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Abstract: The nuclear receptor corepressor (N-CoR) is involved in the regulation of diverse transcription factors. We pre-
viously found that N-CoR could regulate adipogenic differentiation of rat mesenchymal stem cells (MSCs), but whether
it modulated osteogenic differentiation of this type of cells was uncertain. Therefore, in the present study, we investigated
the effect and mechanism of N-CoR on osteogenic differentiation of rat MSCs. The results showed that MSCs cultured in
osteogenic medium successfully differentiated into osteogenic cells. Overexpression of N-CoR decreased cell proliferation,
alkaline phosphatase (ALP) activity, calcium accumulation, mRNA expression of genes including bone sialoprotein (BSP),
osteocalcin (OCN), osteopontin (OPN), Osterix and Runx2, and protein expression of phosphor-Akt (pAkt). Conversely,
knocking down cellular N-CoR by small interfering RNA (siRNA) promoted pAkt activity and cell differentiation. Over-
expression or knockdown of N-CoR had no significant influences on the protein expression of pyruvate dehydrogenase
kinase isozyme 1 (PDK1), phosphatidylinositol 3-kinase (PI3K) and total Akt, indicating that N-CoR regulated the changes
in the PI3K/Akt signaling pathway by targeting pAkt. To further prove the function of the PI3K/Akt signaling in N-CoR-
regulated osteogenic differentiation, we used the PI3K inhibitor (LY294002) to block the activation of the PI3K/Akt pathway
and found that overexpression of N-CoR showed no effects on ALP activity, calcium level and mRNA expression of BSP,
osteocalcin OCN, OPN, Osterix and Runx2 in rat MSCs following the inhibition of the PI3K/Akt pathway. These findings
suggest that N-CoR regulates osteogenic differentiation of rat MSCs through suppression of the PI3K/Akt signaling pathway.
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INTRODUCTION bone diseases, it is important to understand the roles

of the factors that regulate differentiation of MSCs.
Mesenchymal stem cells (MSCs) isolated from bone

marrow with properties of low immunologic rejec- The nuclear receptor corepressor (N-CoR) was
tion and self-renewal potential [1,2] can differentiate reported to play an important role in the regulation
into a variety of cell types, including fibroblasts, adi- of diverse transcription factors. Recent studies have
pocytes, osteoblasts, chondrocytes and myoblasts [3]. shown that N-CoR is localized in both the nucleus and
Osteogenesis of MSCs is a complex biological process the cytoplasm [5,6]. The redistribution of N-CoR to
that involves the differentiation of mesenchymal cells the cytoplasm reveals a novel molecular mechanism
into preosteoblastic cells and mature osteoblasts, and for controlling the differentiation of neural stem cells
finally results in the synthesis of bone matrix proteins into astrocytes [5]. Since the discovery of N-CoR, nu-
and calcium deposition. Furthermore, osteoblastic merous studies have mainly focused on its functions
differentiation from MSCs plays a crucial role in bone in transcription regulation [7]. A new study found
formation [4]. In order to treat osteoporosis and other that the motility and proliferation of tumor cells were
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suppressed by cellular N-CoR siRNA knockdown [8],
indicating a novel regulatory role of N-CoR.

PI3K/Akt signaling pathways exist in a large
number of mammalian cells and exert multiple pro-
survival functions, including cell proliferation, dif-
ferentiation, survival, migration, invasion and me-
tabolism. Studies proved that aberrant regulation of
PI3K/Akt signaling led to diseases such as cancer
and autoimmunity [9,10]. In the PI3K/Akt signaling
pathway, the lipid kinase-PI3K generates phosphati-
dylinositol-3,4,5-phosphate (PIP3), which further ac-
tivates PDK1 and Akt [11]. After being fully activated
by PDK1, Akt becomes powerful and translocates into
the cell cytosol and nucleus, where it causes the ac-
tivation of a variety of other important signals [12].
Previous results revealed N-CoR as a novel regulator
of PI3K signaling, which modulates thyroid tumor
progression [8]. A more recent study suggested that
N-CoR negatively regulated adipogenic differentia-
tion of rat MSCs [13]. However, whether N-CoR and
its activated signaling pathways were involved in the
osteogenic differentiation of rat MSCs remained un-
certain. Therefore, in the present study, we made a
mechanistic study of the proliferation and osteogenic
differentiation of rat MSCs induced by N-CoR, which
might provide a base knowledge for our understand-
ing the correlation between N-CoR and its meditated
PI3K/AKT-cell signaling pathway in the regulation of
osteogenic differentiation of rat MSCs.

MATERIALS AND METHODS
Ethics statement

The in vivo experiment was carried out according to
the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Shanghai
Laboratory Animal Center (Permit Number: 15-632).
All animals received humane care in compliance with
the Guide for the Care and Use of Experimental Ani-
mals (Animal Care Committee, 2002).
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Isolation, culture and osteogenic differentiation
induction of rat MSCs

Sixty 6-week-old Wistar rats (200+10 g) were purchased
from the Shanghai Laboratory Animal Center, Chinese
Academy of Sciences. Bone marrow cells were isolated
from the bilateral femora and tibias of rats and incubat-
ed in medium containing an a-minimal essential medi-
um (a-MEM, Invitrogen, CA, USA) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-strep-
tomycin at 37°C in 5% CO,. When cells had grown to
90% confluency, they were cultivated as the first genera-
tion. All cells used for this experiment were MSCs of the
third generation. Rat MSCs of passage 3 were cultured
in the osteogenic medium, which was a-MEM supple-
mented with 10% FBS, 100 nM dexamethasone, 5 mM
B-glycerophosphate (Sigma-Aldrich, St. Louis., MO,
USA) and 50 pg/mL L-ascorbic acid (Sigma-Aldrich,
St. Louis., MO, USA), as previously described [14]. Rat
MSCs and MSC-derived cells in culture were identified
through visualizing the morphology under an inverted
microscope (Olympus, Tokyo, Japan). After culture in
osteogenic medium for 1, 7, 14, 21 and 28 days, ALP
activity and calcium accumulation were tested and the
expression levels of BSP, OCN, OPN, Osterix and Runx2
gene expression were analyzed by real-time PCR.

XTT assay

The endogenous effects of N-CoR on cell viability
were evaluated using the 2,3-Bis-(2-methoxy-4-ni-
tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT) Cell Viability Assay Kit (Sigma, CA, USA),
as described [15]. Briefly, isolated and identified rat
MSCs were seeded in 96-well plates at a density of
1.0x10%mL in osteogenic medium. When cells at-
tained 65% confluency, they were transfected with N-
CoR siRNA or non-targeting N-CoR siRNA. Further,
cells were transfected with pCMV-N-CoR plasmid
constructed in our laboratory. On days 1, 2, 3 and 5,
after discarding the medium, 100 pL fresh medium
and 25 pL XTT solution were added to the cells in
each well. The plate was then put into an incubator.
After 5 h, optical density (OD) in each well was esti-
mated at a wavelength of 450 nm using a microplate
reader (Bio-Rad, Hercules, CA, USA).
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Real time RT-PCR

Expressions of BSP, OCN, OPN, Osterix and Runx2 in
MSC-derived cells were measured by RNA preparation
and quantitative reverse transcription polymerase chain
reaction (RT-PCR). Total cellular RNA isolation (Invit-
rogen, Carlsbad, CA, USA) and real-time RT-PCR anal-
ysis (Qiagen, Valencia, CA) were performed according
to the manufacturers’ instructions. The reaction run was
1 cycle of 56°C for 2 min and 94°C for 15 min, followed
by 40 cycles of 94°C for 10 s, 58°C for 30 s and 72°C for
45 s. We used B-actin expression as an internal control.
Specific primer sequences were synthesized in the BIO-
SUNE Biological Technology Corp (Shanghai, China),
and sequences of the primers are shown in Table 1.

Western blot analysis

The Western blot method was used to analyze pro-
tein expression of N-CoR, PI3K, PDK1, total Akt and
pAKkt. Briefly, proteins were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluo-
ride (PVDF) membranes. Then the membranes were
blocked in 5% non-fat milk for 2 h at room tempera-
ture and incubated at 4°C overnight with polyclonal
anti-N-CoR (1:1000 diluted; Sigma, CA, USA), PI3K
(1:1000 diluted; Cell Signaling Technology, MA,
USA), PDK1 (1:1000 diluted; Cell Signaling Technol-
ogy, MA, USA), total Akt (1:1000 diluted; Cell Signal-
ing Technology, MA, USA) and pAkt (1:1000 diluted;
Cell Signaling Technology, MA, USA). After overnight

Table 1. Primers used in this study

Primers

Sense: 5-GACATGCCGCCTGGAGAAAC-3’
Antisense: 5-AGCCCAGGATGCCCTTTAGT-3’
Sense: 5-GGCTGTGGAGTTTGGTGTCTA-3’
Antisense: 5-TCTGCTAAATTCTGCTTGGGT-3’
Sense: 5-CTGGCACAGGCTATACAGGGT-

BSP X86100.1 TAG-3

Antisense: 5-ACTGGTCCGGTTTATGCCTTG-3’
Sense: 5-AAGGTGGTGAATAGACTCCG-3’
Antisense: 5’-AAACGGTGGTGCCATAGATG-3’
Sense: 5-TAATGGGCTCCTTTCACCTG-3’
Antisense: ¥-CACTGGGCAGACAGTCAGAA-3
Sense: 5-CACTCCAATCGTCCCTAC-3’
Antisense: 5~AGACTCACCGCTCTTCAT-3’

Gene | Serial number

B-actin | NM_031144.3

Runx2 | NM_001278483.1

OCN | M23637.1

Osterix | Y177399.1

OPN | M99252.1
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incubation, the membranes were immunoblotted with
HRP-conjugated anti-rabbit IgG antibody (diluted
1:1000; Abcam, Cambridge, UK) at 37°C for 40 min,
developed with enhanced chemiluminescence (ECL)
substrate (Pierce, Wisconsin, USA) and exposed to
X-ray film. B-actin (diluted 1/1000, Santa Cruz Bio-
technology, CA, USA) was used to ensure adequate
sample loading for all Western blots. Band density was
quantitated using Image ] software.

Small interference RNA (siRNA) assay

N-CoR-specific siRNA was as follows: GATCCAG-
GAAGAGTGTTCCTGATTTTCAAGA (sense)
GAAATCAGGAACACTCTTCCTTTTTTTGGAAA
(anti-sense). For transient transfections, cells cultured
in osteogenic medium were grown to 60% confluence
and then transfected with 6 pg of N-CoR-specific
siRNA construct or the negative control siRNA using
HiPerFect (Qiagen, Valencia, CA, USA), according to
the manufacturer’s protocols.

ALP activity

Measurement of cellular ALP activity was performed
as previously described [16]. On days the experiments
were performed, the medium was removed, and the
cell layers were rinsed with PBS three times and lysed
by lysis buffer containing 0.1% Triton X-100 (Sigma,
CA, USA). Twenty pL of cell lysate was mixed with
100 pL of Tris-glycine buffer (PH 10.3) (BioRad, Her-
cules, CA, USA), 2 mM MgCl2 (Sigma, CA, USA) and
100 Ml p-nitrophenyl phosphate (Sigma, CA, USA).
The reaction mixture was incubated at 37°C for 30
min and the reaction was stop by adding 50 pL of
NaOH. Absorbance was read at 405 nm using a mi-
croplate reader (Olympus, Tokyo, Japan).

Calcium assay

Calcium deposition was measured in 0.5 N HCI ex-
tracts according to the manufacturer’s instructions
contained in Diagnostic Kit 587 (Sigma, CA, USA).
Total calcium was expressed as ug/mg cellular protein.
Cell numbers were determined using the nuclear dye,
crystal violet [17].
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Fig. 1. Osteogenic differentiation induction of rat MSCs at different times of cultureing. MSCs (a) were induced to osteogenic differen-
tiation (b,c) in osteogenic medium following 28 days of culture. (A). On days 1, 7, 14, 21 and 28, calcium deposition (B), ALP activity
(C) and osteogenic differentiation-related marker genes Runx2 (D), Osterix (E), BSP (F), OCN (G) and OPN (H) were measured by
different methods, as indicated. All measured items were induced at different times, indicating successful induction of osteogenic dif-
ferentiation of rat MSCs in the osteogenic medium. Data are expressed as means+SD of three independent experiments in six replicates.
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Statistical analysis

Statistical analysis was carried out with one-way analy-
sis of variance (ANOVA) using SPSS17.0 software. Val-
ues are expressed as means+standard deviation (SD).
The mean values and standard deviations were calcu-
lated from three independent experiments. Differences
were considered statistically significant at P<0.05.

RESULTS
Induction of rat MSC osteogenic differentiation

It was found that, as shown in Fig. 1A, MSCs were
derived from rat bone marrow, and MSCs of the third
generation (a in Fig. 1A) were successfully induced to
differentiate into osteogenic cells (b and ¢ in Fig. 1A)
by adding osteogenic medium. Under this condition,
the calcium deposition level, ALP activity and marker
genes related to rat MSC osteogenic differentiation
were measured at 1, 7, 14, 21 and 28 days. Calcium
deposition was detected at 7 days, and increased mark-
edly at 21 days (Fig. 1B) (P<0.05). ALP activity was
increased at 7 days, while decreasing the following days
(Fig. 1C) (P<0.05). Moreover, real-time RT-PCR analy-
ses showed that mRNA expression of Runx2 (Fig. 1D)
and Osterix (Fig. 1E) was found at 7 days and reached a
peak at 14 days (P<0.05), and BSP (Fig. 1F), OCN (Fig.
1G) and OPN (Fig. 1H) expression was found at 21
days of osteogenic differentiation induction (P<0.05).
Therefore, under the osteogenic induction condition,
the onset of osteogenic differentiation of rat MSCs be-
gan 7 days post induction initiation.

Effects of N-CoR on MSC-derived cell proliferation

To further determine the individual roles of N-CoR in
osteogenic differentiation of rat MSCs, we established
osteogenic differentiation cells constitutively express-
ing siRNA targeting N-CoR and pCMV-N-CoR at 7
days when rat MSCs were induced to differentiate.
After 2 days, the efficiency of knockdown and over-
expression of N-CoR in osteogenically differentiated
rat MSCs was tested by Western blot. It was seen that,
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following N-CoR inhibition or overexpression, the
protein expression of N-CoR was significantly de-
creased as compared with cells that were transfected
with non-targeting siRNA (Fig. 2A), and increased
heavily in pCMV-N-CoR-treated cells in compari-
son with the control (Fig. 2B). On days 1, 2, 3 and 5
after transfection, cell viability was detected by the
XTT method. It was suggested that, compared to the
control, XTT activity of cells in N-CoR siRNA was
significantly promoted at the examined times, whilst it

A Non-target
Control siRNA control

NCoR siRNA

Control pCMV-N1 control pCMV-NCoR

B 10 OControl *k
-~ @Non-target SiRNA control
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Fig. 2. Effects of siRNA knockdown or overexpression of cellular
N-CoR on osteoblast-derived proliferation of rat MSCs. A - ex-
pression of N-CoR after siRNA knockdown. Cells were seeded in
6-well plates and then treated with 6 ug negative control and N-
CoR siRNA for 48 h. Western blot was performed to determine the
efficiency of the siRNA knockdown of N-CoR. B - expression of
N-CoR after transfection of cells with pPCMV-N-CoR. Cells were
seeded in 6-well plates and then treated with 2 ug negative control
and pCMV-N-CoR for 48 h. Western analysis was performed to
determine the efficiency of overexpression of N-CoR. C - cell
proliferation in osteoblast-derived rat MSCs was measured by
XTT Cell Viability Assay Kit on days 1, 2, 3 and 5 after cells trans-
fected with siRNA N-CoR or pCMV-N-CoR. Data are expressed
as means+SD of three independent experiments in six replicates.
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Fig. 4. Effects of siRNA knockdown or overexpression of cellular N-CoR on the
PI3K/AKkt signaling pathway. A — activities of PI3K, PDK1, total Akt and pAkt of
osteogenic differentiation cells treated with N-CoR siRNA or negative control were
measured by Western analysis. B — protein expression of PI3K, PDK1, total Akt
and pAkt of osteogenic differentiation cells treated with pCMV-N-CoR or nega-
tive control were determined by Western blotting. Blots are representative of three

independent experiments.

was inhibited in the N-CoR overexpressing cells (Fig.
2C) (P<0.05).

Effects of N-CoR on osteogenic differentiation of
rat MSCs

Following 21 days of osteogenic differentiation in-
duction, cells were transfected with N-CoR siRNA,
non-targeting N-CoR siRNA, pCMV-N-CoR and
pCMV-NI1. About 3 days later, calcium deposition,
ALP activity and osteogenic differentiation related
genes were measured by different methods. As shown

in Fig. 3, it demonstrated that, compared to the con-
trol, overexpression of N-CoR in cells significantly
abrogated calcium deposition (Fig. 3A), ALP activity
(Fig. 3B), and Runx2, Osterix, BSP, OCN and OPN
expression (Fig. 3C), whereas N-CoR siRNA induced
higher activity of these indexes (P<0.05).

Effects of N-CoR on the activation of the PI3K/
Akt signaling pathway

The effects of N-CoR on the activation of the PI3K/
Akt signaling pathway were determined by treatment
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of cells with pCMV-N-CoR and N-CoR siRNA. The
results showed that overexpression of N-CoR de-
creased the expression of pAkt (Fig. 4A) (P<0.05),
whereas N-CoR siRNA produced a promotion of pAkt
as determined by Western blot (Fig. 4B) (P<0.05). To-
tal Akt, PDK1 and PI3K in both pCMV-N-CoR cells
and N-CoR siRNA cells showed no changes in com-
parison with that in the control (P>0.05). Taken to-
gether, these findings indicated that N-CoR influenced
the activation of the PI3K/Akt signaling pathway.

The PI3K/Akt pathway signaling is involved in
N-CoR-dependent functions

To elucidate whether PI3K/Akt signaling is neces-
sary for N-CoR-dependent osteoblast differentiation,
LY294002, a selective inhibitor of PI3K, at a dose of 50
mM, was used to prevent the activation of PI3K/Akt
signaling. pCMV-N-CoR or N-CoR siRNA was stably
transfected in cells, and osteogenic differentiation was
quantified after 2 days of stimulation. The results sug-
gested that, compared to the control, overexpression
of N-CoR heavily prohibited calcium deposition (Fig.
5A), ALP activity (Fig. 5B), and Runx2, Osterix, BSP,
OCN and OPN mRNA expression (Fig. 5C) induced
by the osteogenic medium (P<0.05). However, when
PI3K/Akt signaling was blocked by LY294002, N-
CoR overexpression showed no influences on calcium
deposition, ALP activity and osteogenic differentia-
tion-related gene expression (P>0.05). These findings
indicated that PI3K/Akt signaling was involved in N-
CoR-dependent rat MSCs osteoblast differentiation.

DISCUSSION

Mesenchymal stem cells (MSCs) isolated from bone
marrow and other adult tissues are proved to be
multipotent progenitor cells, and they can be differ-
entiated into multiple cell lineages, including fat, bone,
muscles, ligament, cartilage and neurons [18,19]. Re-
cent studies have reported that several factors, such as
bone morphogenetic proteins (BMPs) [20], osteogenic
growth peptide (OGP) [21] and 1, 25-dihydroxyvita-
min D3 [22] play an important role in the differen-
tiation of MSCs. N-CoR was also found to interact
with the ligand-binding domains of PPARS as well as
PPARY and PPARa, indicating that N-CoR was in-
volved in cell differentiation. Therefore, in the present
study, the role and mechanism of N-CoR on osteo-
genic differentiation of rat MSCs were investigated.

We found that rat MSCs began to differentiate
after cells were cultured in osteogenic medium for 7
days. The XTT assay was used to determine cell vi-
ability in osteogenically differentiated rat MSCs. It was
indicated that N-CoR was able to negatively regulate
cell proliferation. To further elucidate the function
and mechanism of N-CoR, six marker genes related
to osteoblast differentiation were investigated. ALP
secreted by osteoblasts is an early marker frequently
used to demonstrate osteoblast differentiation [23,24].
Runx2, which belongs to the Runx family, contributes
to osteoblastic differentiation of multipotent mesen-
chymal cells [25], and induces ALP activity and bone
matrix protein expression in osteoblastic cells [26].
Furthermore, Runx2 regulates its target genes such as
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BSP, OCN and OPN by binding the promoter region.
OPN and Osterix act as direct downstream targets of
Runx2 [27]. Osterix is also required for differentiation
of preosteoblasts into mature osteoblasts [28]. OCN
regulates osteoblast maturation and matrix minerali-
zation at the late stage of bone formation [29]. This
study suggested that N-CoR overexpression down-
regulated ALP activity and Runx2, Osterix, BSP, OCN
and OPN expression, while N-CoR knockdown ex-
erted the contrary functions, indicating N-CoR nega-
tively regulated osteogenic differentiation of rat MSCs.

The PI3K/Akt signaling has been implicated in
differentiation of cells such as skeletal muscle cells,
adipocytes, osteoblasts, chondrocytes and myoblasts
[30-32]. Furthermore, Akt1/Akt2 is the key element
in osteoclast differentiation [33], and is involved in
bone development [34]. We assessed three members
of the PI3K/Akt signaling pathway in order to confirm
pathway activation. PDK1, a novel serine/threonine
kinase, can activate a group of protein kinases in the
AGC kinase subfamily in response to different stimu-
lation [35]. Numerous studies suggest that PDK1 has
pivotal roles in mediating cell proliferation, migration
and energy metabolism [36,37]. We found that overex-
pression of N-CoR could inhibit protein expression of
pAkt, while knockdown of N-CoR could promote the
expression of this protein, indicating the regulation
of N-CoR in the PI3/Akt signaling pathway. We fur-
ther hypothesized that this inactivation of the PI3K/
Akt pathway could be an important factor in N-CoR-
exerted proliferation and differentiation of rat MSCs.
To further verify our hypothesis, we used LY294002,
the specific inhibitor of PI3K to block the activation
of the PI3K/Akt pathway. We observed that N-CoR
overexpression was capable of inhibiting osteogenic
differentiation of rat MSCs, and that this effect was
not significant following blockage of the PI3K/Akt
pathway by LY294002, indicating that N-CoR could
inhibit osteogenic differentiation of rat MSCs through
suppression of the PI3K/Akt signaling pathway.

Arch Biol Sci. 2016;68(3):551-559

CONCLUSIONS

This study underscores the importance of N-CoR
in regulating the differentiative responses of rat MSCs
cultured in osteogenic medium. N-CoR could sup-
press osteogenic differentiation of rat MSCs through
targeting the PI3K/Akt signaling pathway. These ob-
servations might provide a potential mechanism for
modulating PI3K/Akt inactivation and the commit-
ment of rat MSCs to osteogenic differentiation.
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