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Overexpression of the Circadian Clock Gene Rev-erbu
Affects Murine Bone Mesenchymal Stem Cell
Proliferation and Osteogenesis

Yao He,"?" Fuwei Lin2*" Yaqun Chen,"2 Zhen Tan?® Ding Bai,'?

and Qing Zhao'?

Bone mesenchymal stem cell (BMSC) age-related changes include decreased osteogenesis and increased
adipogenesis. Rev-erbo and the Wnt/B-catenin signaling pathway were known to play important roles in BMSC
aging. In this study, we have aimed to elucidate whether Rev-erbo and Wnt/B-catenin signaling interact during
BMSC proliferation and osteogenesis. Our results showed that Rev-erba expression gradually dropped during
BMSC osteogenesis, and overexpression of Rev-erba in BMSCs inhibited cell proliferation and osteogenesis.
The inhibition of cell proliferation induced by Rev-erba overexpression was partially reversed when Wnt/p3-
catenin signaling was activated. These results suggested that Rev-erbo could promote BMSC aging and may be
the negative regulator during the late stage of osteogenesis. The clock gene Rev-erbo and Wnt/B-catenin

signaling interact in the regulation of cell proliferation.

Introduction

GE-RELATED CHANGES TO CELL proliferation and dif-

ferentiation capacity are properties of the basic cellular
processes and the main cause of organic aging. Mesenchymal
stem cells (MSCs) are multipotent stem cells in the bone
marrow, and MSC aging-related changes are closely related
to bone aging. The quality and quantity of MSCs can change
with age, contributing to their reduced capacity for prolifer-
ation and osteodifferentiation. All of these factors reduce the
number of osteoblasts and result in the degeneration of bone
formation and aging [1].

There is still disagreement regarding the changing mecha-
nism of MSC differentiation with age (eg, increased adipo-
genesis and decreased osteogenesis or the inhibition of both
processes); however, most scholars have supported the idea
that MSCs from aged donors have decreased proliferation and
osteogenesis [2,3]. Zhou found that compared with young
human bone marrow stromal cells (hBMSCs), hBMSCs
from the elderly are four-fold more senescence-associated [3-
galactosidase (SA-B-gal) positive (an index of cell aging) and
the doubling period is 1.7 times that of the young hBMSCs;
furthermore, alkaline phosphatase (ALP) activation and the
declining expression of osteo-related genes showed that os-
teogenesis decreased with age [3]. The colony-forming unit-

fibroblast (CFU-F) refers to a population of adherent cells from
the bone marrow grown in culture. A related study found that
the number of CFU-Fs in MSCs from old mice was decreased
compared with MSCs from young mice [4], while there were
fewer colony-forming unit-osteoblasts and more colony-
forming unit-lipoblasts for MSCs from old mice [2], indicating
the varying trend in differentiation with age.

The mechanism underlying MSC aging changes has not
been elucidated, and the genes and signaling molecules in-
volved in the process may be key elements. Clock genes,
which could lead to the aging variations by affecting the
metabolism of basic life, may be an important part of this
process. Clock genes regulate the biological rhythm through
feedback signaling formed by an oscillator system and are
expressed in peripheral tissue, such as long bone, calvarial
bone, hematopoietic stem cell, and even the whole marrow
[5,6]. Researchers found that mice lacking the core clock
genes, Bmall (Bmall 7/7), Clock (Clockflf), or Per2
(Per2™'7), showed early aging symptoms compared with
their wild-type littermates [7-9], especially the Bmall ~/~
mice, in which early aging symptoms were more obvious
[10]. Studies also found that endochondral ossification was
under control by clock genes in chondrocytes [11].

Our previous studies demonstrated that in aged mice the
decreased proliferation and osteogenesis capacity is positively
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related to the decreased Bmall expression. Overexpression of
Bmall could promote bone mesenchymal stem cell (BMSC)
proliferation, and this process was relatively independent of
Bmall regulation of circadian rhythm, testifying that Bmall
could inhibit cell aging [12]. Furthermore, the expression of
[-catenin, the key factor of Wnt/B-catenin signaling, increased
when Bmall was overexpressed [13], and another study
showed that -catenin expression decreased with aging [14].
As the main signaling pathway in development, Wnt/B-catenin
signaling may play vital roles in the aging process [15,16].
Based on these studies, clock genes and Wnt/B-catenin sig-
naling both play important roles in the aging process of
BMSCs and we deduced that there is a cross talk between
them, which was explored in our later study.

The expression of Bmall is regulated by the Retinoic
acid-related orphan receptors (Rora) and Rev-erba: Rora
activates and Rev-erbo restrains the expression of Bmall.
Bmall, Rora, and Rev-erba compose a closed loop that
controls the stability of the clock system [17]. Compared
with Roro, Rev-erba has a pivotal role in metabolism and
was speculated to be the molecular junction for communi-
cating clock gene signals to the metabolism [18,19].
Moreover, Yu et al. found that the expression of Rev-erba in
Rhesus macaques declines with age [20].

However, previous studies of Rev-erba focused more on its
effects on adipogenesis. These studies demonstrated that Rev-
erba had a positive effect on adipogenesis, as progenitor cells
were inclined to undergo adipogenesis when Rev-erba was
overexpressed, and Rev-erba expression increased during
adipogenesis [21,22]. During BMSC aging, decreased os-
teogenesis is always accompanied with increased adipogen-
esis [2], and maybe relates to the increased expression of
Rev-erba. This prompts the idea that age-related BMSC
changes may be associated with the expression of Rev-erbo.

As a clock gene, Rev-erba decreases Bmall expression
through glycogen synthase kinase (GSK)-3B-mediated
phosphorylation [23]. At the same time, GSK-3f is an im-
portant component of Wnt/B-catenin signaling as GSK-3f3
and the scaffolding proteins, Axin and adenomatous poly-
posis coil, compose the degradation complex that induces
B-catenin phosphorylation. This process, which degrades
[B-catenin, leads to the suppression of Wnt/B-catenin sig-
naling [24], implying that GSK-38 may be the connection
between the clock genes and Wnt/B-catenin signaling during
BMSC aging.

The influence of Rev-erba on Wnt signaling is more di-
rect than that of Bmall. As the main negative regulator of
Bmall and having a close relationship with adipogenesis,
Rev-erba may be a key player in Bmall-induced cellular
variation. We designed the present study to explore the in-
teraction between Rev-erbar and Wnt/B-catenin in BMSC
proliferation and osteogenesis. The proliferation rate, Bmall
and GSK-3f expression, and Wnt/B-catenin signaling ac-
tivity were studied in BMSCs with overexpressing Rev-
erbo, and the results were compared with BMSCs that had
been treated with exogenous Wnt3a protein to activate Wnt
signaling to show the interaction and mechanism between
Rev-erba and Wnt signaling with regard to BMSC prolif-
eration. The expression of Rev-erbor was detected during
osteogenesis to explore the influence of osteogenesis on
Rev-erba expression. Following Rev-erba overexpression,
the mRNA levels of osteo-related factors ALP, Osterix
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(OSX), and bone sialoprotein (BSP) were measured along
with the activity of Wnt/B-catenin signaling.

Materials and Methods
Cell culture

BMSCs (passage 5) isolated from 4-week-old C57/BL6
male mice were purchased from Cyagen Biosciences, Inc.
The identification results from the vendor showed that
Passage 12 BMSCs had the good ability of osteogenesis and
adipogenesis, and cell surface molecules of BMSCs (CD29
and CD44 were positive over 96%, while CD117 and CD31
were negative below 1%) were explicit as measured by flow
cytometry. Cells were maintained at 37°C in a humidified at-
mosphere with 5% CO,, and alpha-minimum essential medium
(-MEM) (Gibco) media containing 10% fetal bovine serum
(FBS) (Hyclone) were changed every other day. At 80%—90%
confluence, BMSCs were detached using 0.25% trypsin in
0.01% ethylenediamine-tetraacetic acid (EDTA) and then
passaged.

Osteoinduction media (OS media) were a-MEM con-
taining 10% FBS and 10mM B-glycerophosphate, 10 nM
dexamethasone, and 50 mg/L L-ascorbic acid (Sigma-Aldrich).
Wnt3a-conditioned media were prepared by the addition
of Wnt3a protein powder isolated from Wnt3a recombi-
nant mice (R&D Systems, Inc.) to a-MEM media at a final
concentration of 10ng/mL [25].

Rev-erbo. overexpression lentiviral vector
transfection

Passage 8 BMSCs were cultured in 12-well plastic plates in
basic media at an initial density of 1x10* cells/cm®. Ap-
proximately 48 h after plating, cells were transfected with the
Rev-erba overexpression lentiviral vector (synthesized by
Hanheng bio.) (Rev-erba group) or enhanced green fluores-
cent protein (EGFP)-expressing lentiviral vector (EGFP
group) at a multiplicity of infection (MOI) of 30. The fluo-
rescence level was observed using an inverted fluorescent
microscope after 48 h, and the transfection efficiencies were
calculated. Reverse transcription—polymerase chain reaction
(RT-PCR) and western blotting assays were used to test the
effects of transfection with Rev-erbo-expressing vector. As a
circadian clock gene, Rev-erba expressed in an oscillatory
manner in vivo. However, without serum shock in vitro, the
rhythmic expression of Rev-erba should not be induced [26];
no rigorous time point was used to obtain the cells for test.

Flow cytometry assay of BMSCs following Rev-erbo.
transfection

BMSCs were divided into six groups. Cells cultured in
basic media with Rev-erba transfection (Rev-erba group),
Wnt3a-conditioned media with Rev-erba transfection (Rev-
erbo. +Wnt3a group), basic media with EGFP transfection
(EGFP group), Wnt3a-conditioned media with EGFP
transfection (EGFP+Wnt3a group), basic media with no
transfection (control group), or Wnt3a-conditioned media
with no transfection (Wnt3a group). BMSCs were seeded
onto six-well plates at a density of 1x10* cells/cm?. Fol-
lowing lentiviral infection, basic and Wnt3a-conditioned
media were added to certain groups. When cells reached
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about 70% confluency, they were detached with trypsin and
EDTA after washing twice with phosphate-buffered saline
(PBS), centrifuged at 1,000g for Smin, and then fixed with
cool 70% alcohol and frozen below —20°C. Two hours before
detection, the cells were centrifuged to remove the alcohol and
were washed with cool PBS. After incubating with RNase at
37°C for 30 min, propidium iodide staining detection dye was
infused into the cells. The cell density was ~ 1 x 10° cells/mL
upon detection. One tube was incubated only with the steam
buffer as the control to eliminate the interference. The content
of DNA cells was detected by flow cytometry (Beckman
Coulter), and the S-phase fraction (SPF) and DNA Prolifera-
tion Index (PI) of the total cells in each sample were calcu-
lated according to the following formulae:

SPF (%)=S(GO/G1 + S +G2/M) x 100%
PI (%)= (S +G2/M)/(GO/G1 + S + G2/M) x 100%

Assessment of SA-fi-gal staining

Passage 8 BMSCs grouped as described in the flow cy-
tometry assay were seeded into a six-well plate at a density of
1x10% cells/em®. After 48h of culture under a humidified
atmosphere containing 5% CO,, the media were discarded
and the cells were washed once with PBS. Subsequently,
1 mL of fixative was added to each well for 15 min, and the
wells were then rinsed thrice. The cells were incubated in
I mL working solution of B-galactosidase with X-Gal per
well overnight at 37°C. A SA-f-gal staining kit was obtained
from Beyotime. Senescent cells were observed using an op-
tical microscope and counted in three random fields of vision
of 200 cells per field for calculation of the positive rate.
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Real-time RT-PCR analysis

Passage 8 BMSCs were seeded into a six-well plate at a
density of 1x 10* cells/cm?, grouped as described in the flow
cytometry assay, and the RNA was tested following 2 days of
culture. BMSCs in the OS medium were grouped as Rev-erbo
(Rev-erba transfection), EGFP (EGFP transfection), and
control. The RNA was tested following 0, 7, and 14 days of
culture. The cells were obtained and maintained in an RNA
preservation solution (RNA safeguard). A simple P total RNA
extraction kit (Bioer) was used to extract total RNA. Total
RNA was quantified using a spectrophotometer to measure the
absorbance (A) at 260 nm, and the RNA samples used had an
Asg0:Azgo ratio of 2.0 to ensure high purity. Real-time PCR
was performed in 20 pL reactions in triplicate using an ABI
PRISM 7300 Real-time PCR System according to the manu-
facturer’s instructions. The initial copy numbers of the un-
known samples were calculated using a 7300 System SDS
Software (Applied Biosystems) and a standard curve. Table 1
contains the primer sequences used for RT-PCR analysis.

Western blotting

Passage 8 BMSCs were seeded into a six-well plate at a
density of 1x10* cells/cm? and grouped as described in the
flow cytometry assay, and whole-cell protein was obtained
after 2 days of culture. BMSCs in the OS medium were
grouped as described in the RT-PCR analysis, and whole-cell
protein was obtained following 0, 7, and 14 days of culture.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal reference. After being cultured for a certain
time, the cells were washed twice with ice-cold PBS and then

TABLE 1. THE PRIMERS USED FOR THE RT-PCR ANALYSIS

Target gene Primers Sequence Fragment size (bp)

p-Actin Forward 5’-GGGCTGTATTCCCCTCCATCG-3’ 201
Reverse 5’-GCAGCTCATTGTAGAAGGTGTGGTG-3’

Rev-erbo. Forward 5’-ATTCGGGAGGTGGTAGAGTTTGC-3’ 148
Reverse 5’-ATCACTGTCTGGTCCTTCACGTTG-3’

Bmall Forward 5’-AACCTTCCCGCAGCTAACAG-3’ 79
Reverse 5’-AGTCCTCTTTGGGCCACCTT-3’

Wnt3a Forward 5’-CTTAGTGCTCTGCAGCCTGA-3’ 92
Reverse 5’-GAGTGCTCAGAGAGGAGTACTGG-3’

p-Catenin Forward 5’-GGGTCCTCTGTGAACTTGCTC-3’ 165
Reverse 5’-TGTAATCCTGTGGCTTGTCCTC-3’

GSK-3f Forward 5’-CCTTATCCCTCCACATGCTCG-3’ 103
Reverse 5’-GTTATTGGTCTGTCCACGTCTC-3’

0SX Forward 5’-TGCCTACTTACCCATCTGACTT-3’ 134
Reverse 5’-TTGCCCACTATTGCCAACC-3’

ALP Forward 5’-CCCCCCGTGGCAACTCTATCTT-3’ 272
Reverse 5-GTAGTTCTGCTCGTGGACGCCG-3’

BSP Forward 5’-CACAAGCAGACACTTTCACTCC-3’ 77
Reverse 5’-TCCATAAGCCAAGCTATCACC-3’

c-Myc Forward 5-CTGTATGTGGAGCGGTTTCTC-3’ 90
Reverse 5’-AGGCTGGTGCTGTCTTTGC-3’

TCF1 Forward 5’-CTACAGCGACGAGCACTTTTCTC-3’ 115
Reverse 5’-GTAGAAGGTGGGGATTTCAGGAG-3’

ALP, alkaline phosphatase; BSP, bone sialoprotein; GSK, glycogen synthase kinase; OSX, Osterix; RT-PCR, reverse transcription—

polymerase chain reaction; TCF, T cell factor.
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lysed in lysis buffer from the Keygen total protein extraction
kit (Keygen Biotech). Following centrifugation at 14,000g at
4°C for 15 min, the supernatant was collected and quantita-
tively assayed using the bicinchonininc acid (BCA) method.
The total protein extracts were separated using standard so-
dium dodecylsulfonate-polyacrylate gel electrophoresis and
subsequently transferred to a polyvinylidene fluoride mem-
brane. After blocking, the membranes were probed with anti-
Bmall primary antibodies (Abcam) or anti-f3-catenin primary
antibodies (Cell Signaling), followed by the addition of
horseradish peroxidase-conjugated secondary antibodies
(1:5,000). Immunoreactive proteins were visualized with a
chemiluminescence kit (Millipore) and the band intensities
were determined using a ChemiDoc XRS Gel documentation
system and Quantity One software (Bio-Rad).

Statistical analysis

Measurements are expressed as the mean = SD. Statistical
comparisons were performed using factorial analysis of
variance, followed by multiple comparisons using the
Student-Newman—Keuls test. A P value of<0.05 was con-
sidered to be statistically significant.

Results

BMSC proliferation in Wnt3a-conditioned medium
after transfection with Rev-erbo.

After 48h of lentivirus infection, the expression of EGFP
was observed under an inverted fluorescent microscope.

A

Rev-erba Group

EGFP Group

Rev-erba
]

Relative mRNA Folder

il B =
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Since the target gene has been established and packaged to
lentivirus, the fluorescence level, about 50%, in the Rev-erba
group was slightly below the level, about 60%, in the EGFP
group. RT-PCR and western blotting assays showed over-
expressing of Rev-erba in mRNA and protein levels (Fig. 1).

Passage 8 BMSCs were detected by flow cytometry to
determine the effect of Rev-erba and Wnt3a on cell pro-
liferation. The number of S-phase cells in the Rev-erba and
Rev-erba +Wnt3a groups was obviously lower than that of
other groups, but no exact cycle arrest appeared. Further-
more, SPF and PI indices were detected to tell the specific
difference of proliferation. The value of SPF and PI when
Rev-erba overexpressed was smaller with a statistically
significant difference (P<0.01), and the value of the Rev-
erba group was the smallest one (Fig. 2).

SA-B-gal staining indicated that more aged cells were
present in the Rev-erba and Rev-erbae +Wnt3a groups (Fig.
3A, B) compared with the EGFP and EGFP+ Wnt3a groups
(Fig. 3C, D), while only a few aged cells could be found in
the control and Wnt3a groups (Fig. 3E, F). These results show
that the Rev-erba group had the most SA-B-gal+ cells, fol-
lowed by the Rev-erba + Wnt3a group, and was significantly
different (P <0.05) from other groups (Fig. 3G).

From this part of the experiment, we found that the SPF
and PI values of the Rev-erba and Rev-erbo +Wnt3a
groups were lower than values of other groups. The number
of SA-B-gal+ cells increased when Rev-erba was over-
expressed, demonstrating Rev-erba-mediated inhibition of
cell proliferation. Moreover, the situation could be partially
reversed to a certain extent by the addition of Wnt3a protein,

Control Group

c Rev-erba ” S S0KD

GAPDH s S S 3KD
D 65

Rev-erba Intensity

N [
0 -+ .

I | B 111

Rev-erba Group  EGFP Group Control Group

FIG. 1. Overexpression of Rev-erba in bone mesenchymal stem cells (BMSCs). (A) The expression of enhanced green
fluorescent protein (EGFP) in BMSCs 48 h after infection with recombinant lentivirus [multiplicity of infection (MOI)=30].
The expression of EGFP in the EGFP group was slightly higher than that of the Rev-erba group, 100, scale bar =100 pm. (B)
Reverse transcription—polymerase chain reaction (RT-PCR) analysis showed that the Rev-erboo mRNA levels were ~ 10-fold
higher than the other two groups following transfection. (C) Western blotting analysis showed the enhanced Rev-erba protein
levels 48h after transfection. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an endogenous loading ref-
erence. Rev-erba protein levels of the (I) Rev-erba, (II) EGFP, and (III) control groups. (D) Quantified using densitometry by
Quantity One software, the ratio of Rev-erba. relative to GAPDH is expressed as the relative content of Rev-erba protein. Data
represent the mean=SD (n=3), and the * symbol denotes a significant difference (P <0.05).
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FIG. 2. BMSC growth rates as determined by flow cytometry assays. (A) Cell cycle of the Rev-erba group by flow
cytometry assay. (B) Cell cycle of the Rev-erba. + Wnt3a group. (C) Cell cycle of the EGFP group. (D) Cell cycle of the
EGFP+Wnt3a group. (E) Cell cycle of the control group. (F) Cell cycle of the Wnt3a group. (G) The S-phase fraction
(SPF) value of the groups. (H) Proliferation index (PI) value of the groups. Data represent mean+SD (n=3), and the *
symbol denotes a significant difference (P <0.05). The # symbol indicates P <0.05 compared with the other groups.

while Wnt3a-mediated promotion of cell proliferation was
not obvious for groups lacking Rev-erba overexpression.

Bmal1 and Wnt-related gene expression in Wnt3a-
conditioned media after Rev-erbu. transfection

As the RT-PCR results show, the mRNA levels of Rev-erba
in the Rev-erba and Rev-erba. +Wnt3a groups increased, but
decreased when Wnt3a protein was added; however, this
variation was not evident in the EGFP or EGFP+Wnt3a
groups (Fig. 4A). The expression of Bmall was quite different
as it was greatest in the Wnt3a group and lowest for the Rev-
erba. overexpression group (Fig. 4B). The transcription of
Whnt3a increased in groups with exogenous Wnt3a protein and
decreased when Rev-erba was overexpressed (Fig. 4C). The
levels of B-catenin mRNA decreased after transfection, espe-
cially for the Rev-erba and Rev-erbar +Wnt3a groups (Fig.
4D). The highest T cell factor 1 (TCF1) expression was ob-
served after Wnt3a protein was added (Fig. 4E). The expres-
sion trend of GSK-3f was similar to that of Rev-erba, with
highest expression in the Rev-erba group (Fig. 4F).

Rev-erba protein levels are shown in Figure 4G and H, and
its expression levels in the Rev-erba and Rev-erbor +Wnt3a
groups were distinctly higher than for other groups. While
Rev-erba protein levels were decreased when Wnt3a protein
added, the trend was similar to the Rev-erbo mRNA levels.

Rev-erba expression during BMSC osteogenesis

The Rev-erboo mRNA and protein levels were measured
following 0, 7, and 14 days of osteoinduction. The results
showed that Rev-erba transcription decreased with culture
time, as the mRNA levels declined by half after 14 days of
osteogenesis, and there was a statistically significant dif-
ference (P <0.05) between the culture times (Fig. 5A). The
variation in Rev-erba protein levels showed a similar trend,
but no statistically significant difference (P>0.05) between
7 and 14 days of osteoinduction (Fig. 5B, C). These data
demonstrate that the expression of Rev-erba decreased in
osteogenesis with culture time.

Transcriptional changes in osteofactors
and Whnt signaling after the overexpression
of Rev-erbx in Wnt3a-conditioned media
during osteoinduction

RT-PCR was used to quantify the mRNA levels of oste-
ogenic markers. OSX served as the anosteoblast progenitor
marker, ALP activity level served as an early osteoblast
marker, and BSP served as a late osteogenic marker [27,28].
The highest OSX expression levels occurred after 7 days of
osteoinduction, and then decreased after 14 days of induc-
tion, with no statistically significant differences between the
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groups (Fig. 6A). The transcription levels of ALP were in-
creased with osteoinduction, but no statistically significant
differences (P>0.05) were observed between the groups.
ALP mRNA levels in the EGFP and control groups in-
creased with osteoinduction (Fig. 6B). In the Rev-erba
group, BSP transcription levels decreased with osteoinduc-
tion (P<0.05) (Fig. 6C). These data show that the expres-
sion of BSP is inhibited when Rev-erba is overexpressed.
To measure Wnt/B-catenin signaling activity, the mRNA
levels of intracellular signal transducer B-catenin and the
downstream gene c-Myc were quantified. The B-catenin
mRNA level was increased with osteoinduction in the Rev-
erbo. group, but was relatively lower than those for the
EGFP and control groups (Fig. 6D), and B-catenin tran-
scription was reduced when Rev-erba was overexpressed.
The levels of c-Myc mRNA were increased with os-
teoinduction, but the differences among the groups were not
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FIG. 3. Senescence-associated f-
galactosidase (SA-B-gal) staining of
BMSCs following Rev-erbo over-
expression and Wnt3a protein addi-
tion. (A) There are relatively more
SA-B-gal+ cells (arrow) in the Rev-
erba. group. (B) The rate of SA-B-
gal+ cells for the Rev-erba. +Wnt3a
group was a little bit lower than for the
Rev-erba group. (C) There were fewer
SA-B-gal+ cells in the EGFP group.
(D) The number of SA-B-gal+ cells in
the EGFP+Wnt3a group was nearly
the same as in the EGFP group. (E)
There were only a few SA-B-gal+
cells in the control group. (F) No ob-
vious SA-B-gal+ cells were seen in
the Wnt3a group. 100x, scale bar=
100 pm. (G) Statistical analysis of
SA-B-gal+ cells in all groups. SA-fB-
gal+ cells were counted in three dif-
ferent fields using light microscopy
and averaged. The * symbol denotes a
significant difference (P <0.05).

1 :Rev-erba Group
11 :Rev-erba+Wnt3a Group

11T :EGFP Group

IV :EGFP+Wnt3a Group
V :Control Group

VI :Wnit3a Group

statistically significant (Fig. 6E). These results show that
Whnt/B-catenin signaling is active in osteogenesis. Moreover,
overexpressed Rev-erba could inhibit the expression of -
catenin, but not c-Myc.

Discussion

Changes in metabolic activity promote the changes as-
sociated with aging, and aging-related genes affect cell
proliferation and differentiation. Recently, studies showed
that Rev-erba. expression was increased, while Bmall ex-
pression was decreased in older BMSCs in vitro without the
induction of circadian rhythm by dexamethasone exposure
or serum shock [20,29-31]. As a unit, the clock genes may
regulate the aging process of cells in some way. Originally,
it was thought that the control of cell proliferation by cir-
cadian clock genes arose from their roles in circadian
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rhythm [32,33]. Recently, a study has suggested that a more
complex mechanism, including cell metabolism and related
signaling pathways, might be involved in this process [34].
As the core component of clock genes, Bmall has been
reported to play important roles in the regulation of adipo-
genic differentiation in mature adipocytes [35]. NOC, another
circadian-regulated protein, can stimulate adipogenesis while
suppressing osteogenesis [36]. Previous studies have focused

GA DD H 3K

on the relationship between Rev-erba and adipogenesis,
while little is known about Rev-erbo. and osteogenesis. Re-
searchers have shown that Rev-erba is a target gene of per-
oxisome proliferator-activated receptor gamma (PPAR-y),
which is key in the regulation of adipogenesis and osteo-
genesis [22]. Another study showed that the expression of
PPAR-vy increased in senescent cells [2] and that BMSC ag-
ing led to enhanced adipogenesis and decreased osteogenesis.
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Therefore, the changes to cell metabolism caused by Rev-
erbo may play vital roles in promoting BMSC aging.

During the BMSC aging process, alterations to prolifer-
ation capacity appear more direct and prominent than
changes to the differentiation ability. A recent study found
that the overexpression of Rev-erbo dramatically inhibited
cell growth and caused cycle arrest in the G2/M phase;
furthermore, this reduced rate of growth was reversed upon
the addition of doxycycline to block Rev-erba expression
[37]. These results agree with our experiments as two in-
dicators of cell senescence, decreased proliferative activity
and an increased B-galactosidase positive rate, were corre-
lated with Rev-erba overexpression.

We found that Rev-erboo mRNA levels declined during
BMSC osteoinduction, and western blotting analysis
showed that Rev-erba protein levels also declined. Fol-
lowing overexpression of Rev-erbo, the expression of ALP
and BSP mRNAs increased gradually during osteoblastic
induction of BMSCs. The OSX mRNA levels peaked at day
7 and declined at day 14. The ALP and OSX mRNA levels
showed no statistically significant differences among the
three groups, suggesting that Rev-erba cannot regulate the
expression of osteogenic markers during early osteoinduc-
tion. Overexpression of Rev-erba obviously restrained the
expression of BSP in the Rev-erba group, indicating that
Rev-erba may repress osteogenesis by regulating the ex-
pression of BSP, an osteogenic marker seen during later
osteodifferentiation. Considering the decline of Rev-erba
expression during osteoinduction, Rev-erbo. may repress
osteogenesis during late osteoinduction. Together with the
result that BMSC proliferation declined when Rev-erba was
overexpressed, this result shows that Rev-erbot may accel-
erate the aging process by promoting cell senescence with
decreased proliferation and osteogenesis.

In our experiments, the overexpression of Rev-erbo re-
duced Wnt signaling activity as shown by lower Wnt3a, -

catenin, and TCF1 mRNA levels and higher GSK-38
mRNA levels in BMSC proliferation. After adding exoge-
nous Wnt3a protein to BMSCs that were overexpressing
Rev-erba, Wnt signaling activity recovered to a certain level
as shown by higher B-catenin and TCF1 mRNA levels.
Activation of Wnt signaling partially reversed the effects of
Rev-erba overexpression, suggesting an interaction between
Rev-erba and Wnt signaling in cell proliferation. This in-
teraction was confirmed by western blotting as Rev-erba
protein levels were reduced after the addition of exogen-
ousWnt3a protein.

From the flow cytometry assay, we can deduce that the
activation of Wnt signaling promoted proliferation to some
degree as it reversed the inhibition of BMSC proliferation
induced by Rev-erba overexpression. Compared with the
Rev-erba group, addition of exogenous Wnt3a protein alone
had little effect on Rev-erbor and Bmall expression, and the
cell proliferation rate was unaffected. These outcomes may
result from the fact that in this study a low concentration of
Wnt3a protein had little effect on the proliferation rate of
cells with good cellular activity.

Among the Wnt signaling factors, the expression pattern
of GSK-3p was similar to that of Rev-erba. Researchers
showed that the GSK-3B/~ genotype promoted the ex-
pression of Bmall in mouse embryonic fibroblast cells, and
Bmall protein levels declined after rescuing GSK-3f ex-
pression in GSK-3p~'~ cells. GSK-3B and Bmall tran-
scription cycles displayed nearly opposite phases [38]. As an
inhibitor of Wnt signaling and an important clock gene
component, GSK-3f can phosphorylate Bmall to maintain
the robustness of the circadian clock. These roles led us to
speculate that GSK-33 may be a key factor coordinating the
circadian clock and Wnt signaling.

We detected increased B-catenin and c-Myc mRNA levels
in each group during osteoinduction, indicating that Wnt/f3-
catenin signaling was activated during BMSC osteogenesis. At
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FIG. 6. Transcriptional changes to Wnt signaling and osteo-related genes during osteoinduction. (A) Differences in
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during osteogenesis. (D) The B-catenin mRNA expression among groups showed the same trend as that observed for BSP.
(E) Differences in c-Myc mRNA levels among the groups. No expression differences could be found among the groups, and
the expression gradually increased during osteogenesis. Data represent the mean+ SD (n=3), and the * symbol denotes a

significant difference (P <0.05).

the same time, ALP, OSX, and BSP mRNA levels increased
gradually in agreement with Bennett’s study showing that the
activation of Wnt/B-catenin signaling promoted the expression
of osteo-related genes, Runx2 and OSX [27]. Although there
have been many studies focusing on the relationship between
osteogenesis and Wnt signaling [28,39,40], whether Wnt sig-
naling would repress or promote osteogenesis is still debated.
Gong’s research showed that adding Wnt3a enhanced the ac-
tivity of ALP [41]; however, Boland’s research showed de-
creased ALP activity following the addition of Wnt3a [42].
These different results most likely arise from differences in the
Whnt signaling pathway activation status. Other studies have
shown that canonical Wnt signaling promotes MSC differen-
tiation to osteoblasts while repressing the collagen matrix se-
cretion of osteoblasts [43,44], indicating that the different
effects of Wnt/B-catenin signaling on osteogenesis may also be
due to the varied MSC differentiation stages.

However, the expression of B-catenin, but not c-Myc, was
restrained when Rev-erbo. was overexpressed, suggesting
that Wnt/B-catenin signaling may not be suppressed by Rev-
erba. during osteoinduction. The transcription of down-
stream Wnt/B-catenin signaling target genes is activated by
the binding of B-catenin to T cell factor/lymphoid enhancer
factor (TCF/LEF). Therefore, it is most likely that the ex-
pression of c-Myc was not restrained as a result of relatively
high TCF/LEF expression. Wnt/B-catenin signaling regulates
BMSC osteogenesis by controlling the transcription of early-
stage osteo-related markers, such as Runx2, OSX, and ALP
[45]. Our experiments showed that Rev-erbo. might influence
late stages of BMSC osteogenesis by repressing the expres-
sion of BSP. Wnt/B-catenin signaling and Rev-erba. may
regulate the different stages of the osteogenesis process.
With regard to the mechanism of cell aging, the interaction
between clock genes and developmental signaling requires
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further studies. Moreover, Rev-erba, as the important physio-
logical regulator of cell metabolism [46], is likely to be the drug
target to treat bone-related diseases in the near future [47].
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