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CKkip-1 regulates C3H10T1/2 mesenchymal cell
proliferation and osteogenic differentiation via Lrp5
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Abstract. Casein kinase-2 interaction protein-1 (Ckip-1) is
a negative regulator of bone formation. The identification of
novel Ckip-1-related targets and their associated signaling
pathways that regulate mesenchymal stem cell (MSC) osteo-
genic differentiation is required. The present study aimed
to evaluate the effects of Ckip-1 knockdown on C3H10T1/2
MSC proliferation and osteogenic differentiation, and to
explore the role of the canonical Wnt-signaling receptor
Lrp5. Ckip-1-knockdown (shCkip-1), Ckip-1-overexpression
(Ckip-1) and their corresponding control [shCtr]l and empty
vector (EV), respectively] cell groups were used in the present
study. Immunofluorescence localization of Ckip-1 was
observed. The expression of the key molecules of the canonical
Whnt signaling pathway was examined in C3H10T1/2 cells
following osteogenic induction. Moreover, the effects of Lrp5
knockdown in the presence or absence of Ckip-1 knockdown
were examined on C3H10T1/2 cell proliferation and osteogenic
differentiation. The results indicated an increase in cell prolif-
eration and osteogenic differentiation in the shCkip-1 group
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compared with the shCtrl group. The expression levels of LDL
receptor related protein 5 (Lrp5), lymphoid enhancer binding
factor 1 (Lefl) and transcription factor 1 in C3H10T1/2 cells
were significantly increased in shCkip-1 cells following 7-day
osteoinduction compared with shCtrl cells. Moreover, the
involvement of Lrp5 in shCkip-1-induced osteogenic differ-
entiation of C3H10T1/2 cells was further verified. The results
indicated that Ckip-1 reduced C3H10T1/2 MSC proliferation
and osteogenic differentiation via the canonical Wnt-signaling
receptor Lrp5, which is essential for the improvement of bone
tissue engineering.

Introduction

Bone defects, which can be caused by trauma, infection,
tumors or congenital deformation, have been accepted as
difficult-to-treat conditions in medicine (1). To date, autolo-
gous bone grafting has been regarded as the most common
strategy for the treatment of bone defects (2-4); however, it
is considered as a ‘wound-repairing-wound’ method with
disadvantages, such as donor site pain, infection, haemorrhage,
nerve damage and limited blood supply (5). The development
of cell and molecular biology as well as biomaterial science
has enabled the introduction of bone tissue engineering (BTE)
as a promising strategy for bone repair (6). During bone repair,
the regulation of seed cell osteogenic differentiation is impor-
tant (7). Mesenchymal stem cells (MSCs) are frequently used
for these purposes; therefore, further investigation into the key
genes and related signaling pathways of MSCs is required to
improve BTE.

Wnat signaling is one of the five main osteogenic signaling
pathways (Wnt, bone morphogenic protein (BMP), fibroblast
growth factor, Hedgehog and Notch) and includes the three
following branches (8): Wnt/B-catenin (9), Wnt/peridinin-
chlorophyll-protein complex (10) and Wnt/Ca2* (11) signaling
pathways. Among the different pathways, the Wnt/B-catenin
(canonical Wnt) signaling pathway is crucial for the mainte-
nance of bone mass (12). Increasing evidence has indicated
that the canonical Wnt signaling pathway can repress MSC
chondrogenic and adipogenic differentiation (13-15), and
improve MSC osteogenic differentiation (15-17). The canon-
ical Wnt signaling pathway can be initiated by the binding of
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Wht ligands to the receptor complex, which is comprised of
Frizzled (FZD) and LDL receptor related protein (Lrp)5/Lrp6,
resulting in the accumulation of f-catenin in the cytoplasm
and its translocation to the nucleus to interact with transcrip-
tion factor 1 (Tcfl)/lymphoid enhancer binding factor 1
(Lefl) (12). Lrp5 is a transmembrane receptor involved in the
aforementioned signaling pathway (18). Several recent studies
have indicated that inactivation of the canonical Wnt signaling
pathway in Lrp5 knockout mice leads to symptoms of bone
loss (19,20). By contrast, Lrp5 mutations in mice can result in
high bone mass (21).

Casein kinase-2 interaction protein-1 (Ckip-1) mediates
interactions with various proteins to participate in different
signaling pathways (22). Ckip-1 was initially identified as a
negative regulator of the BMP signaling pathway via the acti-
vation of Smad Specific E3 Ubiquitin Protein Ligase 1 and
the degradation of Smadl/5 (23). However, a limited number
of studies have focused on other bone formation signaling
pathways. The present study investigated whether Ckip-1
interacted with the canonical Wnt signaling pathway in MSCs,
and the role of Lrp5 that may be involved in it.

Materials and methods

Cell culture and osteogenic induction. C3HI0T1/2 cells
(donated by the Tissue Engineering Center of the Fourth
Military Medical University of China) were cultured at 37°C
with 5% CO, in low glucose DMEM (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) and 0.1% streptomycin/peni-
cillin. The culture medium was changed every 2 days and the
cells were passaged at ~85% confluence. At ~85% confluence,
osteogenic differentiation was induced by culturing cells in
osteogenic medium (DMEM supplemented with 10% FBS,
10 nM dexamethasone, 10 mM [-glycerophosphate and
50 ug/ml ascorbic acid; all purchased from Sigma-Aldrich;
Merck KGaA) for 7 or 14 days at 37°C with 5% CO,.

Cell transfection. C3HI0T1/2 cells were seeded
(1x10° cells/well) into 24-well plates and cultured overnight
prior to transfection. Lentivirus-packed Ckip-1 (Ckip-1 over-
expression: Ubi-MCS-3FLAG-SV40-EGFP-IRES-puromycin;
Ckip-1 knockdown: hU6-MCS-Ubiquitin-EGFP-IRES-puro-
mycin; 1x10® TU/ml, 20 ul; Genechem, Inc.) and Lrp5
knockdown shRNA plasmids (GV248-hU6-MCS-Ubiquiti
n-EGFP-IRES-puromycin; 1x10® TU/ml, 20 pl; Genechem,
Inc.) were transfected into C310T1/2 cells (1x10° cells/well)
using polybrene (50 pg/ml, 20 ul; Genechem, Inc.) for 10 h
at 37°C. The Ckip-1 knockdown shRNA sequences used were
as follows: Ckip-1-shRNAI, 5'-CCTGAGTGACTATGAGAA
G-3'; Ckip-1-shRNA2, 5" AGTGCGAAGAGCTCCGGA
AA-3"; Lrp5-shRNA1, 5-GACCTAAAGCGAAUCGAAA-3
Lrp5-shRNA2, 5'-CGACCTGATGGGACUCAAA-3'; nega-
tive control shRNA of shCkip-1, 5“TTCTCCGAACGTGTC
ACGT-3"; and negative control shRNA of shLrp5, 5-TTCTCC
GAACGTGTCACGT-3". The empty plasmid served as the
control of Ckip-1 overexpression group. Following culture for
72 h, fluorescence microscopy and reverse transcription-quan-
titative PCR (RT-qPCR) were used to verify the results of the
transfection.

Immunofluorescence. Cells were seeded into 24-well plates at
a density of 70%. Cells were washed three times with PBS
and fixed with 4% paraformaldehyde at 37°C for 30 min. Cells
were permeabilized for 15 min with 0.2% Triton X-100 and
sealed with 2% BSA (Sangon Biotech Co., Ltd.) for 30 min
at room temperature. Subsequently, cells were incubated with
an anti-Ckip-1 primary antibody (1:200; cat. no. D122120;
Sangon Biotech Co., Ltd.) overnight at 4°C. Following
washing with PBS, cells were incubated with a goat anti-rabbit
fluorescein-conjugated secondary antibody (1:1,000;
cat. no. ab150079; Abcam) for 2 h in the dark. The nuclei were
labeled with DAPI (5 pg/ml; Sigma-Aldrich; Merck KGaA)
for 10 min at room temperature. Stained cells were visualized
using a confocal scanning microscope (magnification, x40;
Nikon Corporation). To observe cell localization, double
immunofluorescence staining was performed using rabbit
anti-Ckip-1 (1:200; cat. no. D122120; Sangon Biotech Co.,
Ltd.) and goat anti-Lrp5 (1:1,000; cat. no. ab36121; Abcam)
antibodies. Similar to the aforementioned protocol, following
fixation, permeabilization and sealing, cells were incubated
with anti-Ckip-1 and anti-Lrp5 primary antibodies over-
night at 4°C. Subsequently, cells were incubated with a goat
red fluorescein-conjugated secondary antibody (1:1,000;
cat. no. ab150079; Abcam) for 2 h in the dark at room tempera-
ture. Following gentle washing with PBS, cells were incubated
with a donkey green fluorescein-conjugated secondary anti-
body (1:1,000; cat. no. ab150129; Abcam) for 2 h in the dark at
room temperature. Following washing with PBS, stained cells
were visualized using a confocal laser scanning microscope
(magnification, x40; Nikon Corporation).

Proliferation assay. Cell proliferation was analyzed by
performing an MTT assay (Sigma-Aldrich; Merck KGaA).
Following transfection, C3H10T1/2 cells were seeded
(2x10° cells/well) in 96-well plates and cultured for 24 h. MTT
(10 pl) was added to each well for 4 h at 37°C. Subsequently,
the medium was removed and DMSO was added to each well
to dissolve the purple formazan. The absorbance was measured
at a wavelength of 570 nm using a Bio-Rad 680 microplate
reader (Bio-Rad Laboratories, Inc.).

Alkaline phosphatase (ALP) staining. Cells were seeded
(5x10° cells/well) in 6-well plates. Following culture for
14 days, cells were washed with PBS and fixed in 4% para-
formaldehyde at 4°C for 30 min. ALP staining was performed
using the BCIP/NBT ALP color development kit (LeaGene
Biotech Co., Ltd.) according to the manufacturer's protocol.
Stained cells were observed using a M205RA stereoscopic
light microscope (Leica Microsystems GmbH) at a magnifica-
tion of x200, and quantified using Image Pro Plus software
(version 7.1; Media Cybernetics, Inc.).

RT-gPCR. Cells were seeded (5x10° cells/well) into 6-well
plates and cultured in DMEM. Subsequently, the medium was
removed and cells were washed three times with PBS. Total
RNA was extracted using RNAisoPlus (Takara Bio, Inc.)
and reverse transcribed into cDNA using Prime Script
RT Master Mix (Takara Bio, Inc.) in a 20-ul volume.
Subsequently, qPCR was performed using a SYBR PCR Master
Mix kit (Takara Bio, Inc.) with 10 uM specific primers in a
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25 pl total reaction volume with the following thermocycling
conditions: Initial denaturation step at 95°C for 1 min; followed
by 35 cycles at 95°C for 30 sec, 58°C for 30 sec; and a final
extension step at 72°C for 30 sec. All signals were normalized
to GAPDH, and the 2224 method was used for quantifica-
tion (24). The mRNA expression levels of Ckip-1, RUNX
family transcription factor 2 (Runx2), Osterix (Osx), type I
collagen (Coll), bone sialoprotein (Bsp), osteocalcin (Ocn),
Lrp5, Lefl and Tcfl were assessed via qPCR. The sequences
of the primers used are presented in Table I. mRNA expression
levels were normalized to the internal reference gene GAPDH.

Western blotting. Total protein was extracted from cells using
RIPA lysis buffer (Sangon Biotech Co., Ltd.) and quanti-
fied using a BCA protein kit (Sangon Biotech Co., Ltd.).
Equal amounts of protein (20 pug/lane) were separated via
10% SDS-PAGE and transferred onto PVDF membranes, which
were blocked in TBST (0.1% Tween-20) with 5% non-fat milk
for 1 h at room temperature. Subsequently, the membranes were
incubated with the following primary antibodies overnight
at 4°C: anti-Ckip-1 (1:500; cat. no. D122120; Sangon Biotech
Co., Ltd.), anti-B-actin (1:3,000; cat. no. 4970; Cell Signaling
Technology, Inc.), anti-Lrp5 (1:1,000; cat. no. ab38311;
Abcam), anti-B-catenin (1:1,000; cat. no. 8480; Cell Signaling
Technology, Inc.) and anti-a-tubulin (1:2,000; cat. no.2125; Cell
Signaling Technology, Inc.). Following primary incubation,
the membranes were incubated with a fluorescein-conjugated
secondary antibody (1:3,000; cat. no. ab150079; Abcam) for
2 h at room temperature. Protein bands were visualized using
ECL reagent (Sangon Biotech Co., Ltd.) and Odyssey V3.0
image scanning (LI-COR Biosciences).

Statistical analysis. Statistical analyses were performed using
SPSS software (version 19.0; SPSS, Inc.). Data are presented
as the mean + SD from at least three independent experiments.
Comparisons among groups were analyzed using one-way
ANOVA followed by Tukey's post hoc test. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Ckip-1 knockdown and overexpression in C3HIOTI/2 cells.
Following transfection of C3H10T1/2 cells with different lenti-
viral expression vectors and subsequent puromycin selection,
transfection efficiency was determined. The majority of cells
displayed GFP expression and transfection efficiency was esti-
mated to be 290% (Fig. 1A). In addition, the expression levels
of Ckip-1 in different groups were measured via RT-qPCR
and western blotting. Ckip-1 mRNA (Fig. 1B) and protein
(Fig. 1C) expression levels were markedly decreased in the
shCkip-1 group compared with the shCtrl group, whereas the
opposite results were observed in the Ckip-1 group compared
with the EV group, demonstrating successful and effective
Ckip-1 knockdown and overexpression, respectively. To further
detect the expression of Ckip-1 in C3H10T1/2 cells, immu-
nofluorescence analysis was conducted. The majority of cells
with green fluorescence in the shCtrl and EV groups displayed
merged signals with red fluorescence that were representative
of Ckip-1 detection (Fig. 1D). Decreased expression levels
of Ckip-1 were observed in the shCkip-1 group compared

Table I. Primers used for reverse transcription-quantitative
PCR.

Gene Sequence (5'—3")
GAPDH F: AGGTCGGTGTGAACGGATTTG

R: GTAGACCATGTAGTTGAGGTCA
Ckip-1 F: AACCGCTATGTGGTGCTGAA

R: CAGGGTGAACTTGCTGTGATTT
Runx2 F: GACTGTGGTTACCGTCATGGC

R: ACTTGGTTTTTCATAACAGCGGA
Osx F: CCCAGCCACCTTTACCTACA

R: TATGGAGTGCTGCTGGTCTG
Col-1 F: GAGGCATAAAGGGTCATCGTGG

R: CATTAGGCGCAGGAAGGTCAG
Bsp F: GAGCCAGGACTGCCGAAAGGAA

R: CCGTTGTCTCCTCCGCTGCTGC
Ocn F: CAGCTTGGTGCACACCTAGC

R: AGGGTTAAGCTCACACTGCTCC
Lrp5 F: CTGCCAGGATCGCTCTGATG

R: ACACTGTTGCTTGATGAGGACACAC
Lef1 F: GCCACCGATGAGATGATCCC

R: TTGATGTCGGCTAAGTCGCC
Tefl F: TGAATCACCACCCGGAATGG

R: CTGGGCCAACTTCACATCCC

Ckipl, casein kinase-2 interaction protein-1; Runx2, RUNX family
transcription factor 2; Osx, Osterix; Col-1, type I collagen; Bsp, bone
sialoprotein; Ocn, osteocalcin; Lrp5, LDL receptor related protein 5;
Lef1,lymphoid enhancer binding factor 1; Tcf1, transcription factor 1.

with the shCtrl group, whereas increased expression levels of
Ckip-1 were observed in the Ckip-1 group compared with the
EV group.

Effects of Ckip-1 on C3HI0TI/2 cell proliferation. To deter-
mine the effects of Ckip-1 knockdown and overexpression on
C3HI10T1/2 cell proliferation, an MTT assay was performed.
On days 1, 3, 5 and 7, cell proliferation in the shCkip-1 group
was significantly increased compared with the shCtrl group. By
contrast,on day 5 and 7, cell proliferation in the Ckip-1 group was
significantly decreased compared with the EV group (Fig. 2A).

Effects of Ckip-1 on C3HIOTI1/2 cell osteogenic differentiation.
An ALP activity assay and RT-qPCR were performed to evaluate
C3HI10T1/2 cell osteogenic differentiation. Following 14-day
osteoinduction, the shCkip-1 group displayed significantly
higher positive staining (dark purple) compared with the shCtrl
group (Fig. 2B). By contrast, the Ckip-1 group displayed signifi-
cantly decreased ALP staining compared with the EV group.
Moreover, gene expression analysis of osteogenic markers
(Runx2, Osx, Coll, Ocn and Bsp) in the shCkip-1 group demon-
strated a significant increase in expression levels compared with
the shCtrl group (Fig. 2C). By contrast, with the exception of
Bsp, the expression levels of the markers in the Ckip-1 group
were significantly decreased compared with the EV group.
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Figure 1. Ckip-1 knockdown and overexpression in C3H10T1/2 cells. (A) Transfection efficiency was assessed via (A) fluorescence microscopy, (B) reverse
transcription-quantitative PCR and (C) western blotting. (D) Immunofluorescence staining. Green indicates successfully transfected C3H10T1/2 cells, red
indicates Ckip-1 expression in C3H10T1/2 cells and blue indicates nuclear staining. “P<0.05. Ckip-1, casein kinase-2 interaction protein-1; sh, short hairpin

RNA; Ctrl, control; EV, empty vector.
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Figure 2. C3H10T1/2 cell proliferation and osteogenic differentiation. (A) Cell proliferation was assessed by performing an MTT assay on day 1,3, 5 and 7.
(B) Following 14-day osteoinduction, ALP activity was assessed via ALP staining (magnification, x200). Red arrows indicate the high positive black precipi-
tate. (C) mRNA expression levels of five osteogenic makers (Runx2, Osx, Coll, Ocn and Bsp). “P<0.05. ALP, alkaline phosphatase; Runx2, RUNX family
transcription factor 2; Osx, Osterix; Coll, type I collagen; Ocn, osteocalcin; Bsp, bone sialoprotein; sh, short hairpin RNA; Ctrl, control; EV, empty vector.

Ckip-1 knockdown and knockout increase the expression
levels of Lrp5 in C3HI0TI1/2 cells. The effects of Ckip-1
knockdown on the expression levels of Lrp5, Tcfl and Lefl
in C3H10T1/2 cells in the 7 d-shCkip-1 group were subse-
quently examined via RT-qPCR. The results indicated that
the expression levels of Lrp5, Tcfl and Lefl were signifi-
cantly increased in the 7 d-shCkip-1 group compared with
the 7 d-shCtrl group (Fig. 3A). The western blotting results

indicated that the expression levels of Lrp5 were increased
in the 7 d-shCkip-1 group compared with the 7 d-shCtrl
group, whereas [-catenin expression levels were not altered.
However, the expression levels of Lrp5 and -catenin were
markedly increased in the 14 d-shCkip-1 group compared
with the shCtrl group (Fig. 3B). To examine the cellular
localization of Ckip-1 and Lrp5, immunofluorescence staining
was performed (Fig. 3C). Colocalization of Ckip-1 (red) and
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Figure 3. Expression of the key molecules of the Wnt/B-catenin signaling pathway in shCkip-1-transfected C3HI0T1/2 cells. (A) Lrp5, Lefl, Tcfl mRNA
expression levels in shCkip-1-transfected C3H10T1/2 cells on day 7 of osteoinduction. (B) Protein expression levels of Lrp5 and f-catenin on day 7 and 14
of osteoinduction. (C) Co-localization of Lrp5 and Ckip-1 was assessed via immunofluorescence staining. Green represents Lrp5 staining and red indicates
Ckip-1 staining. "P<0.05 and “"P<0.01. sh, short hairpin RNA; Ckip-1, casein kinase-2 interaction protein-1; Lrp5, LDL receptor related protein 5; Lef1,

lymphoid enhancer binding factor 1; Tcf1, transcription factor 1; d, days.
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Figure 4. Rescue effect of shCkip-1 on shLrp5-transfected C3H10T1/2 cell proliferation and osteogenic differentiation. (A) Transfection efficiency of shLrp5
and shCkip-1. (B) Cell proliferation was assessed by performing an MTT assay on day 1, 3 and 5. (C) mRNA expression levels of five osteogenic makers
(Runx2, Osx, Coll, Ocn, Bsp). (D) ALP activity was assessed via ALP staining (magnification, x200). “P<0.05. sh, short hairpin RNA; Ckip-1, casein kinase-2
interaction protein-1; LrpS, LDL receptor related protein 5; Runx2, RUNX family transcription factor 2; Osx, Osterix; Coll, type I collagen; Ocn, osteocalcin;

Bsp, bone sialoprotein; ALP, alkaline phosphatase; Ctrl, control.

Lrp5 (green) was observed in C3H10T1/2 cells under normal
conditions. Moreover, the results suggested that Ckip-1 highly
accumulated in the vicinity of the membrane of C3H10T1/2
cells, which may imply an underlying membrane-associated
role of Ckip-1.

Decreased cell proliferation in the Lrp5 knockdown group
can be rescued by shCkip-1. Simultaneous Lrp5 and Ckip-1

knockdown was achieved by lentiviral transfection and
confirmed via RT-qPCR. In accordance with the aforemen-
tioned results, the expression level of Lrp5 was significantly
increased in the shCkip-1 and shLrp5 + shCkip-1 groups
compared with shCtrl group (Fig. 4A). C3H10T1/2 cell
proliferation and osteogenic differentiation were evaluated
in the different groups. At 3 and 5 days, cell proliferation
in the shLrp5 group was significantly reduced compared
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with the shCtrl group (Fig. 4B). At 1, 3 and 5 days in the
shLrp5 + shCkip-1 group, cell proliferation was significantly
higher compared with the shLrp5 group.

Involvement of Lrp5 in Ckip-1 knockdown-induced
C3HIO0TI/2 cell osteogenic differentiation. The relative
gene expression levels of osteogenic markers in the shLrp5,
shCkip-1, shLrp5 + shCkip-1 and shCtrl groups were evalu-
ated after 7-day osteoinduction. The majority of the osteogenic
markers were expressed at lower levels in the shLrp5
group compared with the shCtrl group, with significantly
decreased Runx2 and Bsp expression levels in the shLrp5
group compared with the shCtrl group (Fig. 4C). However,
in the shLrp5 + shCkip-1 group, osteogenic-related marker
expression levels were significantly increased compared with
the shLrp5 group. Moreover, the expression levels of the
osteogenic markers in the shCkip-1 group were significantly
higher compared with the shLrp5 + shCkip-1 group. The ALP
activity detection results further indicated the rescue response
of shCkip-1 in C3H10T1/2 cell osteogenic differentiation
following Lrp5 knockdown (Fig. 4D).

Discussion

The stimulation of MSC proliferation and osteogenic differ-
entiation is a promising approach for the treatment of bone
defects (25,26). Ckip-1 can negatively regulate bone formation,
and the canonical Wnt signaling pathway is one of the five
osteogenesis signaling pathways (8,27). In the present study, the
role of Ckip-1 in the regulation of osteogenic differentiation via
the canonical Wnt signaling pathway was assessed. Moreover,
to the best of our knowledge, with the exception of the BMP
signaling pathway (22), the association between the osteogenic
signaling pathways and Ckip-1 has not been previous reported.
In the present study, the common C3H10T1/2 MSC-like
pluripotent cell line was used, which was obtained from mouse
embryos and established by Reznikoff et al in 1973 (28). The
effects of Ckip-1 on C3H10T1/2 cell proliferation and osteo-
genic differentiation were evaluated in the present study.

The results of the MTT assay indicated that C3H10T1/2
cell proliferation was enhanced and reduced in the
shCkip-1 and Ckip-1 groups compared with the shCtrl and
EV groups, respectively, indicating that Ckip-1 negatively
regulated C3H10T1/2 cell proliferation. ALP activity is
upregulated during osteogenesis and is regarded as an early
bone marker (29). The ALP staining and RT-qPCR assays
suggested that Ckip-1 also negatively regulated C3H10T1/2
cell osteogenic differentiation.

Subsequently, the association between Ckip-1 and the
canonical Wnt signaling pathway was investigated. Following
immunofluorescence staining, the expression and localization
of Ckip-1 were examined in the cell membrane, cytoplasm
and nucleus under normal conditions. High accumulation of
Ckip-1 was observed at the cell membrane, which indicated
colocalization of Ckip-1 with the Lrp5 receptor. Previous
studies have suggested that Ckip-1 is localized near the cell
membrane and distributed throughout the cytoplasm or in
the nucleus, suggesting that its function is determined by its
cellular location (30-33). Therefore, it was hypothesized that
membrane-associated Ckip-1 localization may account for the

phenotype of the C3H10T1/2 cell line or for the expression of
the membrane receptors.

Ckip-1 knockdown significantly increased the expression
levels of the key molecules of the canonical Wnt signaling
pathway (Lrp5, Lefl and Tefl) in C3H10T1/2 cells compared
with the shCtrl group. Lrp5 knockdown was established in
C3HI10T1/2 cells, since the cell line exhibited high Lrp5
expression compared with the shCtrl group (Fig. 3A and B).
Lrp5 is atransmembrane receptor that can bind to Wnt ligands
and FZD proteins to initiate and activate the canonical Wnt
signaling pathway (12). Related studies have demonstrated
that disruption of Lrp5 can result in a low bone mass pheno-
type in postnatal mice, whereas Lrp5 knockdown can lead
to a high bone mass phenotype (34,35). The shCkip-1 group
displayed increased expression levels of Lrp5 compared with
the shCtrl group, as determined via RT-qPCR and western
blotting. In addition, 3-catenin is an important downstream
molecule of the canonical Wnt signaling pathway (36,37).
Previous studies have indicated that deletion of (-catenin
can negatively affect osteoblast differentiation and bone
formation (36,37). The western blotting results indicated that
[(-catenin expression levels were significantly increased on
day 14 of osteoinduction in the shCkip-1 group compared
with the shCtrl group, which was consistent with previous
studies.

In the present study, the effect of Lrp5 knockdown on
C3H10T1/2 cell proliferation and osteogenic differentiation
was assessed. Moreover, the potential of Ckip-1 knockdown to
reverse Lrp5 knockdown-mediated effects was also examined.
Following lentiviral transfection, MTT and RT-qPCR assays
were performed to evaluate cell proliferation and osteogenic
marker expression, respectively. Cell proliferation was signifi-
cantly decreased in the shLrp5 group on day 3 compared
with the shCtrl group, indicating that Lrp5S may exert a
potential positive effect on C3H10T1/2 cell proliferation.
The shLrp5 + shCkip-1 group displayed higher cell prolif-
eration compared with the shLrp5 group, which implied a
rescue role of shCkip-1. With regard to osteogenic differ-
entiation, the expression levels of the osteogenic-associated
genes of the shLrp5 + shCkip-1 group were significantly
increased compared with the shCtrl and shLrp5 groups. The
shLrp5 and shCtrl groups displayed no significant differ-
ences. However, the expression levels of almost all the genes
investigated were slightly decreased in the shLrp5 group
compared with the shCtrl group, which was consistent with
previous findings demonstrating that Lrp5 may serve a posi-
tive regulatory role on bone formation (34,35). Furthermore,
it was hypothesized that the transmembrane receptor Lrp5
may serve as a potential target of Ckip-1 based on the
membrane-associated colocalization of Ckip-1 and Lrp5 in
C3H10T1/2 cells. However, further studies are required to
verify the hypothesis, potentially by using a Wnt inhibitor.

In conclusion, the present study evaluated the effects
of Ckip-1 on C3H10T1/2 cell proliferation and osteogenic
differentiation, as well as the potential underlying mecha-
nism. The results demonstrated that Ckip-1 negatively
regulated C3H10T1/2 MSC cell proliferation and osteogenic
differentiation via the canonical Wnt-signaling receptor
Lrp5, which may provide a promising target for the improve-
ment of BTE.
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