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Kaiso regulates osteoblast differentiation and mineralization
via the Itgal0/PI3K/AKT signaling pathway
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Abstract. Bone homeostasis is maintained by a dynamic
balance between bone formation and bone resorption. The
cellular activities of osteoblasts and osteoclasts are the primary
factors that maintain this dynamic balance. The transcription
factor Kaiso has been identified as a regulator of cell prolifera-
tion and differentiation in various cells. However, research into
its role in bone homeostasis is currently lacking. In the present
study, cell and animal experiments were conducted to investi-
gate the role of Kaiso in bone homeostasis. The present study
identified that Kaiso was downregulated during osteoblast
differentiation in MC3T3-El cells. Gain- and loss-of-function
studies in MC3T3-El cells demonstrated that Kaiso served a
critical role in osteoblast differentiation in vitro. The findings
were further confirmed in vivo. The results of the sequence
analysis indicated that Kaiso influenced osteoblast differ-
entiation and mineralization by regulating the PI3K/AKT
signaling pathway. Moreover, integrin subunit al0 (ItgalO)
was identified as a direct target of Kaiso via chromatin immu-
noprecipitation and luciferase reporter assays. Collectively,
these findings suggested that Kaiso regulated the differentia-
tion of osteoblasts via the ItgalO/PI3K/AKT pathway, which
represents a therapeutic target for bone formation or bone
resorption-related diseases.

Introduction

During the process of bone development and remodeling,
there is a dynamic balance between bone formation and bone
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resorption (1,2). When this balance is disrupted, progressive
osseous hyperplasia or osteoporosis eventually occur (3).
Several diseases are caused by imbalance of bone formation
and bone resorption. For instance, excessive bone formation
can lead to joint ankylosis in ankylosing spondylitis and
osteophyte in osteoarthritis (4,5). Moreover, excessive bone
resorption in pathological conditions, such as immobility and
corticosteroid overuse, can lead to osteoporosis (6). Axial
spondyloarthritis (axSpA) is a chronic inflammatory disease
characterized by structural damage which incorporates
aspects of bone destruction and new bone formation (4).

The cellular activities of osteoblasts and osteoclasts are the
main factors that maintain the dynamic bone balance; osteo-
blasts are responsible for bone formation, while osteoclasts are
responsible for bone resorption (1,2). The cellular activities of
osteoblasts are controlled by external signals. For example, bone
morphogenetic proteins, a group of molecules belonging to the
TGF-f superfamily, can induce the differentiation of osteo-
blasts (6). Another family of growth factors that are implicated
in osteoblast differentiation is the Wnt protein family (7). Several
transcription factors have also been identified to engage in the
process of osteoblast differentiation, including RUNX family
transcription factor 2, Osterix and activating transcription
factor 4 (8). The transcription factor Kaiso, which is a unique
member of the poxviruses and zinc finger (POZ) family, exhibits
dual-specificity DNA binding at methylated CpG dinucleotides
or at a non-methylated sequence, known as the Kaiso binding
site (KBS) (9,10). Kaiso has diverse functions in the regulation
of inflammation, cell proliferation and cell cycle (11-15). Several
studies have revealed that Kaiso has an effect on Wnt signaling,
which is critical in the regulation of bone homeostasis (16-18).
However, to the best of our knowledge, no study has investi-
gated the role of Kaiso in osteoblast differentiation and bone
formation to date.

In the present study, a HuProt microarray was used to
identify autoantibodies in patients with axSpA. Gain- and
loss-of-function studies in MC3T3-El cells demonstrated
that Kaiso served a critical role in osteoblast differentiation
in vitro. The findings were further confirmed in vivo. An
Illumina HiSeq sequencer was used to analyze the mecha-
nism of Kaiso in regulating osteoblast differentiation and
mineralization. Taken together, the present results suggested
that Kaiso regulated the differentiation of osteoblasts via the
ItgalO/PI3K/AKT signaling pathway.
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Materials and methods

Biologic samples. The study was approved by the Medical Ethics
Committee of Changhai Hospital (approval no. CHEC2017-163)
and written informed consent was obtained from all patients
(age, 28.57+3.95 years; 5 men; 2 women). Serum samples used
for the protein chip were obtained in patients (seven patients
with axSpA vs. seven healthy controls) recruited from the outpa-
tient clinic of Changhai Hospital between 2018.01 and 2019.01.
The HuProt microarrays used in this study were provided by
CDI Laboratories, Inc. The array contained duplicate spots
of ~20,000 individually purified human proteins with an
N-terminal glutathione S-transferase tag.

Bone marrow mesenchymal stem cells were extracted
from six patients with femoral neck fractures who underwent
surgical treatment recruited from the Changhai Hospital
between 2018.01 and 2019.01.

Cell culture. The MC3T3-El (mouse pre-osteoblast) cell line
was obtained from The Cell Bank of Type Culture Collection
of Chinese Academy of Science and grown in o-minimal
essential medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin and 0.1 mg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.). To induce mineralization,
MC3T3-El cells were treated for different time points (1, 3,
5,7, 14 and 21 days) with osteogenic medium (OM), which
was composed of complete medium supplemented with
50 pug/ml ascorbic acid (Sigma-Aldrich; Merck KGaA),
10 mM B-glycerophosphate (Sigma-Aldrich; Merck KGaA)
and 50 ng/ml BMP2 (Novus Biologicals, LLC) in a humidified
incubator at 37°C under 5% CO,. The medium was changed
every 3 days. To validate the role of the PI3K/AKT signaling
pathway in osteogenic differentiation, 15 mM PI3K inhibitor
(LY294002; Selleck Chemicals) was added to the OM (4°C for
3 days) and the medium changed every 3 days.

Preparation and transfection of lentivirus. For gene over-
expression, a lentivirus expression vector was constructed
by inserting full-length Kaiso cDNA into the pLenti-EFla-
EGFP-F2A-Puro-CMV-MCS vector (Obio Technology Co.,
Ltd.), to generate LV-Kaiso. Empty vector plasmid was used
as control. For gene silencing, Kaiso-targeting short hairpin
RNA (shRNA) or ItgalO-targeting shRNA were inserted into
the PLKD-CMV-EGFP-Puro-U6 vector (Obio Technology
Co., Ltd.). The sequences of the sShRNAs are summarized
in Table SI (supplied by Obio Technology Co., Ltd.). The
reconstructed vectors were then transfected into 293T cells,
and the lentiviral particles were collected at 48 h post-trans-
fection. The construction and production of the lentivirus were
performed by Obio Technology Co.,Ltd. MC3T3-El cells were
infected with viruses (at a multiplicity of infection of 50) in the
presence of 5 pug/ml polybrene (37°C for 24 h), and replaced
it with fresh medium after 24 h. After 72 h of infection, the
fluorescence expression was observed by fluorescence micro-
scope at a magnification of x100. Then the cells were selected
using puromycin (2 #g/ml) to establish stable cell lines. Small
interfering (si)RNAs were transfected using Lipofectamine®
RNAiIMAX (Invitrogen; Thermo Fisher Scientific, Inc.). The
sequences of the siRNAs are summarized in Table SI.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), and RT (37°C for
15 min and 85°C for 5 sec, and cooled to 4°C) was performed
with a PrimeScript RT Reagent kit (Takara Bio, Inc.) according
to the manufacturer's protocols. RT-qPCR was performed
(95°C pre-incubation for 5 min, followed by 40 cycles at 95°C
for 20 sec, 60°C for 15 sec and 72°C for 20 sec, and cooled
to 4°C) on an ABI Prism 7500 Sequence Detection system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using
SYBR Premix Ex Taq™ (Takara Bio, Inc.). The relative
expression of each target gene was quantified by calculating
the quantification cycle value, and was normalized to the levels
of B-actin. The relative expression levels were calculated based
on the 2244 method (19). Each sample was analyzed in tripli-
cate. The primer sequences are listed in Table SII.

Western blot analysis. Cells were lysed with RIPA buffer
supplemented with protease inhibitors (Thermo Fisher
Scientific, Inc.). The Pierce™ Rapid Gold BCA Protein Assay
kit (Thermo Fisher Scientific, Inc.) was used for protein deter-
mination. Equal quantities of proteins (20 ug) were separated
by 6 or 10% SDS-PAGE and transferred to PVDF membranes
(EMD Millipore). After pre-incubation in 5% non-fat
milk for 1 h, the membranes were incubated with primary
antibodies for 12-16 h at 4°C. The membranes were then
incubated with appropriate horseradish peroxidase-conjugated
secondary antibodies (cat. no. 7074; 1:3,000; Cell Signaling
Technology, Inc.) for 1 h at room temperature. The immu-
noreactive protein bands were visualized using an enhanced
chemiluminescence detection system (Cytiva). The primary
antibodies used in this study were as follows: Anti-Kaiso (cat.
no. 12723; 1:1,000; Abcam), anti-ItgalO (cat. no. PA5-67829;
1:1,000; Merck KGaA), anti-p85 (cat. no. 4292; 1:1,000;
Cell Signaling Technology, Inc.), anti-AKT (cat. no. 9272;
1:1,000; Cell Signaling Technology, Inc.), anti-phosphorylated
(p)-AKT (cat. no. 9271; 1:1,000; Cell Signaling Technology,
Inc.) and anti-f-tubulin (cat. no. 2146; 1:1,000; Cell Signaling
Technology, Inc.). The relative semi-quantification of western
blotting was performed using ImagelJ software (1.52a; National
Institutes of Health).

Alkaline phosphatase (ALP) activity assay. After treatment
with OM for 1, 3, 5 and 7 days, MC3T3-El1 cells were rinsed
with PBS, solubilized in lysis buffer (50 mM Tris, 100 mM
glycine) for 5 min and centrifuged (2,000 x g; room tempera-
ture; 5 min) to collect the supernatant. The ALP activity in
the supernatant was then determined using ALP Assay Kkits
(Nanjing Jiancheng Bioengineering Institute) according to the
manufacturer's instructions. The ALP activity was normalized
to total the protein concentration, which was determined using
BCA Protein Assay kits (Thermo Fisher Scientific, Inc.).

ALP staining and Alizarin Red S staining. MC3T3-El cells
were cultured in 24-well plates at a density of 3x10* cells per
well. After treatment with OM (37°C) for a different numbers
of days (1, 3, 5, 7, 14 and 21 days), cells were washed with
PBS, fixed with 4% formaldehyde for 30 min (room tempera-
ture) and rinsed with double-distilled H,O. For ALP staining,
ALP Assay kits (Beyotime Institute of Biotechnology) were
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used according to the manufacturer's protocol. For detection
of mineral deposition, the fixed cells were stained with 1%
Alizarin Red S solution (Sigma-Aldrich; Merck KGaA) at
room temperature for 10 min. All the stained cells were rinsed
three times with double-distilled H,O and then imaged using
a camera.

Sequencing analysis of mRNA. Total RNA was extracted
from stable cell lines transfected with LV-ctr, LV-Kaiso,
Sh-ctr and Sh-Kaiso-1 using TRIzol reagent. The quantity and
purity of total RNA were monitored using a NanoDrop 2000
spectrophotometer (NanoDrop Technologies; Thermo Fisher
Scientific, Inc.) and an Agilent 2200 Bioanalyzer (Agilent
Technologies, Inc.). Library construction and sequencing
on the Illumina HiSeq 2000 platform (Illumina, Inc.) were
performed by Guangzhou RiboBio Co., Ltd.

Gene Ontology (GO) (http://geneontology.org/) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses (https:/www.genome.jp/kegg/) were performed to
determine the roles of the differentially expressed genes in
biological pathways. Protein-protein interaction (PPI) network
analysis (https://string-db.org/) was performed to identify the
key genes in the pathways. P<0.05 was considered to indicate
statistically significant enrichment.

Chromatin immunoprecipitation (ChIP) assay. JASPAR
(http://jaspar.genereg.net/) and MatlInspector (https://www.
genomatix.de/online_help/help_matinspector/matinspector_
help.html) were used to predict the presence of Kaiso binding
site in ItgalO promoter. ChIP assays were performed using an
EZ ChIP kit (cat. no. 17-10086; EMD Millipore) according
to the manufacturer's protocol. In brief, cells were fixed with
1% formaldehyde for 10 min (37°C) to crosslink chromatin
complexes before the addition of 125 mM glycine to stop
the reaction. After washing with PBS, the samples were then
sonicated at 4°Cto obtain DNA fragments (400-1,000 bp).
The sonicator Bioruptor was used at mid-range and the cell
samples were sonicated for 10 min, ‘ON’ for 30 sec, ‘OFF’ for
30 sec and centrifuged at 4°C for 10 min at 2,000 x g to remove
insoluble materials. Immunoprecipitation was performed (4°C
for 24 h) using a Kaiso-specific antibody (cat. no. 12723;
1:1,000; Abcam) or an IgG control antibody. Protein A/G
beads (Thermo Fisher Scientific, Inc.) were used to pull down
the immune complexes. The protein-DNA complexes were
eluted with buffer containing 1% SDS and 0.1 M NaHCO;, and
crosslinks were reversed at 65°C overnight. DNA was purified
and used for PCR. The following ItgalO primers were used
for ChIP assay: Forward, 5'-CCGAATGGAAGATGAGAG
ACA-3' and reverse, 5“-TCGGAGGTTAATACCGATGC-3..

Luciferase reporter assay. To generate the ItgalO luciferase
reporter plasmids, a 1,051-bp DNA fragment upstream of the
ItgalO transcription start site was amplified via PCR from
genomic human DNA and cloned into the pGL4.10-Basic
vector (Promega Corporation). The predicted Kaiso binding
sites (5'-AATCCTGCTAC-3") and the corresponding mutated
Kaiso binding sites (5'-TGGCTCGTGT-3") were also subcloned
into the vector using standard cloning strategies (20). For
luciferase assays, MC3T3-El cells were cultured to 70-80%
confluence in 24-well plates before co-transfection with the

luciferase reporter vector (0.1 xg) and Kaiso overexpres-
sion vectors or control (0.1 pg) using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions (37°C for 48 h). At 48 h after trans-
fection, the luciferase activity was measured using the Dual
Luciferase Reporter Assay system (Promega Corporation),
and each experiment was repeated in triplicate. The transfec-
tion efficiency was normalized by determining the activity of
Renilla luciferase.

Osteogenesis assay in vivo. NOD/SCID mice (male; age,
8 weeks; 18-22 g; n=21) purchased from SLRC Laboratory.
Mice were bred under specific pathogen-free conditions at a
constant temperature (23+1°C) with 55+15% humidity and
a 12-h light-dark cycle (09:00-21:00). All the mice had free
access to food and water. For the in vivo osteogenic ectopic
assay, a total of 2x10° MC3T3-E1 were seeded on a B-tricalcium
phosphate (3-TCP) scaffold (Shanghai Bio-lu Biomaterials
Co., Ltd.). The implants loaded with cells were implanted into
an intramuscular pocket of the right femur of mice (21). The
mice were anesthetized with an injection of 1% pentobarbital
sodium (70 mg/kg) into the abdominal cavity. The mice were
randomly divided into seven groups containing three mice per
group: i) B-TCP (vehicle); ii) B-TCP loading LV-ctr MC3T3-E1
cells (LV-ctr); iii) B-TCP loading LV-Kaiso MC3T3-El1 cells
(LV-Kaiso); iv) B-TCP loading Sh-ctr MC3T3-El cells (Sh-ctr);
v) B-TCP loading Sh-Kaiso MC3T3-El cells (Sh-Kaiso);
vi) B-TCP loading Sh-ctr MC3T3-El cells (Sh-ctr); and
vii) B-TCP loading Sh-Itgal0 MC3T3-El1 cells (Sh-Itgal0). At
8 weeks post-implantation, the mice were sacrificed via carbon
dioxide asphyxia. Briefly, the CO, flow rate was started with
8 1/min in a 30-lchamber. The implants were harvested and
fixed in 4% paraformaldehyde (room temperature for 24 h) for
p-computed tomography (#CT) analysis. The bone mineral
density (BMD) of implants was then generated by skyscan
1176 (22). The implants were decalcified in 10% EDTA and
embedded in paraffin. Then 5-ym sections were stained with
hematoxylin and eosin (cat. no. C0105M; Beyotime Institute of
Biotechnology) for 10 min at room temperature, and washed
with distilled water for 10 min. Sections were observed and
imaged using a light microscope (E200; Nikon Corporation) at
a magnification of x200. All animal studies were approved by
the Animal Ethics Committee of Changhai Hospital.

Statistical analysis. SPSS software (version 20; IBM Corp.)
was used for statistical analysis. Differences between two
groups were observed using unpaired Student's t-tests, and
differences in the results derived from experiments with
>2 groups were analyzed using one-way ANOVA followed by
Bonferroni post-hoc test. P<0.05 was considered to indicate
a statistically significant difference. The experiment was
repeated three times independently.

Results

Autoantibodies in axSpA. The present study used the HuProt
microarray to identify autoantibodies in patients with axSpA
and healthy controls. The results demonstrated that seven
candidate autoantibodies [including microtubule associated
protein 9, BAF chromatin remodelling complex subunit
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BCL7A, argonaute RISC component 1, immunoglobulin
heavy constant yl (Glm marker), myosin light chain kinase,
SGT1 homolog, MIS12 kinetochore complex assembly
cochaperone andKaiso (also known as zinc finger and BTB
domain containing 33)] were present specifically in serum
from the patients with axSpA but not from that of the healthy
controls (Fig. S1).

Kaiso regulates osteoblast differentiation in MC3T3-El
cells. The expression of Kaiso was found to be downregulated
during osteoblast differentiation in MC3T3-El cells (Fig. 1A).
To investigate the role of Kaiso in the regulation of osteoblast
differentiation, MC3T3-El cells were infected with a lentivirus
expressing Kaiso or control virus to produce a stable over-
expressing cell line (LV-Kaiso) or control cell line (LV-ctr).
Stable overexpression of Kaiso was confirmed via western blot
analyses and qPCR (Fig. 1B and C). To examine the osteoblast
differentiation ability, the stable cell lines were cultured for the
indicated periods in OM, and mRNA expression of the osteo-
genic marker genes, including ALP, osteocalcin (OCN) and
bone sialoprotein (BSP), were examined. The mRNA expres-
sion levels of ALP, OCN and BSP were significantly decreased
in the LV-Kaiso group compared with those in LV-ctr group
after treatment with OM for 7 days (Fig. 1D). Moreover, ALP
activity assays and ALP staining demonstrated that Kaiso
overexpression suppressed ALP activity in MC3T3-E1 cells
after induction by OM for different periods (Fig. 1E and F).
The effects of Kaiso on late osteoblast differentiation were
examined using Alizarin Red S staining to assess mineral bone
nodule formation. The Alizarin Red staining results further
indicated that Kaiso overexpression notably suppressed the
osteogenic differentiation of MC3T3-El cells (Fig. 1G).

To further clarify the role of Kaiso in osteoblast differ-
entiation, Kaiso knockdown was conducted in MC3T3-El
cells using shRNA (Sh-Kaiso-1 andSh-Kaiso-2). Control cells
were also prepared with Sh-ctr (Fig. 1H and I). By contrast
to those in Sh-ctr cells, the mRNA expression levels of
ALP, OCN and BSP were increased in Sh-Kaiso MC3T3-E1
cells (Fig. 1J). As Sh-Kaiso-1 was more active, this transfec-
tant was used for further experiments. ALP activity assays,
ALP staining and Alizarin Red S staining at different
timepoints demonstrated stronger osteogenic differentiation
of Sh-Kaiso MC3T3-El cells compared with that of Sh-ctr
MC3T3-El cells (Fig. 1K-M). Similar results were observed
in primary human bone marrow-derived mesenchymal stem
cells (Fig. S2). The expression of Kaiso was also found to be
downregulated during osteoblast differentiation in primary
human bone marrow-derived mesenchymal stem cells
(BMSCs). The mRNA expression levels of ALP, OCN and BSP
were increased after knockdown of Kaiso in BMSCs (Fig. S2).
These results suggested that Kaiso negatively regulated osteo-
blast differentiation.

Kaiso regulates osteoblast differentiation by modulating the
PI3K/AKT signaling pathway in MC3T3-EI cells. To gain
insights into the molecular mechanisms via which Kaiso
regulates osteoblast differentiation, the Illumina HiSeq
sequencer was used to analyze changes in mRNA expression
in Kaiso-overexpressing or Kaiso-knocked down stable cell
lines. GO analysis of biological processes demonstrated that

the downregulated genes in LV-Kaiso cells and the upregu-
lated genes in Sh-Kaiso cells were significantly enriched in
‘osteoblast differentiation’ (Fig. 2A and C). KEGG pathway
analysis of the differentially expressed genes identified
that the ‘PI3K/AKT pathway’ was inhibited in LV-Kaiso
MC3T3-El1 cells and enhanced in Sh-Kaiso MC3T3-EI cells
(Fig. 2B and D). PPI network analysis of the differentially
expressed genes enriched in the PI3K/AKT pathway indi-
cated that ItgalO, colony stimulating factor 1 receptor (Csf1r)
andfibroblast growth factor receptor 3 (Fgfr3), with higher
degrees of connectivity than other genes, were network-centric
proteins (Fig. 2E).

To confirm the ability of Kaiso in regulating the PI3K/AKT
pathway, the expression levels of p85 and p-AKT were deter-
mined via western blot analysis. The results demonstrated
that the expression levels of p85 and p-AKT were decreased
in LV-Kaiso MC3T3-El cells and increased in Sh-Kaiso
MC3T3-El1 cells (Fig. 3A). To further evaluate the involve-
ment of the PI3K/AKT signaling pathway in the enhanced
osteoblast differentiation observed in Sh-Kaiso MC3T3-El
cells, the PI3K-specific inhibitor LY294002 was added into
the cell culture, and its effect on osteoblast differentiation
was examined. LY294002 markedly blocked the enhance-
ment of p-AKT and p85 protein expression levels observed
in Sh-Kaiso MC3T3-El cells (Fig. 3A). The intensity of p85
and p-AKT was determined via densitometry using ImagelJ
software and normalized to the loading control B-tubulin
(Fig. S3). LY294002 also had significant effects on osteoblast
differentiation, as demonstrated by the decreased mRNA
expression levels of ALP, OCN and BSP (Sh-ctr vs. Sh-ctr+LY;
Sh-Kaiso-1vs. Sh-Kaiso-1+LY;Sh-ctr+LY vs. Sh-Kaiso-1+LY)
(Fig. 3B-D). The results of ALP activity assays, ALP staining
and Alizarin Red S staining further demonstrated that
LY294002 inhibited the increased ALP activity and mineral
bone nodule formation in Sh-Kaiso MC3T3-Elcells (Sh-ctr
vs. Sh-ctr+LY; Sh-Kaiso-1 vs. Sh-Kaiso-1+LY; Sh-ctr+LY
vs. Sh-Kaiso-1+LY) (Fig. 3E and F). Thus, these findings
indicated that Kaiso regulated the osteoblast differentiation of
MC3T3-El1 cells via a mechanism involving the PI3K/AKT
pathway.

Kaiso regulates the PI3K/AKT pathway via Itgal0. To further
investigate the mechanism via which Kaiso regulates the
PI3K/AKT pathway, the present study focused on ItgalO, Csf1r
and Fgfr3, which demonstrated a high degree of connectivity
in the PPI network analysis. The results of the western blot
analysis indicated that Itgal0 was downregulated in LV-Kaiso
MC3T3-E1 cells and upregulated in Sh-Kaiso MC3T3-E1 cells
(Fig. 4A and B). The existence of the KBS (5-TCCTGCNA-3")
in the promoter region of Itgal0 (5-AATCCTGCTAC-3') was
predicted using JASPAR and MatInspector databases. For
further verification, ChIP assays were performed on LV-Kaiso
and control LV-ctr cell lines using an anti-Kaiso monoclonal
antibody. qPCR of the ChIP DNA products using an Itgal0
promoter primer set demonstrated the binding of Kaiso to the
ItgalO promoter (Fig. 4C). To further assess these findings, the
promoter activity of wild-type (WT) and KBS-mutated (MUT)
ItgalO was detected in MC3T3-El cells. It was identified that
Kaiso overexpression significantly inhibited the promotor
luciferase reporter activity of Itgal0. Moreover, the MUT of
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Figure 1. Overexpression or knocking down of Kaiso can inhibitor promote osteoblast differentiation in MC3T3-El cells. (A) Kaiso expression during osteogenic
induction was determined via western blot analysis. (B) Western blot analysis and (C) RT-qPCR of Kaiso expression in LV-Kaiso and LV-ctr infected MC3T3-E1
cells. (D) RT-qPCR analysis of ALP, OCN and BSP expression levels was performed in LV-Kaiso and LV-Ctr infected MC3T3-El1 cells after 7 days of culture
with OM. (E) ALP activity was measured on days 1, 3, 5 and 7 after culture with OM. The results are presented as the value relative to that at day 1. (F) ALP
staining was performed on days 1, 3,5 and 7 in the presence of OM. (G) Mineralized nodule formation was detected with Alizarin Red S staining on days 7, 14
and 21. (H) Western blot analysis and (I) RT-qPCR analysis of Kaiso expression in Sh-Kaiso-1, Sh-Kaiso-2 and Sh-ctr transfected MC3T3-El cells. (J) RT-qPCR
analysis of ALP, OCN and BSP expression levels was performed in Sh-ctr and Sh-Kaiso transfected MC3T3-El1 cells after 7 days of culture with OM. (K) ALP
activity. (L) ALP staining. (M) Mineralized nodule formation. All the data were analyzed in triplicate. Data are presented as the mean = SD. “P<0.01. P-values of
C-E were based on Student's t-test and P-values of I-K were analyzed using one-way ANOVA. RT-qPCR, reverse transcription-quantitative PCR; OM, osteogenic
medium; ALP, alkaline phosphatase; OCN, osteocalcin; BSP, bone sialoprotein; LV, lentivirus; shRNA, short hairpin RNA; Ctr, control.
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Figure 2. mRNA sequence analysis in LV-Kaiso and Sh-Kaiso infected MC3T3-E1 cells. (A) GO analysis of BP in downregulated genes in LV-Kaiso
MC3T3-El cells vs. LV-ctr MC3T3-Elcells. (B) KEGG pathway analysis of downregulated genes in LV-Kaiso cells vs. LV-ctr cells. (C) GO analysis of BP in
upregulated genes in Sh-Kaiso MC3T3-Elcells vs. Sh-ctr MC3T3-Elcells. (D) KEGG pathway analysis of upregulated genes in Sh-Kaiso cells vs. Sh-ctr cells.
(E) Protein-protein interaction network analysis of the differentially expressed genes enriched in the PI3K/AKT pathway. Size is proportional to the degree
of connectivity. BP, biological process; DifGene, differentially expressed gene; BP, biological processes; GO, Gene Ontology; LV, lentivirus; shRNA, short
hairpin RNA; Ctr, control; KEGG, Kyoto Encyclopedia of Genes and Genomes.

ItaglO could partially restore the suppressed Itgal0 promoter To examine the direct role of ItgalO in osteogenesis of
activity (relative luciferase activity, 0.39+0.04 in Itgal0-WT  MC3T3-Elcells, two shRNAs were used to knock down Itgal0
vs. 0.50+0.04 in Itgal0-MUT) (Fig. 4D and E). (Sh-ItgalO-1 andSh-Itgal0-2). RT-qPCR and western blot
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Figure 3. Kaiso regulates osteoblast differentiation by modulating the PI3K/AKT pathway in MC3T3-E1 cells. (A) Western blot analysis was used to detect
the protein expression levels of p85, AKT and p-AKT in MC3T3-El cells with Kaiso overexpression or Kaiso knockdown. Sh-Kaiso-1 and Sh-ctrl cells were
treated with LY, and the expression levels of p85, AKT and p-AKT were examined via western blot analysis. RT-qPCR analysis of (B) ALP, (C) BSP and
(D) OCN expression levels in Sh-ctr and Sh-Kaiso transfected MC3T3-El1 cells after 7 days of culture with osteogenic medium in the presence of LY. (E) ALP
activity was measured on day 7. (F) ALP staining was performed on day 7, and Alizarin Red S staining was performed on day 21. Data are presented as
the mean + SD (n=3). “P<0.01. LY, LY294002; RT-qPCR, reverse transcription-quantitative PCR; ALP, alkaline phosphatase; OCN, osteocalcin; BSP, bone
sialoprotein; LV, lentivirus; shRNA, short hairpin RNA; Ctr, control; p-, phosphorylated.

analyses identified that both shRNAs led to efficient knock-
down of Itgal0 in MC3T3-El cells (Fig. S4A and B). The
results demonstrated that knocking down ItgalO decreased the
protein expression levels of p85 and p-AKT (Fig. 4F), as well as
the mRNA expression levels of ALP, OCN and BSP (Fig. 4G).
Furthermore, the stable Sh-ItgalO-1 and Sh-Itgal0-2 cell lines

had suppressed osteoblast differentiation, as demonstrated by
declined ALP activity, ALP staining and mineralized bone
nodule formation (Fig. 4H and I).

To examine whether ItgalO serves as a downstream target of
Kaiso, cells were transfected with lentivirus expressing Itgal0.
The efficiency of lentivirus expressing Itgal0 in MC3T3-El
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Figure 4. Kaiso regulates the PI3K/AKT pathway via Itgal0. Western blot analysis of ItgalQ expression in (A) Kaiso-overexpressing or (B) Kaiso-knockdown
MC3T3-El1 cells. (C) Chromatin immunoprecipitation analysis of the binding of Kaiso to the promoter of Itgal0 in LV-ctr and LV-Kaiso MC3T3-El cells.
Input DNA and DNA immunoprecipitated with IgG were included as positive and negative controls, respectively. The results are expressed as percentages of
the input level. (D) WT and (E) Kaiso binding site-MUT ItgalO promoter-luciferase reporter vectors were co-transfected with Kaiso-overexpression vectors or
control vector in MC3T3-El cells. Luciferase activity was normalized to Renilla luciferase activity and presented as the fold change to LV-ctr. (F) Expression
levels of p85, AKT and p-AKT were determined via western blot analysis in Sh-Itgal0-1, Sh-Itgal0-2 and Sh-ctr transfectedMC3T3-El cells. (G) RT-qPCR
analysis of ALP, OCN and BSP expression levels in Sh-ctr and Sh-Kaiso transfected MC3T3-El1 cells after 7 days culture with osteogenic medium. (H) ALP
activity was measured on day 7. (I) ALP staining was performed on day 7, and Alizarin Red S staining was performed on day 21. All quantitative data are
presented as the mean = SD (n=3). “P<0.01. WT, wild-type; MUT, mutant; LV, lentivirus; shRNA, short hairpin RNA; Ctr, control; p-, phosphorylated,;
ALP, alkaline phosphatase; OCN, osteocalcin; BSP, bone sialoprotein; Itgal0, integrin subunit a10; RT-qPCR, reverse transcription-quantitative PCR.

cells was confirmed via western blot analyses and qPCR
(Fig. S4C and D). LV-Kaiso cells were infected with a lenti-
virus expressing ItgalO to produce a stable overexpressing cell
line (LV-Kaiso+Itgal0). The results demonstrated that overex-
pression of ItgalO could significantly alleviate the osteoblast
inhibitory effects observed in LV-Kaiso-stably transfected cells
(LV-ctr vs. LV-Kaiso+ItgalO; LV-Kaisovs. LV-Kaiso+Itgal0)
(Fig. S5). Taken together, these results suggested that Itgal0
serves an important role in the Kaiso-mediated regulation of
the PI3K/AKT pathway in MC3T3-El cells.

Osteogenesis assay in vivo. To investigate the osteogenic
potential of LV-Kaiso, Sh-Kaiso and Sh-Itgal0 MC3T3-El
cells invivo, B-TCP scaffolds loaded with cells were implanted
into the intramuscular pocket of nude mice. Experimental
mice were sacrificed usingCO, at the end of the study. After
8 weeks of recovery, newly formed bones were analyzed via
#CT and H&E staining. #CT images demonstrated more
ectopic bone formation in the Sh-Kaiso group compared
with that in the Sh-ctr group by comparison of BMD gener-
ated by skyscan 1176. The Kaiso overexpression and Itgal0
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Figure 5. In vivo osteogenesis of LV-Kaiso, Sh-Kaiso and Sh-Itgal0 infected MC3T3-E1 cells. Representative pCT images (magnification, x1) from each
group: (A) Vehicle, (B) LV-ctr and LV-Kaiso, (C) Sh-ctr and Sh-Kaiso-1, (D) Sh-ctr and Sh-Itgal0-1. (E) BMD of the implants was measured based on yCT
images. Representative hematoxylin and eosin staining images from each group: (F) Vehicle, (G) LV-ctr and LV-Kaiso, (H) Sh-ctr and Sh-Kaiso-1, (I) Sh-ctr
and Sh-Itgal0-1. Scale bar, 50 ym. Thin arrows indicate osteoblast; arrowheads indicate newly formed osteoid; # indicates newly formed mature bone. Data
are presented as the mean + SD (n=3). "P<0.05 and “P<0.01. BMD, Bone mineral density; CT, connective tissue; Itgal0, integrin subunit a.10; LV, lentivirus;

shRNA, short hairpin RNA; Ctr, control.

knockdown groups had decreased regenerated bone volume
compared with that in the control group (Fig. SA-D). These
results were confirmed via measurement of BMD (Fig. SE).
The results of H&E staining provided further evidence for
the differences in bone formation in the B-TCP scaffolds

from different groups (Fig. SF-I). In the H&E staining, the
lightly dyed continuous structure marked by ‘#’ in the figure
represents newly formed mature bone; the small reddish
tissue (indicated by arrowheads) is newly formed osteoid;
and the deeply stained nuclei (indicated by arrows), which
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can be seen in the osteoid, are osteoblasts. The Sh-Kaiso
group had more newly formed mature bone compared with
the other groups.

Discussion

The present study identified the essential role of Kaiso during
osteoblast differentiation in MC3T3-E1 cells, and it was
identified that Kaiso regulated this process via the PI3K/AKT
pathway by binding to the promoter of Itgal0. To the best of
our knowledge, this was the first study to demonstrate the
potential involvement of Kaiso in osteoblast differentiation
and bone formation.

Previous studies have reported that the transcription
factor Kaiso functions in various biological processes. For
instance, Kaiso regulates the cell cycle viacyclins D1 and
El (12). Moreover, Kaiso acts as an essential transcrip-
tional factor in the proliferation and migration of cancer
cells (13,14), as well as potentiates intestinal tumorigenesis
in the murine intestine (11,15). Kaiso also serves a role in
vascularization, which is critical in bone formation (23).
The zinc finger and BTB domain containing 16 gene, which
is also a member of the POZ-zinc finger family, has been
reported to regulate osteoblast differentiation (24,25).
Furthermore, Kaiso is upregulated in subchondral bone
of an early experimental osteoarthritis model based on
transcription factors analysis (26). These findings indicate
that Kaiso may serve important roles in the pathogenesis,
including cartilage destruction or osteophyte formation, of
early experimental osteoarthritis. The present study iden-
tified the role of Kaiso in osteoblast differentiation. The
expression of Kaiso was found to be downregulated during
osteoblast differentiation in MC3T3-El cells. Gain- and
loss-of-function in vitro studies demonstrated that over-
expression of Kaiso was sufficient to suppress osteoblast
differentiation, whereas gene-specific silencing promoted
this process. In accordance with these findings, the present
results indicated that Kaiso overexpression decreased bone
formation, while Kaiso knockdown increased bone forma-
tion in vivo. These findings suggested that Kaiso negatively
regulated osteoblast differentiation.

Next, the current study investigated the mechanisms via
which Kaiso regulated osteoblast differentiation. The effect of
Kaiso on Wnt has been widely studied; however, the present
results indicated that Kaiso regulated osteoblast differentiation
in a Wnt pathway-independent manner. Previous studies have
revealed that the PI3K/AKT pathway is critical during osteo-
blast differentiation (27,28). In the present study, the enhanced
osteoblast differentiation observed in Kaiso-knockdown cells
was accompanied by increased p85 and p-AKT expression
levels, and these effects were almost completely blocked by the
PI3K/AKT pathway inhibitor LY294002. Thus, these findings
suggested that the PI3K/AKT pathway may be the target of
Kaiso during osteoblast differentiation.

Kaiso is a zinc finger transcriptional factor that contains
a BTB/POZ domain for PPI at the N-terminus (12). Previous
studies have reported that Kaiso regulates pathological
processes by directly binding to the promoters of target genes
via the KBS or methylated CpG dinucleotides (12,29,30). To
evaluate the potential target via which Kaiso regulated the

PI3K/AKT pathway, the present study focused on ItgalO.
Integrins are cell surface receptors that interact with several
signaling molecules and activate intracellular signaling
pathways, such as the PI3K/AKT pathway (31). The roles of
integrins in osteoblast differentiation, as well as their influ-
ence on the physiology and pathophysiology of cartilage
and bone have been widely studied (32-35). ItgalO has been
reported to modulate chondrocyte differentiation, and can
regulate AKT activity (36-38). The present results suggested
that Kaiso binds to the KBS region of the Itgal0 promoter
and inhibits the expression of Itgal0. Moreover, mutation of
the KBS in the promoter of the ItgalO gene partially allevi-
ated the inhibition of luciferase reporter activity observed in
Kaiso-overexpressing MC3T3-El cells. This may be attrib-
uted to the existence of other methylated CpG dinucleotide
binding sites. Knocking down ItgalO decreased the activa-
tion of the PI3K/AKT pathway and suppressed osteoblast
differentiation, while overexpression of ItgalO could signifi-
cantly alleviate the osteoblast inhibitory effects observed in
Kaiso-stably transfected cells. These findings indicated that
Kaiso regulated the PI3K/AKT pathway by binding to the
ItgalO promoter.

In conclusion, the present study demonstrated that Kaiso
regulated osteoblast differentiation in MC3T3-E1 cells via
the ItgalO/PI3K/AKT signaling pathway. Kaiso and the
ItgalO/PI3K/AKT signaling pathway may serve an essential
role in bone destruction and bone formation, thus representing
a novel therapeutic target for related diseases.
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