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Abstract

Oxidative stress is known to inhibit osteogenesis and PKD1 is implicated in

bone remodeling and skeletogenesis. In the present study, we explored the role

of PKD1 in osteogenesis under oxidative stress. H2O2 was used to induce

oxidative stress in rat bone marrow (BM)‐mesenchymal stem cells (MSCs)

during osteoblast differentiation. Alkaline phosphatase (ALP) activity, calcium

deposits, and the RUNX2 marker were assayed to determine osteogenic dif-

ferentiation. The correlation of PKD1, Sirt1, c‐MYC, and TAZ was further

confirmed by chromatin immunoprecipitation (ChIP) and dual‐luciferase re-

porter assay. We found that H2O2 induced the downregulation of PKD1 ex-

pression and the upregulation of c‐MYC, and Sirt1 was accompanied by

decreasing cell viability in BM‐MSCs. During osteogenic differentiation, the

expression of PKD1 was upregulated significantly whereas Sirt1 tended to be

upregulated mildly under normal conditions. Both PKD1 and Sirt1 were up-

regulated upon oxidative stress. The positive correlation of PKD1 expression

with osteogenic differentiation under normal conditions might be hindered by

oxidative stress and PKD1 could interact with TAZ under oxidative stress to

regulate osteogenic differentiation. Our results suggest that PKD1 may alle-

viate oxidative stress‐inhibited osteogenesis of rat BM‐MSCs through TAZ

activation.
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1 | INTRODUCTION

Mesenchymal stem cells (MSCs) can directly differentiate
into mineralized matrix‐generating osteoblasts and con-
densate to form osteoblast‐mediated bone.1 Polycystin‐1
(PC1) encodes PKD1, a chief mechanosensing molecule,
which is implicated in bone remodeling and skeleto-
genesis.2 As reported in previous studies, Runx2 may
induce the differentiation of hypertrophic chondrocytes
and osteoblasts from mesenchymal precursors.3 Xiao
et al.1 reported that PKD1 may stimulate the osteoblast‐
specific transcription factor RUNX2 to regulate skeleto-
genesis. In another study, mechanical load‐induced
RUNX2 expression could regulate osteoblast differentia-
tion and ultimately bone formation through the PKD1‐
JAK2/STAT3 signaling pathway.2 Through a cascade of
calcineurin/nuclear factor of activated T cells signaling,
PKD1 undergoes mechanical stimulation and modulates
bone‐cell differentiation by regulation of osteoblast gene
transcription.4

Oxidative stress is believed to play an important role
in osteogenesis. Peroxide anion free radicals may be
important in the bone‐like formation of disease related to
ossification, indicated by the results of fourier transform
infrared spectra.5 Oxidative stress is reported to inhibit
osteogenesis by decreasing Wnt‐related gene expression.6

In addition, oxidative stress is known to inhibit activated
protein kinase activation as well as FOXO3a and RUNX2
expression in osteogenic differentiation of human MSCs.7

The NAD+‐dependent deacetylase Sirt1 is reported to be
associated with cell longevity following oxidative stress.
Singh et al.8 found that Sirt1 was correlated with α‐
synuclein aggregate formation and cell survival, and Sirt1
activity was reduced under oxidative stress, which sug-
gested that Sirt1 is a pro‐survival protein that is down-
regulated under cellular stress. In other studies, Sirt1 was
found to have potential antioxidative stress activity in
vascular endothelial cells, the mechanisms of which in-
cluded Sirtuin1/nitrogen oxide, Sirtuin1/Superoxide
Dismutase, Sirtuin1/Forkhead box O, Sirtuin1/ endoth-
elium nitric oxide synthase, and Sirtuin1/nuclear factor
kappa‐B pathways.9 In renal epithelial cells and tissues of
embryonic and postnatal PKD1‐mutant mice, Sirt1 was
upregulated through c‐MYC.10 A previous report found
that there is a feed‐forward regulatory PKD1‐c‐Myc loop
mechanism between c‐Myc and PKD1.11 Studies on
whether PKD1 is associated with Sirt1 in the osteoblast
differentiation of bone MSCs under oxidative stress re-
main relatively scarce. Perturbations of both PKD1 and
TAZ expression, which may participate in a common
signaling pathway, was considered to correlate with bone
and kidney phenotypes.12

In the present study, we explored the role of PKD1 in
osteogenesis inhibited by oxidative stress. Under oxida-
tive stress, the effects of PKD1, Sirt1, and osteogenic‐
related genes, such as RUNX2, were investigated in cell
viability and osteogenesis.

2 | MATERIALS AND METHODS

2.1 | Cell isolation and culture

Bone marrow (BM)‐MSCs from rats were primarily se-
parated and cultured according to previous reports.13,14

MSCs were isolated from the BM of 4–6‐week‐old Wistar
rats. The animals used in our study were obtained from
the Shanghai Experimental Animal Center of the Chi-
nese Academy of Science. The Shanghai Jiao Tong Uni-
versity Medical Animal Ethics Committee approved the
animal studies. In brief, the marrow sample was flushed
and isolated from the bone using low glucose Dulbecco's
modified eagle medium (DMEM) and then filtered
through 63‐µm meshes. The cells were centrifuged at
1500 rpm for 20 min and then collected, resuspended,
and cultured in plates. Cells of three to five passages were
used for further study.

2.2 | CCK8 assays cell viability of
H2O2‐treated BM‐MSCs

A single cell suspension of three passage BM‐MSCs (P3)
was seeded in 96‐well plates with 4 × 104 cells per well.
After 6 h incubation at 37°C with 5% CO2, 0–400 µM
H2O2 was added to cells followed by sustained incubation
for 24, 48, and 72 h. A Cell Counting Kit‐8 (CCK8) (Do-
jindo) was then used to measure cell viability according
to the manufacturer's instructions. A Multiskan GO mi-
croplate reader (Thermo Fisher Scientific) was used to
measure the absorbance of cells at 460 nm.

2.3 | Food and Drug Administration
(FDA) labeling of H2O2‐treated BM‐MSCs

The BM‐MSCs on the plates were incubated with 10 µM
FDA for 1 h at 37°C in the dark, then soaked and washed
with phosphate‐buffered saline (PBS) three times for
3 min each time. The liquid on the slide was dried with
absorbent paper, and the slide was sealed with sealing
liquid containing an anti‐fluorescence quenching agent.
Images were then observed and collected under a fluor-
escence microscope.
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2.4 | Osteoblast differentiation and
H2O2 treatment

For osteogenic differentiation, rat BM‐MSCs (P3) were
plated in six‐well plates at a density of 5 × 105 cells/well
and incubated in low glucose DMEM (Gibco) with 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin and
streptomycin (Sigma‐Aldrich) until the cells reached 75%
confluence. The medium was replaced by osteogenic dif-
ferentiation medium (ODM; Cyagen) composed of 10%
FBS, 1% penicillin and streptomycin, glutamine (4mM),
ascorbate (50 µg/ml), β‐Glycerophosphate (10mM), and
Dexamethasone (0.1 µM) in DMEM. Fresh ODM was re-
plenished every 3 days. To explore the association of oxi-
dative stress with osteogenic differentiation, BM‐MSCs
were pre‐exposed to 100 μM H2O2 diluted in DMEM for
24 h followed by incubation in ODM. Cells were trans-
fected with c‐Myc, PKD1, and TAZ‐siRNA, and a selective
SIRT1 inhibitor (Selisistat, EX 527; Sigma‐Aldrich) was
used to treat BM‐MSCs.

2.5 | ALP activity assay

We performed an alkaline phosphatase (ALP) activity
assay to assess the early osteogenic differentiation of rat
BM‐MSCs. After osteogenic differentiation for 21 days,
cells were stained using a 5‐Bromo‐4‐chloro‐3‐indolyl
phosphate/Tetrazole nitro blue Chromogenic Kit (Sigma‐
Aldrich) according to the manufacturer's instructions.
Briefly, after being fixed, the cells were then washed
three times for 5 min each time and then stained using a

dye working solution for 20 min in the dark at room
temperature. After washing two times with PBS, cells
were stained with nuclear solid red staining solution,
then dehydrated by anhydrous ethanol, made transpar-
ent by xylene, and sealed in a fume hood after neutral
drying. Photos of stained cells were taken under a
microscope.

2.6 | Alizarin red S staining

Alizarin red S staining was performed in the presence of
calcium deposits to assess the osteogenic differentiation
of rat BM‐MSCs. In brief, the cells were dipped and
washed three times with PBS for 1 min each time, fixed
using 4% formaldehyde for 15 min, and then washed
three times with PBS for 3min each time, followed by
staining with 0.2% (w/v) Alizarin red S for 30 min. Photos
of stained cells were taken under a microscope. Cells that
were positive for calcium deposition were stained
orange‐red.

2.7 | Real‐time quantitative PCR
(RT‐PCR)

Trizol (Invitrogen) was used to isolate total RNA from
BM‐MSCs according to the manufacturer's instructions.
Equal amounts of RNA were added to the reverse tran-
scriptase reaction mix with oligo‐dT primers. The tem-
plates obtained were subjected to the following PCR with
compliant specific primers, as shown in Table 1.

TABLE 1 Primers used in qPCR
assay

Genes Primer Primer sequence（5′‐3′） Product

PKD1 Forward TGGGTGCTGATGTTCGTAGA 134 bp

Reverse CGTAATGCAAATGGGCGGAC

Sirt1 Forward GATCTCCCAGATCCTCAAGCC 189 bp

Reverse TTCCACTGCACAGGCACATA

c‐MYC Forward ACTCGGTGCAGCCCTATTTC 187 bp

Reverse GTAGCGACCGCAACATAGGA

RUNX2 Forward GCGGTGCAAACTTTCTCCAG 196 bp

Reverse GTCACTGCACTGAAGAGGCT

COL1A1 Forward TTTCCCCCAACCCTGGAAAC 287 bp

Reverse CAGTGGGCAGAAAGGGACTT

BGLAP Forward TGAGGACCCTCTCTCTGCTC 150 bp

Reverse GGTAGCGCCGGAGTCTATTC

Abbreviation: BGLAP, bone gammacarboxyglutamate (gla) protein (osteocalcin); qPCR, quantitative
polymerase chain reaction.
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2.8 | Western blot analysis

The total protein from BM‐MSCs was extracted using
radio immunoprecipitation assay buffer (50 mM Tris‐
HCl, pH 7.4，1% NP‐40, 150 mM NaCl, and 0.5% so-
dium deoxycholate). A Bicinchoninic Acid Protein As-
say Kit (Thermo Fisher Scientific) was then used to
determine the protein concentration. Total protein
samples of cells were separated by 10% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS‐PAGE)
and transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore). The membranes were in-
cubated with rabbit monoclonal anti‐PKD1 antibody
(1:1000; Abcam; ab51246), and rabbit polyclonal anti‐c‐
MYC antibody (1:1000; CST; #9402) and anti‐Sirt1 an-
tibody (1:1000; CST; #2493) overnight at 4°C. After
being washed, the membranes were incubated with the
corresponding horseradish peroxidase‐conjugated sec-
ondary antibody for 1 h at 25°C. Protein blots were vi-
sualized using enhanced chemiluminescence reagents
(ECL; Invitrogen) and quantified using ImageJ software.
A rabbit monoclonal anti‐Actin antibody (1:1000; Ab-
cam; ab179467) was used to correct for loading.

2.9 | Chromatin
immunoprecipitation (ChIP)

We performed a chromatin immunoprecipitation (ChIP)
assay according to a previous study.10,15 A ChIP Kit (Merck‐
Millipore) was used following the manufacturer's instruc-
tions. Briefly, chromatin DNA was immunoprecipitated with
rabbit polyclonal anti‐c‐MYC antibody (1:50; CST; #9402) or
normal rabbit IgG. After being washed, the DNA and
protein‐antibodies were cross‐linked. quantitative poly-
merase chain reaction (qPCR) was performed to analyze the
recovered DNA for the presence of c‐MYC binding motifs at
the Sirt1 promoter.

2.10 | Dual‐luciferase reporter assay and
transfection

According to previous studies,12,16 after transfection using
Lipofectamine 3000 (Invitrogen), rat BM‐MSCs were see-
ded to 24‐well plates to achieve 70% confluency. Cells
were then cotransfected with TAZ‐Luc (Luciferase), pRL‐
TK (Renilla), PKD1‐CTT or PKD1‐CTT mutant (PKD1‐
CTTm), and Lipofectamine for 12 h. The transfected cells
were harvested and luciferase activity indicating the re-
lative TAZ activity was assayed using a dual‐luciferase
assay kit (Promega) according to the manufacturer's
instructions.

2.11 | siRNA treatment

Rat BM‐MSCs were seeded into 24‐well plates, and co-
transfected with target‐specific siRNA of PKD1 or TAZ,
and control siRNA using Lipofectamine 3000. The siRNA
sequences that target PKD1 (Gene Bank accession no,
NM_001257352.1) or TAZ (Gene Bank accession no,
NM_001025748.1) were designed using an internet‐based
application (Invitrogen).

2.12 | Statistical analysis

GraphPad Prism 8.0 software was used for data analysis.
All results are presented as the mean ± SD. Differences
between two groups were analyzed using the Student's t
test. Differences were considered statistically significant
when p <.05.

3 | RESULTS

3.1 | Expression of PKD1 and cell
viability was reduced in BM‐MSCs treated
with H2O2

Hydrogen peroxide (H2O2) associated with the produc-
tion of reactive oxygen species (ROS) is believed to af-
fect MSC differentiation in osteocytes. We first
determined the cell viability of BM‐MSCs treated with
0–400 µM H2O2. We found that viability tended to de-
crease in a dose‐dependent manner and the difference
was more significant over time from 24 to 72 h
(Figure 1A, B). Moreover, there was no significant dif-
ference in the viability of cells treated with either 200 or
400 µM H2O2 for 24 and 72 h. We next measured the
expression of PKD1 in H2O2‐treated cells by qPCR and
western blot analysis. The results indicated that both
the mRNA and protein levels of PKD1 were significantly
downregulated in a dose‐dependent manner within a
dose range of 0–400 µM H2O2. This was similar to the
cell viability results where the two doses of 200 and
400 µM H2O2 exhibited almost no significant difference
in PKD1 expression (Figure 1C, D).

3.2 | Upregulation of Sirt1 targets
c‐MYC associated with PKD1 down
regulation in BM‐MSCs to resist oxidative
stress

The expression of Sirt1 and c‐MYC in rat BM‐MSCs
under oxidative stress was measured. In contrast to the
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expression of PKD1, both mRNA and protein levels of
Sirt1 and c‐MYC were upregulated in BM‐MSCs treated
with H2O2 in a dose‐dependent manner (Figure 2A, B).
As shown in Figure 2C, D, the RNA interference fragment
siRNA2 was the most effective in the knockdown of PKD1
mRNA and protein. Oxidative stress‐induced Sirt1 and
c‐MYC upregulation in BM‐MSCs, which was further in-
creased by siRNA PKD1 transfection (Figure 2E, F).
Moreover, c‐MYC may bind to the promoter of Sirt1 to
upregulate its expression, as confirmed by the results of
the ChIP assay (Figure 2G). An RNA interference frag-
ment of siRNA was chosen to knock down c‐MYC ex-
pression (Figure 2H, I). BM‐MSCs transfected with PKD1‐
siRNA and undergoing oxidative stress showed sig-
nificantly increased Sir1 expression, whereas c‐MYC‐
siRNA transfection decreased Sir1 expression. It is worth
noting that c‐MYC‐siRNA could upregulate, but not re-
verse Sir1 expression, which induced a decrease in PKD1‐
siRNA (Figure 2J, K). The viability of BM‐MSCs trans-
fected with c‐MYC‐siRNA was further decreased under
oxidative stress (Figure 2L).

3.3 | PKD1 expression is associated with
cell differentiation under oxidative stress

ALP activity is concerned with early osteogenic differentia-
tion. ALP activity was assayed to explore the effect of PKD1
on early osteogenic differentiation of rat BM‐MSCs. As
shown in Figure 3A,B, the downregulation of PKD1 was
correlated with ALP activity in BM‐MSCs treated with H2O2

in a dose‐dependent manner. The downregulation of PKD1
expression with siRNA aggravated the inhibition of early
osteogenic differentiation by H2O2 in BM‐MSCs. Alizarin red
S staining indicated that H2O2‐induced calcium deposits
decreased during the osteogenic differentiation of rat BM‐
MSCs, whereas the siRNA inhibition of PKD1 expression
confirmed the induction of oxidative stress by H2O2

(Figure 3C). This was similar to osteogenic differentiation.
H2O2 treatment decreased the mRNA expression of RUX2,
COL1A, and bone gammacarboxyglutamate (gla) protein
(osteocalcin) (BGLAP) whereas the siRNA inhibition of
PKD1 expression enhanced the downregulating effects of
H2O2 significantly (Figure 3D–F).

FIGURE 1 Reduced expression of PKD1 and cell viability in BM‐MSCs treated with H2O2. Primary rat BM‐MSCs were treated with
0–400 µM H2O2. (A) Cell viability was measured using CCK8. (B) FDA was used to fluorescently label BM‐MSCs. (C) Western blot analysis
was performed to measure the protein expression of PKD1. (D) qPCR was performed to measure the mRNA expression of PKD1. Data were
expressed as the mean ± SD, n= 3. *p< .05, **p< .01 versus 0 µM H2O2‐treated cells. BM‐MSCs, bone marrow‐mesenchymal stem cells;
FDA, Food and Drug Administration; mRNA, messenger RNA; qPCR, quantitative polymerase chain reaction
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3.4 | PKD1 interacted with TAZ under
oxidative stress to regulate osteogenic
differentiation

To evaluate how PKD1 was involved in osteogenic differ-
entiation under oxidative stress, we further measured PKD1
and Sirt1 expression in BM‐MSCs during osteogenic differ-
entiation under normal conditions or oxidative stress. Our

results showed that the mRNA and protein expression of
PKD1 was upregulated in osteogenic differentiated cells from
0 to 21 days under normal conditions or oxidative stress.
Sirt1 was upregulated in osteogenic differentiated cells from
0 to 14 days, whereas it was downregulated on Day 14 under
oxidative stress (Figure 4A, B). It was noted that the mRNA
and protein expression of Sirt1 increased mildly during os-
teogenic differentiation under normal conditions. Calcium

FIGURE 2 Sirt1 is targeted by c‐MYC to inhibit PKD1 expression in BM‐MSCs after oxidative stress injury. Primary rat BM‐MSCs
treated with 0–100 µM H2O2. (A) The protein expression of Sirt1 and c‐MYC was measured using western blot analysis. (B) The mRNA
expression of Sirt1 and c‐MYC was measured by qPCR. n= 3. *p< .05, **p< .01 versus 0 µM H2O2‐treated BM‐MSCs. (C) Western blot
analysis was performed to measure PKD1 protein expression in BM‐MSCs transfected with RNA interference fragments (siRNA) of PKD1.
(D) PKD1 mRNA expression of BM‐MSCs transfected with RNA interference fragments of PKD1 was detected by qPCR. (E, F) mRNA
expression of Sirt1 and c‐MYC in PKD1‐siRNA transfected BM‐MSCs simultaneously treated with 0–100 µM H2O2. (G) ChIP assay was used
to explore whether c‐MYC may bind to the promoter of Sirt1 to upregulate its expression. (H, I) Western blot analysis and qPCR assays were
used to measure the c‐MYC expression of BM‐MSCs transfected with RNA interference fragments (siRNA) of c‐MYC. (J, K) Western blot
analysis and qPCR assay was performed to measure Sirt1 expression in BM‐MSCs transfected with PKD1‐siRNA and/or c‐MYC‐siRNA
undergoing oxidative stress induced by 100 µM H2O2. (L) Cell viability of BM‐MSCs transfected with PKD1‐siRNA and/or c‐MYC‐siRNA
undergoing oxidative stress was measured using CCK8. Data are expressed as the mean ± SD, n= 3. *p< .05, **p< .01 versus negative
control RNA fragment (NC) transfected cells. BM‐MSCs, bone marrow‐mesenchymal stem cells; ChIP, chromatin immunoprecipitation;
mRNA, messenger RNA; qPCR, quantitative polymerase chain reaction
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deposits and ALP activity of BM‐MSCs transfected with
PKD1‐siRNA was significantly decreased compared with
negative control cells (Figures 4C, 4D, and 4F). c‐MYC‐
siRNA and EX527, an inhibitor of Sirt1, was used to inhibit c‐
MYC and Sirt1 in our study. c‐MYC‐siRNA and EX 527 in-
hibited the ALP activity of BM‐MSCs. The effect of c‐MYC‐
siRNA was similar to that of PKD1‐siRNA on calcium de-
posits and ALP activity (Figure 4C, D), and ALP activity was
lower in cells transfected with PKD1‐siRNA and treated with
EX 527 than in cells treated with PKD1‐siRNA or EX 527
(Figure 4F). The results of a RUNX2mRNA expression assay
indicated that c‐MYC‐siRNA, PKD1‐siRNA, or EX 527 in-
duced a lower expression of RUNX2, both of which had a
synergistic effect on the downregulation of RUNX2 expres-
sion (Figure 4E, G). The results of dual‐luciferase reporter
assays suggested that PKD1 may associate with TAZ activity
(Figure 4H). We further investigated the effect of PKD1
combined with TAZ on the osteogenic differentiation of
BM‐MSCs under oxidative stress. Both PKD1‐siRNA and

TAZ‐siRNA inhibited ALP activity, RUNX2 expression, and
calcium deposits (Figure 4J, K). TAZ‐siRNA especially en-
hanced the inhibition by PKD1‐siRNA.

4 | DISCUSSION

Osteogenesis is necessary for bone formation. As a type of
multipotent stem cell, MSCs can differentiate into osteocytes,
myocytes, adipocytes, and adipocytes. Osteogenesis has been
reported to be regulated by many conventional pathways.
The MSC microenvironment provides dynamic physical and
chemical cues essential to cell proliferation, survival, and
function for bone regeneration and repair.17 Stimulation of
osteogenesis tends to be regulated by many processes, in-
cluding ROS. Hydrogen peroxide (H2O2) is a ROS described
in many living organisms.18 During MSC differentiation,
ROS appear to be generated and this may be related to some
signaling cascades. Oxidants are reported to regulate

FIGURE 3 PKD1 is associated with cell differentiation of BM‐MSCs under oxidative stress. Primary rat BM‐MSCs transfected with
PKD1‐siRNA and treated with 0–100 µM H2O2. (A, B) ALP activity assays were performed to assess the early osteogenic differentiation of
BM‐MSCs. (C) Alizarin red S staining was used to detect the presence of calcium deposits. qPCR was used to measure the mRNA expression
of RUNX2 (D), COL1A1, (E), and BGLAP (F). Data are expressed as the mean ± SD, n= 3. *p< .05, **p< .01 versus cells transfected with
negative control RNA fragments (NC). BGLAP, bone gammacarboxyglutamate (gla) protein (osteocalcin); BM‐MSCs, bone marrow‐
mesenchymal stem cells; mRNA, messenger RNA; qPCR, quantitative polymerase chain reaction
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signaling cascades associated with differentiation to affect
the differentiation of MSCs into osteocytes.19 Wnt is con-
sidered as a molecular switch for adipogenic/osteogenic
differentiation,18 and disruption of the Wnt/β‐catenin path-
way impairs osteogenesis.18,20 Increased oxidative stress

production correlates with decreased bone formation, which
was attenuated by the activation of the FOXO family tran-
scription to suppress Wnt signaling.21 This was similar to
the findings of another study, where FOXOs impaired bone
formation by antagonizing Wnt signaling in C57BL/6 mice

FIGURE 4 PKD1 regulates osteogenic differentiation by interacting with TAZ under oxidative stress. BM‐MSCs were pre‐exposed or not
to 100 μM H2O2 diluted in DMEM for 24 h followed by incubation in differentiation medium (ODM) for 0–20 days and/or treated with the
Sirt1 inhibitor, Selisistat (EX 527). Cells were transfected with PKD1‐siRNA, c‐MYC‐siRNA, or TAZ‐siRNA. (A, B) Protein and mRNA
expression of PKD1 and Sirt1 was measured by western blot analysis and qPCR under normal conditions or oxidative stress. (C) Alizarin red
S staining for the presence of calcium deposits was performed to investigate the effect of PKD1 combined with c‐MYC on the osteogenic
differentiation of BM‐MSCs under oxidative stress. (D, F) ALP activity was measured. (E, G) qPCR assays were used to measure RUNX2
mRNA expression. (H) Dual‐luciferase reporter assays were used to evaluate the relation between PKD1 and TAZ activity. (I) Alizarin red S
staining was used to detect the presence of calcium deposits, (J) ALP activity, and (K) RUNX2 mRNA expression were obtained from qPCR
detection to investigate the effect of PKD1 combined with TAZ on the osteogenic differentiation of BM‐MSCs under oxidative stress. Data
are expressed as the mean ± SD, n= 3. NS, not significant. BM‐MSCs, bone marrow‐mesenchymal stem cells; DMEM, Dulbecco's modified
eagle medium; mRNA, messenger RNA; qPCR, quantitative polymerase chain reaction
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in vivo.22 Hh signaling was reported to be associated with
osteoinduction. Oxidative stress inhibits Hh‐induced osteo-
genic differentiation in bone marrow‐derived MSCs.18,23 In
the present study, bone marrow‐derived MSCs were isolated
from rats and induced by H2O2 to explore the factors af-
fecting osteogenesis. Our results indicate that cell viability,
ALP activity, which is an early osteoblastic marker, and
other osteoblastic markers, including RUX2, COL1A, and
BGLAP dose‐dependently decreased BM‐MSCs induced by
H2O2, which is similar to the findings of a previous study
where H2O2‐induced ALP was significantly decreased in BM
stromal cells and H2O2‐induced oxidative stress impaired
MSC proliferation.18 ROS inhibited Hh signaling‐mediated
osteogenesis.18

Many researchers have found that PKD1 has a pro-
tective effect against oxidative damage. Activation of
PKD1 mediates a compensatory response during the
early stage of neuronal degeneration induced by oxida-
tive stress.24 PKD1 protects intestinal cells from H2O2

induction through NF‐κB and p38 MAPK pathways.25

Phosphorylation of cytoskeletal proteins mediated by
PKD1 could prevent mitochondrial translocation to pro-
mote cell survival.26 Activation of PKD1 may protect
neurons from excitotoxicity‐induced damage in neuro-
degenerative disorders.27 In another study, researchers
found that the inhibition of PKD1 decreased insulin se-
cretion and susceptibility to oxidative stress in p38delta
null mice.28 In the present study, we investigated the role
of PKD1 in the osteogenesis differentiation of BM‐MSCs
under normal conditions or oxidative stress. Our results
indicated that the expression of PKD1 was down-
regulated in BM‐MSCs induced by H2O2, which was
negatively correlated with cell viability. Moreover, cell
viability and PKD1 expression were decreased by H2O2

dose‐ and time‐dependently.
Sirt1 is an NAD+‐dependent deacetylase known to be

related to cell longevity under oxidative stress. Oxidative
damage targets complexes containing Sirt1.29 Sirt1 dea-
cetylase regulates FOXO transcription factors stress‐
dependently. Sirt1 could either increase the ability of
FOXO3 to induce resistance to oxidative stress and cell‐
cycle arrest or inhibit the ability of FOXO3 to induce cell
death.30 We also found that the expression of Sirt1 and c‐
MYC were upregulated in BM‐MSCs induced by H2O2.
PKD1 is reported to be involved in bone remodeling and
skeletogenesis2 and regulated by stimulation osteoblast‐
specific transcription factor RUNX2.1 PKD1 was nega-
tively correlated with Sirt1 in renal epithelial cells and
embryonic tissues in mice.10 We further investigated the
relation between PKD1, Sirt1, and c‐MYC. Our results
showed that PKD1 expression was downregulated and
both Sirt1 and c‐MYC expression were upregulated in
BM‐MSCs induced by oxidative stress. As in previous

studies, c‐MYC is strongly enriched on the PKD1 pro-
moter with RNA pol II to upregulate PKD1 expression
and β‐catenin activation, lending credence for the re-
ciprocal crosstalk between c‐MYC and PKD1.11 There-
fore, there is a feed‐forward regulatory PKD1–c‐MYC
loop mechanism. c‐MYC may bind to the promoter of
Sirt1 to upregulate its expression. PKD1, Sirt1, and c‐
MYC can also affect the cell viability of BM‐MSCs under
oxidative stress. The effects of PKD1 and Sirt1 on the
osteogenic differentiation of BM‐MSCs under oxidative
stress were also explored. It was found that the mRNA
and protein expression of PKD1 and Sirt1 was upregu-
lated in osteogenic differentiated cells from 0 to 14 days
under oxidative stress. EX 527, an inhibitor of Sirt1, in-
hibited ALP activity of BM‐MSCs even more. PKD1‐
siRNA or EX 527 reduced the expression of RUNX2 in
BM‐MSCs during osteogenic differentiation, and both EX
527 and RUNX2 had a synergistic effect on the down-
regulation of RUNX2 expression. Results of a dual‐
luciferase reporter assay suggested that PKD1 could bind
to TAZ to promote TAZ activity. We further investigated
the effect of PKD1 combined with TAZ on the osteogenic
differentiation of BM‐MSCs under oxidative stress. The
downregulation of both PKD1 and TAZ inhibited ALP
activity, RUNX2 expression, and calcium deposits. TAZ‐
siRNA especially enhanced the inhibition of ALP activ-
ity, RUNX2 expression, and calcium deposits when
PKD1 was under‐expressed.

In conclusion, the expression of PKD1 and cell via-
bility in BM‐MSCs was dose‐ and time‐dependently de-
creased by H2O2. Expression of Sirt1 and c‐MYC was
upregulated in H2O2‐treated BM‐MSCs. PKD1 expression
was downregulated, while Sirt1 and c‐MYC expression
was upregulated in BM‐MSCs under oxidative stress.
c‐MYC may bind to the promoter of Sirt1 to upregulate
its expression. It was also found that PKD1 was positively
and Sirt1 and c‐MYC were negatively correlated with the
cell viability of BM‐MSCs under oxidative stress. The
reduced expression of PKD1 inhibited ALP activity,
RUX2, COL1A, and BGLAP expression in BM‐MSCs in-
duced by H2O2 dose‐dependently. The expression of
PKD1 and Sirt1 was upregulated in osteogenic differ-
entiated cells from 0 to 14 days. The inhibition of Sirt1
accompanied with the reduced expression of PKD1 in-
hibited ALP activity and RUNX2 expression in BM‐MSCs
synergistically. PKD1 combined with TAZ may sy-
nergistically affect osteogenic differentiation of BM‐
MSCs under oxidative stress. The reduced expression of
both PKD1 and TAZ inhibited ALP activity, RUNX2 ex-
pression, and calcium deposits. Furthermore, TAZ‐siRNA
enhanced the inhibition of PKD1 expression on osteo-
genic differentiation of BM‐MSCs, especially under oxi-
dative stress. Our results suggested that PKD1 may

CHEN ET AL. | 1723



alleviate oxidative stress‐inhibited osteogenesis of rat
BM‐MSCs through promoting TAZ activity.
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