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Background and Objectives: RUNX2 plays an essential role during the odontoblast differentiation of dental pulp stem 
cells (DPSCs). RUNX2 Exon 5 is an alternative exon and essential for RUNX2 transcriptional activity. This study 
aimed to investigate the regulatory mechanisms of RUNX2 exon 5 alternative splicing in human DPSCs.
Methods and Results: The regulatory motifs of RUNX2 exon 5 were analyzed using the online SpliceAid program. 
The alternative splicing of RUNX2 exon 5 in DPSCs during mineralization-induced differentiation was analyzed by 
RT-PCR. To explore the effect of splicing factor YBX1 on exon 5 alternative splicing, gaining or losing function of 
YBX1 was performed by transfection of YBX1 overexpression plasmid or anti-YBX1 siRNA in DPSCs. Human RUNX2 
exon 5 is evolutionarily conserved and alternatively spliced in DPSCs. There are three potential YBX1 binding motifs 
in RUNX2 exon 5. The inclusion of RUNX2 exon 5 and YBX1 expression level increased significantly during minerali-
zation-induced differentiation in DPSCs. Overexpression of YBX1 significantly increased the inclusion of RUNX2 exon 
5 in DPSCs. In contrast, silence of YBX1 significantly reduced the inclusion of exon 5 and the corresponding RUNX2 
protein expression level. Knockdown of YBX1 reduced the expression of alkaline phosphatase (ALP) and osteocalcin 
(OC) and the mineralization ability of DPSCs, while overexpression of YBX1 increased the expression of ALP and 
OC and the mineralization ability of DPSCs.
Conclusions: Human RUNX2 exon 5 is conserved evolutionarily and alternatively spliced in DPSCs. Splicing factor 
YBX1 promotes the inclusion of RUNX2 exon 5 and improves the mineralization ability of DPSCs.
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Fig. 1. Alternative splicing of RUNX2 
mRNA in dental pulp stem cells 
(DPSC). (A) Schematic diagram of 
isoforms of human RUNX2. Exon 5 
and 7 are two alternative exons. (B) 
Analysis of alternative splicing of 
RUNX2 mRNA in DPSCs by RT- 
PCR. GAPDH served as a loading 
control. Diagrams on the left and 
right show the structure and size of 
RUNX2 pre-mRNA and spliced pro-
ducts, and the location of primers 
(short lines above or below exons). 
The sizes of marker bands from the 
top to the bottom are 700 bp, 500 
bp, 400 bp, 300 bp, and 200 bp, 
respectively. (C) Flow cytometric 
analysis of the purity of cultured den-
tal pulp stem cells with stem cell 
biomarkers. CD90, CD29 and CD146 
are mesenchymal stem cell markers, 
whereas CD34 and CD45 are hema-
topoietic stem cell markers.

Introduction 

  RUNX2 (Runt-related transcription factor 2, also named 
Cbfa1, Aml3 and PEBP2αA) is a crucial transcription fac-
tor involved in osteogenic differentiation of mesenchymal 
stem cells and osteoblast (1). RUNX2 is also essential for 
tooth formation and tooth eruption, as well as the alveolar 
remodeling process (2). Mutations of RUNX2 have been 
identified as being responsible for cleidocranial dysplasia 
(CCD) (3). RUNX2 gene is located on chromosome 6 and 
contains eight exons, and encodes a highly conserved 
128-amino acid DNA-binding domain named Runt do-
main (4, 5). The Runt domain is responsible for the tran-
scription activity, and encoded by exons 2 to 5. Nuclear 
localization signal (NLS) and part of C-terminus of the 
Runt domain are encoded by exon 5 (5). Exon 5 and 7 
of RUNX2 are alternative exons and could be included or 
excluded in mature RUNX2 mRNA to produce four 
RUNX2 isoforms: an intact isoform (Full) and three alter-
native splicing isoforms (△5, △7, and △5△7) (Fig. 1A). 
The △5 and △5△7 isoforms lack part of the C-terminus 
of the Runt domain, can’t localize in the nucleus, and lose 

their DNA binding activity (6). Ge et al. (7) identified a 
mutation on RUNX2 exon 5 (c.634T＞G, p.T212P) in 
CCD patients who displayed significantly lower osteo-
genic, osteoclast-inductive, and decreased expression of 
MMP-9 and MMP-2. Therefore, the inclusion of exon 5 
is important for the function of RUNX2. The expression 
and transcriptional activity of RUNX2 undergo multiple 
layers of regulation, including epigenetic regulation by 
microRNAs (8), post-translational modification by enzymes 
(9), and activation of promoters (10). However, little is 
known about how RUNX2 exon 5 alternative splicing is 
regulated. 
  RUNX2 is required for the odontoblast differentiation 
of dental pulp stem cells (DPSCs). Knockout of RUNX2 
caused the arrested tooth development at the bud stage 
and the lack of odontoblast and ameloblast differentiation 
(11). The regulatory mechanisms of RUNX2 exon 5 alter-
native splicing in the differentiation of dental pulp stem 
cells (DPSCs) remain unknown.
  In the present study, we analyzed the conservation of 
human RUNX2 exon 5 in mouse and rat Runx2 gene, and 
the alternative splicing of RUNX2 exon 5 during the dif-
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ferentiation of human DPSCs. We also analyzed the po-
tential splicing factors for exon 5 alternative splicing with 
the online SpliceAid program, and further evaluated the 
regulatory functions of splicing factor YBX1 on RUNX2 
exon 5 inclusion and mineralization formation.

Materials and Methods

Cells and plasmids
  Human DPSCs were isolated from healthy human (age 
22∼26 years) third molars as previously described (12). 
This study was approved by the Ethics Committee at 
School and Hospital of Stomatology in Wuhan University. 
Informed consent was obtained from every participant. In 
brief, the pulp tissues were gently removed from the tooth 
chamber and canals, and then digested with collagenase 
(Roche, Germany) for 1 h at 37 degree. Single-cell suspen-
sions were collected and cultured in Dental Pulp Stem 
Cell medium (Lonza, Germany). Primary DPSCs were an-
alyzed by flow cytometry after incubation with mouse an-
ti-human CD90, CD29, CD146, CD34, and CD45 anti-
bodies (Biolegend, USA) for 30 minutes on a Beckman 
Coulter flow cytometer. HEK 293 cells were cultured in 
Dulbecco’s modified Eagle medium (HyClone, USA) sup-
plemented with 10% fetal bovine serum (FBS, HyClone, 
USA) and 1% antibiotic–antimycotic (Gibco, USA). HEK 
293 cells also express RUNX2 and have alternative splic-
ing of RUNX2, which were used as a model cell to analyze 
the effects of YBX1 overexpression on alternative splicing 
of RUNX2 exon 5.
  A human YBX1 expression plasmid was obtained from 
Addgene (#19878), in which YBX1 was fused with a Myc 
epitope. 

siRNA and transfection
  The sequences of anti-YBX1 siRNAs are 5’CAGUUCAA 
GGCAGUAAAUAUGCA’ (siYBX1-1) (13) and 5’GGUCA 
UCGCAACGAAGGUU3’ (siYBX1-2) (14). The siRNAs 
were produced by GenePharma (China). DPSCs were 
transfected with 20 nM siRNA with Lipofectamine 3000 
(Invitrogen, USA). Non-specific siRNA (NS) was used as 
a control.

Western blot
  Total cellular protein samples of HEK 293 cells or 
DPSCs were separated by 10% SDS-PAGE gel and trans-
ferred to a nitrocellulose filter (NC) membrane. Following 
antibodies were used to detect specific protein expression: 
mouse monoclonal anti-RUNX2 (Santa Cruz, USA), rabbit 
monoclonal anti-YBX1 (Abcam, USA), mouse anti-GAPDH 

(Santa Cruz, USA), and horseradish peroxidase-labeled 
mouse anti-β-actin antibody (Sigma-Aldrich, USA).

RT-PCR
  Total cellular RNAs were collected by total RNA mini-
prep kit (Axygen, USA). The cDNA was synthesized by 
using the Maxima H Minus Reverse Transcriptase from 
Thermo Fisher Scientific (USA). The following PCR re-
action was performed with 2 x Taq Master Mix (Vazyme, 
China) using following primers: 5’-GACGAGGCAAGAGT 
TTCACC-3’, 5’-ATGAAATGCTTGGGAACTGC-3’, and 
5’-GGTGGTAGAGTGGATGGACG-3’ for RUNX2 exon 5 
and 7 alternative splicing detection, 5’-GGGAACCCAGAA 
GGCACAGAC-3’, 5’-GCCTGGGGTCTGTAATCTGACT 
C-3’ for RUNX2 exon 5, 5’-CGTCCATCCACTCTACCACC- 
3’, 5’-ATGAAATGCTTGGGAACTGC-3’ for RUNX2 exon 
7 alternative splicing, 5’-GACAAGAAGCCCTTCACTGC- 
3’ and 5’-AGACTGCGCCTGGTAGTTGT-3’ for alkaline 
phosphatase (ALP), 5’-CGCTACCTGTATCAATGGCTG- 
3’ and 5’-GCCAACTCGTCACAGTCCG-3’ for osteocalcin 
(OC), 5’-GCTCAACCATAGAGAAAGCAAACG-3’ and 5’- 
CTTCGTTGCCTTTCCCAACTTC-3’ for dentin sialo-
phosphoprotein (DSPP), 5’-GAAGGTGAAGGTCGGAGTC- 
3’ and 5’-GAAGATGGTGATGGGATTTC-3’ for GAPDH 
(Supplementary Table S1). 
  The accurate band intensity of RT-PCR product with 
local background subtraction were measured by using 
Quantity One software (Bio-Rad). The expression levels of 
a gene in each sample were normalized by GAPDH in-
ternal control. The ratio of RUNX2 exon 5 inclusion vs 
exclusion were calculated by dividing the band intensity 
of longer product by that of short product.

Mineralization induction and alizarin red staining
  DPSCs had been treated with a differentiation medium 
for 21 days, which contained DMEM (Hyclone, USA), 
10% fetal bovine serum (FBS, Gibco, USA), 1% anti-
biotic-antimycotic, 50 μg/ml ascorbic acid, 10 mM β- 
glycerophosphate, and 10 nM dexamethasone. To evaluate 
the mineralization, cells were washed with phosphate buf-
fered saline (PBS) twice, then fixed by 4% paraformalde-
hyde solution for 15 min at room temperature. After wash-
ing with double distilled water, cells were stained with ali-
zarin red stain solution for 20 min, followed by washing 
with double distilled water. Staining was quantified by 
measuring the proportion of Alizarin-Red positive area by 
using imageJ. The alternative splicing of RUNX2 exon 5 
and the expression of YBX1 were analyzed after three days 
of mineralization induction in DPSCs. 
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Fig. 2. Conservation of RUNX2 exon 5 in human, mouse, and rat. (A) Schematic diagram of RUNX2 exon 5 splicing in human, mouse, 
and rat. (B) Alignment of human RUNX2, mouse Runx2, and rat Runx2 exon 5 DNA and encoded protein sequence. (C) Predicted YBX1 
binding sites with scores in human RUNX2 exon 5 RNA sequence by SpliceAid online program. Positive score represents promoting exon 
inclusion.

RNA-immunoprecipitation assay
  RNA-immunoprecipitation assay was performed by us-
ing Dynabeads Protein A immunoprecipitation kit 
(ThermoFisher, USA) and UV-crosslinking following the 
manufacturer’s protocol. In brief, monolayer cultured 
DPSCs were treated with ultra-violet (UV) irradiation and 
lysated with RIPA buffer. RNAs associated with YBX1 
protein were immunoprecipited with anti-YBX1 antibody 
(Abcam, USA) and analyzed by RT-PCR with a pair of 
primers amplifying RUNX2 exon 5. 

Statistical analysis 
  All two-group statistical comparisons of means were 
performed with Student’s t-test, or with Mann-Whitney U 
test whenever the data did not appear to have normal 
distribution.

Results

Alternative splicing of RUNX2 exon 5 in dental pulp 
stem cells
  Firstly, we would like to understand whether RUNX2 
is also alternative spliced in human DPSCs. We isolated 
and purified DPSCs from human third molar. These cells 
expressed mesenchymal stem cell markers, including 
CD90, CD29, and CD146, but were negative for hema-
topoietic stem cell markers CD34 and CD45 (Fig. 1C). 
RT-PCR analysis showed that RUNX2 exon 5 or/and exon 
7 could be skipped, and produced four types of isoforms 
(Fig. 1B). In accord with previous publications, the iso-
forms without exon 5 showed no transactivation activity 
(6). Therefore, inclusion of exon 5 is essential for the func-
tion of RUNX2.

Human RUNX2 exon 5 is evolutionarily conserved
  Then, we analyzed the evolutionary conservation of 
RUNX2 exon 5 in human, mouse, and rat. Similar to hu-
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Fig. 3. RUNX2 exon 5 inclusion and 
YBX1 expression are enhanced after 
mineralization induction. (A) Alizarin 
red staining of DPSCs treated with or 
without mineralization induction for 
21 days. (B, C) OC and DSPP ex-
pression (B), and alternative splicing 
of RUNX2 exon 5 in DPSCs after 
three days of mineralization induc-
tion (C) were analyzed by RT-PCR. 
GAPDH served as loading control. 
(D) Summary of four independent 
experiments for the ratios of in-
clusion versus exclusion of RUNX2 
exon 5 in DPSCs after mineraliza-
tion induction. L and S represent 
products with or without exon 5. (E) 
YBX1 protein expression increased 
after three days of mineralization in-
duction in DPSCs. (F) Histogram 
showed quantification of three in-
dependent experiments for the rela-
tive levels of YBX1. Actin served as 
loading control. Statistical compar-
isons of means were performed with 
Student’s t-test.

man RUNX2, both mouse and rat Runx2 exon 5 are alter-
native spliced (Fig. 2A). Notably, human RUNX2 exon 5 
DNA sequence is almost completely conserved in mouse 
and rat Runx2, except one nucleotide replacement in each 
species. However, the encoded protein sequences remain 
exactly the same (Fig. 2B). We also expanded the analyses 
of the evolutionary conservation of exon 5 by using UCSC 
genome browser, and found that the sequence of human 
RUNX2 exon 5 is highly conserved in rhesus, mouse, dog, 
elephant, chicken, partially conserved in X_tropicalis, and 
zebrafish (Supplementary Fig. S1). This result strongly 
suggested that the amino acids coded by RUNX2 exon 5 
is very important, and corresponding regulatory mecha-
nisms may be also conserved in different species. YBX1 
is a splicing factor and regulates alternative splicing of 
mRNA by binding to C/A-rich motifs in mRNA. 
Interestingly, we found that there are three potential 
YBX1 binding motifs in RUNX2 exon 5 by using the on-
line SpliceAid program (Fig. 2C), indicating that YBX1 
may regulate RUNX2 exon 5 alternative splicing.

Inclusion of RUNX2 exon 5 is enhanced during 
mineralization induction
  The expression of RUNX2 increased during the differ-
entiation of DPSCs (15). However, the alternative splicing 
of RUNX2 exon 5 during the differentiation of DPSCs is 
unknown. In the present study, we induced differentiation 
of DPSCs with mineralization-inducing medium for 21 
days. Differentiated DPSCs could form mineralized nod-
ules and express DSPP and OC (Fig. 3A and 3B). We fur-
ther found that the inclusion of exon 5 significantly in-
creased after the differentiation of DPSCs (Fig. 3C and 
3D). This result is correlated with the essential role of 
exon 5 for RUNX2 function. 

YBX1 promotes RUNX2 exon 5 inclusion
  Because we found potential YBX1 binding sites in 
RUNX2 exon 5, we speculated that YBX1 may regulate 
RUNX2 exon 5 alternative splicing. We found that YBX1 
expression significantly increased during the mineraliza-
tion induction in DPSCs (Fig. 3E and 3F). Overexpression 
of YBX1 (Myc tagged YBX1) significantly increased the 
inclusion of RUNX2 exon 5 in both HEK 293 (Fig. 4A∼
C) and DPSCs (Fig. 4D∼F). In contrast, silence of YBX1 
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Fig. 4. YBX1 promotes RUNX2 exon 5 inclusion in DPSCs. (A∼C) Overexpression of YBX1 promoted RUNX2 exon 5 inclusion in HEK 
293 cells. (D∼F) Overexpression of YBX1 promoted RUNX2 exon 5 inclusion in DPSCs. (B, E) Overexpression of Myc-tagged YBX1 was 
confirmed by Western blot. (C, F) Summary of three independent experiments for the ratios of inclusion versus exclusion of RUNX2 exon 
5 in HEK 293 (C) or DPSCs (F). (G) Knockdown of YBX1 reduced RUNX2 exon 5 inclusion in DPSCs. (H) Histogram showed quantification 
of three independent experiments for the ratios of inclusion versus exclusion of RUNX2 exon 5 in DPSCs. (I) Knockdown efficiency of 
YBX1 and the expression of RUNX2 were analyzed by Western blot. GAPDH served as loading control. (J) Histogram showed quantification 
of three independent experiments for the expression of RUNX2 protein in DPSCs.

significantly reduced the inclusion of exon 5 (Fig. 4G and 
4H) and the corresponding RUNX2 protein expression 
level (Fig. 4I and 4J). These results demonstrated that 
YBX1 plays positive role in the inclusion of RUNX2 exon 
5. 
  Interestingly, we also found knockdown of YBX1 in-
creased exon 7 inclusion (Supplementary Fig. S2). However, 
the RUNX2 isoforms with exon 5 and without exon 7 
(isoform △7 in Fig. 1A) maintained transactivation activ-
ity (6). YBX1 may mainly promote mineralization by in-
creasing RUNX2 exon 5 inclusion.

YBX1 contributes to the mineralization function of 
DPSCs
  Next, we would like to understand the function of YBX1 
during the mineralization of DPSCs. We found that over-
expression of YBX1 increased the expression of ALP and 
OC (Fig. 5A and 5B) in DPSCs. In contrast, knockdown 
of YBX1 reduced the expression of ALP and OC 
(osteocalcin) (Fig. 5E and 5F). Furthermore, we found 
that the alizarin red staining of YBX1 overexpression 
DPSCs was stronger than that of control cells after 21 days 
of mineralization induction (Fig. 5C and 5D). In contrast, 
the alizarin red staining of YBX1 knockdown DPSCs was 
lower than that of control cells after 21 days of mineraliza-
tion induction (Fig. 5G and 5H). These results demon-
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Fig. 5. YBX1 promotes the mineralization ability of DPSCs. (A∼D) Overexpression of YBX1 increased ALP and OC expression (A), and 
mineral formation by DPSCs in differential medium (C). (B, D) Summary of three independent experiments for ALP and OC expression 
(B) or mineral formation (D) by DPSCs. (E∼H) Knockdown of YBX1 suppressed ALP and OC expression (E), and mineral formation by 
DPSCs in differential medium (G). (F, H) Summary of three independent experiments for ALP and OC expression (F) or mineral formation 
(H) by DPSCs. DPSCs were transfected with siRNA or plasmid for 24 hours, and then cultured in differential medium. ALP and OC expression 
were analyzed in Day 5. Mineral formation was analyzed by alizarin red staining in Day 21.

Fig. 6. YBX1 binds RUNX2 exon 5 RNA. The interaction between 
YBX1 and RUNX2 transcripts in DPSCs were analyzed by RNA-im-
munoprecipitation assay with anti-YBX1 antibody. (A) Immunopre-
cipitated RNA was analyzed by RT-PCR with a pair of primers am-
plifying RUNX2 exon 5. (B) Immunoprecipitated YBX1 protein was 
confirmed by Western blot.

strated that YBX1 may improve the mineralization ability 
of DPSCs.

YBX1 binds exon 5 of RUNX2 RNA
  To further understand the regulatory mechanism of 
YBX1 in the alternative splicing of RUNX2 exon 5, we 
performed RNA-immunoprecipitation assay with an-
ti-YBX1 antibody in DPSCs, and found that YBX1 can 

bind to exon 5 of RUNX2 RNA, indicating YBX1 may di-
rectly regulate the alternative splicing of RUNX2 exon 5 
(Fig. 6A and 6B).

Discussion

  Alternative splicing is an essential step of gene ex-
pression developed during the long-term evolution of life, 
which greatly enriches the coding ability of the genome, 
and involved in almost all biological processes, including 
the differentiation of DPSCs (16, 17). DPSCs are dis-
tributed in pulp tissue, have similar immunophenotype 
and pluripotent differentiation characteristics as the bone 
marrow mesenchymal stem cells (BMSCs). Previous stud-
ies have shown that alternative splicing plays an im-
portant role in the differentiation of DPSCs. Take 
Octamer-binding transcription factor 4 (OCT4) for exam-
ple, it consists of three splicing variants including 
OCT4A, OCT4B and OCT4B1. The former mainly main-
tains the stemness of DPSCs, while the latter two are 
mainly related to stress protection and apoptosis reduction 
(18). Data from this study clearly indicate that during in-
duced differentiation of DPSCs, the inclusion of RUNX2 
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exon 5 increased, suggesting that alternative splicing plays 
an important role in differentiation of DPSCs. 
  Alternative splicing is regulated by splicing regulators, 
such as the classic SR family, hnRNP family and other 
RNA splicing regulators including YBX1, SAM68, TIA-1, 
and TIAL1 (19, 20). YBX1 (also known as YB-1) is a mem-
ber of the Y-box binding proteins (YBX). YBX are DNA/ 
RNA-binding proteins with the cold shock domain, in-
cluding three members (YBX1, YBX2 and YBX3), all of 
which can bind to Y-box sequences on DNA. YBX1 can 
bind to CAUC and CACC sequences on RNA and pro-
mote the splicing of exons (21). In this study, by using 
online SpliceAid program analysis, we found three possi-
ble YBX1 binding sites (AGAAC, CAUC and CACC) in 
RUNX2 exon 5, and YBX1 might promote the inclusion 
of exon 5. Furthermore, YBX1 can indeed promote the in-
clusion of RUNX2 exon 5 in DPSCs, possibly through 
these binding sites by directly interacting with exon 5. 
YBX1 can bind to DNA and act as a transcription factor 
(22, 23). KLF4 is a transcription factor which plays a ma-
jor role in the differentiation of DPSCs into odontoblasts 
(24). Interestingly, studies have shown that YBX1 can 
bind to the promoter region of KLF4 and activate KLF4 
transcription with the help of other transcription factors 
(25), suggesting that YBX1 may be involved in the differ-
entiation of DPSCs as a transcription factor. It should be 
noted that YBX1 is an oncoprotein (26). We found that 
overexpressing YBX1 promoted DPSCs proliferation 
(Supplementary Fig. S3). Further studies are required for 
the possible transformation effect of YBX1 in DPSCs. 
  RUNX2 is not only playing an essential role in osteo-
genesis (27), but also involved in DNA damage response, 
which is crucial for cancer transformation (28, 29). 
Previous study has shown that RUNX2 can interact with 
tumor suppressor p53, inhibit DNA damage-induced tran-
scriptional as well as pro-apoptotic activity of p53, which 
is conducive to the proliferation of tumor cells (29). In 
addition, RUNX2 can promote the expression of MMP-2, 
MMP-9, MMP-13 and VEGF genes, then facilitate tumor 
metastasis (28). YBX1 is also closely related to the growth 
and metastasis of tumor cells. Schittek et al. (30) found 
that after inhibiting the expression of YBX1 with shRNA 
in metastatic melanoma cells, the growth of melanoma 
cells was significantly inhibited, the apoptosis of cells was 
significantly increased, and the expression levels of genes 
such as MMP-2, bcl-2, and Cyclin D1 were significantly 
decreased. Moreover, Homer et al. (31) found that YBX1 
can also selectively change p53 activity, leading to tumor 
drug resistance and poor prognosis. These studies suggest 
that RUNX2 and YBX1 are functionally correlated. In this 

study, it was found that the expression level of YBX1 in-
creased during the mineralization-induced differentiation 
of DPSCs, which was consistent with the increased ex-
pression of RUNX2 and the increase of the inclusion of 
RUNX2 exon 5, suggesting that YBX1 may play a positive 
regulatory role in the splicing of RUNX2 exon 5 during 
the differentiation of DPSCs.
  There are few studies about the role of pre-mRNA alter-
native splicing in the differentiation of DPSCs into odon-
toblasts, but there are some reports on the role of 
pre-mRNA alternative splicing in the differentiation of os-
teoblasts (32, 33). Exon 5 of CBFB, the co-transcription 
factor of RUNX2, is alternatively spliced to produce two 
subtypes, CBFB1 and CBFB2. Jiang et al. (33) found that 
CBFB1 and CBFB2 played different roles in bone devel-
opment, and only the deletion of CBFB2 could lead to the 
inhibition of osteogenic differentiation. The pre-mRNA of 
the transcription factor TAF4 has complex alternative 
splicing and can produce at least 10 isoforms. The iso-
forms with the deleted hTAF4-TAFH domain repress pro-
liferation of human mesenchymal stem cells (hMSCs) and 
preferentially promote chondrogenic differentiation (34). 
However, the regulatory mechanism of alternative splicing 
of the pre-mRNAs of these genes is not well understood. 
In the present study, we initially revealed the role of RNA 
splicing regulator YBX1 in the regulation of RUNX2 exon 
5 alternative splicing, providing a new direction for the 
regulatory mechanism in DPSCs differentiation.
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