networks of the self-renewal abil-
ity of hDPSCs, the effect of FTX on the expression of
the pluripotent transcription factor OCT4A and its
downstream pluripotent transcription factors SOX2 and
c-MYC was investigated. After interfering with FTX
expression for 48 and 72 h, the expression of OCT4A was
significantly upregulated (Fig. 11A). Conversely, in the
FTX-overexpressing groups, with increasing virus con-
centration, the expression of OCT4A was downregulated
and showed a gradually declining trend (Fig. 11B). The
mRNA expression of the pluripotent transcription fac-
tors OCT4A, SOX2 and c-MYC was suppressed under
LPS inflammatory stimulation compared to that in the
untreated groups. FTX knockdown improved the expres-
sion of OCT4A, SOX2 and ¢c-MYC in hDPSCs treated
with LPS or not. In contrast, overexpression of FTX
reduced the expression of OCT4A, SOX2 and ¢-MYC
(Fig. 11C, D). Western blot analysis showed similar
trends (Fig. 11E, F).

Discussion

DPSCs, a kind of adult stem cell in dental pulp tissues,
are promising candidates for pulp regeneration or other
regenerative therapies. When irritated by bacteria or
their toxic components, pulp immune cells will initiate
an early inflammatory response to eliminate invading
microbes. DPSCs will consequently migrate to the dam-
aged site and differentiate into odontoblasts to synthesize
reparative dentin, initiating pulp repair and regeneration

(See figure on next page.)
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[2, 3, 17]. However, due to the specific structure of dental
pulp which is surrounded by rigid tissues, the antibacte-
rial activities can easily induce an inflammatory cascade
to propagate sustained inflammation throughout the pulp
[18-22], which tremendously damages vital pulp tissue
and irreversibly impedes the repair responses of DPSCs,
eventually leading to pulp necrosis. Hence, facilitating
the self-renewal capacity of DPSCs while ameliorating
the inflammatory microenvironment will significantly
contribute to the self-repair of dental pulp.

OCT4A, the most important transcription factor
located at the centre of the reprogramming network,
serves as the key regulator for the self-renewal and
pluripotency maintenance of ESCs [23]. We previously
reported that OCT4A improved the proliferation and
odontogenic differentiation of hDPCs [8], indicating the
potential for OCT4A to regulate pulp repair. In the pre-
sent study, we first detected the effects of OCT4A on the
pluripotency property of hDPSCs in an inflammatory
microenvironment. Our results showed that the prolif-
eration and odontogenic and adipogenic differentiation
capacities of hDPSCs were significantly attenuated by the
LPS inflammatory stimulus. Overexpression of OCT4A
alleviated the changes in cell proliferation and multidif-
ferentiation capacities caused by LPS stimulation, while
knockdown of OCT4A further inhibited these proper-
ties, suggesting the crucial role of OCT4A in maintaining
the pluripotency of hDPSCs in inflammatory conditions.

The circuitry controlling self-renewal in pluripotent
cells has a complex interplay between pluripotent tran-
scription factors, IncRNAs and chromatin modifying
complexes [12]. A search for OCT4 binding sites in IncR-
NAs that are expressed in mouse ESCs, revealed the rec-
ognition of 10% of the OCT4 binding sites in the vicinity
of IncRNA genes [24]. Further studies demonstrated that
diverse IncRNAs, such as Gomafu [24], Panct-1 [25],
and VLDLR [26], acted in concert with OCT4A to regu-
late the pluripotency of ESCs. To verify our hypothesis
that OCT4A may promote the repair of injured pulp by
interacting with IncRNAs, microarray expression profiles
were utilized to identify the differentially expressed IncR-
NAs and mRNAs in OCT4A overexpressing and vector
hDPSCs. A total of 978 differentially expressed IncRNAs
and 404 differentially expressed mRNAs were identified.
Five IncRNAs were selected for validation and the PCR

Fig. 5 Bioinformatics analysis of differentially expressed INcRNAs between OCT4A-overexpressing and vector hDPSCs. A Hierarchical clustering

for the expression profiles of differentially expressed INcRNAs and mRNAs between OCT4A-overexpressing and vector hDPSCs. (red: high relative
expression; green: low relative expression). B Verification of 5 differentially expressed IncRNAs between OCT4A-overexpressing and vector hDPSCs.
CTarget IncRNAs-differentially expressed mRNAs coexpression network. D-G GO and KEGG analyses based on CNC analysis results of 5 candidate
INcRNAs. D GO analysis of coexpressed mRNAs on biological process (BP). E GO analysis of coexpressed mRNAs on cellular component (CC). F GO
analysis of coexpressed mRNAs on molecular function (MF). G KEGG analysis of coexpressed mRNAs. GO, Gene Ontology; KEGG, Kyoto Encyclopedia
of Genes and Genomes; CNC, coding—noncoding gene coexpression; INCRNA, long non-coding RNA; mRNA, massage RNA
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Fig. 6 Verification of the identity of differentially expressed IncRNAs. A, B Expression of FTX in OCT4A-overexpressing or OCT4A-knockdown
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P<0.05, **: P<0.01). (E) Protein expression of OCT4A in different cell passages of hDPSCs (E1: Representative bands of the protein expression of
OCT4A; E2: Quantitative analysis results of western blotting; Full-length blots are presented in Additional file 4, *: P<0.05)

results supported the microarray data. In terms of the
expression level, the most intriguing IncRNA appeared
to be FTX. Further verification results showed that FTX
was downregulated in OCT4A overexpressing hDPSCs,
but upregulated in OCT4A-knockdown hDPSCs, dem-
onstrating that OCT4A suppressed the expression of
FTX.

Human IncRNA FTX, a transcript localized at chro-
mosome X q13.2, has been well conserved during evolu-
tion, indicating its vital roles in human biogenic activities
[27-30]. Current studies on FTX have mainly focused
on its regulation of X chromosome inactivation [31]
and the progression of various malignant tumors [32],

while its role in pluripotency regulation of stem cells
has not yet been reported. FTX was proven to promote
the malignant progression of colorectal cancer by tar-
geting the miR-214-5p-JAG1 axis [33] or directly bind-
ing to miR-192-5p [34]. Another studies discovered that
FTX could inhibit the proliferation and metastasis of
lung cancer cells by activating FOXA2 [35] or could sup-
press the proliferation of hepatocellular carcinoma cells
by impeding DNA replication [29]. The different roles of
FTX indicate its unique regulation in various tumor cells.
Recent studies have also shown that FTX participates
in the apoptosis of neurons or cardiomyocytes [36, 37]
and regulates the angiogenesis in stroke [38] or hypoxia/
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reoxygenation-induced cardiomyocyte injury [39], sug-
gesting that FTX may be involved in the apoptosis of
adult cells and the repair of tissue injury.

To study the correlation of FTX with the alteration of
pluripotency of hDPSCs and whether FTX might par-
ticipate in the OCT4A-related regulatory network, we
preliminarily observed the expression patterns of FTX
and OCT4A in cell passages. OCT4A was upregulated
at P3 and decreased afterward, while FTX was down-
regulated from P1 to P6 and upregulated at P7. In our
previous study, OCT4A displayed decreased expression
during cell passages, which was strongly related to the
loss of stemness of hDPCs [8]. The reverse expression
profile of FTX and OCT4A in the present study indicated
the different roles of OCT4A and FTX in pluripotency
maintenance during cell passages. We next explored
the effects of FTX on cell function by establishing FTX-
overexpressing or FTX-knockdown hDPSCs. In contrast
to OCT4A, the proliferation capacity of hDPSCs was
further reduced in the FTX-overexpressing group com-
pared with the vector group in the inflammatory micro-
environment. Overexpression of FTX also inhibited the
expression of odontogenic- and adipogenic-related mark-
ers and reduced calcification nodules and lipid droplet
formation. These results demonstrated for the first time
that FTX suppressed both the proliferation and multidif-
ferentiation capacities of hDPSCs, suggesting its opposite
effects on hDPSCs compared with OCT4A. Combined

with the microarray verification results, these functional
data of FTX clarified that OCT4A contributed to the
pluripotency maintenance of hDPSCs by inhibiting FTX
expression.

It would be interesting to further investigate the mech-
anism by which OCT4A regulates FTX. Evidence indi-
cates that IncRNAs can be transcriptionally activated or
suppressed by pluripotency transcription factors and can
act as molecular mediators of gene expression that deter-
mine the pluripotent state of stem cells [24, 40]. In the
present study, bioinformatics analysis with online TF pre-
diction databases provided a promising probability that
OCT4A may bind to the conserved octamer motif in the
promoter region of FTX. ChIP assays further confirmed
the enrichment of OCT4A on the predicted binding site
3 (B3) of the IncRNA FTX promoter compared with the
isotype control antibody, demonstrating that OCT4A
negatively regulated FTX expression by binding to the
promoter of FTX and inhibiting its transcription. Hence,
our results provide the first evidence that OCT4A pro-
motes the pluripotency of hDPSCs by transcriptionally
repressing FTX.

There is a complex, coordinated orchestra of tran-
scription factors, IncRNAs, chromatin regulators and
signal transducer factors in pluripotent cells that regu-
lates the balance between self-renewal and differentia-
tion [41]. Several IncRNAs, such as Linc-RoR [26, 42],
GAS5 [43], and Snhg3 [44] are preferentially expressed
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upregulated after the interference of FTX expression in hDPSCs for 48 and 72 h. B Expression of the OCT4A gene showed a gradually declining
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of western blotting; Full-length blots are presented in Additional file 4; *: compared with the vector group, P < 0.05; **: compared with the vector
group, P<0.01; ***: compared with the vector group, P<0.001; A: compared with the LPS stimulation group, P <0.05; AA: compared with the LPS
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in ESCs and interact with the core transcription factor
network to safeguard pluripotency. They can be acti-
vated or repressed by their upstream regulators OCT4,
NANOG, SOX2, etc., and in turn regulate the expression
of these transcription factors through feedback loops,
thus maintaining a pluripotent state or promoting dif-
ferentiation under certain conditions [12, 41]. Accord-
ingly, we attempted to detect whether FTX altered the
expression of OCT4A to implicate it in the core pluri-
potency regulation of hDPSCs. Interestingly, the results
showed that OCT4A was significantly upregulated in
FTX-knockdown hDPSCs, whereas it exhibited an obvi-
ously and gradually declining trend with increasing
concentrations of lentivirus for FTX overexpression,

indicating the downregulating effect of FTX on OCT4A
expression. Studies have revealed that OCT4A could ini-
tiate cell reprogramming through interaction with other
pluripotent transcription factors such as SOX2, c-MYC
and KLF4, which are critical for preserving stem cell phe-
notype and responsible for the stemness properties and
pluripotency commitment of DPSCs [1, 45, 46]. Our pre-
vious research also proved that OCT4A promoted the
expression of the downstream markers SOX2 and c-MYC
to improve the pluripotency of hDPCs [8]. Therefore,
we further investigated the effect of FTX on pluripotent
transcription factor expression. The mRNA and protein
levels of OCT4A, SOX2 and c-MYC were suppressed in
FTX-overexpressing hDPSCs treated with LPS or not,
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Fig. 12 Schematic diagram of the research hypothesis

while FTX knockdown showed contrary results, support-
ing that FTX may inhibit the pluripotency of hDPSCs by
decreasing the expression of OCT4A and its downstream
pluripotent transcription factors. Taken together, the
results of the present study demonstrated a reciprocal
inhibition between the expression of FTX and OCT4A
in hDPSCs, suggesting that FTX may also be involved
in a negative feedback loop with its regulator OCT4A
to maintain its level in hDPSCs and eventually regu-
late the pluripotency homeostasis of hDPSCs (Fig. 12),
the specific mechanism of which needs to be further
investigated.

Conclusions

In conclusion, the present study provides a novel evi-
dence that OCT4A plays a vital role in enhancing the
self-renewal of hDPSCs by negatively targeting the tran-
scription of IncRNA FTX in an inflammatory microenvi-
ronment. Moreover, this study for the first time proposed
the negative regulation of FTX in the pluripotency and
multilineage differentiation capacity of hDPSCs, expand-
ing our understanding of this particular IncRNA by
implicating it in regulatory networks of adult stem cells.
The hierarchical organization and possible feedback reg-
ulation between key pluripotent transcription factors and
IncRNAs might be crucial to uncovering the self-renewal
mechanism of inflammatory dental pulp, suggesting
novel prospective targets for optimizing dental-derived
stem cell sources for regenerative endodontics.

active

inhibit

Abbreviations

hDPSCs Human dental pulp stem cells
hDPCs Human dental pulp cells
BMSC Bone marrow mesenchymal stem cells

ESCs Embryonic stem cells

OCT4A Octamer-binding transcription factor 4A
INcRNA Long non-coding RNA

Chip Chromatin immunoprecipitation

CCK-8 Cell counting kit-8

ALP Alkaline phosphatase

OCN Osteocalcin

DSPP Dentin sialophosphoprotein

DMP-1 Dentin matrix protein-1

PPARy-2  Peroxisome proliferator-activated receptor-gamma 2
LPL Lipoprotein lipase

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes
CNC Coding-noncoding gene coexpression

LPS Lipopolysaccharide

GFP Green fluorescent protein

DAPI 4/,6-Diamidino-2-phenylindole

EdU 5-Ethynyl-2-deoxyuridine

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-023-03313-8.

Additional file 1: Fig. S1. The morphology and characterization of hDP-

SCs.Morphology of hDPSCs form primary culturesand the fifth passagein

vitro.The expression of surface antigensin hDPSCs were detected by flow
cytometry.The osteogenic, adipogenic and chondrogenic differentiation

capacity of hDPSCs were verified by Alizarin red, oil red O and Alcian blue
staining.

Additional file 2: Fig. S2. The changes in expression profiling of INCRNA-
sand mRNAsin OCT4A-overexpressing and vector hDPSCs.Box plots, which
permit the visualization of the dataset distributions.Scatter plots, which



https://doi.org/10.1186/s13287-023-03313-8
https://doi.org/10.1186/s13287-023-03313-8

Hong et al. Stem Cell Research & Therapy ~ (2023) 14:109

are convenient to visualize the variation in gene expression in OCT4A-
overexpressing and vector hDPSCs.

Additional file 3: Fig. S3. GO and KEGG analyses of differentially
expressed mRNAs in OCT4A-overexpressing and vector hDPSCs.GO
analysis of differentially expressed mRNAs on biological process.Pathway
analysis of differently expressed genes. GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes.

Additional file 4: Uncropped gel/blot images. Uncropped gel/blot
images are attached. Images used in the main figure are marked in red
squares.

Acknowledgements
Not applicable.

Author contributions

HH and KZ were responsible for most of the data collection, interpretation and
the manuscript drafting; CZ performed the supplementary experiments; XC,

ZX and ML participated in cell culture and statistical analysis. LL and QZ had

substantial contributions to the vector construction. QT and XW was in charge
of the study design and financial support. All authors have read and approved

the final manuscript.

Funding

This study was supported by grants from the National Natural Science Foun-

dation of China (81800956, 81900994 & 81371133), GuangDong Basic and

Applied Basic Research Foundation (2021A1515010562), and Natural Science

Foundation of Guangdong Province (2018A030310330).

Availability of data and materials

The microarray data reported in this study has been deposited in NCBI's Gene
Expression Omnibus (GEO) and are accessible through GEO Series accession
number GSE225345 (web links: https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE225345). All other data needed to evaluate the conclusions are
present in the paper and/or the Additional files.

Declarations

Ethics approval and consent to participate

The study was approved by the Medical Ethics Committee of Hospital of
Stomatology, Sun Yat-sen University (No. ERC-[2018]-15, Title: The Molecular
Mechanism of LncRNA Family-mediated OCT4 Transcriptional Regulation
of Dental Pulp Stem Cell Proliferation and Differentiation in Injury Micro-
environment, Date of approval: 10 December 2018; No. KQEC-2022-21-01,

Title: LncRNA FTX mediated OCT4 regulation on pluripotency of dental pulp
stem cells under injury microenvironment, Date of approval: 18 March 2022).
Informed consent was obtained from each donor and/or their legal guardian.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Hospital of Stomatology, Guanghua School of Stomatology, Guangdong
Provincial Key Laboratory of Stomatology, Sun Yat-Sen University, Guang-
zhou 510055, People’s Republic of China.

Received: 3 April 2022 Accepted: 29 March 2023
Published online: 27 April 2023

References
1. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human

dental pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci U S

A. 2000;97(25):13625-30.

o

22.

23.

24.

Page 20 of 21

Zhang X, Li H, Sun J, Luo X, Yang H, Xie L, et al. Cell-derived micro-envi-
ronment helps dental pulp stem cells promote dental pulp regeneration.
Cell Prolif. 2017;50(5):e12361.

Yoshida S, Wada N, Hasegawa D, Miyaji H, Mitarai H, Tomokiyo A, et al.
Semaphorin 3a induces odontoblastic phenotype in dental pulp stem
cells. J Dent Res. 2016;95(11):1282-90.

lohara K, Imabayashi K, Ishizaka R, Watanabe A, Nabekura J, Ito M, et al.
Complete pulp regeneration after pulpectomy by transplantation of
CD105+ stem cells with stromal cell-derived factor-1. Tissue Eng Part A.
2011;17(15-16):1911-20.

Nakashima M, lohara K, Murakami M, Nakamura H, Sato Y, Ariji Y, et al. Pulp
regeneration by transplantation of dental pulp stem cells in pulpitis: a
pilot clinical study. Stem Cell Res Ther. 2017,8(1):61.

Xuan K, Li B, Guo H, Sun W, Kou X, He X, et al. Deciduous autologous
tooth stem cells regenerate dental pulp after implantation into injured
teeth. Sci Transl Med. 2018;10(455):eaaf3227.

Tantin D. Oct transcription factors in development and stem cells:
insights and mechanisms. Development. 2013;140(14):2857-66.

Liu L, Wu L, Wei X, Ling J. Induced overexpression of Oct4A in human
dental pulp cells enhances pluripotency and multilineage differentiation
capability. Stem Cells Dev. 2015;24(8):962-72.

Flynn RA, Chang HY. Long noncoding RNAs in cell-fate programming and
reprogramming. Cell Stem Cell. 2014;14(6):752-61.

Kopp F, Mendell JT. Functional classification and experimental dissec-
tion of long noncoding RNAs. Cell. 2018;172(3):393-407.

. Ng SY, Johnson R, Stanton LW. Human long non-coding RNAs promote

pluripotency and neuronal differentiation by association with chroma-
tin modifiers and transcription factors. EMBO J. 2012;31(3):522-33.
Ghosal S, Das S, Chakrabarti J. Long noncoding RNAs: new players

in the molecular mechanism for maintenance and differentiation of
pluripotent stem cells. Stem Cells Dev. 2013;22(16):2240-53.

Liu GY, Zhao GN, Chen XF, Hao DL, Zhao X, Lv X, et al. The long noncod-
ing RNA Gm 15055 represses Hoxa gene expression by recruiting PRC2
to the gene cluster. Nucleic Acids Res. 2016;44(6):2613-27.

Zhang H, Xu R, Li B, Xin Z, Ling Z, Zhu W, et al. LncRNA NEAT1 controls
the lineage fates of BMSCs during skeletal aging by impairing mito-
chondrial function and pluripotency maintenance. Cell Death Differ.
2022;29(2):351-65.

Scarola M, Comisso E, Pascolo R, Chiaradia R, Marion RM, Schneider C,
et al. Epigenetic silencing of Oct4 by a complex containing SUV39H1
and Oct4 pseudogene IncRNA. Nat Commun. 2015;6:7631.

Zheng J, Kong Y, Hu X, Li Z, LiY, Zhong Y, et al. MicroRNA-enriched
small extracellular vesicles possess odonto-immunomodulatory
properties for modulating the immune response of macrophages and
promoting odontogenesis. Stem Cell Res Ther. 2020;11(1):517.

Eramo S, Natali A, Pinna R, Milia E. Dental pulp regeneration via cell
homing. Int Endod J. 2018;51(4):405-19.

Xue D, Gong ZJ, Zhu FY, Qiu YJ, Li XD. Simvastatin increases cell viability
and suppresses the expression of cytokines and vascular endothelial
growth factor in inflamed human dental pulp stem cells in vitro. Adv
Clin Exp Med. 2018;27(12):1615-23.

Duncan HF, Cooper PR. Pulp innate immune defense: translational
opportunities. J Endod. 2020;46(95):510-8.

Cooper PR, Holder MJ, Smith AJ. Inflammation and regeneration in

the dentin-pulp complex: a double-edged sword. J Endod. 2014;40(4
Suppl):S46-51.

. Arora S, Cooper PR, Friedlander LT, Rizwan S, Seo B, Rich AM, et al.

Potential application of immunotherapy for modulation of pulp
inflammation: opportunities for vital pulp treatment. Int Endod J.
2021;54(8):1263-74.

LiuY,GaoY, Zhan X, Cui L, Xu S, Ma D, et al. TLR4 activation by lipopoly-
saccharide and Streptococcus mutans induces differential regulation
of proliferation and migration in human dental pulp stem cells. J
Endod. 2014;40(9):1375-81.

Mehravar M, Ghaemimanesh F, Poursani EM. An overview on the com-
plexity of OCT4: at the level of DNA, RNA and protein. Stem Cell Rev Rep.
2021;17(4):1121-36.

Sheik Mohamed J, Gaughwin PM, Lim B, Robson P, Lipovich L. Con-
served long noncoding RNAs transcriptionally regulated by Oct4 and
Nanog modulate pluripotency in mouse embryonic stem cells. RNA.
2010;16(2):324-37.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225345
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225345

Hong et al. Stem Cell Research & Therapy ~ (2023) 14:109

25. Chakraborty D, Kappei D, Theis M, Nitzsche A, Ding L, Paszkowski-Rogacz
M, et al. Combined RNAi and localization for functionally dissecting long
noncoding RNAs. Nat Methods. 2012;9(4):360-2.

26. Loewer S, Cabili MN, Guttman M, Loh YH, Thomas K, Park IH, et al. Large
intergenic non-coding RNA-RoR modulates reprogramming of human
induced pluripotent stem cells. Nat Genet. 2010;42(12):1113-7.

27. Chureau C, Chantalat S, Romito A, Galvani A, Duret L, Avner P, et al.

Ftx is a non-coding RNA which affects Xist expression and chromatin
structure within the X-inactivation center region. Hum Mol Genet.
2011,20(4):705-18.

28. Chureau C, Prissette M, Bourdet A, Barbe V, Cattolico L, Jones L, et al.
Comparative sequence analysis of the X-inactivation center region in
mouse, human, and bovine. Genome Res. 2002;12(6):894-908.

29. LiuF, Yuan JH, Huang JF, Yang F, Wang TT, Ma JZ, et al. Long noncoding
RNA FTX inhibits hepatocellular carcinoma proliferation and metastasis
by binding MCM2 and miR-374a. Oncogene. 2016;35(41):5422-34.

30. Kobayashi S, Totoki Y, Soma M, Matsumoto K, Fujihara Y, Toyoda A, et al.
Identification of an imprinted gene cluster in the X-inactivation center.
PLoS ONE. 2013;8(8):e71222.

31. HosoiY, Soma M, Shiura H, Sado T, Hasuwa H, Abe K, et al. Female mice
lacking Ftx IncRNA exhibit impaired X-chromosome inactivation and a
microphthalmia-like phenotype. Nat Commun. 2018;9(1):3829.

32. LinY,ShenY, Chen J, Hu C, Zhou Z, Yuan C. The function of LncRNA FTX in
several common cancers. Curr Pharm Des. 2021;27(20):2381-6.

33, PanL, DuM, Liu H, Cheng B, Zhu M, Jia B, et al. LncRNA FTX promotes the
malignant progression of colorectal cancer by regulating the miR-214-
5p-JAGT axis. Ann Transl Med. 2021;9(17):1369.

34, ZhaoK,Ye Z LiY, Li C,Yang X, Chen Q, et al. LncRNA FTX contributes to
the progression of colorectal cancer through regulating miR-192-5p/
EIF5A2 axis. Onco Targets Ther. 2020;13:2677-88.

35. JinS,He J, Zhou Y, Wu D, Li J, Gao W. LncRNA FTX activates FOXA2 expres-
sion to inhibit non-small-cell lung cancer proliferation and metastasis. J
Cell Mol Med. 2020;24(8):4839-49.

36. LiX, GiriV, CuiY,Yin M, Xian Z, Li J. LncRNA FTX inhibits hippocampal neu-
ron apoptosis by regulating miR-21-5p/SOX7 axis in a rat model of tem-
poral lobe epilepsy. Biochem Biophys Res Commun. 2019;512(1):79-86.

37. Long B, Li N, Xu XX, Li XX, Xu XJ, Guo D, et al. Long noncoding RNA FTX
regulates cardiomyocyte apoptosis by targeting miR-29b-1-5p and
Bcl212. Biochem Biophys Res Commun. 2018;495(1):312-8.

38. Gao Q Wang Y.LncRNA FTX regulates angiogenesis through miR-342-3p/
SPI1 axis in stroke. Neuropsychiatr Dis Treat. 2021;17:3617-25.

39. Lil, LiL, Zhang YZ, Yang HY, Wang YY. Long non-coding RNA FTX
alleviates hypoxia/reoxygenation-induced cardiomyocyte injury via miR-
410-3p/Fmr1 axis. Eur Rev Med Pharmacol Sci. 2020;24(1):396-408.

40. Guttman M, Donaghey J, Carey BW, Garber M, Grenier JK, Munson G, et al.
lincRNAs act in the circuitry controlling pluripotency and differentiation.
Nature. 2011;477(7364):295-300.

41. Rosa A, Ballarino M. Long noncoding RNA regulation of pluripotency.
Stem Cells Int. 2016;2016:1797692.

42. Wang, Xu Z, Jiang J, Xu C, Kang J, Xiao L, et al. Endogenous miRNA
sponge lincRNA-RoR regulates Oct4, Nanog, and Sox2 in human embry-
onic stem cell self-renewal. Dev Cell. 2013;25(1):69-80.

43. TuJ,Tian G, Cheung HH, Wei W, Lee TL. Gas5 is an essential INcCRNA regu-
lator for self-renewal and pluripotency of mouse embryonic stem cells
and induced pluripotent stem cells. Stem Cell Res Ther. 2018;9(1):71.

44, LuW,Yu J, ShiF, Zhang J, Huang R, Yin S, et al. The long non-coding
RNA Snhg3 is essential for mouse embryonic stem cell self-renewal and
pluripotency. Stem Cell Res Ther. 2019;10(1):157.

45. Huang CE, Hu FW, Yu CH, Tsai LL, Lee TH, Chou MY, et al. Concurrent
expression of Oct4 and Nanog maintains mesenchymal stem-like prop-
erty of human dental pulp cells. Int J Mol Sci. 2014;15(10):18623-39.

46. Sun Z,YusS, ChenS, Liu H, Chen Z. SP1 regulates KLF4 via SP1 binding
motif governed by DNA methylation during odontoblastic differentiation
of human dental pulp cells. J Cell Biochem. 2019;120(9):14688-99.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	The pluripotent factor OCT4A enhances the self-renewal of human dental pulp stem cells by targeting lncRNA FTX in an LPS-induced inflammatory microenvironment
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell culture
	Flow cytometric analysis of surface markers
	Establishment of OCT4A+ hDPSCs or OCT4A-hDPSCs, and FTX+ hDPSCs or FTX-hDPSCs
	LncRNA microarrays
	Fluorescence in situ hybridization
	Chromatin immunoprecipitation  (ChIP) assay
	Cell proliferation
	Odontogenic differentiation
	Adipogenic differentiation
	Chondrogenic induction
	Real-time PCR assay
	Western blotting
	Statistical analysis

	Results
	Identification of hDPSCs
	OCT4A promoted the proliferation and multidirectional differentiation capabilities of hDPSCs under LPS stimulation
	Microarray expression profile analysis of lncRNAs and mRNAs in OCT4A overexpressing hDPSCs
	Validation of the differentially expressed lncRNAs and CNC network analysis
	OCT4A repressed lncRNA FTX expression in hDPSCs
	Overexpression of FTX inhibited proliferation and multidifferentiation of hDPSCs under LPS stimulation
	OCT4A inhibits lncRNA FTX transcriptional levels by binding to its promoter region
	FTX suppressed the expression of OCT4A and its downstream pluripotent transcription factors in hDPSCs

	Discussion
	Conclusions
	Anchor 33
	Acknowledgements
	References


