MOLECULAR MEDICINE REPORTS 23: 118, 2021

Effects of inhibiting PDK-1 expression in bone marrow
mesenchymal stem cells on osteoblast differentiation in vitro
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Abstract. Osteoblasts are the main functional cells in bone
formation, which are responsible for the synthesis, secretion
and mineralization of bone matrix. The PI3K/AKT signaling
pathway is strongly associated with the differentiation and
survival of osteoblasts. The 3-phosphoinositide-dependent
protein kinase-1 (PDK-1) protein is considered the master
upstream lipid kinase of the PI3K/AKT cascade. The present
study aimed to investigate the role of PDK-1 in the process of
mouse osteoblast differentiation in vitro. In the BX-912 group,
BX-912, a specific inhibitor of PDK-1, was added to osteoblast
induction medium (OBM) to treat bone marrow mesenchymal
stem cells (BMSCs), whereas the control group was treated
with OBM alone. Homozygote PDK1%¥1°* mice were designed
and generated, and were used to obtain BMSCsPPK!flox/flox,
Subsequently, an adenovirus containing Cre recombinase
enzyme (pHBAd-cre-EGFP) was used to disrupt the PDK-1
gene in BMSCsPPK!flov/liox: thig served as the pHBAd-cre-EGFP
group and the efficiency of the disruption was verified.

Correspondence to: Professor Shaohui Zong, Department of Spine
Osteopathia, The First Affiliated Hospital of Guangxi Medical
University, Guangxi Medical University, 22 Shuangyong Road,
Nanning, Guangxi 530021, P.R. China

E-mail: xiaohui3008@126.com

Professor Gaofeng Zeng, Department of Nutrition and Food
Hygiene, College of Public Hygiene of Guangxi Medical University,
22 Shuangyong Road, Nanning, Guangxi 530021, P.R. China
E-mail: 1685858372@qq.com

“Contributed equally

Key words: osteoblasts, gene knockout, adenovirus, Cre reco-
mbinase enzyme, 3-phosphoinositide-dependent protein kinase 1

Western blot analysis demonstrated that the protein expression
levels of phosphorylated (p)-PDK1 and p-AKT were gradu-
ally increased during the osteoblast differentiation process.
Notably, BX-912 treatment and disruption of the PDK-1 gene
with pHBAd-cre-EGFP effectively reduced the number of
alkaline phosphatase (ALP)-positive cells and the optical
density value of ALP activity, as well as the formation of cell
mineralization. The mRNA expression levels of PDK-1 in the
pHBAd-cre-EGFP group were significantly downregulated
compared with those in the empty vector virus group on
days 3-7. The mRNA expression levels of the osteoblast-related
genes RUNX2, osteocalcin and collagen I were significantly
decreased in the BX-912 and pHBAd-cre-EGFP groups on
days 7 and 21 compared with those in the control and empty
vector virus groups. Overall, the results indicated that BX-912
and disruption of the PDK-1 gene in vitro significantly inhib-
ited the differentiation and maturation of osteoblasts. These
experimental results provided an experimental and theoretical
basis for the role of PDK-1 in osteoblasts.

Introduction

Osteoporosis is a systemic metabolic disease associated
with age, which is accompanied by a significant economic
and psychological burden to patients and their families (1).
At present, the drugs used to treat osteoporosis have several
side effects and other deficiencies (2); therefore, further deter-
mining the pathogenesis of osteoporosis and identifying novel
treatment targets is of great economic and social significance.
Under normal physiological conditions, osteoblasts serve an
important role in bone formation. Osteoblasts are the main
functional cells in bone formation, and are responsible for the
synthesis, secretion and mineralization of bone matrix; the
proliferation and differentiation of osteoblasts are regulated by
a variety of growth factors (3,4). Therefore, understanding the
mechanism underlying osteoblast differentiation has a vital
clinical significance for the treatment of osteoporosis.
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The PI3K/AKT signaling pathway is involved in the regula-
tion of cell proliferation, differentiation, apoptosis and glucose
transport, particularly in apoptosis and cell survival (5). PI3K
is a key control point in several apoptotic pathways. When
PI3K is activated, second messengers PIP2 and PIP3 can be
induced. AKT is an important downstream target of PI3K and
PIP3, which can interact with PIP3 recruited on the plasma
membrane, and then be partially phosphorylated and activated
by 3-phosphoinositide-dependent protein kinase-1 (PDK-1) to
regulate downstream pathways and promote cell survival (6).
An increasing body of evidence has reported that the
PI3K/AKT signaling pathway regulates the proliferation and
differentiation of osteoblasts (7). Notably, the PDK-1 protein
has attracted increasing attention in recent years; however,
to the best of our knowledge, the role of PDK-1 in osteoblast
differentiation has not been systematically studied.

Bones are affected by the balance in osteoblast-mediated
bone formation and osteoclast-mediated bone resorption. Our
previous study demonstrated that inhibiting the expression of
PDK-1 significantly inhibited the differentiation and matura-
tion of osteoclasts (8). Therefore, the aim of present study was
to determine the role of PDK-1 in osteoblast differentiation.

Materials and methods

Ethics statement. The present study was approved by the Ethics
Committee of the Guangxi Medical University (Nanning,
China; approval no. 201910012).

Materials and reagents. Fetal bovine serum (FBS) and
Dulbecco's modified Eagle medium were purchased from
Gibco (Thermo Fisher Scientific, Inc.). Osteoblast induction
medium (OBM; cat. no. MUBMX-90021) was purchased
from Cyagen Biosciences, Inc. Primary antibodies specific
to t-PDK1(rabbit; cat. no. 5662; 1:1,000), p-PDK1 (rabbit;
cat. no. 3438; 1:1,000), t-Akt (rabbit; cat. no. 4685; 1:1,000),
p-Akt (rabbit; cat. no. 13038; 1:1,000), GAPDH (rabbit;
cat. no. 5174; 1:1,000) and horseradish peroxidase-conjugated
IgG secondary antibody (anti-rabbit; cat. no. 5127; 1:2,000)
were purchased from Cell Signaling Technology, Inc. The
E.Z.N.A. Total RNA kit I (cat. no. R6834-02) was purchased
from Omega Bio-Tek, Inc. The Alkaline Phosphatase (ALP)
Staining kit, ALP Activity Assay kit and Alizarin Red S
Staining kit were purchased from Beyotime Institute of
Biotechnology. The PrimeScript™ RT Reagent kit was
obtained from Takara Bio, Inc. Adenoviral vectors encoding
Cre recombinase (PHBAd-cre-GFP) were purchased from
Hanbio Biotechnology Co.,Ltd. BX-912 (PDK-1 specific inhib-
itor) was purchased from Selleck Chemicals. The commercial
Cell Counting Kit-8 (CCK-8) assay kit was purchased from
Beyotime Institute of Biotechnology.

Animals. A total of three male C57BL/6 mice (age, 4-6 weeks;
weight, 10-16 g; homozygote PDK-1%*1%%) were designed and
provided by GemPharmatech Co., Ltd. The upstream and
downstream sequences of the PDK-1 gene were inserted into
the loxP site. The results of the identification were provided by
GemPharmatech Co., Ltd. and validated in the present study
(shown in Fig. S1). A total of three male C57BL/6 mice (age,
4-6 weeks old; weight, 10-16 g; wild-type, PDK-1**) were also

purchased from GemPharmatech Co., Ltd. All animals had
the same genetic background. All mice were raised and main-
tained in the laboratory animal center of Guangxi Medical
University (Nanning, China). Mice were individually housed
at a controlled temperature (22-26°C) and humidity (50-60%)
in ventilated cages with a 12-h light/dark cycle and free access
to standard chow and fresh water. Experiments on all animals
were conducted according to the 2013 ARRIVE and AVMA
guidelines for euthanasia. Briefly, mice were anesthetized via
inhalation of 2% sevoflurane and were placed in a container;
CO, was then injected into the container at a rate that replaced
25% of container volume per minute. When it was confirmed
that the heartbeats of the mice had stopped and they were no
longer breathing, the CO, was turned off. Finally, the mice
were observed for 2 min to confirm death. The mice were
sacrificed in November 2019.

Treatment groups. The control group was treated with OBM.
The BX-912 group was treated with OBM containing 0.3 uM
BX-912 at 37°C for 1 week. Subsequently, 1x10* cells/well of
BMSCPPK-! floxffiox iy the empty vector and pHBAd-cre-EGFP
virus groups were infected with an empty vector or
pHBAd-cre-EGFP with a MOI of 100 at 37°C, respectively.
A total of 72 h post-infection, the medium was replaced with
OBM.

Isolation and culture of mouse bone marrow mesenchymal
stem cells (BMSCs). After euthanasia, the femurs and tibiae of
the mice were isolated under aseptic conditions. Subsequently,
a 1-ml injection syringe was used to isolate mice bone marrow
from the femurs and tibiae of the PDK1%*1°* and PDK1**
mice, according to a previously published protocol (9). The
bone marrow was collected by a sterile Pasteur pipette, and
filtered through a cell filter and transferred to a centrifuge.
Then, 1:4 volume erythrocyte lysis buffer (Beijing Solarbio
Science & Technology Co., Ltd.) was added to lyse the red
blood cells. Centrifugation was performed at 100 x g for
5 min at 4°C. Resuspended cells were transferred into a T75
cell bottle in DMEM containing 15% FBS, as described by
Klein et al (10).

Induction of BMSC differentiation into osteoblasts. Primary
BMSCs were isolated and cultured in an incubator containing
5% CO, at 37°C; the medium was changed every 2-3 days.
Third-generation BMSCs were collected and seeded in
6-well plates previously coated with gelatin at a density of
5x10° cells/cm?, and upon the BMSCs reaching 70-80% conflu-
ence, 2 ml OBM was added to each well to initiate induction,
followed by culture in an incubator containing 5% CO, at 37°C.
OBM was replaced with fresh OBM every 3 days. The main
components of OBM include 50 pg/ml ascorbic acid, 10 mM
sodium p-glycerophosphate and 107 M dexamethasone. After
1 week of induction, to avoid osteoblast shedding, 1 ml of
medium was changed every 2 days. The morphology of the
osteoblasts was observed under a light microscope (magnifica-
tion, x100; Leica DMIS; Leica Microsystems GmbH).

Infection with adenoviral vectors. BMSCs from PDK]fox/flox
mice (BMSCFPK-1ox/lor)y were infected with empty adenovirus
vectors or pHBAd-cre-EGFP adenovirus vectors (Hanbio
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Biotechnology Co., Ltd.), as previously described (11).
Preliminary investigations to determine the optimal MOI
value were performed in 96-well plates. Then, BMSCs were
cultured in 96-well plates at a density of 1x10* cells/well.
Different MOI virus particle solutions were premixed with
medium and added to each culture well. The MOI gradient
was 25,50, 100, 200, 300 and 400 (12). After 7 h, the medium
was replaced with ordinary culture medium. After 72 h, the
MOI with the highest fluorescence efficiency was selected
as the optimal MOI. Transfection efficiency (%)=(number of
cells emitting green fluorescence in the fluorescence micro-
scope field/number of cells in the light microscope field)
x100. A total of 72 h post-adenovirus infection into BMSCs,
the number of fluorescent cells in three visual fields was
counted in the empty vector and pHBAd-cre-EGFP virus
groups, and the transfection efficiency was calculated. If the
transfection efficiency reached ~80%, the next experiment
was conducted.

CCK-8 assay. CCK-8 was used to observe the effects of the
PDK1-specific inhibitor BX-912 on BMSC proliferation, and to
identify its maximum safe concentration. BMSCs were plated
onto 96-well plates in triplicate at a density of 1x10* cells/well
in complete medium. After 1 day, the BMSCs were treated
with different concentrations of BX-912 (0,0.1,0.3,0.5,0.7,0.9
and 1.1 uM) for 24,48,72,96 and 120 h at 37°C. Subsequently,
10 1 CCK-8 buffer was added to each well for 2 h at 37°C. The
optical density (OD) values were measured at a wavelength of
450 nm using a microplate reader.

Staining and quantification of extracellular matrix. For ALP
staining and ALP activity assay, the cells were washed five times
with PBS, fixed with 4% paraformaldehyde for 30 min at 20°C,
washed 3-5 times with PBS and further incubated with freshly
prepared 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue
tetrazolium (Beyotime Institute of Biotechnology) working
solution at 37°C for 1 h. The cells were then washed with
distilled water 3-5 times, and observed under an inverted
light microscope (magnification, x100) after being sealed in
resin. The ALP activity was assessed using an ALP assay kit
(cat. no. P0321S; Beyotime Institute of Biotechnology). The
absorbance/optical density (OD) of each sample was measured
at 492 nm using a microplate reader. Cellular ALP activity was
quantified as previously described (13).

For Alizarin Red staining and quantification of mineral-
ized extracellular matrix, the cells were maintained in different
groups for 21 days, washed with PBS and then fixed with
4% paraformaldehyde for 30 min at 20°C. After washing with
PBS 3-5 times, cells were stained with Alizarin Red S solution
(40 mmol/l; pH 4.2; Beyotime Institute of Biotechnology) for
20 min at 20°C. Cells were then washed with PBS and images
were captured using an inverted light microscope (magni-
fication, x100). The sample solution was measured using a
microplate reader at an OD of 402 nm. The quantification of
mineralized extracellular matrix was performed as previously
described (14).

Western blot analysis. Total protein was extracted using
RIPA lysis buffer (Shanghai Biyuntian Biotechnology Co.,
Ltd.), according to the manufacturer's protocol. Briefly,

protein lysis buffer (1 ml) was added to each well, cells
were lysed for 30 min at 4°C, and cell lysates were collected
at 4°C. Subsequently, the supernatants were collected, and
the protein concentration was determined using the bicin-
choninic acid assay method. A total of 20 ug protein was
separated via 10% SDS-PAGE. Proteins were transferred
to polyvinylidene fluoride membranes and incubated in 5%
milk for 1 h at 37°C. Subsequently, membranes were incu-
bated with the following primary antibodies overnight at 4°C:
Anti-p-PDK1 (1:1,000), anti-PDK1 (1:1,000), anti-B-actin
(1:1,500), anti-AKT (1:1,000) and anti-p-AKT (1:1,000).
Subsequently, secondary antibodies (anti-rabbit horseradish
peroxidase-conjugated IgG) were added at a 1:1,000 dilution,
and samples were incubated at 37°C for 1 h. Then, 0.5 ml
chemiluminescent horseradish peroxidase substrate (EMD
Millipore) was then added to the membrane and incubated
for 4 min at 20°C. The membrane was carefully placed in
a cassette and left for 30 sec; during development, the film
was completely immersed in the developing solution. When
a black band was observed on the film, it was rinsed with
clean water and placed in the fixing solution. The blot was
analyzed using ImageJ 5.0 software (National Institutes of
Health).

RNA preparation and reverse transcription-quantitative
PCR (gPCR). Total RNA was extracted from cell lines
using the E.Z.N.A. Total RNA kit I (Omega Bio-Tek, Inc.;
cat. no. R6834-02). cDNA was reverse transcribed from
1-2 pug extracted RNA using the RevertAid First Strand
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) under
the following conditions: 37°C for 5 min, 42°C for 60 min
and 70°C for 10 min. The PCR reaction was performed using
the PowerUp™ SYBR™ Green Master mix (cat. no. A25742;
Applied Biosystems; Thermo Fisher Scientific, Inc.). The
following thermocycling conditions were used for the qPCR:
Initial denaturation at 95°C for 5 min; followed by 40 cycles
at 95°C for 5 sec, 60°C for 34 sec and 72°C for 15 sec; and
a final extension at 72°C for 1 min. The primers used were
as follows: PDK-1, forward, 5-TGTGCTTGGTGGATA
TTGAT-3' and reverse, 5~ AAGGAGGAGAGGAGGAAT
GT-3'; RUNX2, forward, 5'-TTCTCCAACCCACGAATG
CAC-3', and reverse, 5-CAGGTACGTGTGGTAGTGAGT-3";
osteocalcin, forward, 5-GAGGGCAATAAGGTAGTGAAC
AGA-3' and reverse, 5'-AAGCCATACTGGTTTGATAGC
TCG-3'; collagen I, forward, 5'-"AATGGTGCTCCTGGTATT
GC-3' and reverse, 5'-GGCACCAGTGTCTCCTTTGT-3"; and
GAPDH, forward, 5'-GCATCTCCCTCACAATTTCCA-3'
and reverse, 5S-TGCAGCGAACTTTATTGATGGT-3'. The
mRNA expression levels of RUNX2, osteocalcin, collagen I
and PDK-1 were normalized to those of GAPDH. The 2444
method was used to determine the relative expression levels of
each target gene (8,15).

Statistical analysis. Experimental data are presented as the
mean + standard deviation of =3 independent biological repeats
and were analyzed using SPSS 24.0 statistical software (IBM
Corp.). One-way analysis of variance followed by Tukey's
test was used to compare differences among multiple groups.
P<0.05 was considered to indicate a statistically significant
difference.
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Cultured at 5 days on after 1 week

Figure 1. Detection of BMSCs under an inverted microscope. (A) Multiple BMSCs gathered and formed colonies. Scale bar, 50 ym. (B) In the primary genera-
tion, the BMSCs were slender and fusiform, and cell growth was obviously accelerated. Scale bar, 50 ym. (C) After the cells were cultured in OBM, their
growth rate clearly slowed down. Scale bar, 50 gm. BMSCs, bone marrow stem cells; OBM, osteoblast induction medium.
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Figure 2. BX-912 inhibits the differentiation of BMSCs into osteoblasts in vitro. The OD values of BX-912-treated BMSCs were determined by Cell Counting
Kit-8 assays at (A) 24, (B) 48, (C) 72, (D) 96 and (E) 120 h. Compared with the control group, there was no considerable effect on BMSC activity at <0.5 yM.
(F) Molecular structure of BX-912. (G) BMSCs were treated with various concentrations of BX-912 for 7 days and stained using the ALP kit. Scale bar, 100 pm.
(H) BX-912 significantly inhibited the formation of ALP-positive osteoblasts in a dose-dependent manner in vitro. Data are presented as the mean + standard
deviation. "P<0.05, “P<0.01 vs. Control. BMSCs, bone marrow stem cells; OD, optical density; ALP, alkaline phosphatase.
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Figure 3. Protein expression levels of p-PDK-1 and p-AKT are gradually increased during osteoblast differentiation. (A) Western blot analysis of PDK1 and
AKT protein expression during the differentiation process. Semi-quantification of the protein expression levels of (B) p-PDK1/t-PDK1 and (C) p-AKT/t-AKT,
which were significantly increased during the differentiation process. Data are presented as the mean =+ standard deviation. "P<0.05, “P<0.01 vs. 0 day. PDK-1,

3-phosphoinositide-dependent protein kinase-1. t-, total; p-, phosphorylated.

Results

Observation of BMSCs under an inverted microscope. After
a 24-h cell culture, the majority of cells had attached to the
bottom of the flask. After 5 days, most cells had gathered into
clusters, and cell colonies were observed in the culture flask
(Fig. 1A). In the primary generation, the cells were slender
and fusiform with a fence-like arrangement, and cell growth
had clearly accelerated (Fig. 1B). Following the addition of
OBM, the rate of cell growth was markedly decreased. After
a 1-week culture, cell formation resembled that of osteoblasts
(triangular or polygonal) (Fig. 1C).

BX-912 inhibits BMSC differentiation into osteoblasts
in vitro. The survival rate of the primary BMSCs at 24, 48,
72,96 and 120 h was measured using the CCK-8 assay. The
results revealed that BMSC proliferation was not inhibited
by <0.5 uM BX-912 (Fig. 2A-E). Therefore, for subsequent
experiments, 0.1-0.5 yuM BX-912 was added to the OBM.
ALP staining was performed on day 7. The results revealed
that ALP formation in cells was significantly inhibited with
the increase in BX-912 concentration. When cells were treated
with 0.3 and 0.5 uM BX-912, the decrease in ALP was statisti-
cally significant (P<0.01); the number of ALP-positive cells
decreased from 230+20/well (0 uM) to 25+10/well (0.5 uM,;
Fig. 2G and H). These findings indicated that BX-912 could
significantly inhibit the differentiation of BMSCs into osteo-
blasts in a dose-dependent manner in vitro. Notably, 0.3 yuM
BX-912 was selected for follow-up experiments.

p-PDK-1 and p-AKT protein expression is gradually
increased during osteoblast differentiation. The protein
expression levels of t-PDK1, p-PDK1, t-AKT and p-AKT were
detected by western blot analysis on days 0, 1, 3,5 and 7 of the
osteoblast differentiation process. The results showed that the

protein expression levels of p-PDK1 and p-AKT were gradu-
ally increased in the osteoblasts (P<0.05; Fig. 3).

pHBAd-cre-EGFP viral infection decreases PDK-1 expression
in BMSCsP&-foxlfier - An adenovirus vector was used to intro-
duce the Cre recombinase enzyme into BMSCsPPK-Hox/flox ¢
disrupt the PDK-1 gene. Based on the MOI gradient, it was
observed that infection efficiency was at its highest at a MOI
of 100; transfection efficiency was 85% when cells were
infected with a MOI of 100 (Fig. 4A). The BMSCs were
obtained from homozygote PDK-11*1°* mice, in which the
upstream and downstream sequences of the PDK-1 gene were
inserted into the loxP site, so that the Cre recombinase enzyme
could knock out PDK-1 gene expression by recognizing the
loxP site (Fig. 4B). The RT-qPCR results demonstrated that
the mRNA expression levels of PDK-1 were higher in the
empty vector virus group on day 7 (12.69+0.61) compared
with those in the pHBAd-cre-EGFP virus group (3.6+0.2);
mRNA expression of PDK-1 was decreased by 72% at day 7
(P<0.01; Fig. 4C). Western blot analysis revealed that p-PDK1,
t-PDK1 and p-AKT protein expression gradually decreased
with time during the differentiation process of BMSCs into
osteoblasts (P<0.05; Fig. 4D). In conclusion, disrupting the
floxed PDK-1 gene segment by Cre recombinase downregu-
lated PDK-1 expression in BMSCsPPK-tovlox ‘ag compared with
the non-specific effects that viral infection had on PDK-1 in
BMSC PPK-tflox/lox iy the empty vector group.

ALP activity and mineralization are inhibited by BX-912
and pHBAd-cre-EGFP viral transfection. ALP expression is
generally detected in the early stage of osteoblast differentia-
tion, whereas the mineralization process generally occurs in
the middle and late stages of osteoblast differentiation (16).
Therefore, ALP staining and OD value determination were
performed on day 7, whereas Alizarin Red staining and
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Figure 4. pHBAd-cre-EGFP viral infection decreases PDK-1 expression in BMSCPP¥!flex/flox (A Green fluorescence of viral infection at a multiplicity of infec-
tion of 100. Scale bar, 100 ym. (B) Schematic diagram of the mechanism of action of Cre enzyme. (C) Reverse transcription-quantitative PCR revealed that the
relative mRNA expression levels of PDK-1 were gradually inhibited following pHBAd-cre-EGFP viral infection compared with those in the empty vector virus
group. (D) Western blot analysis of t-PDK-1, p-PDK-1, t-AKT and p-AKT protein expression during the differentiation process, following pHBAd-cre-EGFP
viral infection. (E) Relative protein expression levels of t-PDK1, t-AKT, p-PDK1 and p-AKT were semi-quantified. Data are presented as the mean + standard
deviation. "P<0.05, “P<0.01 vs. 0 day. PDK-1, 3-phosphoinositide-dependent protein kinase-1; t, total; p-, phosphorylated.

quantitative detection of mineralization (% control) were
performed on day 21. The findings revealed that a higher
number of ALP-positive cells and calcified nodules were
observed in the control and empty vector groups on days 7
and 21. However, the number of ALP-positive cells and calci-
fied nodules were markedly decreased in the BX-912 and
pHBAd-cre-EGFP virus groups on days 7 and 21 (Fig. 5A).
The OD values of ALP activity demonstrated that it was
significantly lower in the BX-912 and pHBAd-cre-EGFP
virus groups compared with those in the control and empty
vector virus groups on day 7 (P<0.01; Fig. 5B). Mineralization
(% control) was also shown to be significantly lower in the
BX-912 and pHBAd-cre-EGFP virus groups compared with
those in the control and empty vector virus groups on day 21
(P<0.01; Fig. 5C). In conclusion, ALP activity and mineral-
ization (% control) formation were significantly inhibited by
BX-912 or pHBAd-cre-EGFP viral infection.

Osteoblast-related gene expression is decreased by BX-912
and pHBAd-cre-EGFP viral infection. The mRNA expression
levels of the osteoblast-related genes RUNX2, osteocalcin,

collagen I were detected by RT-qPCR on days 7 and 21.
The results demonstrated that the mRNA expression levels
of RUNX?2, osteocalcin and collagen I were significantly
downregulated in the BX-912 and pHBAd-cre-EGFP virus
groups, compared with those in the control and empty vector
virus groups following treatment for 7 and 21 days (P<0.01;
Fig. 6A and B).

Discussion

BMSCs are a commonly used seed cell in tissue engineering.
Under specific conditions, BMSCs can be induced to differ-
entiate into osteoblasts, adipocytes, chondrocytes, neurons,
etc., thus participating in tissue repair and regeneration.
BMSCs are also the main source of osteoblasts (17). Bone
formation refers to the process through which BMSCs form
osteoblasts through migration, proliferation and differen-
tiation, and guide the formation of new bone tissue (18).
However, the understanding of the principle and molecular
mechanism underlying the osteogenic differentiation of
BMSCs is still limited.
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Figure 5. ALP activity and mineralization are significantly inhibited by BX-912 or pHBAd-cre-EGFP viral infection. (A) A markedly higher number of
ALP-positive cells and calcified nodules were observed in the control and empty vector virus groups compared with those in the BX-912 and pHBAd-cre-EGFP
virus groups. Scale bar, 100-ym. (B) OD values of ALP activity were quantified and compared on day 7. (C) Mineralization (% control) was quantified and
compared on day 21. All experiments were performed at least three times. Data are presented as the mean + standard deviation. “P<0.01. Ctrl, control; ALP,

alkaline phosphatase; OD, optical density.

Certain studies have reported that activation of the
PI3K/AKT signaling pathway may cause changes in numerous
signaling molecules associated with bone tissue, including
bone morphogenetic protein-2 and ALP bone formation
markers, and promote osteoblast proliferation and differentia-
tion (5). During osteoblast differentiation, the inhibition of this
signaling pathway may lead to osteoblast damage (19). AKT is
a downstream effector of PI3K. Mice with AKT gene knockout
showed decreased bone mass synthesis compared with in mice
of the same age during childhood and adulthood, indicating
that this signaling pathway has the function of regulating
osteoblasts (6,20). Based on the results of these studies, it may
be hypothesized that the PI3K/AKT signaling pathway serves
an important role in osteogenic differentiation.

Research on PDK-1 has mainly focused on tumor metas-
tasis, energy metabolism and cell growth (21), with PDK-1
rarely reported in the field of bone metabolism. PDK-1 has
been identified as a protein kinase, which directly participates
in the signal transduction pathway downstream of AKT by
promoting the phosphorylation of AKT (22), subsequently
affecting carbohydrate metabolism, protein transcription
and translation and cell proliferation (23). AKT protein can
activate the downstream mTORCI protein, which has been
shown to have a pivotal role in apoptosis, autophagy, prolifera-
tion and differentiation (24). In addition, AKT is one of the
important signaling molecules recognized and phosphorylated
by PDK-1. When PDK-1 is activated, the Thr308 site of the
AKT protein is rapidly phosphorylated, and downstream target
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Figure 6. Osteoblast-related genes RUNX2, osteocalcin and collagen I, were analyzed following treatment for (A) 7 and (B) 21 days. The mRNA expression
levels of osteoblast-related genes were significantly decreased in the BX-912 and pHBAd-cre-EGFP virus groups. Data are presented as the mean + standard
deviation. “P<0.01. Ctrl, control.
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Figure 7. Schematic diagram of the mechanism of the PI3K/PDK-1/AKT signal transduction pathway. PDK-1, 3-phosphoinositide-dependent protein kinase-1.

proteins, such as Bcl-2-associated death promoter, glycogen  and migration (25). The translocation of AKT can facilitate
synthase kinases o and 3, and mTORC]1 are activated or inhib-  the phosphorylation of Thr308, which is accomplished with
ited to regulate cell proliferation, differentiation, apoptosis  the help of membrane-located PDK-1 (26). PDK-1 has been
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demonstrated to serve a crucial role in PI3K/AKT signal trans-
duction (Fig. 7). Therefore, it was hypothesized that exploring
the effect of the PDK-1 gene on osteoblast differentiation and
maturation may be of great significance to skeletal metabolic
diseases.

In the present study, in order to investigate the physi-
ological role of PDK-1 in bone metabolism, BX-912, a specific
inhibitor of PDK-1, was added into the OBM, and it was shown
to significantly inhibit the differentiation and maturation of
osteoblasts. BX-912 is an effective, complete PDK-1 inhibitor,
and its high specificity and selectivity when it comes to the
PDK-1 gene has been widely recognized (27,28). These char-
acteristics were also verified in the present study. A previous
study also demonstrated that mice cannot survive if the
PDKI1 gene is knocked out during the embryonic stage (29).
Therefore, in order to understand the effect of PDK-1 on
osteoblasts, BMSCs were isolated from mice (PDK-]ox/flox)
carrying the PDK-1 gene and the upstream and downstream
sequence of the PDK-1 gene were inserted into the loxP site
respectively. After BMSCsPPX-1fox/lox were infected with a virus
containing the Cre recombinase enzyme (pHBAd-cre-EGFP
virus), the mRNA expression levels of PDK-1 were signifi-
cantly suppressed compared with those in the empty vector
virus group on days 3-7; the p-AKT protein was also gradually
downregulated.

It has also been reported that PDK-1 may act on down-
stream proteins through the PI3K-independent pathway (12).
Therefore, the present study focused on changes in the expres-
sion of downstream AKT proteins. It is well known that ALP
is expressed at an early stage of osteoblast differentiation,
whereas mineralization occurs at a late stage. Therefore, ALP
staining and OD value determination were performed on
day 7, and Alizarin Red staining and quantitative detection of
mineralization (% control) were performed on day 21. In the
present study, the same effect that PDK-1 had on osteoblast
differentiation was also observed by BX-912 and PDK-1 gene
disruption in vitro. To the best of our knowledge, the present
study was the first to confirm that PDK-1 has an important role
in osteoblast differentiation.

Isomoto er al (30) reported that rapamycin, a specific
inhibitor of mTORC, inhibited osteoblast differentiation.
Phornphutkul et al (31) and Singha et al (32) reported the
same results. Pan et al (33) revealed that inhibition of PI3K
kinase could block ALP activity in fetal rat skull cells.
The findings of those investigations indicated that the
PI3K/PDK-1/Akt/mTORC signaling pathway has an effect
on osteoblast differentiation, which were similar to the find-
ings of the present study. Owen and Pan (34) suggested that
there were three stages of osteoblast differentiation. Initially,
actively proliferating cells produce extracellular matrix
components, such as laminin and express cell growth regula-
tory genes (35). After the cells have entered the maturation
stage of the extracellular matrix, collagen I protein, which
provides bone mechanical strength and constitutes the struc-
ture of bone tissue, is deposited and the expression of ALP,
a marker gene of the osteoblast phenotype, is increased.
In the final stage of mineralization, the expression of bone
sialoprotein and osteocalcin increases. Osteocalcin, a secreted
protein, is synthesized by osteoblasts in the non-proliferative
stage (18). It participates in bone development by producing

carboxylated osteocalcin, and is considered to be a sign of
bone formation and transformation. Furthermore, RUNX2, as
a specific transcription factor for osteoblasts, mainly regulates
the differentiation of mesenchymal stem cells into osteogenic
and cartilage precursor cells, and serves an important role in
the formation and reconstruction of bone tissue (7). Therefore,
the present study detected the expression of these three genes.
It was revealed that the mRNA expression levels of RUNX2,
osteocalcin and collagen I were significantly downregulated
in the BX-912 and pHBAd-cre-EGFP virus groups compared
with those in the other groups.

The main components of OBM include ascorbic acid,
sodium B-glycerophosphate and dexamethasone. It has been
widely accepted that this medium can promote the differen-
tiation of BMSCs into osteoblasts (36). Dexamethasone has
been reported to promote the differentiation and maturation of
osteoblasts, increase ALP, regulate the secretion of insulin-like
growth factor by osteoblasts and promote the synthesis of
extracellular matrix collagen (31). Ascorbic acid may promote
the synthesis of collagen I in cultured cells, and regulate ATP
and ALP activity and the synthesis of non-collagen matrix
proteins (37). B-glycerophosphate has been shown to provide
phosphate ions to osteoblasts, and promote the deposition and
calcification of physiological calcium salts, which is a neces-
sary condition for mineralized nodules in BMSCs (38). When
medium contains these components, BMSCs undergo a series
of changes, resulting in them obtaining the morphology and
growth characteristics of osteoblasts (39).

Notably, inhibition of osteoblasts was only observed at
the cellular level in the present study; a more in-depth study
on its specific biological mechanism is required. It should
also be noted that the downstream proteins of the PI3K/AKT
signaling pathway were not completely explored, which is
another limitation of the present study. Our future studies
aim to focus on changes in bone morphology after knocking
out the PDK-1 gene in osteoblasts in vivo and on the down-
stream proteins of the PI3K/AKT signaling pathway, in order
to obtain novel targets for the treatment of osteoporosis or
osteosclerosis.

In conclusion, the results of the present study found that
PDK-1 gene disruption and BX-912 can significantly inhibit
the maturation of BMSC into osteoblasts, indicating that
PDK-1 plays an important role in the process of osteoblast
differentiation.
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