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Disruption of kif3a results in defective osteoblastic differentiation
in dental mesenchymal stem/precursor cells
via the Wnt signaling pathway
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Abstract. The anterograde intraflagellar transport motor
protein, kif3a, regulates the integrity of primary cilia and
various cellular functions, however, the role of kif3a in dental
mesenchymal stem/precursor cell differentiation remains to be
fully elucidated. In the present study, the expression of kif3a
was knocked down in human dental follicle cells (hDFCs) and
human dental pulp cells (hDPCs) using short hairpin RNA.
The results of subsequent immunofluorescence revealed that
knocking down kif3aresulted in the loss of primary cilia, which
led to impairment of substantial mineralization and expression
of the differentiation-associated markers, including alkaline
phosphatase, Runt-related transcription factor 2, dentin matrix
protein 1 and dentin sialophosphoprotein in the hDFCs and
hDPCs. The results of reverse transcription-quantitative poly-
merase chain reaction and western blot analyses showed that
the expression levels of Wnt3a-mediated active B-catenin and
lymphoid enhancer-binding factor 1 were attenuated, whereas
the expression of phosphorylated glycogen synthase kinase 33
was enhanced, in the kif3a-knockdown cells. In addition,
exogenous Wnt3a partially rescued osteoblastic differen-
tiation in the hDFCs and hDPCs. These results demonstrated
that inhibition of kif3a in the hDFCs and hDPCs disrupted
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primary cilia formation and/or function, and indicated that
kif3a is important in the differentiation of hDFCs and hDPCs
through the Wnt pathway. These findings not only enhance
current understanding of tooth development and diseases of
tooth mineralization, but also indicate possible strategies to
regulate mineralization during tooth repair and regeneration.

Introduction

Stem cell treatment offers a promising approach in providing
an advanced and reliable therapeutic strategy for tissue regen-
eration and disease therapy. Our previous studies, and those of
others, have demonstrated that mesenchymal stem cells derived
from dental tissues, including dental follicle stem cells (DFCs)
and dental pulp stem cells (DPCs), can be used to successfully
regenerate or repair bone, dentin and tooth roots (1-3). DFCs
are derived from the neural crest and give rise to the peri-
odontal ligament. DPCs are derived from the dental pulp and
are also considered to originate from the cranial neural crest.
These cells are multipotent and can differentiate into various
cell types, including osteoblasts, adipocytes and neurons (4-6).
Of note, these two types of cells can be readily isolated from
extracted third molars, which are usually otherwise discarded
as medical waste. Therefore, stem cell-derived dental tissues,
including DFCs and DPCs, represent an alternative source of
stem cells for tissue regeneration. However, the underlying
mechanisms controlling the fate of these stem cells remain to
be fully elucidated.

The kif3a protein is a member of the kinesin-2 family
of motor proteins, which is associated with the intraflagellar
transport (IFT) system of primary cilia, is an essential system
for the maintenance of ciliogenesis and ciliary function (7,8),
and is key in the development of several organs, including the
bone, brain and the thyroid gland (9-11). Previously, studies
have provided evidence that kif3a is involved in the maturation
of osteoblasts and osteoblastic differentiation of mesenchymal
stem cells (11,12). In particular, selective deletion of kif3a in
osteoblasts of kif3a®“%° mice impairs postnatal bone formation
through multiple pathways, including Wnt signaling, similar to
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the phenotype exhibited following cilia deletion by other IFT
proteins (13), indicating that kif3a is involved in regulating
Wht signaling in a cilia-associated manner (11). Furthermore,
another IFT protein, ofdl, is expressed in the dental mesen-
chyma during tooth development and ofd1-deficient mice
exhibited marked disorganization of molar structure in a
previous study (14), suggesting that kif3a may also be associ-
ated with tooth development. Dental mesenchymal stem cells,
including DFCs and DPCs, can differentiate into osteoblasts
and be mineralized. Therefore, the present study hypothesized
that kif3a may be involved in the mechanism contributing to
dental mesenchymal stem cell osteoblastic differentiation.

In the present study, genetic approaches were used to knock
down the IFT protein, kif3a, for the suppression of ciliogenesis,
in human DFCs and DPCs and to provide insight into whether
kif3a and primary cilia have a direct function in regulating the
osteoblastic differentiation of hDFCs and hDPCs via the Wnt
signaling pathway. The present study may help elucidate the
involvement of kif3a and primary cilia in tooth mesenchymal
function and development.

Materials and methods

Cell culture. Normal impacted third molar tooth germs
were collected from patients (n=10; 16-18 years old) under-
going orthodontic treatment in the West China Hospital of
Stomatology (Chengdu, China), following the provision
of written informed consent. All the experiments were
performed in accordance with the ethical protocol approved
by the Ethics Committee of Sichuan University (Chengdu,
China). The DFCs and DPCs were isolated and cultured, as
previously reported (15,16). In brief, the DFCs and DPCs
were isolated from the dental follicle and dental pulp, and
incubated in a-minimum essential medium (a-MEM; Gibco;
Thermo Fisher scientific, Inc., Waltham, MA, USA), supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher scientific, Inc.), 100 U/ml penicillin (Sigma-Aldrich,
St. Louis, MO, USA) and 100 mg/ml streptomycin
(Sigma-Aldrich) in humid conditions at 37°C of 5% CO, in
air. The medium was renewed every three days.

Cell characteristics. hDFCs and hDPCs were seeded
at a density of 3x10° into each well of a 24-well plate
overnight, respectively. The cells were then washed with
phosphate-buffered saline (PBS) three times, fixed with
4% cold polyoxymethylene (Sigma-Aldrich) for 15 min and
permeabilized by 0.5% Triton (Sigma-Aldrich) for 10 min
at room temperature. Following rinsing three times with
PBS, the cells were blocked with 1% bovine serum albumin
(Shanghai Zhangyun Chemical Co., Ltd., Shanghai, China)
diluted in PBS for 30 min at 37°C. The cells were then treated
with primary antibodies for 2 h in a humidified environment
at 37°C. Following being washed three times with PBS, the
cells were treated with secondary antibodies for 1 h in a
humidified environment at 37°C. Following three rinses with
PBS, the nuclei were counterstained with 100 ng/ml DAPI
blue (Beyotime Institute of Biotechnology, Shanghai, China)
for 3 min in the dark. The primary antibodies used were as
follows: Anti-vimentin (mouse IgG; 1:200; OMA1-06001;
Thermo Fisher Scientific, Inc.), anti-CK14 (mouse IgG;
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1:200; MAB3232; EMD Millipore, Billerica, MA, USA)
and anti-Stro-1 (monoclonal mouse IgG; 1:100; FAB1038F;
R&D Systems, Minneapolis, MN, USA). Secondary anti-
bodies were conjugated to Alexa FluoR 488 goat anti-mouse
(A11001) or Alexa FluoR 555 goat anti-mouse (1:500;
A21422; Invitrogen; Thermo Fisher Scientific, Inc.). Images
were captured and analyzed under a confocal imaging system
(Olympus FV1000; Olympus Corporation, Tokyo, Japan).

Flow-cytometric analysis. To characterize the immunophe-
notype of the hDFCs and hDPCs, flow cytometric analysis
was used to measure the expression of mesenchymal stem
cell surface markers. Cells were trypsinized (Hyclone;
GE Healthcare Life Sciences, Logan, UT, USA) and incu-
bated at 37°C with phycoerthyn (PE)-conjugated cluster
of differentiation (CD)29 integrin 1 (555443); fluores-
cein isothiocyanate (FITC)-conjugated CD31 (555445),
which is also known as platelet-endothelial cell adhesion
molecule-1; FITC-conjugated CD34 (555821), which is
also known as hematopoietic progenitor cell antigen;
FITC-conjugated CD44 (555478), which is also known as
hyaluronate/lymphocyte homing associated cell adhesion
molecule; PE-conjugated CD90 (Thy-1/Thy-1.1) (555596);
and PE-conjugated CDI166 (559263), which is also known as
activated leucocyte cell adhesion molecule and is a mesen-
chymal stem cell marker. All antibodies were purchased from
BD Biosciences (Franklin Lakes, NJ, USA). Flow cytometry
was performed using a Beckman Coulter Cytomics FC 500
MPL system (Beckman Coulter, Fullerton, CA, USA).

Lentiviral infection. According to previous studies, a total
of 5x10* hDFCs and hDPCs were seeded into each well of
a 6-well plate at 37°C overnight, respectively. At 50% cell
density, 1 ml a-MEM (without FBS), containing 1.5 ul of
green-fluorescence protein-labeled kif3a short hairpin (sh)
RNA lentivirus (NeuronBiotech Co., Ltd., Shanghai, China)
and 0.5 ul polybrene (Sigma-Aldrich), were added into each
well. Following incubation for 6 h at 37°C, the supernatant
was removed and replaced with 2 ml fresh a-MEM supple-
mented with 10% FBS. After 3 days at 37°C, the infected
cells were observed and images were captured under a
fluorescence microscope (Leica Optical, Leica Microsystems
GmbH, Wetzlar, Germany) (17).

Osteoblastic induction. For osteoblastic induction, a total
of 1x10° hDFCs and hDPCs at passage three were seeded
into each well of a 6-well plate overnight respectively. These
cells were then cultured at 37°C in osteoblastic inductive
medium (a-MEM supplemented with 10% FBS, 10 mmol/l
B-glycerophosphate (Sigma-Aldrich), 0.2 mmol/l ascorbic
acid (Sigma-Aldrich), 10 nmol/l 1,25-dihydroxyvitamin D3
and 100 nmol/l dexamethasone (Sigma-Aldrich) for
3-30 days, depending on the subsequent experiments. The
inductive medium was replaced every three days.

Alizarin Red S staining. As previously described (18),
following fixation with 4% paraformaldehyde (Sigma-Aldrich)
for 30 min at room temperature, the cultures were incu-
bated in 0.1% Alizarin Red solution (Sigma-Aldrich) in
Tris HCI (pH 8.3; 0.5-1 ml per well; Kelong Chemical Co.,
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Table I. Oligo-nucleotide primer sequences used in reverse transcription-quantitative polymerase chain reaction analysis.

Gene Primer sequence (5'-3") GenBank number

ALP F: TAAGGACATCGCCTACCAGCTC NM_000478 4
R: TCTTCCAGGTGTCAACGAGGT

DMP1 F: GTGAGTGAGTCCAGGGGAGATAA NM_004407.3
R: TTTTGAGTGGGAGAGTGTGTGC

DSPP F: CTGTTGGGAAGAGCCAAGATAAG NM_014208.3
R: CCAAGATCATTCCATGTTGTCCT

OCN F: CTCACACTCCTCGCCCTATTG NM_199173.3
R: CTCCCAGCCATTGATACAGGTAG

OPN F: CAGTTGTCCCCACAGTAGACAC AB469789.1
R: GTGATGTCCTCGTCTGTAGCATC

Runx2 F: CTTTACTTACACCCCGCCAGTC NM_001024630.3
R: AGAGATATGGAGTGCTGCTGGTC

Axin2 F: GACAGGAATCATTCGGCCAC NM_004655
R: CCTTCAGCATCCTCCGGTAT

[-catenin F: CTTACACCCACCATCCCACT NM_001098209
R: CCTCCACAAATTGCTGCTGT

Lef1 F: ACAGATCACCCCACCTCTTG NM_016269.1
R: ATAGCTGGATGAGGGATGCC

GAPDH F: CTTTGGTATCGTGGAAGGACTC NM_002046.3

R: GTAGAGGCAGGGATGATGTTCT

ALP, alkaline phosphatase; DMP1, dentin matrix protein 1; DSPP, dentin sialophosphoprotein; OCN, osteocalcin; OPN, osteopontin;
Runx2, Runt-related transcription factor 2; Axin2, axis inhibition protein 2; Lefl, lymphoid enhancer-binding factor 1; GAPDH,

D-glyceraldehyde-3-phosphate; F, forward; R, reverse.

Ltd., Chengdu, China) in a 6-well plate for 30 min at room
temperature.

Cellular immunofluorescent analysis. The control and
kif3a-knockdown hDFCs and hDPCs were seeded (3x10%)
into each well of a 24-well plate overnight, respectively.
The methods used were the same as described above. The
primary antibodies used were anti-acetylized a-tubulin
(mouse IgG; 1:500; ab24610; Abcam). Secondary antibodies
were conjugated to Alexa FluoR 555 (goat anti-mouse; 1:500;
Invitrogen; Thermo Fisher Scientific, Inc.). Images were
captured and analyzed under a confocal imaging system
(Olympus FV1000; Olympus Corporation).

RNA preparation and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) analysis. The control
and kif3a-knockdown hDFCs and hDPCs were harvested
from each well of a 6-well plate following 3 days osteoblastic
induction in preparation for RNA isolation. Total RNA was
obtained using RNAiso™ Plus (Takara Bio Inc., Otsu, Japan).
cDNAs were synthesized by reverse transcription using the
extracted RNA with PrimeScript® Perfect Real Time reagent
kit (Takara Bio., Inc.). The relative expression levels of
genes were quantified using qPCR with SYBR® Premix Ex
Taq™ (Perfect Real Time; Takara Bio, Inc.) in a 10 pl total
reaction volume using an ABI Prism 7300 system (Applied

Biosystems; Thermo Fisher Scientific, Inc.). The qPCR
conditions were as follows: Initial cycle was 95°C for 30 sec,
40 cycles at 95°C for 5 sec and 60°C for 30 sec; the final cycle
was 95°C for 15 sec, 60°C for 1 min and 95°C for 15 sec.
Dissociation curves were used to confirm primers specificity.
D-glyceraldehyde-3-phosphate (GAPDH) was used as an
internal reference, and relative mRNA levels were quantified
using the 2244 method (19). The primer sequences used
in the present study for GAPDH, dentin sialophosphopro-
tein (DSPP), dentin matrix protein 1 (DMP-1), osteocalcin
(OCN), Runt-related transcription factor 2 (Runx2), alkaline
phosphatase (ALP), osteopontin (OPN), axis inhibition
protein 2 (Axin2) and (3-catenin, lymphoid enhancer-binding
factor 1 (Lefl) are listed in Table I. All experiments were
performed three times.

Western blot analysis. Control and kif3a-knockdown hDFCs
and hDPCs were harvested from each well of a 6-well
plate following 1 week of osteoblastic induction prior to
protein extraction. Cells were rinsed three times in PBS
prior to being lysed using cell lysis buffer, containing 0.5%
100 mmol/l phenylmethanesulfonyl fluoride, 0.1% protease
inhibitor and 0.5% phosphatase inhibitor, on ice. Proteins in
the supernatant were measured by modified Bradford Protein
Assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). An
equal quantity of total protein (50 mg) was separated by
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Stro-1

Figure 1. Evaluation of the biological characteristics of hDFCs and hDPCs. The two types of cell were positive for vimentin and Stro-1, but negative for the
epithelial marker, CK-14. Scale bar=20 ym. hDFCs, human dental follicle cells; hDPCs, human dental pulp cells.

sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene fluoride
membranes (Invitrogen; Thermo Fisher Scientific, Inc.).
Following blocking with non-fat milk in PBS with Tween 20
(PBST) for 1 h at room temperature, the membranes were
incubated with primary antibodies at 4°C overnight. The
membranes were subsequently washed three times with
PBST for 10 min and incubated with secondary antibodies
at room temperature for 1 h, respectively. Membranes were
visualized with a chemiluminescent horseradish peroxidase
(HRP) substrate (EMD Millipore) using a ChemiDoc XRS
system (Bio-Rad Laboratories, Inc.). The primary antibodies
used for western blot analysis were as follows: Anti-f3-actin
(1:500; ab8227), anti-ALP (1:500; ab67228), anti-DMP1
(1:500; ab103203), anti-kif3a (1:500; ab133587), anti-bone
sialoprotein (BSP; 1:200; ab52128), anti-OPN (1:1,000;
ab8448), anti-Runx2 (1:500; ab76956), anti-phosphorylated
glycogen synthase kinase 33 (GSK3f; 1:1,000; ab32391;
Abcam), anti-Lef1 (1:500; ab85052) and anti-active 3-catenin
(1:4,000; 8814; Cell Signaling Technology, Inc., Danvers,
MA, USA). The secondary antibodies were HRP-conjugated
AffiniPure goat anti-mouse IgG (H+L; 1:10,000; ZB-2305)
and HRP-conjugated AffiniPure goat anti-rabbit IgG (H+L;
1:10,000, ZB-2301; ZSGB-Bio, Beijing, China). All experi-
ments were performed three times.

Statistical analysis. The data in the present study were
collected from three different samples of the same cell
sample in triplicate. Values are presented as the mean =+ stan-
dard deviation. Statistical significance was evaluated
using one-way analysis of variance using SPSS software
(Version 10.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results
Characterization of hDFCs and hDPCs as dental mesen-

chymal stem/precursor cells. The present study identified the
characterization of hDFCs and hDPCs as dental mesenchymal

stem cells using cellular immunofluorescent detection. The
two cell types were positive for the vimentin and Stro-1
mesenchymal stem cells markers, but negative for the CK-14
epithelial cell marker (Fig. 1). The immunophenotypic charac-
terization was performed using flow cytometry. The DFCs and
DPCs were positive for the CD29, CD44, CD90 and CD166
mesenchymal stem cell markers. However, the two types of
cell were negative for the leucocyte precursor markers, CD31
and CD34, suggesting a lack of cells of hematopoietic and
angiogenic lineages (Fig. 2). These data indicated that the
DPC and DFC cell lineage were pure mesenchymal cells and
maintained stem cell-like properties.

Knockdown of kif3a leads to loss of primary cilia in hDFCs
and hDPCs. The present study then investigated the existence
of primary cilia in the hDFCs and hDPCs. The primary cilia
were immunostained using acetylated a-tubulin antibody
and observed under a laser scanning confocal microscope, as
described previously (14) (Fig. 3A). The expression of kif3a
was then determined using western blot analysis, and the target
bands were detected with purified antipeptide antibodies in
the two cell cultures (Fig. 3B) Lentiviruses expressing four
different shRNAs specific for kif3a were transfected into
the cells, as described above, and the ShRNA with the most
marked effect was selected. The efficiency of kif3a suppres-
sion was determined using immunoblot analysis (Fig. 3C).
Following kif3a knockdown, the number of primary cilia were
substantially reduced in the two cell cultures (Fig. 3D-G).

Knockdown of kif3a suppresses osteoblastic differentiation in
hDFCs and hDPCs. To examine the association between the
loss of primary cilia caused by kif3a knockdown and osteo-
blastic differentiation in hDFCs and hDPCs, the present study
performed Alizarin Red staining following treatment with
osteoblastic inductive medium. Following 10 days induction,
the kif3a-knockdown cells formed fewer mineralized nodules,
compared with the cells in the control group, in the hDFCs and
hDPCs. This difference became more significant following
30 days induction (Fig. 4A and B).
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Figure 2. Analysis of cell surface antigens in hDFCs and hDPCs. Flow cytometric analysis indicated that the hDFCs and hDPCs cells were of mesenchymal
origin (positive for CD29, CD44 and CD90, and negative for CD31 and CD34) and stem cells (positive for CD166). hDFCs, human dental follicle cells; hDPCs,
human dental pulp cells.
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Figure 3. Evidence for expression of kif3a and primary cilia in hDPCs and hDFCs. (A) Immunofluorescence analysis of primary cilia in hDFCs and hDPCs.
Immunostaining of primary cilia was performed with acetylated a-tubulin antibody (red dots) and counterstaining with DAPI. (B) Western blot showing the
expression of kif3a in hDFCs and hDPCs. (C) Expression of kif3a was notably reduced following knockdown in the hDFCs and hDPCs. (D-G) A marked
reduction in cilia numbers were observed in the (E and G) kif3a-knockdown hDFCs and hDPCs, compared with the (D and F) control hDFCs and hDPCs,
visualized using a laser scanning confocal microscope. Immunostaining of primary cilia (red dots) was performed with acetylated a-tubulin antibody.
Counterstaining with DAPI was used to calculate the percentage of primary cilia in the hDFCs and hDPCs. (H and I) Statistical analyses of the percentage of
primary cilia. Data are presented as the mean + standard deviation. "P<0.05, vs. control. Scale bar=10 gm. hDFCs, human dental follicle cells; hDPCs, human
dental pulp cells; CTR, control; kif3a KD, kif3a knockdown.
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Figure 4. Effects of kif3a knockdown on osteoblastic differentiation in hDFCs and hDPCs. (A and B) Alizarin Red staining for 10 and 30 days. (B) Staining
viewed under magnification (Scale bar=400 ym). Results of (C and D) reverse transcription-quantitative polymerase chain reaction and (E and F) western blot
analyses following 6 days induction. Data are representative of three independent experiments and are presented as the mean + standard deviation. 'P<0.05 and
“P<0.01 vs. control. hDFCs, human dental follicle cells; hDPCs, human dental pulp cells; CTR, control; kif3a KD, kif3a-knockdown; ALP, alkaline phospha-

tase; DMPI, dentin matrix protein 1; BSP, bone sialoprotein; OCN, osteocalcin; OPN, osteopontin; Runx2, Runt-related transcription factor 2.

The present study then assessed the expression levels and protein expression levels using western blot analysis
of osteoblastic genes using RT-qPCR (Fig. 4C and D), (Fig. 4E). The results showed that the osteoblastic genes and
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Figure 5. Osteoblastic differentiation of hDFCs and hDPCs is rescued by exogenous Wnt3a. Effects on the mRNA levels of osteoblastic markers of (A) hDPCs
and (B) hDFCs following stimulation with 100 ng/ml recombinant Wnt3a for 18 h were assessed using reverse transcription-quantitative polymerase chain
reaction analysis. Data are presented as the mean + standard deviation. (C) Effects on protein levels were examined following 6 days stimulation using Western
blot analysis and were subsequently (D) quantified. (E) After 14 days of treatment, culture plates were analyzed for mineralization using Alizarin Red staining,
and (F) visualized at magnification (scale bar=200 gm). "P<0.05; “P<0.01. hDFCs, human dental follicle cells; hDPCs, human dental pulp cells; CTR, control,
kif3a KD, kif3a knockdown; ALP, alkaline phosphatase; DMP1, dentin matrix protein 1; BSP, bone sialoprotein; OCN, osteocalcin; OPN, osteopontin; Runx2,

Runt-related transcription factor 2.

proteins, including ALP, BSP, DMP1, OCN and Runx2, were
significantly downregulated following kif3a knockdown in
the hDFC and hDPC cells.

Exogenous Wnt3a partially recovers osteoblastic differen-
tiation in hDFCs and hDPCs. To examine the mechanisms
by which the loss of kif3a causes alterations in hDFC and
hDPC functions, the present study examined whether the Wnt
signaling pathway was involved in this suppression, which has
a close association with tooth development (20,21). Following
treatment with osteoblastic medium and recombinant Wnt3a for
6 days, the mRNA and protein expression levels of osteoblastic
markers of hDPCs and hDFCs, were assessed, respectively.
Significant increases in the mRNA (Fig. 5A and B) and protein
(Fig. 5C) expression levels of osteoblastic markers were found
in the Wnt3a-treated wild-type cells, compared with the control
cells. By contrast, there was no significant increase in the
kif3a-knockdown cells (Fig. SA-C). In accordance with these
results, the kif3a-knockdown cells formed fewer mineralized
nodules, compared with the control group cells, in the hDFCs
and hDPCs following culture in osteoblastic medium for
14 days and treatment with recombinant Wnt3a (Fig. 5D and
E). This confirmed that the loss of kif3a suppressed osteoblastic

differentiation in the hDFCs and hDPCs by the inhibition of
Wat signaling.

Loss of kif3a causes abnormal Wnt signaling in hDFCs and
hDPCs. The present study further examined whether the loss
of primary cilia of the hDFCs and hDPCs following inhibition
of kif3a leads to interference in the canonical Wnt pathway.
Using RT-gPCR and western blot analyses, it was found that the
expression levels of canonical Wnt pathway factors, including
Axin2, B-catenin and Lefl, were significantly lower in the
kif3a-knockdown cells, compared with the control cells, at
the transcriptional (Fig. 6A and B) and translational (Fig. 6C)
levels following treatment in osteoblastic medium for 6 days.
However, the addition of 100 ng/ml recombinant human Wnt3a
protein to the osteoblastic hDFC and hDPC cultures resulted in
a significant increase in Wnt signaling activity, at the mRNA
(Fig. 6D and E) and protein (Fig. 6F) expression levels, in the
control cells. By contrast, there was no significant increase in
the kif3a-knockdown cells (Fig. 6D-F), suggesting that the loss
of kif3a impaired the Wnt signaling response in the hDFCs and
hDPCs. This result confirmed that kif3a, at least part, regu-
lated hDFC and hDPC osteoblastic differentiation by the Wnt
signaling pathway.
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Figure 6. Effects of kif3a knockdown on Wnt signaling in hDFCs and hDPCs. There was a decrease of Wnt signaling on (A and B) gene expression levels,
revealed using reverse transcription-quantitative polymerase chain reaction analysis, and on (C) protein levels, revealed using Western blot analysis following
6 days osteoblastic induction in hDFCs and hDPCs. (D and E) mRNA and (F) protein expression levels of Wnt signaling molecules were markedly higher
in the control cells, compared with the kif3a-knockdown cells following 100 ng/ml recombinant Wnt3a stimulation for 18 h. Data are presented as the
mean =+ standard deviation. "P<0.05 and “P<0.001, vs. control. hDFCs, human dental follicle cells; hDPCs, human dental pulp cells; CTR, control; kif3a KD,
kif3a knockdown; Axin2, axis inhibition protein 2; Lef1, lymphoid enhancer-binding factor 1; p-GSK3p, phosphorylated glycogen synthase kinase 3f3.

Discussion

The kif3a protein is involved in embryogenesis through
a ciliary mechanism, which was initially reported in mice
with kif3a deficiency lacking cilia and exhibiting numerous
structural abnormalities (22). In several stem/progenitor
cell lines, kif3a is also reported to be involved in the cell
differentiation (23-25). The present study showed that two
dental-derived mesenchymal stem/precursor cells, hDFCs
and hDPCs, are cells with primary cilia, rather than just
odontoblasts, as described in previous reports (14,26). The
knockdown of kif3a in the hDFCs and hDPCs resulted in a
reduction in the numbers of primary cilia, consistent with the
known role of kif3a in primary cilia formation (27,28).

Wnat signaling has been shown to be an important regula-
tory pathway in the osteogenic differentiation of mesenchymal
stem cells (29-31). The persistent expression of $-catenin in the
dental mesenchyme results in the premature differentiation of
odontoblasts and differentiation of cementoblasts, and induces
immoderate dentin and cementum generation in vivo (32). In
several tissues, kif3a has been reported to be involved in regu-
lating the Wnt pathway as an IFT motor subunit of primary
cilia (11,33,34).

The present study demonstrated that kif3a-knockdown
hDFCs and hDPCs caused abnormality of the Wnt signal
pathway. Lefl and active 3-catenin were significantly down-
regulated following kif3a knockdown. kif3a knockdown also
attenuated the exogenous Wnt3a-stimulated expression levels



of Lef1 and active B-catenin in the hDFCs and hDPCs (Fig. 6).
In the present study, the addition of recombinant Wnt3a
protein upregulated osteoblastic gene and protein expression
levels, and formed more mineralized nodules in vitro. This
Whnt3a-induced expression of osteoblastic markers was mark-
edly reduced in the kif3a-knockdown cells, in accordance
with the effect of kif3a on the Wnt signaling pathway, which
indicated the importance of kif3a and the integrity of primary
cilia in the differentiation in hDFCs and hDPCs in a Wnt-
dependent manner.

Several lines of evidence support the hypothesis that cilia
and cilia-associated proteins regulate Wnt signaling in a
varied manner (11,33,35-37). It is possible that the role of cilia
and cilia-associated proteins in the Wnt pathway is tissue or
stage-specific. With bone mesenchymal cell differentiation as
an example, Chen et al (38) and Silkstone et al (39) found that
[-catenin signaling activation inhibited the differentiation of
mesenchymal stem cells (38). However, in cells committed to
the osteoblast lineage, osteoblast differentiation was enhanced
by B-catenin (39). In the present study, the disruption of kif3a
led to a reduction of Wnt signaling, consistent with the role of
kif3a in osteoblasts and prostate cancer cells demonstrated in
previous reports (11,33,40). Further investigations are required
to confirm the role of kif3a in regulating cilia-dependent Wnt
signaling in tooth development and repair. Although further
elucidation is required, analysis of the data obtained in the
present study demonstrated that kif3a was essential in hDFC
and hDPC differentiation though Wnt signaling.

In conclusion, the present study provided novel insight into
the mechanisms of primary cilia as an indispensable organ-
elle regulating the osteoblastic differentiation of hDFCs and
hDPCs. The results suggested that the cilia-associated kinesin
protein, kif3a, may be a regulator of hDFC and hDPC osteo-
blastic differentiation via the Wnt signaling pathway, and offer
potential as a therapeutic target in diseases associated with
cilia. These results not only enhance current understanding of
tooth development and diseases of tooth mineralization, but
also indicate possible strategies to regulate mineralization
during tooth repair and regeneration.
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