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LincRNA-ASAO promotes dental pulp repair e

through interacting with PTBP1 to increase
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Abstract

Background Alternative splicing not only expands the genetic encoding of genes but also determines cellular activi-
ties. This study aimed to elucidate the regulation mechanism and biological functions of lincRNA-ASAO in the process
of odontogenesis-related genes alternative splicing mediated odontogenic differentiation of hDPSCs.

Methods RACE, RNA-seq, FISH and bioinformatics techniques were used to identify novel lincRNA-ASAQ. ALP stain-
ing, alizarin red staining, gRT-PCR and western blot were used to identify the role of lincRNA-ASAQ in regulating

the odontoblast differentiation of hDPSCs. The binding protein PTBP1 of lincRNA-ASAQO was screened by RNA-Pull-
down, protein profiling and bioinformatics. The target gene ALPL of lincRNA-ASAQ/PTBP1 was identified by RNA-seq,
bioinformatics technology and DNA agarose gel electrophoresis. FISH, IF, PAR-CLIP and bioinformatics techniques
were used to determine the roles of lincRNA-ASAQ, PTBP1 and ALPL pre-mRNA in the odontoblast differentiation

of hDPSCs.

Results We identified a novel lincRNA-ASAQ that could promote the odontogenic differentiation of human Dental
Pulp Stem Cells (hDPSCs). And, the interaction between lincRNA-ASAQO and alternative splicing factor PTBP1 pro-
moted the odontoblast differentiation of hDPSCs. In addition, lincRNA-ASAQO forms duplexes with ALPL pre-mRNA,
targeting PTBP1 to exonic splicing silencer (ESS) of ALPL and regulating exon 2 skipping. Notably, lincRNA-ASAO/
PTBP1 regulated ALPL production to increase the type 2 splice variant, which promoted the odontoblast differentia-
tion of hDPSCs.

Conclusions We have identified the novel lincRNA-ASAQ, which can promote the odontoblast differentiation

of hDPSCs. The mechanism study found that lincRNA-ASAO/PTBP1 mediated the exon 2 skipping of ALPL pre-mRNA,
resulting in the type 2 splice variant of ALPL. Our results enrich the understanding of INcRNAs and alternative splicing
in regulating the odontoblast differentiation of hDPSCs, and provide clues to improve the clinical therapeutic poten-
tial of hDPSCs for dental pulp restoration.
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Background
Eukaryotic genes consist of a combination of exons and
introns, and alternative splicing at various sites expands
the coding capacity of eukaryotic genes [1]. Peptides gen-
erated from a single gene through alternative splicing are
often similar but not identical, leading to subtle or sig-
nificant variations at the mRNA and protein levels [2, 3].
More than 95% of human exonic genes undergo alterna-
tive splicing, which is tightly controlled by the interaction
between post-transcriptionally acting proteins known
as splicing factors and cis-acting nucleotide sequences
[4, 5]. These splicing factors encompass members of
the heterogeneous nuclear ribonucleoprotein (hnRNP)
family, which either promote or inhibit specific splicing
events by interacting with exonic or intronic regulatory
sequences categorized as enhancers or silencers [6-9].
Alternative splicing events play a regulatory role in a
wide array of cellular biological processes, influencing
cell differentiation, proliferation, and apoptosis [10-13].

Stem cells hold immense potential for treating vari-
ous human diseases and conditions. The process of stem
cell differentiation produces multiple transcripts through
alternative splicing, generating tissue-specific mRNA
and protein isoforms that serve as key regulators of gene
expression [14, 15]. Early genome-wide analyses have
revealed more than 1000 genes with alternative splic-
ing events in stem cells [16]. Using alternative splicing
microarrays, researchers have identified altered splicing
patterns in 170 of 40,000 putative exon-exon junctions
in embryonic stem cells (ESCs), with 67% of these events
predicted to alter protein sequence and domain compo-
sition [17]. In recent years, with the successful isolation
and culture of hDPSCs, an increasing number of studies
have confirmed their important role in pulp injury repair,
particularly through differentiation into various cell types
to promote pulp tissue regeneration [18]. hDPSCs can
differentiate into odontoblast-like cells, forming dentin-
like hard tissue in the injured pulp area, which helps
repair dentin defects [19]. Additionally, they can differ-
entiate into endothelial cells, promoting angiogenesis to
improve local blood supply, providing sufficient nutrients
and oxygen to support tissue regeneration and repair
[20]. On the other hand, hDPSCs can also differentiate
into neural cells, helping to restore neural function in the
damaged area, alleviate pain, and promote nerve tissue
recovery [19]. Through the differentiation of these cells,
hDPSC:s effectively promote pulp tissue regeneration and
functional recovery, enhancing the repair capacity after
injury.

hDPSCs are seed cells for pulp repair, and some studies
focus on the potential role of alternative splicing events
in hDPSCs during pulp repair. The inclusion of exon 5
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in RUNX2 is critical for maintaining the transcriptional
activity of RUNX2. The splicing factor YBX1 promotes
the inclusion of RUNX2 exon 5, enhancing the minerali-
zation ability of DPSCs [21]. However, hnRNP A1 has an
opposite effect compared to YBX1 in regulating RUNX2
exon 5 inclusion and odontogenic differentiation of hDP-
SCs. hnRNP A1 inhibits the inclusion of RUNX2 exon 5,
thereby suppressing odontoblastic differentiation [22].
Additionally, N6-adenosine methyltransferase 3 medi-
ates the expression of the MyD88S variant, which inhib-
its inflammation and can partially suppress LPS-induced
DPC inflammatory responses, playing a protective role in
pulp inflammation [23]. These studies suggest that splice
variants may have a potential role in pulp repair. How-
ever, research on the regulation of gene-specific splic-
ing in hDPSC differentiation and its application in pulp
repair is still relatively limited, and its mechanisms and
clinical applications require further exploration.

Long non-coding RNAs (IncRNAs), characterized by
lengths of more than 200 non-protein coding nucleo-
tides, represent the largest subclass of non-coding RNAs
[18, 24]. Extensive research over the past decade has
revealed that IncRNAs are involved in the regulation of
cell differentiation through their participation in alterna-
tive splicing [25, 26]. For instance, the IncRNA TOBF1
governs the fate of mouse ESCs by modulating the alter-
native splicing of pluripotency genes [27]. Another study
investigated the interaction between the IncRNA Pro-
tein Phosphatase 2A Regulatory Subunit A Beta Isoform
(PPP2R1B) and hnRNPLL, which promotes osteogenic
differentiation of mesenchymal stem cells (MSCs) by reg-
ulating the alternative splicing of PPP2R1B [28]. In addi-
tion, the IncRNA Pnky and PTBP1 have been found to
facilitate the differentiation of neural stem cells by regu-
lating the alternative splicing of a core set of transcripts
associated with cell phenotype [26].

However, whether IncRNAs play a role in regulating
alternative splicing events in hDPSCs during dental pulp
repair remains an unanswered question. Initially, we con-
ducted a transcriptome analysis to identify IncRNAs that
are differentially expressed in DPSCs after odontoblast
induction [29]. After applying strict conditions, the only
highly expressed IncRNA G018548 was selected. And we
identify G018548 as an alternative splicing-associated
odontoblastic differentiation IncRNA (named lincRNA-
ASAOQ) that contributes to dental pulp repair. The pri-
mary objective of this study was to elucidate the potential
role of lincRNA-ASAO in dental pulp regeneration and
to uncover the underlying molecular mechanisms driving
reparative dentin formation.
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Methods

Patients and tissue collection

Dental pulp tissue samples were obtained from third
molars extracted from 18-24-year-old patients at the
Department of Stomatology. All experimental protocols
were approved by Medical Ethics committee of Nan-
Fang Hospital of Southern Medical University (NFEC-
202302-K5-01). A total of 10 healthy tooth samples and
10 carious tooth samples were collected for the subse-
quent experiment. The patient information is presented
in Table 1. The exclusion criteria included hematologic
disorders, cardiovascular and respiratory diseases, diabe-
tes, systemic inflammation or non-plaque-induced oral
inflammation, immunosuppressive chemotherapy, and
current pregnancy or lactation.

Isolation of primary hDPSCs

Dental pulp tissue samples were obtained from third
molars extracted from 18-24-year-old patients at the
Department of Stomatology of NanFang Hospital of
Southern Medical University. All experimental protocols
were approved by Medical Ethics committee of Nan-
Fang Hospital of Southern Medical University (NFEC-
202302-K5-01). The collected dental pulp tissues were
then cut into 1-2 mm tissue blocks and incubated with
1 mg/ml type I collagenase (C8140-100, solarbio) for
15 min. The tissue blocks were placed in cell culture flasks
for cultivation, and the isolated cells were identified. The

Table 1 Participant details

Age Gender Tooth site
Healthy pulp 23 Female 18

23 Female 28

22 Female 28

19 Female 48

18 Female 28

21 Male 18,28

20 Male 18,28

19 Male 38,48

21 Male 18,28

23 Male 28,38
Carried pulp 22 Female 18

22 Female 28

24 Female 28

22 Male 48

18 Male 38

19 Male 18,28

18 Male 38,48

20 Female 18,48

21 Female 18,28

21 Male 38,48
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isolated hDPSCs were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Gibco, Grand Island, NY, USA) and
100 U/mL penicillin/streptomycin (HyClone, NY, USA),
and maintained at 37 °C in a humidified atmosphere con-
taining 95% air and 5% CO2. Cells were filtered through
a 70 pm filter (BD Falcon, Franklin Lakes, NJ) to obtain
a single-cell suspension. The single-cell suspension was
seeded at a density of 1x10* cells/well in a 6-well plate.
Single-cell-derived colonies were obtained using limit-
ing dilution technique. The cells were identified by flow
cytometry (Becton Dickinson, Tokyo, Japan) using stem
cell surface markers (CD44, CD90, CD45, CD34). The
specific methods followed the previous research [29].

Odontogenic induction

In the differentiated group, hDPSCs were cultured in
odontogenic differentiation medium containing 50 mg/
mL ascorbic acid (255564-100G, Sigma-Aldrich),
100 nmol/L dexamethasone (D4902, Sigma-Aldrich), and
10 mmol/L B-glycerophosphate (G9422, Sigma-Aldrich)
for 14 days in 6-well plates. hDPSCs in the undifferenti-
ated group were cultured in DMEM with 10% FBS and
no additional supplements. Samples can be collected for
subsequent experiments and analysis after 14 days of
odontogenic differentiation induction of hDPSCs. The
specific methods followed the previous research [29].

Rapid-amplification of cDNA ends (RACE)

To obtain the full-length ¢cDNA sequence, the RACE
5’/3" Kit (Takara, 634858) was used for RACE. In brief,
1 pg of freshly isolated RNA from hDPSCs was used to
generate the first-strand cDNA according to the experi-
mental steps. The primer design was performed with Tm
between 60 °C and 70 °C. The polymerase chain reaction
(PCR) products were used for nested PCR to verify the 5’
and 3’ ends. The PCR products were extracted and puri-
fied from agarose gels before sequencing. After obtain-
ing the full-length sequence, RNA samples from hDPSCs
were collected and PCR was performed using four spe-
cific primers. The PCR products were separated by 1%
agarose gel electrophoresis.

Lentivirus transduction

The overexpression plasmids of lincRNA-ASAO, Polypy-
rimidine Tract Binding Protein 1 (PTBP1 or hnRNPI),
and the negative control group were designed and con-
structed by OBiO Technology (Shanghai, China). The vec-
tor components used for overexpressing lincRNA-ASAO
included pASLenti-pA-MCS-CMV-EF1-mCherry-P2A-
BSR-WPRE, while those used for overexpressing PTBP1
included pSLenti-SFH-EGFP-P2A-Puro-CMV-3xFLAG-
WPRE. According to the manufacturer’s instructions,
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hDPSCs at passages 3—5 were seeded in cell culture flasks
and transfected with the corresponding lentiviral vectors
to generate stable cell lines for subsequent experiments.
The transfection efficiency was validated by quantita-
tive real-time quantitative PCR (qQRT-PCR) and western
blotting.

Short hairpin RNA (shRNA) oligos

The lincRNA-ASAO, PTBP1, and negative control group
shRNA lentiviral vectors were designed and constructed
by Genewell Company (Shenzhen, China). The vector
components used for inhibiting lincRNA-ASAQO included
pCLenti-U6-shRNA-CMV-EGFP-F2A-BSR-WPRE,
while those used to inhibit PTBP1 included pCLenti-U6-
shRNA-CMV-mCherry-F2A-Neo-WPRE. The 3rd-5th
generation hDPSCs were seeded in T25 flasks, trans-
duced with the virus, and established as stable cell lines
for subsequent experiments. The transfection efficiency
was validated using qRT-PCR and western blotting.

RNA extraction and reverse transcription

The total RNA was extracted from the dental pulp tissue
or hDPSCs using TRIzol reagent (Invitrogen, Life Tech-
nologies) according to the manufacturer’s protocol. The
concentration and quality of RNA were measured using a
NanoDrop ND-2000 spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA). For cDNA synthesis,
1000 ng of total RNA was reverse transcribed using the
PrimeScript RT Kit (TaKaRa, Shiga, Japan) according to
the manufacturer’s instructions.

gRT-PCR

According to the manufacturer’s instructions, total RNA
was extracted from tissues using the EZ-press RNA Puri-
fication Kit (ezbioscience, USA) and quantified using the
NanoDrop ND-1000 spectrophotometer (Thermo Scien-
tific, USA). qRT-PCR was performed on a Roche Light-
Cycler®480 using the Color SYBR Green qPCR Master
Mix ROX2 (ezbioscience, USA). Each reaction contained
5 uL of 2x Color Green qPCR Master Mix, 0.2 pL of for-
ward primer, 0.2 pL of reverse primer, 2.6 pL of RNase
Free ddH,O, and 2 pL of reverse transcription product.
The relative gene expression level was calculated using
the 2-AACt method, and all experiments were repeated
three times. The gene-specific primer sequences are
listed in Table 2.

Western blotting

Cellular total protein was extracted using protein lysis
buffer. A 10% SDS-PAGE gel was prepared, and equal
amounts of protein samples were loaded onto the gel.
The separated proteins were then transferred to a PVDF
membrane (Millipore Corporation, Billerica, MA, USA)
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Table 2 The primer sequence used in gRT-PCR
RNA Primer
lincRNA-ASAO (F) TCCGCCTCCTGGGTTCAAGTG

(R) TGGCTGGGTGTGGTGGCTTAC
PTBP1 (F) AGCGCGTGAAGATCCTGTTC

(R) CAGGGGTGAGTTGCCGTAG
DSPP (F) TTTGGGCAGTAGCATGGGC

(R) CCATCTTGGGTATTCTCTTGCCT
DMP1 (F) CTCCGAGTTGGACGATGAGG

(R) TCATGCCTGCACTGTTCATTC
ALPL exon 2 (F) TCGATTGCATCTCTGGGCTC
retained (R) GGTGCCAATGGCCAGTACTAA
ALPL exon 2 (F) CTGCGCAGAGAAAGAGAAAGAC
skipped (R) CACGTTGGTGTTGAGCTTCTG

with a pore size of 0.22 pm. Non-specific binding sites
on the membrane were blocked with 5% milk at room
temperature for 1 h. The membrane was then incubated
overnight at 4 °C with the following antibodies: glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (Pro-
teintech, 10,494-1-AP), dentin sialophosphoprotein
(DSPP) (Bioword, BS71212), and dentin matrix protein
1 (DMP-1) (Affinity, DF8825, RRID: AB_2842022). The
membrane was then incubated with appropriate sec-
ondary antibodies at room temperature for 1 h, before
exposing using Immobilon Western Chemiluminescent
HRP Substrate (Millipore Corporation, Billerica, MA,
USA). The protein bands were quantitatively analyzed
using Image] software or other suitable image analysis
tools.

ALP staining

On the seventh day of hDPSC culture, alkaline phos-
phatase (ALP) activity staining was performed using the
NBT/BCIP staining kit (Beyotime Biotech, Shanghai,
China). Cells were washed three times with phosphate
buffered saline (PBS) and fixed with 4% paraformalde-
hyde for 15 min. After washing, hDPSCs were stained
using the NBT/BCIP staining kit (Beyotime Biotech,
Shanghai, China). The results for each group were pho-
tographed under an inverted microscope.

Alizarin Red S (ARS) staining

On the seventh day of hDPSC culture, calcium nodule
staining was performed using ARS staining solution.
The cells were washed three times with PBS and fixed
with 4% paraformaldehyde for 15 min. After washing,
the cells were stained with ARS staining solution. The
results for each group were photographed under an
inverted microscope.



Fang et al. Stem Cell Research & Therapy (2025) 16:149

Rat dental pulp regeneration model construction

hDPSCs were transfected with lentivirus and divided
into LV-NC group and LV-lincRNA-ASAO group. hDP-
SCs were prepared to 1.0*10° cells/ml in PBS. The cells
were divided into PBS group, hDPSCs group, LV-NC
group and LV-lincRNA-ASAO group. Each group con-
tained five rats. Male SD rats aged 5—6 weeks weighing
150-180 g. All SD rats were raised in an SPF-level animal
breeding center. Due to the small size of the experiment,
a lottery was used for allocation. Each rat had an equal
chance of being assigned to either group. The animal
protocol was prepared before the study, and this proto-
col was registered in the hospital animal ethic committee
(IACUC-LAC-20220712-004).

2.5% of tribromoethyl alcohol anesthesia, the left side
of the maxillary first molar exposed pulp. The pulp tis-
sue was cleaned, rinsed with normal saline and placed
into cells. Then, iRoot BP and glass ionomer were used
for pulp capping. Rats that died during the procedure
were excluded, and the number of rats in each group was
increased to five by the inclusion of new rats. Four weeks
later, the rats were anesthetized with an overdose of tri-
bromoethyl alcohol and sacrificed by neck amputation.
The tissue samples from the left maxilla are used for sub-
sequent staining. The procedures of animal experiments
were compliant with the ARRIVE guidelines.

Masson staining

Place the paraffin sections in xylene to remove the wax.
Gradually hydrate the sections through an ethanol gra-
dient. Stain according to the instructions in the Mason’s
reagent kit. Rinse with distilled water to remove excess
color. Dehydrate the sections through an ethanol gradi-
ent. Finally, immerse the sections in xylene for clearing.
Cover the sections with a mounting medium and prepare
for observation.

IHC staining

Paraffin sections were deparaffinized in xylene solution,
then hydrated in a progressively decreasing concentra-
tion of alcohol solution, and finally rinsed with distilled
water. Antigen repair was performed using sodium
citrate buffer. The sections were treated using a milk
blocking solution. The sections were incubated with the
primary DSPP antibody (bs-10316R, Bioss) for 24 h at 4°
C. Sections were treated with 3% hydrogen peroxide for
30 min. Unbound primary antibodies were removed by
washing sections with TBS. The sections were incubated
with a secondary antibody (PV-1022, Bioss). Unbound
secondary antibodies were removed by washing sections
with PBS. The addition of the chromogenic substrate
DAB produced a color reaction. The nuclei were stained
using hematoxylin. Dehydration was performed with a
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concentration gradient of ethanol, followed by clearing
with xylene, and finally the plates were sealed with neu-
tral resin. The staining results were observed under a
microscope, and image analysis and data recording were
performed.

HE staining

Paraffin-embedded sections were deparaffinized with
xylene and then hydrated through a gradient concen-
tration of ethanol. This was followed by hematoxylin
staining followed by eosin staining. After staining, sec-
tions were cleared, sealed, and then examined under a
microscope.

RNA sequencing

After inducing stable hDPSC cell lines overexpress-
ing lincRNA-ASAO, PTBP1, and their negative con-
trol for 14 days toward odontoblast-like cells, total
transcriptome RNA was collected and sent to Ribobio
Company (Guangzhou, China) for sequencing. Total
RNA was extracted from hDPSCs using TRIzol rea-
gent (15,596,018, Invitrogen). RNA quality was assessed
using agarose gel electrophoresis, with samples having
an RNA integrity number (RIN)>7.0 selected for subse-
quent analysis. PolyA-seq technology was used to cap-
ture mRNA with 3’ polyA tails in eukaryotes, detecting
transcripts containing polyA tails. Sequencing was per-
formed using Illumina NovaSeq 6000 with 150 bp paired-
end reads. The raw sequencing data was quality assessed
using FastQC and aligned to the reference genome with
HISAT?2. Differential expression analysis was performed
using edgeR, with differentially expressed genes selected
based on |log2(FoldChange)|>1 and p <0.05. Functional
annotation and pathway analysis were performed using
clusterProfiler, with a significance threshold of P<0.05, to
identify enriched Gene Ontology (GO) terms and KEGG
pathways for differentially expressed genes.

rMATs analysis

The RNA-Seq alignment results were processed using the
rMATs software to perform differential splicing analysis.
Specifically, rMATs calculates changes in various splicing
events, including Skipped exon, Mutually exclusive exon,
Alternative 5 splice site, Alternative 3’ splice site, and
Retained intron, using BAM files and annotation files.
Differential splicing analysis employed a standard statis-
tical model, with a threshold of p<0.05 to filter out sig-
nificantly different splicing events for further analysis of
their biological significance.

Fluorescence in situ hybridization (FISH)
Cell climbing slice samples were collected and fixed on
glass slides. The samples were preprocessed according
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to the instructions (F12201, Genepharma) to enable the
DNA to bind with the probes. We next prepared FITC-
labeled lincRNA-ASAO probes complementary to the
target lincRNA-ASAO sequence to be detected. The
probes were incubated with the samples. After com-
pleting the hybridization of the probes and samples, the
climbing slice was applied to subsequent IF experiments.

Immunofluorescence (IF)

IF experiments were conducted on cell climbing slices
that underwent FISH. The slides were incubated with
PTBP1 antibody (E4I13Q, Cell Signaling Technology) to
bind to the intracellular PTBP1 protein, before washing
away unbound antibodies and other impurities. CY3 fluo-
rescent-labeled secondary antibody (ab6939, Abcam) was
added to bind to the primary antibody, before washing
away unbound secondary antibodies. The samples were
observed using a fluorescence microscope, and fluores-
cence signals were detected at appropriate wavelengths.

RNA pull-down

An RNA pull-down KIT (Bes5102, China) was used for
RPD detection according to the manufacturer’s instruc-
tions. The biotin-labeled lincRNA-ASAO probe and its
antisense chain probe (BersinBio, China) were designed.
Cell lysates from hDPSCs were collected and used in
subsequent experiments after thorough lysis. The biotin-
labeled probes were incubated with streptavidin-coated
magnetic beads at room temperature for 25 min to form
probe-bead complexes, which were then incubated with
cell extracts at room temperature for 2 h to allow suffi-
cient binding. The beads were washed five times in lysis
buffer. Protein elution buffer was used to elute the pro-
teins bound to the beads at 37 °C for 2 h. The separated
protein samples on sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS-PAGE) were selected for
bands with differences and sent to allwegene (Beijing,
China) for mass spectrometry analysis.

RNA immunoprecipitation (RIP) assay

According to the manufacturer’s instructions, the RNA
immunoprecipitation (RIP) KIT (Bes5101, China) was
used for RIP detection. Cell lysates prepared in buffer
containing RNase inhibitor and protease inhibitor were
precleared with PTBP1 antibody-coupled beads at 4 °C
overnight. After washing with RIP wash buffer, the
immunocomplexes bound to the beads were used for
RNA isolation.

Photoactivatable-ribonucleoside-enhanced crosslinking

and immunoprecipitation (PAR-CLIP)

By using the property of protein and RNA to undergo
covalent cross-linking under 365 nm UV light, we
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screened specific binding sites between protein PTBP1
and lincRNA-ASAO/ALPL pre-mRNA. According to the
manufacturer’s protocol (BersinBioITM CLIP-qPCR Ki,
Bes3014-1), the immunoprecipitation of the PTBP1-RNA
binding complex was performed to obtain digested (with
proteinase K, DNasel, RNase T1) RNA, followed by RNA
3’ end adapter ligation and primer design for detecting
the enrichment efficiency of RNA-binding protein sites.

Agarose gel electrophoresis

After obtaining RNA samples, reverse transcription was
performed and specific primers were designed for PCR
amplification (P112-01, Vazyme) to obtain DNA prod-
ucts. A 3% agarose gel was prepared and loaded into the
electrophoresis chamber, before loading the sample mix-
tures into the gel wells. Gel electrophoresis was run at a
constant voltage of 120 V for 30 min to allow DNA frag-
ments to migrate according to their sizes. The gel was
stained with a nucleic acid dye to visualize DNA bands.
A UV gel imaging system was used to observe the DNA
band patterns on the gel and estimate the sizes of the tar-
get DNA fragments based on the migration distance and
standard sample sizes (Table 3).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
9 to assess the differences between the groups. Statistical
analysis of differences was conducted using a two-tailed
Student’s ¢-test, with a P-value<0.05 considered statisti-
cally significant.

Results

Characterization of lincRNA-ASAO

In our previous study [29], IncRNA microarray analysis
was performed on hDPSCs after 14 days of odontoblas-
tic induction to obtain a preliminary IncRNA expression
profile. The screening criteria were set as follows: P<0.05,
fold change>2, and abundance >200. After screening, a
novel IncRNA G018548 (named as an alternative splicing

Table 3 The primer sequence used in RT-PCR

RNA Primer
ALPL-1 (F) CTATCCTGGCTCCGTGCTC
(R) CGCCAGTACTTGGGGTCTTT
ALPL-2 (F) GAGACCAAGCGCAAGAGACA
(R) CCTTCACCCCACACAGGTAG
ALPL-3 (F) CAGAAGCTCAACACCAACGTG
(R) CCTTCACCCCACACAGGTAG
COL11AT-1 (F) TGGAGTTCCAGGATTACCAGG
(R) CCGTGCACCTTTCTCTCCAT
COL11A1-2 (F) CTCTGCTCAGGAAGCTCAGG
(

R) GTTAGACCCATTGGGCCAGG
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associated odontoblastic differentiation IncRNA, lin-
cRNA-ASAO) was obtained (Fig. 1A). LincRNA-ASAO,
an intergenic IncRNA, is on human chromosome 12.
RACE analysis revealed a transcript of lincRNA-ASAO,
which was corrected from 744 to 1760 bp (Fig. 1B). The
corrected sequence of lincRNA-ASAO was verified by gel
electrophoresis of the RT-PCR products (Fig. 1C). The
secondary structure of lincRNA-ASAO was visualized by
RNAfold WEB (Fig. 1D). Three online tools, CPAT, NCBI,
and CPC2, predicted that lincRNA-ASAO lacked protein
coding potential (Fig. 1E). The validation results showed
that the expression of lincRNA-ASAO increased with
the extension of the induction time and reached a peak
on day 14 (Fig. 1F). The expression of lincRNA-ASAO
was also increased in human pulp tissues associated with
deep caries compared to healthy tissues (Fig. 1G). FISH
analysis was used to investigate the subcellular distribu-
tion of lincRNA-ASAOQ. In both hDPSCs and dental pulp
tissue, lincRNA-ASAO was mainly expressed within the
nucleus, especially in differentiated hDPSCs and dental
pulp associated with deep caries (Fig. 1H, I).

Crucial roles of lincRNA-ASAO in odontogenesis

To evaluate the function of lincRNA-ASAOQ, lentiviral
vectors were employed to overexpress or knock down
lincRNA-ASAO in hDPSCs. Overexpression of lincRNA-
ASAO resulted in increased ALP activity and enhanced
calcium nodule deposition in hDPSCs, whereas knock-
down of lincRNA-ASAO generated a decreased effect
(Fig. 2A). Furthermore, the knockdown of lincRNA-
ASAO led to decreased odontoblastic differentiation
potential and reduced odontoblastic ability in hDPSCs.
Overexpression of lincRNA-ASAO promoted the expres-
sion of odontoblastic-specific markers in hDPSCs
(Fig. 2B-E). Therefore, our findings suggest that lin-
cRNA-ASAO facilitates the odontoblastic differentiation
of hDPSCs.

After differentiating into odontoblasts, hDPSCs in
dental pulp tissue can secrete a matrix and mineralize to
form reparative dentin, which protects the dental pulp
from external stimuli. In this study, we established a rat
model of in situ regeneration of dental pulp to investigate

(See figure on next page.)
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whether overexpression of lincRNA-ASAO in hDPSCs
can enhance the formation of reparative dentin. The
flowchart is shown in Fig. 2F. HE and Masson’s stain-
ing showed no obvious new dentin matrix or reparative
dentin formation in the sham, control, or LV-NC groups.
However, the overexpression of lincRNA-ASAO led to
the obvious deposition of dentin matrix and reparative
dentin on the pulp cavity wall. Moreover, immunohisto-
chemistry revealed that the cells expressed more DSPP in
the overexpression group (Fig. 2G). Therefore, our find-
ings suggest that the expression of lincRNA-ASAO pro-
motes the formation of reparative dentin in vivo.

LincRNA-ASAO interacts with PTBP1 protein

Interaction with specific proteins is an important mecha-
nism for nuclear IncRNA to exert its function. Therefore,
we conducted a preliminary exploration of the interact-
ing proteins of lincRNA-ASAQO. RNA pull-down experi-
ments and the selection of differentially enriched bands
for mass spectrometry analysis revealed several potential
proteins that could be pulled down by lincRNA-ASAO.
The enrichment results showed that these proteins are
related to dentin regeneration (Fig. 3A and supplemen-
tal Fig. 1). To screen target proteins interacting with lin-
cRNA-ASAQ, the catRAPID website was used to predict
the proteins interacting with lincRNA-ASAO. A compar-
ison was made between the proteins with several detect-
able RNA-binding motifs in the predicted results and the
proteins from the mass spectrometry results, resulting
in the selection of the PTBP1 protein (Fig. 3B). Further-
more, from the prediction results, it was observed that
most proteins contained only one RNA-binding motif,
whereas PF00076 was the potential binding domain of
PTBP1 with lincRNA-ASAO (Fig. 3C, D). Biotin-labeled
RNA pull-down, followed by protein blotting analysis,
was used to validate the interaction between lincRNA-
ASAO and PTBP1 (Fig. 3E). The lincRNA-ASAO and
PTBP1 may exert regulatory effects through two poten-
tial mechanisms: first, lincRNA-ASAO could impact
the expression of PTBP1; second, lincRNA-ASAO may
activate or inhibit the functional role of PTBP1. Experi-
mental validation via western blotting demonstrated

Fig. 1 Identification and characterization of lincRNA-ASAO. A Flowchart illustrating the screening process for lincRNA-ASAO. Data were obtained
from IncRNA microarray analysis performed on hDPSCs undergoing odontogenic differentiation for 14 days in a previous study. After setting

the screening criteria as P< 0.05, fold change > 2, and abundance > 200, a unique lincRNA-ASAO was identified. B 5'RACE and 3'RACE were used
to amplify the full length of lincRNA-ASAQ. C Gel electrophoresis of RT-PCR products verified the corrected sequence of lincRNA-ASAO. D RNAfold
was used to visualize the secondary structure of lincRNA-ASAQ. E CPAT, NCBI, and CPC2 predict that lincRNA-ASAO lacks coding potential. F gRT-
PCR was conducted to measure the expression levels of liIncRNA-ASAO in hDPSCs undergoing odontogenic differentiation at 0, 3, 7, and 14 days.
G gRT-PCR was conducted to measure the expression levels of lincRNA-ASAO in healthy and severely carious dental pulp. H FISH was performed
to detect the intracellular localization of lincRNA-ASAQ in hDPSCs before and after odontogenic differentiation. I FISH was performed to detect
the intracellular localization of lincRNA-ASAQ in healthy and severely carious dental pulp. *P<0.05, **P <0.01, ****P < 0.0001
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that lincRNA-ASAO did not influence the expression of
PTBP1 (Fig. 3F). Therefore, the subsequent experiments
was aim to investigate whether lincRNA-ASAO par-
ticipates in the odontogenic differentiation of hDPSCs
through its interaction with PTBP1.

We next determined the spatial localization informa-
tion and specific binding sites of lincRNA-ASAO with
PTBP1. FISH assay revealed that lincRNA-ASAO is
located in the nucleus, whereas IF showed that PTBP1 is
also localized in the nucleus. Moreover, lincRNA-ASAO
and PTBP1 co-localized within the nucleus of hDP-
SCs before and after odontoblastic induction (Fig. 3G).
In addition, RIP assays demonstrated that, compared
to the control, the antibody targeting PTBP1 signifi-
cantly enriched lincRNA-ASAO (Fig. 3H). In PAR-CLIP
experiments, 10 primer pairs for lincRNA-ASAO were
designed to verify the specific binding sites with PTBP1.
The qRT-PCR results indicated successful amplifica-
tion of the corresponding products for five primer pairs
(289-309 bp, 947-969 bp, 1113-1133 bp, 1275-1294 bp,
and 1374-1392 bp), suggesting a binding relationship
between these sites and PTBP1 (Fig. 3I). In conclusion,
PTBP1 was identified as an interacting partner of lin-
cRNA-ASAO during the odontoblastic differentiation
process of hDPSCs.

LincRNA-ASAO/PTBP1 promotes the odontoblastic
differentiation of hDPSCs

Inhibition of PTBP1 using lentiviral vectors resulted in
decreased ALP activity in hDPSCs and the formation
of fewer calcium nodules. In addition, PTBP1 inhibi-
tion led to reduced levels of odontogenesis-related genes
or proteins in hDPSCs, whereas PTBP1 overexpres-
sion enhanced the odontoblastic capabilities of hDPSCs
(Fig. 4A-E). Therefore, it can be concluded that PTBP1
plays an important role in promoting the odontoblas-
tic mechanisms in hDPSCs. Additionally, after co-
transfection of sh-lincRNA-ASAO and LV-PTBPI, the
co-transfected group did not exhibit a restoration of
odontogenesis-related genes and proteins to normal
induction levels (Fig. 4F, G). These findings suggest that

(See figure on next page.)
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the function of LV-PTBP1 can be reversed by inhibiting
lincRNA-ASAO.

ALPL pre-mRNA alternative splicing is regulated

by lincRNA-ASAO/PTBP1

To screen for target genes associated with alternative
splicing events regulated by lincRNA-ASAO-mediated
PTBP1, RNA high-throughput sequencing was per-
formed on hDPSCs that overexpressed lincRNA-ASAO
and PTBP1 after odontoblastic induction. First, differ-
entially expressed genes were identified in the lincRNA-
ASAO overexpression group and PTBP1 overexpression
group (Fig. 5A, B). Subsequently, rMATS analysis was
conducted to identify alternative splicing events in the
lincRNA-ASAO and PTBP1 groups, with exon skipping
being the most abundant event (Fig. 5C). A total of 12
common alternative splicing events involving 10 mRNAs
were identified. Next, 64 similar differentially expressed
genes were screened between the lincRNA-ASAO and
PTBP1 groups (Fig. 5D). GO functional analysis of these
genes revealed three relevant terms associated with
odontoblastic differentiation, including skeletal system
morphogenesis, ossification, and positive regulation of
ossification (Fig. 5E). Five genes (SOX11, OXT, SFRP2,
ALPL, and COL11A1) were extracted from these terms.
Through further screening, ALPL and COL11A1 were
selected as target pre-mRNAs (Fig. 5F). By screening
the common genes between the 10 mRNAs with similar
splicing events and the 5 genes related to odontoblast dif-
ferentiation, ALPL and COL11A1 are finally selected as
potential target pre-mRNAs (Fig. 5F).

Further analysis revealed that ALPL had three poten-
tial exon-skipping events, whereas COL11A1 had two
potential exon-skipping events. Primers were designed
targeting both ends of the skipped exons, and RNA was
amplified from lincRNA-ASAO-overexpressing and
PTBP1-overexpressing cells. Gel electrophoresis imaging
revealed that both ALPL and COL11A1 exhibited exon
skipping. Compared to the control group, only the sec-
ond exon of ALPL showed exon skipping (Fig. 5G, H and
supplemental Fig. 2). Further quantitative analysis dem-
onstrated a significant difference in exon skipping relative

Fig. 2 LincRNA-ASAO promoted the odontogenesis of hDPSCs. A ALP and ARS staining showed that lincRNA-ASAO knockdown decreased

ALP activity and calcium nodule deposition in hDPSCs, while lincRNA-ASAO overexpression resulted in opposite outcomes. B, C Knockdown

of lincRNA-ASAO reduced the expression of odontogenesis-related genes and proteins. Full-length blots are presented in Supplementary

Fig. 3. D, E Overexpression of lincRNA-ASAO promoted the expression of odontogenesis-related genes and proteins. Full-length blots are
presented in Supplementary Fig. 3. F The process of establishing an in situ regeneration model of dental pulp in rats, including pulp opening,
root canal preparation, and implanted cells +iRoot BP +GIC in the maxillary first molar. The groups included the PBS group, PBS +hDPSCs group,
PBS +LV-NC hDPSCs group, and PBS + LV-lincRNA-ASAO hDPSCs group. G HE and Masson’s staining showed that compared to the control group,
the hDPSC group overexpressing lincRNA-ASAO formed more dental pulp matrix or reparative dentin. Similarly, immunohistochemistry showed
that overexpression of lincRNA-ASAQ in the hDPSC group led to increased DSPP expression. *P < 0.05, **P <0.01, ****P < 0.0001
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to exon retention in the second exon of ALPL between
the lincRNA-ASAO and PTBP1 overexpression groups
(Fig. 51, J). Therefore, lincRNA-ASAOQO, in conjunction
with PTBP1, regulates the exon skipping of ALPL pre-
mRNA at its second exon.

Interaction sites between lincRNA-ASAO, PTBP1, and ALPL
pre-mRNA

To explore the detailed mechanisms of lincRNA-ASAO,
PTBPI1, and ALPL pre-mRNA, the potential interaction
sites between these three components were elucidated.
Because the length of ALPL pre-mRNA is 69,752 bp, we
conducted comprehensive and detailed binding site pre-
diction between lincRNA-ASAO and ALPL pre-mRNA
using RIsearch. The prediction results showed that there
were highly probable sequences within the region of
1000-1700 bp that could bind to lincRNA-ASAO. This
segment of sequence corresponds to the stem structure
at the 3’ end of the lincRNA-ASAO secondary structure.
The majority of the binding sites on ALPL pre-mRNA
were located in introns 1 and 2, with almost all of the first
20 binding sites falling within these two introns. Interest-
ingly, these two intros are exactly adjacent to exon 2 of
ALPL (Table 4). On the basis of the aforementioned pre-
dictions, we speculate that lincRNA-ASAO uses its stable
stem structure to recognize and pair with introns 1 and 2
on ALPL pre-mRNA, providing targeted guidance for the
regulatory function of PTBP1.

When hnRNPs interact with exonic splicing silencer
(ESS) on pre-mRNA, it can enhance the recognition
and splicing efficiency of the splicing complex, leading
to exon skipping (Fig. 6A). We hypothesize that PTBP1
is capable of recognizing and interacting with the ESS
sequence on exon 2 of ALPL pre-mRNA, thereby influ-
encing exon skipping events. First, based on the predic-
tion results from catRAPID, we found that three domains
(PF00076, PF11835, and PF13893) on PTBP1 might bind
to exon 2 of ALPL pre-mRNA (Fig. 6B-E). In addition,
according to the prediction results from RBPsuite, the
latter half of the sequence of exon 2 of ALPL pre-mRNA

(See figure on next page.)
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is likely to interact with PTBP1 (Fig. 6F). Further predic-
tions from SpliceAid indicated the presence of numer-
ous ESS sites on exon 2 of ALPL pre-mRNA, with these
sites predominantly rich in CU content (Fig. 6G). Subse-
quently, we conducted PAR-CLIP experiments to validate
the existence of ESS sequences on exon 2 of ALPL pre-
mRNA that interact with PTBP1. The qRT-PCR results
demonstrated that PTBP1 can interact with the ESS
sequence on exon 2 (Fig. 6H). Therefore, we propose that
lincRNA-ASAO might recognize and pair with ALPL
pre-mRNA, guiding the interaction between PTBP1
and the ESS sequence on exon 2 of ALPL pre-mRNA.
This interaction might enhance PTBP1’s recognition and
splicing efficiency of exon 2 by PTBP1, leading to exon
skipping (Fig. 6I).

Discussion

Selective splicing is a crucial cellular process that gen-
erates multiple splice variants, thereby regulating gene
expression and functional diversity. These isoforms can
influence cellular activities and determine the fate of cells
to some extent [30—33]. However, the role of alternative
splicing in reparative dentinogenesis has received little
attention in dental pulp repair processes. In this study,
we identified a novel lincRNA-ASAO and discovered a
new regulatory mechanism mediated by this IncRNA in
modulating alternative splicing of target genes, marking
the first report of IncRNA affecting dental pulp repair
through the regulation of target gene alternative splicing.
Our results indicate that lincRNA-ASAO interacts with
PTBPI, regulating alternative splicing of downstream
odontogenesis-related genes.

Nucleic acid drugs are a new generation of gene edit-
ing technologies that have become a research hotspot in
the field of new drug development due to their efficiency
and rapid action. Several nucleic acid drugs have entered
clinical trials, with some already approved for treatment
in different fields [34]. Given the critical role of lincRNA-
ASAO in dental pulp repair, targeting lincRNA-ASAO
could become a potential therapeutic strategy to promote

Fig. 3 Screening and identification of target proteins for lincRNA-ASAQ. A Pull-down assay was performed using probes targeting lincRNA-ASAO
and its antisense chain to capture potential binding proteins, followed by SDS-PAGE and silver staining. Bands showing differential expression were
selected for mass spectrometry identification. B-D The catRAPID prediction identified proteins that may interact with lincRNA-ASAQ, among which
proteins containing the most detected RNA-binding motifs were selected. Among these, PTBP1 was identified through union screening of proteins
detected in the pull-down results. E Western blotting identified the protein in the RNA pulldown sample, indicating that the lincRNA-ASAQO probe
can bind to the protein PTBP1. Full-length blots are presented in Supplementary Fig. 3. F Western blotting demonstrated that lincRNA-ASAO

does not influence the expression of PTBP1. Full-length blots are presented in Supplementary Fig. 3. G The combined FISH and IF experiments
indicated that LincRNA-ASAO and PTBP1 co-localized within the nucleus of hDPSCs both before and after odontoblastic induction. H RIP assays
demonstrated that the antibody targeting PTBP1 significantly enriched lincRNA-ASAO compared to the control. I PAR-CLIP was used to screen

for RNA fragments specifically bound to PTBP1. gRT-PCR was employed to identify the binding sites of lincRNA-ASAO and PTBP1 in the PAR-CLIP

result samples. **P<0.01, ***P<0.001
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Fig.4 PTBP1 is involved in IncRNA-mediated odontoblastic differentiation of hDPSCs. A ALP and ARS staining revealed that PTBP1 knockdown

led to reduced ALP activity and calcium nodule deposition in hDPSCs, while PTBP1 overexpression yielded opposite outcomes. B, C Knockdown

of PTBP1 resulted in decreased expression of odontogenesis-related genes or proteins in hDPSCs. Full-length blots are presented in Supplementary
Fig. 3. D, E Overexpression of PTBP1 promoted higher levels of odontogenesis-related genes or proteins in hDPSCs. Full-length blots are presented
in Supplementary Fig. 3. F, G Inhibiting the expression of lincRNA-ASAQ can reverse the promotion of odontogenic differentiation function

by PTBP1. Full-length blots are presented in Supplementary Fig. 3. *P<0.05, **P < 0.01, ***P<0.001, ****P <0.0001
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pulp repair. According to the current application meth-
ods of IncRNA as nucleic acid drugs, targeting lincRNA-
ASAO can be applied through various approaches.
Artificially synthesized lincRNA-ASAO or its analogs
can be used to promote pulp repair by targeting PTBP1
[35]. In addition, RNA interference technology can be
employed to specifically inhibit the function of lincRNA-
ASAO using small interfering RNA, altering the variable
splicing events of ALPL, and further influencing the den-
tin formation process [36]. Additionally, combining gene
editing tools like CRISPR/Cas9 for precise editing of
lincRNA-ASAO can regulate its role in pulp repair [37].
At the same time, delivery systems such as nanoparticles,
liposomes, or viral vectors can be used to ensure that lin-
cRNA-ASAO or its regulatory molecules efficiently enter
pulp cells, enhancing their repair effects [38]. Through
these approaches, targeting lincRNA-ASAO holds
promise as a new therapeutic strategy for pulp repair.
However, like other nucleic acids, lincRNA-ASAO faces
several challenges in application, including low stabil-
ity, short half-life, high immunogenicity, and endosomal
escape [34].

Studying IncRNAs presents unique challenges, particu-
larly due to the limitations of short-read RNA sequencing
in accurately determining IncRNA transcripts, especially
in cases with complex subtypes [39, 40]. In this study,
we employed RACE and cloning techniques to identify
the transcript of lincRNA-ASAO and detected only one
subtype. The lincRNA-ASAO sequence was determined
using long-read sequencing, which revealed partial simi-
larities to known sequences, but with updated sequences
at both ends. Our findings demonstrate that lincRNA-
ASAOQ possesses a single subtype during hDPSC odonto-
blastic differentiation. In addition, we did not examine
lincRNA-ASAO in other species and therefore cannot
determine its conservation. In recent years, many IncR-
NAs have been found to play important roles in the
odontogenic differentiation of DPSCs. Most of these
IncRNAs regulate odontogenic differentiation of DPSCs
through the ceRNA mechanism [41-47], but research
on other regulatory mechanisms is still limited. In our
study, lincRNA-ASAO regulates the alternative splicing

(See figure on next page.)
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of odontogenic-related genes by binding to PTBP1. This
finding reveals a new mechanism in the odontogenic dif-
ferentiation of DPSCs. Since PTBP1 is a splicing factor
commonly found in various cells [48], and ALPL is a key
marker in osteogenic differentiation [49], we speculate
that lincRNA-ASAO may be a key molecule in regulat-
ing the osteogenic differentiation of stem cells. However,
the specific transcript and regulatory mechanism of lin-
cRNA-ASAO in other cells still need further experimen-
tal verification.

Although most IncRNAs function primarily at the RNA
level, some have been discovered to possess the capac-
ity to translate into peptides. In this study, we initially
predicted that lincRNA-ASAO lacks coding ability and
therefore likely functions primarily at the RNA level.
Our experiments confirmed that lincRNA-ASAO acts
primarily as a mechanistic molecule in hDPSCs. How-
ever, certain studies have suggested that specific IncR-
NAs undergo translation under particular conditions,
resulting in functional peptide segments [50, 51]. Con-
sequently, we must consider this aspect in our research
and further explore the dual functional mechanism of
IncRNAs to gain a more comprehensive understanding
of their roles in various physiological and pathological
processes.

Numerous studies have demonstrated that IncRNAs
play a regulatory role in alternative splicing by forming
RNA-RNA duplexes with pre-mRNA [52-54]. This pro-
cess typically involves IncRNAs targeting specific splic-
ing factors to cis-regulatory nucleotide sequences [52,
55]. For example, IncRNA SAF binds to the junction of
exon 5-6 and exon 6-7 of Fas pre-mRNA, associat-
ing with SPF45 and promoting exon 6 skipping [54]. In
addition, IncRNA zinc finger E-box binding homeobox 2
antisense RNA 1 (ZEB2-AS1) forms an RNA-RNA
duplex with ZEB2 pre-mRNA, resulting in retention of
the ZEB 5'-UTR intron [53]. The formation of an RNA-
RNA duplex by IncRNA PLANE and NCOR2 pre-mRNA
facilitates hnRNPM binding to intron 45 of the precur-
sor mRNA, thereby inhibiting alternative splicing events
for NCOR2-202 [56]. In this study, we investigated the
potential and specific sites of lincRNA-ASAO forming

Fig. 5 lincRNA-ASAO/PTBP1 regulates alternative splicing of ALPL. A High-throughput RNA sequencing was conducted on the NC

and lincRNA-ASAQ groups. Heatmaps were generated to illustrate the differential mRNA expression in the sequencing results. B High-throughput
RNA sequencing was conducted in the overexpression NC and PTBP1 groups. Heatmaps were generated to illustrate the differential mRNA
expression in the sequencing results. C rMATS analysis identified alternative splicing events in the overexpressed lincRNA-ASAO and PTBP1

groups, with exon skipping being the most abundant event. D A heatmap was generated to display the 64 common differentially expressed
mMRNAs between the overexpression lincRNA-ASAO and PTBP1 groups. E GO analysis of 64 common differentially expressed mRNAs. F Flowchart

of the screening process for ALPL and COL11A1. G, HWe designed primers spanning exons for PCR amplification to obtain products, which were
then subjected to agarose gel electrophoresis. Exon skipping was determined based on the size of the amplified products. I, J Specific primers were
designed based on the exon skipping status. gRT-PCR quantified the significant difference in exon 2 skipping of ALPL premRNA. *P<0.05
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Table 4 Risearch predicts the binding sites of lincRNA-ASAQ with ALPL pre-mRNA
RNA Star End RNA Star End Intron
lincRNA-ASAO 1528 1726 ALPL pre-mRNA 17635 17830 T

1525 1743 40058 40264 1

1527 1724 46374 46572 2

1528 1720 42331 42525 1

1525 1720 11789 11986 1

1531 1720 27500 27693 1

1528 1722 46023 46216 2

1527 1725 45095 45291 1

1528 1710 22810 22989 1

1471 1645 46454 46628 2

duplexes with ALPL pre-mRNA. Intriguingly, the sta-
ble stem-loop region of lincRNA-ASAO can interact
with the first and second introns of ALPL pre-mRNA.
Our prediction results suggest that lincRNA-ASAO tar-
gets PTBP1 to the ESS sequence adjacent to the second
exon of ALPL pre-mRNA. However, further research is
required to elucidate the formation and specific mecha-
nism of this duplex.

In general, hnRNPs regulate the alternative splicing of
various pre-mRNAs in a sequence-dependent manner,
with these regulatory sequences located within exons or
introns [57, 58]. When exon skipping occurs, hnRNP may
bind to the ESS and convey the message to the spliceo-
some, indicating that the site should not be spliced, ulti-
mately resulting in exon skipping. Certain ESS sequences
have been identified for specific hnRNPs [59-61]. For
example, the binding of hnRNP Al to ESS results in
exon 17 skipping in SMN [62]. Furthermore, hnRNP
H1/F binds to ESS and modulates the alternative splic-
ing of TCF3 [63]. Our study revealed that PTBP1 binds
to the ESS sequence of exon 2 in ALPL pre-mRNA and
is involved in lincRNA-ASAO-mediated exon skipping.
Notably, this ESS sequence is rich in CU, which further
confirms the high affinity of PTBP1 for RNA sequences
rich in CU and aligns with previous research findings.

Our study still has some mechanisms that require
further experimental validation. Based on the existing

(See figure on next page.)

research results, it is reasonable to speculate that the
interaction between lincRNA-ASAO and PTBP1 affects
ALPL exon skipping and the differentiation process of
hDPSCs. The experimental results also suggest the spe-
cific binding sites of lincRNA-ASAO and PTBP1. How-
ever, further experiments are needed to mutate these
sites in order to clarify the key binding sites between
lincRNA-ASAO and PTBP1 during the odontogenic dif-
ferentiation process of hDPSCs, as well as to determine
the direct role of the lincRNA-ASAO-PTBP1 interaction
in driving ALPL exon skipping and promoting hDPSCs
differentiation.

Conclusions

This study provides preliminary insights into the regula-
tion of alternative splicing in target genes by IncRNA and
its impact on the odontoblastic differentiation of hDP-
SCs. Our findings demonstrate that lincRNA-ASAO is
expressed as a single isoform during the odontoblastic
differentiation of hDPSCs and enhances their capacity
for odontoblastic differentiation. The interaction between
lincRNA-ASAO and PTBP1 might play a regulatory role
in the alternative splicing of ALPL pre-mRNA, which is
associated with odontogenesis. Therefore, the newly dis-
covered lincRNA-ASAO can represent a critical target
for dental pulp repair and regeneration.

Fig. 6 Interaction sites between lincRNA-ASAQ, PTBP1, and ALPL pre-mRNA. A Schematic illustrating how hnRNP proteins can regulate exon
skipping by binding to ESS sequences in premRNA. B-E catRAPID predicted that three domains (PF00076, PF11835, and PF13893) within PTBP1
bind to the second exon of ALPL premRNA. F RBPsuite predicts the potential binding sequences of ALPL premRNA exon 2 to PTBP1. G SpliceAid
predicts potential ESS sequences in ALPL premRNA exon 2. H PAR-CLIP experiments obtained RNA fragments that bind to PTBP1. gRT-PCR results
demonstrated that PTBP1 can interact with the ESS sequence in exon 2. 1 LincRNA-ASAO may recognize and pair with ALPL pre-mRNA, guiding
the interaction between PTBP1 and the ESS sequence on exon 2 of ALPL pre-mRNA. This interaction may enhance PTBP1’s recognition and splicing

efficiency of exon 2 by PTBP1, leading to exon skipping. ***P < 0.001
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