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Abstract

Cementum is a calcified, avascular connective tissue that laminates the root of a tooth and plays a pivotal role in the development,
homeostasis, and regeneration of a periodontal tissue. As a potential treatment for periodontal tissue defects in the patient with
chronic periodontitis, much attention has been paid to tissue engineering combined with mesenchymal stem cells for regenerating
periodontal tissues including cementum. However, limited information is available for the molecular factors that have impacts on
the differentiation of mesenchymal stem cells into cementoblasts. Here, we focus on the effect of Wnt3a as a potential inducer and
tested the effect of this protein in vitro using human bone marrow-derived mesenchymal stem cells. It was found that, when cells
were cultured in an osteogenic medium containing Wnt3a, cementoblast-specific genes, such as cementum protein 1 and
cementum attachment protein, as well as bone-related genes were significantly upregulated. These results suggest that Wnt3a
promotes differentiation of the cells into cementoblast-like cells. Further experiments were carried out using inhibitors to gain
deeper insights into molecular mechanisms underlying the observed differentiation. As a result, we conclude that Wnt3a-
triggered differentiation into cementoblast-like cells is the consequence of the activation of the canonical Wnt signaling pathway

with possible involvement of the non-canonical pathway.

Keywords Cementoblast - Wnt/[3-catenin signaling - Mesenchymal stem cell - Periodontium - Regenerative medicine

Introduction

Cementum is a calcified, avascular connective tissue that lam-
inates the root of a tooth in the form of a thin layer with a
thickness of approximately 30-200 um. This layer is formed
by cementoblasts of mesenchymal origin as a part of peri-
odontium (Arzate et al. 2015). Cementum plays a pivotal role
in the development, homeostasis, and regeneration of a peri-
odontal tissue (Komaki et al. 2012; Han et al. 2015). Once
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cementum is destroyed together with the alveolar bone and the
periodontal ligament through gum inflammation, these tissues
cannot regenerate by themselves due to their poor regenerative
potential. Therefore, a new therapeutic strategy is absolutely
needed for a growing number of patients with chronic peri-
odontitis (Liu et al. 2014).

Tissue engineering combined with stem/progenitor cells is
regarded as a promising approach for regenerating periodontal
tissues including cementum, especially for large horizontal tis-
sue defects where a regenerative capability is quite limited due
to insufficient supply of endogenous precursor cells from the
surrounding host tissues. Therefore, much attention has been
paid to the utilization of multipotent stem cells for compensat-
ing the shortage of tissue-forming cells (Mitsiadis and Orsini
2016; Hu et al. 2017; Shang et al. 2017; Takewaki et al. 2017).
The availability of processing stem cells in vitro prior to their
transplantation further adds an advantage to their potentials.

Among several stem cell sources, mesenchymal stem cells
have been extensively studied as a promising source for
regenerating various tissues including periodontium
(Kawaguchi et al. 2004; Matyas et al. 2017; Miao et al.
2017). Mesenchymal stem cells (MSCs) can be isolated from
various tissues such as bone marrow, dental pulp, periodontal
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ligament, and exfoliated deciduous tooth canal, although evi-
dences showed that cells of different origins are not always
identical in their capacity of self-renew and multi-lineage dif-
ferentiation. To date, numerous studies have been conducted
for demonstrating an ability of MSCs to differentiate into
multiple lineages to form various tissues such as the alveolar
bone and the periodontal ligament.

On the other hand, limited information is available for the
differentiation of human bone marrow-derived mesenchymal
stem cells (h(BMSCs) into cementoblasts, though, in hBMSC-
based periodontium regeneration, the formation of new ce-
mentum as well as bone and ligament is required for the struc-
tural and functional recovery of the composite tissue.
Therefore, the present study is directed to gain a deeper insight
into the factors that have impacts on the differentiation of
hBMSCs into cementoblasts.

As a potential activator for the differentiation of hBMSCs
into cementoblasts, we focused here wingless-type MMTY in-
tegration site family member 3A (Wnt3a). This protein is known
as one of the Wnt ligands that activate the canonical Wnt/3-
catenin signaling pathway. It is known that Wnt3a is expressed
in vivo in Hertwig’s epithelial sheath and Malasse epithelial rests
(Nemoto et al. 2016). Since these elements are known to pro-
mote cementoblast differentiation through epithelial-
mesenchymal interactions during tooth development (Jung et
al. 2011; Sonoyama et al. 2007), it may be expected that
Whnt3a plays an important role in cementoblast differentiation.

However, to our best knowledge, no study has been made
to elucidate the direct effect of Wnt3a on the differentiation of
hBMSCs into cementoblasts. Here, we investigated the effect
of Wnt3a using immortalized hBMSCs, analyzing gene ex-
pression to assess differentiation of these cells into
cementoblast-like cells under osteogenic conditions. To gain
insights into signaling pathways involved in the Wnt3a-
mediated alterations of gene expression patterns, the effect
of Wnt3a was examined in the presence of inhibitors for the
canonical and non-canonical Wnt signaling pathways.

Materials and Methods

Cells A hBMSC line, UE6E7T-3, was obtained from JCRB
Cell Bank, Osaka, Japan. The cells were immortalized by trans-
formed with hTERT gene as well as human papillomavirus-
derived E6 and E7 genes. The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum (FBS; Gibco, Buffalo, NY), 100 U/mL penicillin,
100 pg/mL streptomycin, and 1 ng/mL fibroblast growth
factor-2 (FGF-2, Life Technologies, Waltham, MA) in a 10-
cm polystyrene tissue culture dish (Corning, Durham, NC) at
37°Cunder 5% CO, atmosphere with medium exchange every
3 d. A cementoblast cell line (Kitagawa et al. 2006) was

received from Dr. Takashi Takata, Department of Oral and
Maxillofacial Pathobiology, Graduate School of Biomedical &
Health Sciences, Hiroshima University, and maintained in mini-
mum essential medium Eagle, alpha modification («MEM,;
Sigma-Aldrich) supplemented with 10% FBS, 100 U/mL penicillin
and 100 pg/mL streptomycin at 37°C under 5% CO, atmosphere.

Differentiation culture hBMSCs were harvested by 0.25%
trypsin-EDTA treatment and suspended in DMEM plus 10%
FBS, 100 U/mL penicillin, 100 pg/mL streptomycin,
2 mM L-glutamine, and 1 ng/mL FGF-2. The cells were seeded
to each well of a 12-well plate at a density of 2 x 10* cells/cm?
and incubated at 37°C under 5% CO, atmosphere. One day after
cell seeding, medium was changed with xMEM containing
10% FBS, 0.1 uM dexamethasone (Sigma-Aldrich), 10 mM
[3-glycerophosphate (Wako Pure Chemical Industries, Osaka,
Japan), 50 pg/mL ascorbic acid (Wako Pure Chemical
Industries), 100 U/mL penicillin, and 100 pg/mL streptomycin.
This medium is referred to as osteogenic induction medium
(OIM). Then, the cells were cultured for additional 6 d at 37°C
under 5% CO, atmosphere. After 6 d, the medium was changed
with a fresh medium without FBS but containing 200 ng/mL
human recombinant Wnt3a (R&D, Minneapolis, MN). The cells
were additionally incubated for 1 d to 14 d and then harvested by
trypsinization.

To examine signaling pathways involved in Wnt3a-
activated differentiation, several synthetic or polypeptide in-
hibitors for the canonical or non-canonical Wnt signaling
pathways were added to a medium 30 min before the addition
of 200 ng/mL Wnt3a. The inhibitors for the Wnt/3-catenin
signaling cascade included recombinant human Dickkopf-
related protein 1 (DKK-1, 8 nM, Peprotech, Rocky Hill, NJ)
and ICG-001 (20 uM, Adooq Bioscience, Irvine, CA). The
inhibitors for the MAPK pathways included PD98059 [extra-
cellular signal-regulated kinase (ERK) inhibitor, 50 puM,
EMD Millipore, Billerica, MA], SB203580 (p38 inhibitor,
10 uM, EMD Millipore), and SP600125 [c-Jun N-terminal
kinase (JNK) inhibitor, 5 uM, EMD Millipore].

Gene expression analysis After washing cells once with phos-
phate buffered saline (PBS), total RNA was extracted from the
cells using SV Total RNA Isolation System (Promega,
Madison, WI) and subjected to complementary DNA
(cDNA) synthesis using Transcriptor First Strand ¢cDNA
Synthesis Kit (Roche, Basel, Switzerland). The cDNA was
mixed with KAPA SYBR Fast qPCR Kit (Kapa Biosystems,
Wilmington, MA), and the relative amounts of mRNA specif-
ic for various genes were determined by quantitative polymer-
ase chain reactions (JPCR). The genes analyzed here included
cementum protein 1 (CEMP1), cementum attachment protein
(CAP), alkaline phosphatase (ALP), osteocalcin (OCN), den-
tin sialophosphoprotein (DSPP), [3-catenin, axis inhibition
protein 2 (Axin2), and glyceraldehyde 3-phosphate
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dehydrogenase (GAPDH). The sequence of gene-specific
primers used for amplification is shown in Table 1. The
primers for DSPP were the gift from Dr. Sigeki Suzuki,
Department of Biological Endodontics, Graduate School of
Biomedical & Health Sciences, Hiroshima University.
Reactions were performed using Eco Real-Time PCR
System (Illumina, San Diego, CA) under the thermal cycling
condition of denature at 95°C for 3 s and annealing/extension
at 60°C for 30 s. Data were analyzed by the AACt method
(Livak and Schmittgen 2001) using a result from housekeep-
ing gene, GAPDH, as an internal control.

Alizarin red S staining Calcium deposition was assessed by
alizarin red S staining, according to the method by others
(Norgaard et al. 2006). Briefly, hBMSCs were seeded to each
well of a 12-well plate at a density of 2 x 10* cells/cm? and
cultured until cells reached confluence. Then, Wnt3a was
added to a medium to a concentration of 200 ng/mL and
cultured for 20 d in an incubator at 37°C under 5% CO,
atmosphere. The cells were fixed by treating with 99.5% eth-
anol for 10 min and then washed with PBS. The fixed samples
were added with 10% alizarin red S solution (Sigma-Aldrich,
adjusted to pH 6.4 using 2.8% ammonium solution) and
allowed to incubate for 1 h to stain deposited calcium. After
rinsed with water and then air-dried, the samples were ob-
served with a microscope (IX73, Olympus, Tokyo, Japan).
To quantify the amount of an alizarin red S dye bound to
samples, 200 uL of 10% cetylpyridium chloride (Sigma-
Aldrich) was added to the samples and allowed to incubate
for 20 min at room temperature to extract the dye. Optical
density at 550 nm was measured on the supernatant using a
microplate reader (Thermo Scientific, Waltham, MA).

Western blotting hBMSCs were cultured for 12 h in the pres-
ence of Wnt3a and washed three times with PBS. The cells
were lysed with tris-HCI sample buffer containing 2% sodium
dodecyl sulfate (SDS), pulverized for 10 s with a homogenizer
(Tomy Seiko, Tokyo, Japan) on ice, and heated at 100°C for
5 min. Then, the homogenized lysate was electrophoresed in

Table 1.  Primers used in this study for gPCR (Han et al. 2012; Choi et
al. 2014)

Gene Forward primer (5' — 3') Reverse primer (5’ — 3)
CEMP1 agaacctcacctgcctctce gatacccacctctgecttga
CAP ctgegegetgcacatgg gcgatgtcgtagaaggtgagce
ALP tcagaagctaacaccaacg ttgtacgtcttggagaggoc
OCN gcaaaggtgcagcctttgtg ggctcccagecattgatacag
DSPP agtgacagccagagccaag cctatcccattaccaaact
[3-Catenin gctactgttggattgattcgaaatc ccctgetcacgcaaaggt
Axin2 ccecaaageageggtee gegtggacacctgecag
GAPDH tcagcaatgcctcetgeac tetgggtggcagtgatgge
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15% SDS-polyacrylamide gel. The separated proteins were
blotted to a poly(vinylidene fluoride) membrane (Bio-Rad,
Hercules, CA) using Mini Trans-Blot Cell operated at 100 V
for 1 h. After blotting, the membrane was blocked with tris-HCI
buffer solution containing 0.05% Tween-20 (TBS-T) and 5%
skim milk for 1 h at room temperature. Then, the membrane was
exposed to a solution of anti-CEMP1 antibody (1:1000, poly-
clonal, Abcam, Cambridge, UK) diluted with Can Get Signal
Solution 1 (Toyobo, Osaka, Japan) and allowed to react for 1 d
at 4°C. The membrane was washed three times with TBS-T for
each 5 min and then reacted with horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G antibody (1:6000,
R&D) in TBS-T for 1 h at 4°C. After washing the membrane
three times with TBS-T for each 15 min, the membrane was
treated with Clarity Western ECL Substrate (Bio-Rad). Finally,
chemiluminescence signals were detected with a luminescent
image analyzer (ChemiDoc XRS Plus, Bio-Rad).

Statistical analysis The results of gene expression analysis and
alizarin red S staining were statistically analyzed, and Student’s
t test was performed at a significance level of p <0.01 or 0.05.

Results

The effect of Wnt3a on the expression of CEMP1 As shown in
Fig. 1, the expression of CEMP1 gene was upregulated by
Wnt3a addition to OIM in both dose- (Fig. 1A) and time-
dependent (Fig. 1B) manners. The relative amount of CEMP1
gene expressed in cells cultured under OIM containing 200 ng/
mL Wnt3a was significantly larger than that under OIM with no
Wnt3a at the same time point (Fig. 1A). On the other hand, an
increase in CEMP1 gene expression was seen after 6 h of
incubation and gradually increased during 24-h culture.

Figure 2 shows the results of gene expression analysis per-
formed for various genes related to bone/cementum formation
(CAP, ALP, OCN, and DSPP) and the canonical Wnt3a/[3-
catenin signaling pathway (Axin2 and 3-catenin). It can be
seen that the expression level of all genes studied here was
higher in hBMSCs cultured under OIM containing Wnt3a
than those under OIM with no Wnt3a added, indicating that
Wnt3a enhanced the expression of genes related to bone/
cementum formation and the Wnt/3-catenin signaling.

In order to study changes in gene expression during much
longer time periods, hBMSCs were cultured in the presence of
Wnt3a for 14 d. As shown in Fig. 3, the relative amount of
CEMP1, CAP, and OCN mRNAs increased with time, where-
as that of ALP mRNA reached maximum at day 1 and mark-
edly decreased on days 7 and 14.

Calcium deposition In order to examine the effect of Wnt3a on
calcium deposition, hBMSCs were cultured in the presence or
the absence of Wnt3a for 20 d and then stained with alizarin red
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Figure 1. The effect of Wnt3a on
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S. As shown in Fig. 4A and B, negligible staining was seen in a
culture under growth medium regardless of the presence or
absence of Wnt3a. In contrast, cells cultured under OIM were
strongly stained with alizarin red S (Fig. 4C and D). As shown
in Fig. 4E, quantitative analysis revealed that the amount of
alizarin red S bound was significantly larger in the case of cells
under OIM containing Wnt3a than under control OIM. These
results clearly indicate that Wnt3a promotes calcium deposition
in the osteogenic environment.

Inhibition experiments Polypeptide and chemical inhibitors
for the canonical Wnt/p3-catenin signaling pathway, DKK-1 or
ICG-001, were added to hBMSC culture under OIM 30 min
before an addition of 200 ng/mL Wnt3a. Western blot analysis
for the expression of CEMP1 protein was performed for the
cells. The results are shown in Fig. 5, together with those
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Figure 2. The effect of Wnt3a on the expression of genes related to bone
and cementum formation (CEMP1, CAP, ALP, OCN, and DSPP) and the
canonical Wnt/f-catenin signaling pathway (Axin2 and (3-catenin).
hBMSCs were cultured in OIM for 7 d, while 200 ng/mL Wnt3a was

from control experiments. It is seen that an addition of
Wnt3a enhanced CEMP1 expression, though the blots of
CEMP1 are faint (Fig. 5SA and B). On the other hand, an
addition of Wnt3a together with DKK-1 (Fig. 5A4) or ICG-001
(Fig. 5B) impaired CEMP1 expression. It is known that DKK-1
is low-density lipoprotein receptor-related proteins 5/6 (LRP5/6)
antagonist and that ICG-001 binds to histone acetyltransferase
CREB binding protein (CBP) to disrupt its interaction with
[3-catenin, leading to the attenuation of Wnt-target gene ex-
pression. The results of our inhibition experiments indicate
that the canonical Wnt/3-catenin signaling pathway is in-
volved in the upregulation of CEMP1 expression by Wnt3a.
Further experiments were carried out to examine the effect
of three inhibitors for the MAPK signaling pathways. The
inhibitors included MEK1 inhibitor PD98059, p38 inhibitor
SB203580, and JNK inhibitor SP600125. As shown in Fig. 6,
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added to the medium 12 h before RNA isolation. Data are expressed as
the mean + standard deviation (n =3). Statistical significance of differ-
ence compared to the control was analyzed by Student’s ¢ test (*p <
0.05, **p <0.01).
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the Wnt3a-activated expression of CEMP1 was inhibited by
PD98059 (Fig. 6A) and SB203580 (Fig. 6B). To the contrary,
an addition of SP600125 with Wnt3a rather promoted
CEMPI expression (Fig. 6C).

Discussion

Differentiation of cementoblasts is crucial for the functional
restoration of periodontium via MSC-based regenerative ther-
apy. However, limited information has been available with re-
gard to molecular factors that have impacts on the

Figure 4. Alizarin red S staining of hBMSCs incubated in the presence or
the absence of Wnt3a for 20 d. hBMSCs were cultured in growth medium
or OIM with or without Wnt3a. After 20 d, cells were stained with alizarin
red S. Culture medium: (A) growth medium without Wnt3a, (B) growth
medium with 200 ng/mL Wnt3a, (C) OIM without Wnt3a, and (D) OIM
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differentiation of MSCs into cementoblasts. In the present
study, we focused on the effect of Wnt3a on the expression of
cementoblast-related genes, such as CEMP1 and CAP, in
hBMSCs cultured under an osteogenic condition. Here, we
demonstrate that Wnt3a promotes differentiation of hBMSCs
into cementoblast-like cells. According to our results, the effect
of Wnt3a is most likely through activation of the canonical
Wnt/3-catenin signaling pathway. In addition, our results indi-
cate the possibility that non-canonical Wnt signaling is also
involved in cementoblast differentiation promoted by Wnt3a.
In order to examine the effect of Wnt3a on
cementoblast differentiation, we first consider the
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with 200 ng/mL Wnt3a. (£) Quantification of alizarin red S bound to cells
cultured in OIM with or without 200 ng/mL Wnt3a. Data are expressed as
the mean + standard deviation (n=3). Statistical significance of
difference between data was analyzed by Student’s 7 test (*p < 0.05).
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Figure 5. The effect of inhibitors specific for the Wnt/(3-catenin signaling
pathway on the expression of CEMP1 in hBMSCs cultured under OIM in
the presence of 200 ng/mL Wnt3a. (A) DKK-1 or (B) ICG-001 were

specific marker that serves to simply report differentia-
tion of cells into the cementoblast lineage. According to
previous studies (Alvarez-Pérez et al. 2006; Carmona-
Rodriguez et al. 2007), CEMPI1 is known to be
expressed in cementoblasts and progenitors in the
paravascular zone of the periodontal ligament, and
therefore can be regarded as a specific marker for
cementoblasts and their precursor cells. In our prelimi-
nary study, we found that CEMP1 gene was expressed
in fact in the cementoblast cell line (data not shown).
It was further reported that overexpression of CEMP1
served to reduce the expression of periodontal ligament-
related protein-1 (PLAP-1)/asporin in periodontal ligament
cells, while enhancing the expression of cementum-related

Figure 6. The effect of inhibitors
specific for the MAPK signaling
pathways on the expression of
CEMPI at the mRNA (A-C) and
protein levels (D—F). hMSCs
were cultured under OIM in the
presence of 200 ng/mL Wnt3a.
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proteins, such as CAP and bone sialoprotein (BSP) (Komaki
et al. 2012). In addition, a similar experiment using human
gingival fibroblasts resulted in elevated expression of ALP,
OPN, OCN, BSP, and CAP (Carmona-Rodriguez et al.
2007). These results suggest that CEMP1 is involved in the
regulation of downstream processes toward bone and cemen-
tum formation. It was further shown that CEMP1 promoted
proliferation and migration of periodontal ligament cells
(Paula-Silva et al. 2010; Hoz et al. 2012). These observations
suggest that CEMP1 mediates several cellular processes in-
cluding cementoblast differentiation as well as wound hearing
and regeneration of periodontal tissues. Consequently, we fo-
cus here on the expression of CEMP1 in hBMSCs to assess
their differentiation into cementoblast-like cells.
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The major aim of the present study is to elucidate the effect of
Wnt ligands, namely the most representative family member
Wnt3a, on the induction of CEMP1-expressing cementoblast-
like cells from hBMSCs. It is known that Wnt signaling plays
significant roles in the proliferation, polarity, differentiation, and
morphogenesis of various cell types. Among diverse functions,
we have been inspired by the effect that canonical Wnt/[3-catenin
signaling is involved in the differentiation of cementoblasts in
vitro and the formation of a cementum tissue in vivo (Kim et al.
2011; Han et al. 2012; Zhang et al. 2013; Han et al. 2015).

The canonical Wnt/3-catenin pathway is the most repre-
sentative for signal transduction triggered by Wnt ligands. In
the absence of Wnt stimuli, cytosolic (3-catenin is phosphor-
ylated in axis inhibition protein (Axin) complex with glyco-
gen synthase kinase 33 (GSK-33), adnomatous polyposis coli
gene product (APC), and casein kinase 1 (CK1), which then
leads to the ubiquitination and proteosomal degradation of [3-
catenin (MacDonald et al. 2009). In contrast, the binding of
Wnt with G-protein coupled receptor, frizzled (Fz), initiates to
form a protein complex consisting of Wnt, Fz, and LRP5/6,
which subsequently activates intracellular disheveled (Dvl) to
recruit the Axin complex, leaving free 3-catenin in the cyto-
sol. The stabilized (3-catenin is accumulated and translocated
into the nucleus to function as a coactivator with a transcrip-
tion factor, T cell factor (TCF), to promote the expression of
target genes (Komiya and Habas 2008; Koch 2017).

In this study, we observed that an addition of Wnt3a promoted
the expression of cementum- and bone-related genes including
ALP, OCN, and DSPP. Importantly, the expression of
cementoblast-specific CEMP1 and CAP genes was also upregu-
lated. In addition, it was found that an addition of Wnt3a into
OIM enhanced the mineralization of hBMSCs (Fig. 4). These
results strongly suggest that the activation of the canonical Wnt/
[3-catenin signaling pathway leads to cementogenic differentia-
tion of hBMSCs as well. Quantitative comparison for the expres-
sion level of these genes in the cementoblast cell line with that in
Wnt3a-treated hBMSCs will reinforce our conclusion.
Nevertheless, we speculate that the paracrine signaling of
Wnt3a is involved in the epithelial-mesenchymal interactions
during tooth development (Jung et al. 2011; Sonoyama et al.
2007) and that Wnt3a-enhanced cementoblast differentiation of
hBMSCs partly mimics the natural process of tooth
development.

The involvement of the Wnt/[3-catenin pathway is substan-
tiated by the observation that the expression of Axin2 gene,
known as a direct target gene of Wnt/{3-catenin signaling
(Han et al. 2015), was promoted. We have analyzed here nei-
ther the expression of TCF-responsive genes nor the transloca-
tion of (3-catenin into nucleus after treatment with Wnt3a.
These analyses will provide further evidences for the activation
of Wnt/3-catenin signaling pathway by Wnt3a. A previous
report has shown that (3-catenin upregulates osterix (Osx) ex-
pression via direct binding to the promoter region of Osx,

resulting in the promotion of cementogenesis in vivo and in
vitro (Choi et al. 2017). A further study on the effect of
Wnt3a on Osx expression under our experimental conditions
will help mechanistically understand the Wnt3a functions in
hBMSCs. The observation that CEMP1 expression was atten-
uated by DKK-1 and ICG-001 inhibitors further confirms the
significance of the canonical Wnt/3-catenin signaling pathway
in cementogenic differentiation of hBMSCs. Additional exper-
iments showing downregulation of CEMP1 and Axin2 mRNA
expression as well as [3-catenin target genes upon addition of
DKK-1 and ICG-001 will supplementary support our conclu-
sion. Strikingly, (3-catenin gene expression was also upregulat-
ed, even though the expression of this protein itself seems to be
independent from the pathway. The upregulation of (3-catenin
expression was also reported by others for the case of lithium
ion-treated periodontal ligament cells (Han et al. 2012). Our
observations that mineralization was enhanced by Wnt3a and
that the expression of cementoblast-specific genes was upreg-
ulated upon addition of Wnt3a suggest cementoblast differen-
tiation of hBMSC:s. Since it is not easy to distinguish between
cementum and bone in vitro, further in vivo experiments will
serve to strengthen our conclusion.

In literatures, there are several evidences showing that Wnt/
[3-catenin signaling promotes cementoblast differentiation.
Han et al. reported that in in vitro culture of periodontal liga-
ment cells, lithium ions released from biomaterials into a me-
dium served to activate the Wnt/3-catenin signaling, leading
to the enhanced expression of cementoblast-related genes in-
cluding CEMP1, CAP, ALP, and OCN (Han et al. 2012; Han
et al. 2015). On the other hand, cementoblast differentiation
from periodontal ligament stem cells and periapical follicular
stem cells was observed under hypoxia conditions through the
activation of Wnt/[3-catenin signaling (Choi et al. 2014; Li et
al. 2016). In addition, constitutive stabilization of (3-catenin is
reported to cause excessive cementum formation in vivo (Kim
et al. 2011), whereas conditional knockout of (3-catenin gene
is shown to disrupt cementoblast formation in mice (Zhang et
al. 2013). A similar effect of Wnt stimuli was further reported
for mouse mesenchymal stem cell line, C3H10T1/2 (Hu et al.
2005). All these reports together with our observation with
hBMSCs suggest an essential role of the canonical Wnt/(3-
catenin signaling in cementoblast differentiation and cemen-
tum formation. Since CHIR99021, a glycogen synthase ki-
nase 3 (GSK3) inhibitor, is known to efficiently activate the
Wnt/[3-catenin signaling more than natural ligands (Naujok et
al. 2014), experiments using CHIR99021 would provide a
robust evidence that supports the promotive effect of Wnt/[3-
catenin signaling on cementoblast differentiation of hBMSCs.
However, we did not perform such experiments because our
major focus was to elucidate the effect of Wnt3a.

According to a report by Nemoto et al. (Nemoto et al. 2009),
the expression of cementoblast-related genes is rather downreg-
ulated by the activation of Wnt/f3-catenin pathway in
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immortalized cementoblasts. This observation leads us to spec-
ulate that the promotive effect of the canonical Wnt/[3-catenin
pathway has an impact particularly on the early stage of
cementoblast differentiation. On the other hand, a previous re-
port showed that the Wnt/[3-catenin signaling pathway inhibited
cementogenic differentiation of adipose tissue-derived stem
cells (Liu et al. 2014). In their study, Wnt3a was added to a
conditioned medium prepared using dental follicle cells. This
means that the condition employed in their study may be differ-
ent from that we did here. Therefore, we think that our finding is
not necessarily contradictory to their observation.

Earlier studies (Zhang et al. 2014) demonstrated that the
non-canonical Wnt signaling pathways have also impacts on
the Wnt-sensitive regulation of intracellular 3-catenin levels
and thus the transcription of target genes. Here, we examined
the involvement of three major MAPKSs including ERK, p38,
and JNK in the upregulation of CEMPI1 expression due to
activation of the canonical pathway by Wnt3a. As shown in
Fig. 6A and B, Wnt3a-induced CEMP1 upregulation was sup-
pressed by inhibitors specific for ERK (PD98059) and p38
(SB203580) signaling cascades, suggesting the cross-talk of
these cascades with the canonical Wnt/(3-catenin pathway.

It was reported that Wnt stimulates phosphorylation of Raf-
1, MEK, and ERK in fibroblasts (Yun et al. 2005). The phos-
phorylated ERK is translocated and accumulated in the nucle-
us to effect the (3-catenin-dependent transcription. Our results
suggest that ERK signaling pathway is involved in the upreg-
ulation of CEMP1 expression as a consequence of Wnt/[3-
catenin signaling in hBMSCs.

Similarly, a cross-talk could be presumed for the case of p38
signaling in hBMSCs, as demonstrated in Fig. 6B. Wnt stimuli
were reported to activate p38 MAPKSs in totipotent mouse terato-
carcinoma cell line F9, while inactivating GSK3{ in the Axin
complex (Bikkavilli et al. 2008). It was further shown that the
activation of p38 MAPK was mediated by Dvl. These observa-
tions suggest that p38 MAPK signaling intimately interacts with
the canonical Wnt/[3-catenin pathway. Our results show that such
interactions take place in the case of hBMSCs upon stimulation
with Wnt3a. Similar results were reported for mouse mesenchy-
mal cell line C3H10T1/2 (Caverzasio and Manen 2007).

In contrast to the above two cases, an addition of a JNK
inhibitor, SP600125, together with Wnt3a in hBMSC culture
resulted in further upregulation of CEMP1 gene compared to
the case with Wnt3a alone (Fig. 6C). It is known that non-
canonical Wnts such as Wnt5a and Wntl1a activate JNK via
the non-canonical Wnt/JNK pathway. Although detailed
mechanisms remain unknown, it is considered that there is a
link between the canonical Wnt/{3-catenin and non-canonical
Wnt/INK pathways (Qiu et al. 2011). Interestingly, the non-
canonical Wnt5a was reported to attenuate the canonical Wnt/
[3-catenin signaling by destabilizing 3-catenin [Caverzasio
and Manen 2007], while the expression of endogenous
Wnt5a is enhanced by Wnt3a stimuli in murine dental follicle

cells (Sakisaka et al. 2015). These facts led us to assume that
attenuated signaling through the canonical Wnt/(3-catenin
pathway by endogenously secreted non-canonical WntSa is
moderated by the JNK specific inhibitor SP600125 in
hBMSCs, leading to the upregulation of Wnt3a-induced
CEMPI expression, as seen in Fig. 5C.

Taken together, it is suggested that Wnt3a-triggered upregu-
lation of CEMP1 expression in hBMSCs, thus induction of
cementoblast-like cells, may be the consequence of close inter-
actions between the canonical and non-canonical pathways, al-
though the present set of data are not necessarily sufficient to
confirm the involvement of non-canonical Wnt signaling path-
way. It is unclear whether the MAPK inhibitors used here affect
the activation of (3-catenin signaling during Wnt3a-induced pro-
motion of cementoblast differentiation. In order to clarify this, we
further need to analyze, for instance, the influence on the phos-
phorylation of Axin2 or the nuclear translocation of (3-catenin.

Conclusions

This study demonstrates that Wnt3a stimuli serve to upregu-
late the expression of cementoblast-related genes in hBMSCs
likely through the activation of the canonical Wnt signaling
pathway with possible involvement of the non-canonical
pathway.
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