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Abstract: Mesenchymal stem cells (MSCs) have a high self-renewal potential and can differentiate into various 
types of cells, including adipocytes, osteoblasts, and chondrocytes. Previously, we reported that the enhancer of 
zeste homolog 2 (EZH2), the catalytic component of the Polycomb-repressive complex 2, and HDAC9c mediate the 
osteogenesis and adipogenesis of MSCs. In the current study, we identify the role of p38 in osteogenic differentia-
tion from a MAPK antibody array screen and investigate the mechanisms underlying its transcriptional regulation. 
Our data show that YY1, a ubiquitously expressed transcription factor, and HDAC9c coordinate p38 transcriptional 
activity to promote its expression to facilitate the osteogenic potential of MSCs. Our results show that p38 mediates 
osteogenic differentiation, and this has significant implications in bone-related diseases, bone tissue engineering, 
and regenerative medicine. 
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Introduction

Mesenchymal stem cells (MSCs) are multipo-
tent stromal cells capable of self-renewal and 
multi-lineage mesenchymal differentiation [1]. 
MSCs exhibit a highly therapeutic potential in 
cell-based therapy for graft-versus-host diseas-
es [2, 3], multiple sclerosis [4], and orthopedic 
repair/regeneration [5], among other therapeu-
tic potentials. Using autologous MSCs to engi-
neer specific tissue as well as the attachment 
of different biomaterials to MSCs have been 
revealed to repair bone, cartilage, muscle, and 
tendon lesions in vivo [5-7]. Particularly, bone is 
one of the most commonly transplanted tis-
sues, with more than 2.2 million bone graft pro-
cedures performed annually worldwide [8]. 
Furthering our understanding of the regulatory 
mechanism underlying MSCs osteogenesis 

may identify better approaches to bone tissue 
engineering.

Several cell signaling cascades regulate MSC 
pro-osteogenic signaling, including those that 
control runt-related transcription factor 2 
(RUNX2) activity [9], β-catenin-dependent Wnt 
[10, 11], Hedgehog, bone morphogenetic pro-
teins (BMPs) [12, 13], and NEL-like protein 1 
(NELL-1) [14, 15], all of which may trigger and 
activate the MAPK cascades with a series of 
phosphorylation on MAPKK kinase (MAP3K), 
MAPK kinase (MAP2K), and MAPK. Members of 
the MAPK family, including extracellular signal-
related kinases 1/2 (ERK1/2), c-Jun amino 
(N)-terminal kinases 1/2/3 (JNK1/2/3), and 
the p38 isoforms (p38α, p38β, p38γ, and 
p38δ) [16], play important roles in many biologi-
cal processes, such as propagating extracellu-
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lar stimuli, e.g., growth factor, cytokines, and 
environmental stresses, into various cellular 
actions. 

Previous studies have demonstrated MAPKs to 
be key players in skeletal development and 
bone homeostasis via regulating osteoblast 
commitment and differentiation [17]. MEK3-
null mice (Map2k3-/-) exhibited severe skeletal 
defects in their long bones as well as abnormal-
ities in their craniofacial bone structures [18]. 
The embryonic lethality of Mapk14 (gene 
encoding p38α) knockout cause to neural and 
cardiac defects [19], and the lack of Mapk11 
(gene encoding p38β) has been implicated in 
mild bone defects [18]. Both ERK1 and ERK2 
are expressed in osteoblasts and have func-
tions associated with bone metabolism. Mat- 
sushita et al. demonstrated through the use of 
a model with Erk1-/-; Erk2prx1:Cre double muta-
tion that both ERK1 and ERK2 are required for 
osteoblast lineage specification via β-catenin-
mediated canonical Wnt signaling [20]. Intere- 
stingly, contradictory roles of JNK in osteoblas-
togenesis have been reported. For instance, 
interleukin-1β (IL-1β) and tumor necrosis factor 
α (TNF-1α) activate JNK, which leads to the 
osteoblast differentiation of human periosteal 
cells [21]. In contrast, JNK activation has been 
shown to negatively regulate osteogenesis via 
its phosphorylation of RUNX2 at Ser104, which 
inhibits RUNX2 transcriptional activity [22]. 
Whether phosphorylation of MAPKs plays a 
direct role in the early stage of osteogenic com-
mitment of MSCs remains unclear.

In the current study, we identify p38 as the 
major MAPK in regulating osteogenic differen-
tiation through an MAPK antibody array screen, 
and show that p38 phosphorylation and expres-
sion are higher in osteoblasts differentiated 
from MSCs than their undifferentiated counter-
parts. In addition, we also show that HDAC9c 
interacts with YY1, which in turn transcription-
ally upregulates p38 expression and is associ-
ated with stronger osteogenic differentiation  
in MSCs. Collectively, these results suggest 
that HDAC9c and YY1 cooperate to increase 
p38 transcriptional activity and subsequently 
enhance the osteogenesis of MSCs.

Materials and methods

Cell culture and differentiation of osteoblasts

hMSCs (3A6) were maintained in low glucose 
DMEM (Invitrogen) with 10% fetal bovine serum 

(FBS). Osteoblast differentiation was induced 
by culturing hMSCs in low glucose DMEM with 
10% FBS supplemented with 10-8 M dexameth-
asone, 50 μg/ml ascorbic acid 2-phosphate, 
and 10 mM β-glycerophosphate. During differ-
entiation, the medium was replaced every 3 
days.

Antibody array 

An antibody array (R&D, ARY002) screen  
was carried out following the manufacturer’s 
instructions. Un-differentiated and differentiat-
ed cells were lysed at 4°C for 30 min. Briefly, 
1.5 ml of the diluted sample (300 μg) was 
placed on each membrane and incubated at 
4°C overnight with gentle shaking. The mem-
branes were then washed with 1× washing buf-
fer 3 times. After washing, 1× streptavidin-HRP 
was added to each membrane and incubated 
at room temperature for 2 h with gentle shak-
ing. The membranes were washed and then 
placed in the detection buffer for 2 min, and 
the signals were detected by autoradiography. 
Phosphorylation signal intensities of the target 
proteins were quantified by a densitometer.

Alizarin Red S stain

Osteogenesis was examined by Alizarin Red S 
(Sigma) staining, and quantitated at A450 as 
described previously [23]. In brief, the cells 
were rinsed with PBS, and then fixed with ice-
cold 70% ethanol. After a brief wash with water, 
the cells were stained with 2% Alizarin Red S 
solution for 30 min at room temperature. The 
cells were rinsed five times with water followed 
by a 15-min wash with PBS (with rotation) to 
reduce nonspecific Alizarin Red S stain.

Real-time RT-PCR

Total RNA was isolated by TRIzol (Invitrogen) 
based on the manufacturer’s instructions. 
cDNA was synthesized by SuperScriptTM III First 
Strand Synthesis kit (Invitrogen). Changes in 
mRNA expression level were analyzed by real-
time PCR (Roche Applied Science, LightCycler 
480) using SYBR Green and normalized to 
β-actin. Primer sequences are listed in Table 
S1. 

Reporter gene assay 

The p38 promoter luciferase reporter plasmid 
was amplified from human genomic DNA con-
taining SacI and XhoI restriction enzyme sites 
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by PCR and then subcloned into pGL3-basic 
backbone vector. The p38 promoter luciferase 
reporter plasmid was transfected into 293 cells 

together with internal control plasmid β-gal or 
the indicated plasmids using Lipofectamine 
2000 (Invitrogen). Twenty-four hours after 

Figure 1. The expression and phosphorylation of p38 in osteogenic MSCs. A. Human MSCs were incubated in 
osteogenic induction media for 7 days and cell lysate harvested to conduct MAPK antibody array screen. Top, rep-
resentative images. Bottom, quantification of antibody array. B. Western blot analysis of p38 phosphorylation and 
expression. GAPDH served as the control. C. MSCs were induced in osteogenic differentiation media containing 
the p38 inhibitor, SB203580, for 7 days. Following differentiation, osteoblasts were stained with Alizarin Red S. D. 
Western blot analysis of the efficiency of p38 knockdown by shControl, shp38-A01, shp38-B01, shp38-C01, shp38-
D01, and shp38-E01 in human MSCs (hMSCs). E. After infection, hMSCs were cultured in osteogenic differentiation 
media for 7 days and stained with Alizarin Red S. F. Western blot analysis of p38 expression and phosphorylation in 
undifferentiated MSCs and bone cells from patients.
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transfection, cell extracts were harvested and 
luciferase activity measured by luciferase 
reporter assay system according to the manu-
facturer’s instructions (Promega).

Western blot analysis and coimmunoprecipita-
tion (CoIP)

Cell lysates were harvested on ice with NETN 
(150 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, 
0.5% Nonidet P-40) buffer supplemented with 
protease inhibitors. Protein samples (75 μg) 
were loaded onto SDS-polyacrylamide gel and 
transferred to polyvinylidene difluoride (PVDF) 
membranes for immunoblotting with the follow-
ing antibodies: HDAC9c, YY1, and p38 (Santa 
Cruz Biotechnology); pp38 (Cell Signaling). The 
lysed extracts were subjected to immunopre-
cipitation with the indicated antibodies. The 
protein complexes were pulled down by protein 
G-agarose beads (GE Healthcare) and subject-
ed to immunoblotting using YY1 (Santa Cruz 
Biotechnology), and HDAC9c (Santa Cruz 
Biotechnology) antibodies.

Lentiviral infection

Lentiviral shRNA clones were purchased from 
the National RNAi Core Facility of Academica 
Sinica (Taiwan). Human MSCs were infected 
with control (vector alone pLK0.1), p38, 
HDAC9c, or YY1 shRNA lentivirus in the pres-

ence of polybrene (8 μg/ml). After infection, 
osteogenesis was induced as described above. 

Quantitative chromatin immunoprecipitation 
(qChIP) assay

ChIP assays were performed using the EZ-ChIP 
kit (Upstate) according to the manufacturer’s 
instructions. Specific antibodies against YY1 
(Santa Cruz Biotechnology) were used for 
immunoprecipitation. The immunoprecipitated 
DNA was subjected to RT-PCR using a SYBR 
Green system according to the manufacturer’s 
instructions (Roche Applied Science). Data are 
shown as the fold enrichment of precipitated 
DNA relative to 2:100 dilution of input chroma-
tin. Primers are listed in Table S1.

Statistical analysis

Student’s t-test was used to compare two 
groups of independent samples. A P value < 
0.05 was considered statistically significant.

Results

p38 stimulates MSC osteogenesis

To investigate the regulation of MAPK in MSC 
differentiation into osteoblasts, we utilized a 
human phospho-MAPK array to compare the 
phosphorylation of MAPKs in both undifferenti-

Figure 2. HDAC9c-mediated p38 expression in osteogenic MSCs. A. Relative p38 and HDAC9c mRNA expression in 
differentiated osteoblasts at the indicated time point. B. Relative p38 mRNA expression in osteogenic MSCs infect-
ed with control or HDAC9c shRNA. C. Western blot analysis of HDAC9c and p38 protein expression/phosphorylation 
in differentiated osteoblasts with the control, HDAC9c, and p38 shRNA. Error bars represent ± SD. *P < 0.05 and 
**P < 0.01, Student’s t-test. 
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ated and osteogenic MSC. Phosphorylation of 
four p38 isoforms (a.k.a. p38α, p38β, p38γ, 
and p38δ) was substantially increased in dif-
ferentiated osteoblasts compared with undif-
ferentiated MSCs (Figure 1A). Consistently, 
Western blot analysis indicated a higher phos-
phorylation of p38 in differentiated osteoblasts 
compared with undifferentiated MSCs (Figure 
1B). In addition to phosphorylation, the p38 
protein expression level was increased in 
osteogenic MSCs compared with undifferenti-
ated MSC (Figure 1B). To validate the role of 
p38 in MSC differentiation into osteoblasts, 
MSCs were treated with or without p38 inhibi-
tor, SB203580, followed by incubation in an 
osteogenic-inducing medium. The osteogenic 
potential of MSCs was substantially blocked by 
p38 inhibitor compared with DMSO treatment 
(Figure 1C). We also knocked down p38 by 
short-hairpin RNA (shRNA) in MSCs (Figure 1D), 
which attenuated their osteogenic potential 
(Figure 1E). Higher p38 expression and phos-
phorylation were found in the primary osteo-
blasts that were isolated than in undifferenti-
ated MSCs (Figure 1F). Collectively, these 
results provide strong support that p38 expres-
sion and phosphorylation are critical for the 
osteogenic potential of MSCs.

p38 and histone deacetylase 9c (HDAC9c) 
expression correlate positively in differentiated 
osteoblasts 

Members of the HDAC family, HDAC1, HDAC4, 
and HDAC9c, modulate differentiation of pre-
adipocytes, chondrocytes, and osteoblasts, 
respectively [23-25]. Previously, we identified 
HDAC9c, also named MEF-2 Interacting Trans- 
cription Repressor (MITR), as an EZH2 target 
gene by a genome-wide EZH2 ChIP-on-chip 
study and demonstrated that HDAC9c func-
tions as a co-factor to promote MSC differentia-
tion into osteoblasts by attenuating the tran-
scriptional activity of the peroxisome prolifera-
tor-activated receptor gamma 2 (PPARγ-2) [23]. 
Hence, we explored the role of HDAC9c as it is 
involved in p38-mediated osteogenesis. We 
found that the expression of both p38 and 
HDAC9c were increased in differentiated osteo-
blasts from MSCs as compared with undiffer-
entiated MSCs (Figure 2A). Moreover, the RNA 
expression of p38 was significantly reduced 
when HDAC9c was knocked down by specific 
shRNA in differentiated osteoblasts (Figure 
2B). We further assessed the relationship 

between p38 and HDAC9c via the lentiviral-
based expression of two different shRNAs that 
specifically target p38 or HDAC9c in differenti-
ated osteoblasts. The expression and phos-
phorylation of p38 was attenuated in the 
absence of HDAC9c in differentiated osteo-
blasts, and no effects were observed when we 
knocked down p38 (Figure 2C). These results 
indicate that HDAC9c may serve as an upstream 
regulator in p38-mediated MSCs osteogenic 
potential. 

HDAC9c and YY1 transcriptionally regulate 
p38-mediated MSC osteogenesis

To determine whether HDAC9c transcriptio- 
nally regulates p38-mediated MSC osteogenic 
potential, we examined the p38 promoter  
activity in 293 cells ectopically expressing 
HDAC9c via a luciferase reporter assay. The 
results show that the p38 promoter activity was 
enhanced when HDAC9c expression was in- 
creased (Figure 3A). We then generated serial 
deletions of the p38 promoter to identify the 
region with high promoter activities. The results 
indicate the p38 promoter region at -2000 to 
-1000 bp of upstream of the transcriptional 
start site had the highest activity (Figure 3B). 
To further identify the region within p38 pro-
moter controlled by HDAC9c, serial deletions of 
the p38 promoter were generated and their 
activities evaluated in the presence of HDAC9c 
expression in 293 cells. A comparison of the 
activities of the different promoter constructs 
indicated that the activity of the p38 promoter 
between -2000 to -1500 bp increased with 
HDAC9c expression. HDAC9c expression did 
not increase the activity of the p38 promoter 
region between -1000 and -500 bp (Figure 3C). 
Therefore, the p38 promoter region between 
-1500 to -1000 bp is likely critical for HDAC9c 
activation. Next, we sought to identify the tran-
scription factor binding elements within this 
region by bioinformatics analysis. We found five 
Yin Yang 1 (YY1) transcription factor binding 
sites (referred to as #1, #2, #3, #4, and #5; 
Figure 3D). In contrast, no HDAC9 binding sites 
were found. YY1, a ubiquitously expressed tran-
scription factor containing HDAC binding 
domain, plays a critical role in stem cell differ-
entiation. For instance, YY1 suppresses expres-
sion of multiple muscle loci via recruiting his-
tone methyltransferase EZH2 (enhancer of 
zeste homologue 2) of the polycomb repressive 
complex 2 (PRC2) [26-28]. A recent study by 
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Zhou et al. showed that Linc-YY1, a lincRNA 
from the promoter of YY1 gene, may bind to 
YY1 to facilitate the dissociation of YY1/PRC2 

complex at target promoter, and this in turn 
activates the expression of myogenesis target 
genes [29]. Moreover, YY1 also contains a spe-

Figure 3. HDAC9c and YY1 coordinate the regulation of p38 promoter activity. (A) Relative promoter activity was 
measured by reporter assay in 293 cells transfected with HDAC9c expression vector and p38 promoter-driven lucif-
erase plasmid. Top, Western blot analysis of HDAC9c. (B, C) Luciferase reporter assay of the promoter activities of 
p38 promoter-deletion mutants with (C) or without (B) ectopic expression of HDAC9c in 293 cells. (D) A schematic 
of YY1 binding site located in p38 promoter region between -1500 bp and -1000 bp. (E) Luciferase reporter assay 
of the promoter activities of p38 promoter-deletion mutants in 293 cells with ectopic expression of YY1. (F) Lucifer-
ase reporter assay of the p38 promoter activity in 293 cells with ectopic expression of both HDAC9c and YY1. Top, 
Western blot analysis of ectopically expressed HDAC9c and YY1. Error bars represent ± SD. ***P < 0.001, Student’s 
t-test. 
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Figure 4. YY1 associates with HDAC9c to govern MSC osteogenic differentiation. (A) Western blot analysis of YY1 
knockdown efficiency by shControl, shYY1-A1, shYY1-B1, shYY1-C1, shYY1-D1, or shYY1-E1 in hMSCs. (B) After 
infection, hMSCs were incubated in osteogenic differentiation media for 7 days and stained with Alizarin Red S. 
(C) Western blot analysis of YY1 expression in undifferentiated MSCs and primary bone cells. β-Actin served as the 
control. (D, E) Relative mRNA (D) and protein expression (E) of p38 in osteoblasts infected with two specific YY1 
shRNA by qRT-PCR and western blot, respectively. (F) Western blot analysis of YY1 and HDAC9c expression in hMSCs 
and differentiated osteoblasts. (G) Cell extracts were harvested after induction of osteoblast differentiation of MSCs 
for 7 days and subjected to immunoprecipitation (IP) with YY1 antibody followed by Western blot analysis with the 
indicated antibodies. (H) Cells extracts from osteoblasts were immunoprecipitated with different amount of YY1 
antibody and subjected to Western blot analysis with the indicated antibodies. Error bars represent ± SD. *P < 0.05 
and ***P < 0.001, Student’s t-test. 
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Figure 5. YY1 binds specifically to the p38 promoter in differentiated osteo-
blasts. A. Five YY1 binding sites located in the p38 promoter were mutated 
by site direct mutagenesis. Relative p38 promoter activities with or without 
the YY1 binding site mutations were determined by luciferase reporter as-
say. B. Reporter assay of p38 promoter activity with single or double YY1-
binding site mutations in 293 cells ectopically expressing YY1. C. Undiffer-
entiated MSCs and differentiated osteoblasts were infected with YY1 shRNA 
or shControl. Cross-linked chromatin was immunoprecipitated by using YY1 
or IgG antibodies. The input and immunoprecipitated DNA were subjected to 
RT- PCR using primers corresponding to the promoter region of p38 (Table 
S1). D. A proposed model of MSC osteogenesis governed by HDAC9c and 
YY1. In osteogenic MSCs, HDAC9c and YY1 form a complex, which binds spe-

cifically to the indicated regions 
the p38 promoter to increase its 
expression and subsequently en-
hance osteogenesis. Error bars 
represent ± SD. ***P < 0.001, 
Student’s t-test. 

cific binding domain for HDAC 
proteins, e.g., HDAC1 and HD- 
AC2 [30]. Therefore, we hypo- 
thesized that YY1 may regu-
late p38 promoter. To this  
end, we compared the prom- 
oter activities of p38 with or 
without ectopic expression of 
YY1 by luciferase reporter 
assay. The results show that 
YY1 expression enhanced the 
p38 promoter activity com-
pared with vector control (Fig- 
ure 3E). Interestingly, ectopic 
expression of HDAC9c further 
increased YY1-mediated p38 
promoter activity (Figure 3F). 
These findings suggest that 
HDAC9c may serve as a co-
factor in YY1-mediated osteo-
blast differentiation.

YY1 is required for p38-medi-
ated osteogenic differentia-
tion of MSCs 

To determine whether YY1 is 
essential for MSC differentia-
tion into osteoblasts, we kno- 
cked down YY1 expression 
using five different shRNAs 
that specifically target YY1 in 
MSCs. Western blotting analy-
sis indicated that four of the 
five shRNAs effectively attenu-
ated YY1 expression (Figure 
4A). Reducing YY1 expression 
also inhibited MSC differentia-
tion into osteoblasts as deter-
mined by Alizarin Red S stain-
ing (Figure 4B). Consistently, 
YY1 expression was higher in 
primary osteoblasts than in 
undifferentiated MSCs (Figure 
4C). Knocking down YY1 by 
shRNA decreased the levels of 
p38 RNA and protein during 
MSC osteogenesis (Figure 4D 
and 4E). These results were 
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similar to those in the HDAC9c knockdown 
experiments (Figure 2B and 2C). Both YY1 and 
HDAC9c were highly expressed in differentiat-
ed osteoblasts compared with the undifferenti-
ated control (Figure 4F). The results indicate 
that YY1 and HDAC9c may co-stimulate osteo-
genic differentiation of MSCs. Next, we asked 
whether YY1 and HDAC9c physically interact by 
performing an immunoprecipitation (IP) analy-
sis. The results indicate that YY1 interacted 
with HDAC9c in differentiated osteoblasts but 
not in undifferentiated control (Figure 4G), and 
this interaction can be increased by IP YY1 anti-
body in a dose-dependent manner in differenti-
ated osteoblasts (Figure 4H). 

To identify the key YY1-regulated elements in 
the p38 promoter, we generated five distinct 
p38 promoter regions with mutations within 
the YY1 binding site by site direct mutagenesis 
followed by luciferase report assay to examine 
their promoter activities. The results indicate 
that the activities of the YY1-1 and YY1-5 mu- 
tant p38 promoter were substantially reduced 
(Figure 5A). To validate the above findings, we 
ectopically expressed YY1 and p38 promoter 
with or without YY1 binding site mutation and 
examined the activities of the p38 promoter  
by luciferase reporter assay. Consistently, the 
YY1-1 and YY1-5 mutants, but not the wild-type 
YY1 or YY1-2, YY1-3 or YY1-4 mutant, rendered  
the p38 promoter inactive in the presence  
of ectopically expressed YY1 (Figure 5B). The 
results indicate that the YY1 binding sites,  
binding site #1 at -1328 to -1324 and binding 
site #5 at -1038 to -1034 upstream of the  
p38 promoter are critical for YY1-mediated p38 
promoter activation. Finally, we explored the 
requirement of YY1 activation at the p38 pro-
moter during MSC differentiation into osteo-
blasts. To this end, we conducted a q-ChIP 
assay for the p38 promoter by immunoprecipi-
tation with a YY1 antibody. The data showed 
that YY1 binding to the p38 promoter was 
strongly reduced when YY1 was knocked down 
compared with the control in differentiated 
osteoblasts (Figure 5C). With these results, we 
propose a model in which HDAC9c and YY1 
regulate p38 promoter in osteogenesis (Figure 
5D): during MSCs differentiation, HDAC9c acts 
as a co-activator and cooperates with YY1 to 
activate the p38 promoter activity through two 
bindings sites in the promoter to enhance its 
expression, which stimulates the osteogenesis 
of MSCs. 

Discussion

Furthering our understanding of the regulatory 
mechanisms underlying osteoblast differentia-
tion from MSCs may lead to the development  
of new cellular strategies for bone tissue engi-
neering and regenerative medicine, which are 
both promising for the treatment of diseases 
like osteoporosis, bone cancer, and bone 
defects. Previously, we reported that the epi-
genetic modulator EZH2 regulates HDAC9c in 
osteogenic and adipogenic lineage commit-
ment of MSCs in an age-dependent manner. In 
the current study, we investigated how YY1 and 
HDAC9c govern p38 expression in MSC osteo-
genic differentiation and showed that YY1 plays 
a critical role in osteoblast differentiation via 
interaction with HDAC9c. 

YY1 is a member of the GLI-Krüppel family of 
zinc finger transcription factors, also known as 
delta, NF-E1, UCRBP, or CF1, and it may inter-
act with histone acetyltransferase (HAT) and 
HDAC cofactors to carry out its transcriptional 
functions [31]. Additionally, YY1 has dual tran-
scriptional functions that are dependent on the 
distinct pre-existing YY1-cofactor complexes 
being recruited to the promoter under certain 
conditions. The YY1-mediated repression that 
identified is associated with class I HDACs, 
such as HDAC1 and HDAC2, which both contain 
catalytic domains and histone deacetylase 
activities [32, 33]. YY1 associates with other 
coactivators, such as CBP and p300 protein 
[34, 35], which both contain histone acetyl-
transferase activity to modify histones and 
chromatin structure [36]. Intriguingly, we found 
that YY1 interacted with HDAC9c as a co-acti-
vator of the p38 promoter to enhance its 
expression. Unlike HDAC1 and HDAC2, HDAC9c 
lacks the catalytic domain and does not pos-
sess any deacetylase activities [37], suggest-
ing HDAC9c acts as co-activator but when 
associated with YY1. Moreover, we previously 
showed that HDAC9c is highly expressed in  
differentiated osteoblast and antagonizes 
PPARγ transcriptional activity, thereby stimulat-
ing osteoblasts differentiation potential [23]. 
Collectively, these findings indicate that HDA- 
C9c enhances MSC osteogenic lineage not only 
through inhibition of adipogenitic transcription 
factor activity but also through enhancement of 
the YY1 transcriptional activity to upregulate 
p38 expression. 
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The osteogenic ability of p38 kinase is associ-
ated with its function to phosphorylate and 
induce the activity of several key osteogenic 
transcription factors. Several studies have 
shown that multiple p38 osteogenic targets, 
including RUNX2, DLX5 (Distal-Less Homeobox 
5), and OSX (Osterix, osteoblast-specific tran-
scription factor), are osteoblast-specific tran-
scription factors. Phosphorylation of RUNX2 by 
p38 elevates its transcriptional potential [18, 
38, 39]. Moreover, p38 phosphorylates DLX5, 
a transactivator of OSX stimulated by BMP-2, at 
Ser34 and Ser217 to facilitate the recruitment 
of p300 [40]. Similar p38-activated osteogenic 
events also occur with the phosphorylation  
of OSX at Ser77 and Ser33 [41]. Recently, 
Artigas et al. demonstrated that RUNX2 and 
OSX physically interact and increase RUNX2-
transcriptional ability in a cooperative manner 
[39]. On the basis of these findings, the induc-
tion of p38 expression to phosphorylate and 
enhance transcriptional activities of key tran-
scription factors is likely important in osteo-
blast differentiation. 

Bone tissue engineering is a potential alterna-
tive strategy to overcome drawbacks related  
to autografts and allografts, including donor-
site morbidity, the availability of limited grafting 
material, and compromised bone quality in 
patients with osteoporosis [42]. Even though it 
has been researched and tested for approxi-
mately 30 years, few bone tissue-engineering 
techniques have translated into clinical appli-
cation, and the standard of care in bone regen-
erative medicine is still lacking. Our findings 
that YY1 and HDAC9c positively mediate p38 
transcriptional activity to promote the osteo-
genic potential of MSCs provide a new direction 
toward the development of MSC cell-based 
treatment for bone-related degeneration or 
lesions by inducing YY1 expression and may  
be applicable in the future of bone tissue 
engineering.
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Table S1. Primer Sequences for q-PCR
Primers Sequences 
Human p38 Fwd 5’-GAACCAGTGGCCGATCCTTA-3’

Rev 5’-GTGGTGGCACAAAGCTGATG-3’
Human HDAC9c Fwd 5’-GCAACAGGTAATAGGCAAAG-3’

Rev 5’-CACTGAACTCAAATCATAGAG-3’
Human β-actin Fwd 5’-CTGGAACGGTGAAGGTGACA-3’

Rev 5’-AAGGGACTTCCTGTAACAATGCA-3’
p38-q-ChIP Fwd 5’-AGAGACGAGGTTTCACCATG-3’

Rev 5’-CTGCTCAAGGACATATGGGT-3’
Fwd: forward; Rev: reverse.


