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Whnt/p-catenin pathway
regulates bone
morphogenetic protein
(BMP2)-mediated
differentiation of dental
follicle cells
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Background and Objective: Bone morphogenetic protein 2 (BMP2)-induced oste-
ogenic differentiation has been shown to occur through the canonical Wnt/
Bcatenin pathway, whereas factors promoting canonical Wnt signaling in
cementoblasts inhibit cell differentiation and promote cell proliferation in vitro. The
aim of this study was to investigate whether putative precursor cells of cemento-
blasts, dental follicle cells (murine SVF4 cells), when stimulated with BMP2, would
exhibit changes in genes/proteins associated with the Wnt/B-catenin pathway.

Material and Methods: SVF4 cells were stimulated with BMP2, and the following
assays were carried out: (i) Wnt/B-catenin pathway activation assessed by western
blotting, B-catenin/transcription factor (TCF) reporter assays and expression of
the lymphoid enhancer-binding factor-1 (Lef1), transcription factor 7 (T¢f7), Wnt
inhibitor factor 1 (Wif1) and Axin2 (Axin2) genes; and (ii) cementoblast/osteoblast
differentiation assessed by mineralization in vitro, and by the mRNA levels of
runt-related transcription factor 2 (Runx?2), osterix (Osx), alkaline phosphatase
(Alp), osteocalcin (Ocn) and bone sialoprotein (Bsp), determined by quantitative
PCR after treatment with wingless-type MMTYV integration site family, member
3A (WNT3A) and knockdown of B-catenin.

Results: WNT3A induced B-catenin nuclear translocation and up-regulated the
transcriptional activity of a canonical Wnt-responsive reporter, suggesting that the
Wnt/B-catenin pathway functions in SVF4 cells. Activation of Wnt signaling with
WNT3A suppressed BMP2-mediated induction of cementoblast/osteoblast mat-
uration of SVF4 cells. However, B-catenin knockdown showed that the BMP2-
induced expression of cementoblast/osteoblast differentiation markers requires
endogenous B-catenin. WNT3A down-regulated transcripts for Runx2, Alp and
Ocn in SVF4 cells compared with untreated cells. In contrast, BMP2 induction of
Bsp transcripts occurred independently of Wnt/B-catenin signaling.

Conclusion: These data suggest that stabilization of B-catenin by WNT3A inhibits
BMP2-mediated induction of cementoblast/osteoblast differentiation in SVF4
cells, although BMP2 requires endogenous Wnt/B-catenin signaling to promote
cell maturation.
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Considerable attention has been paid
to defining the key regulators of dental
follicle cells because of the major role
of these cells in the process of tooth
eruption (1-3) as well as the substantial
evidence that these cells are progenitors
of periodontal cells (i.e. cementoblasts,
periodontal ligament fibroblasts, and
alveolar bone osteoblasts] (4,5). To
date, the specific mechanisms and fac-
tors controlling follicle cell behavior
during tooth eruption and formation
of the periodontium remain undefined.

The ability of bone morphogenetic
protein 2 (BMP2) to promote osteo-
genic differentiation suggests that this
protein is a promising candidate for
stimulating follicle cell maturation
along a “‘cementoblast/osteoblast™ path-
way. Previous studies showed that
BMP?2 induced differentiation of mur-
ine follicle cells in vitro, towards a
cementoblast/osteoblast phenotype
characterized by the expression of
markers associated with both early
[Core-binding factor alpha-1/runt-
related transcription factor 2 (RUNX2)]
and later [bone sialoprotein (BSP) and
osteocalcin (OCN)] phases of matura-
tion, and by promoting mineral nodule
formation in a time- and dose-depen-
dent manner (6). More recently, it has
been reported that human dental folli-
cle cells exposed to BMP2 exhibit an
increase in alkaline phosphatase (ALP)
and calcium deposition when com-
pared with untreated controls (7).

Although existing data suggest that
BMP2 can promote follicle cell differ-
entiation towards the cementoblast/
osteoblast phenotype, the molecular
mechanisms by which this occurs are
unclear. In a previous investigation, it
was suggested that phosphorylation of
SMADI, SMADS and/or SMADS
may play a direct and critical role in
the BMP2 induced differentiation of
follicle cells, and that this process
requires participation of the MAPK
pathway (6).

Wnt glycoproteins form a large
family of secreted ligands that activate
several receptor-mediated signal trans-
duction pathways (8,9). Activation of
Wnt pathways has been shown to be
important for modulation of develop-
mental and postdevelopmental physi-
ology by regulating cellular processes,

including proliferation, differentiation
and apoptosis (8,9). In the canonical
Wnt/B-catenin pathway, binding of
Wnt ligands to the Frizzled trans-
membrane receptors and to the
low-density-lipoprotein-related protein
co-receptors (LRP5/6) inhibits a protein
complex responsible for degradation of
the cytosolic effector protein B-catenin
(CTNNBI). Following inactivation of
the CTNNBI destruction complex,
CTNNBI accumulates in the cytosol
and translocates to the nucleus, where
it associates with several transcription
factors. The resulting complexes bind
and regulate the promoter sequences of
Wnt/B-catenin target genes (8,9).

The canonical Wnt signaling path-
way has been implicated in promotion
of bone formation. During embryonic
development, wingless-type MMTV
integration site family, member 1
(Wntl), Wnt4, Wnt9a/14 and Wnt7b
are essential for osteoblast lincage dif-
ferentiation (10,11). Postnatally, acti-
vation of the Wnt/B-catenin pathway is
pivotal for the differentiation of mes-
enchymal stem cells towards an osteo-
blast phenotype, while Wntl0b and
Lrp5 are required for the expansion of
these cells (12,13). Furthermore,
in vitro studies have shown that ALP
activity in osteogenic cultures of mouse
cell lines C3H10T1/2 and C2CI12 is
induced by BMP2 through the canon-
ical Wnt/B-catenin pathway (14,15).

It is well established that Wnt/
f-catenin signaling plays a critical role
in the early stages of tooth development.
For example, stabilization of B-catenin
in the dental epithelium is associated
with mesenchymal expression of signal-
ing molecules such as BMP4, BMP2,
BMP7, fibroblast growth factor-3
(FGF?3), activin and follistatin (16,17).
Furthermore, Wntl10a has been impli-
cated as a key molecule for dentinogen-
esis, acting as a regulator of cell-matrix
interactions during odontoblast differ-
entiation (18-21). Inhibition of canon-
ical Wnt signaling, either by deleting
Lefl function or overexpressing the
Wnt inhibitor dickkopf homolog 1
(DKK1), arrests tooth morphogenesis
at an early stage of tooth development
(20,22), and inactivating familial
mutations in Axin2 (AXIN2), a negative
regulator of B-catenin, causes decreased

tooth number because of the lack of
tooth renewal (23). Conversely, acti-
vation of the Wnt/B-catenin pathway
by exogenous expression of active
CTNNBI1 promotes ectopic tooth for-
mation, following transplantation to a
kidney capsule (24).

Little is known about the role of Wnt
signaling during tooth root development
and in the maintenance of the peri-
odontium. A possible role for canonical
Whnt signaling in root development was
suggested by expressing a reporter of
canonical Wnt signaling in mice.
Reporter activity was observed in the
region of cementum—periodontal liga-
ment interface, an area of active cell
proliferation (25). Furthermore, the
canonical Wnt pathway has been shown
to promote proliferation and to inhibit
differentiation of cementoblasts in vitro
(26).

Considering the evidence that follicle
cells are periodontal progenitor cells,
and these cells respond to BMP2 by
differentiating along a cementoblast/
osteoblast pathway (6), the aim of this
study was to determine the role of the
canonical Wnt pathway on BMP2-
mediated differentiation of dental fol-
licle cells towards a cementoblast/
osteoblast phenotype.

Material and methods

Reporter plasmids

The B-catenin activated-reporter (BAR)
is a lentiviral plasmid that contains 12
TCF-binding sites separated by distinct
S-based pair linkers upstream of a
minimal thymidine kinase promoter
that drives the transcription of -globin
intron-linked Venus (pBARYV) (27).
The equivalent control plasmid, “found
unresponsive”  BAR  (pfuBARYV),
containing mutated TCF-binding sites,
serves as a negative control for BAR
(27). Both vectors also contain DsRed
fluorescent  protein,  constitutively
driven by the ubiquitin promoter, as
a selectable marker for transduced
cells.

Western blotting analysis

Methods used to obtain and charac-
terize dental follicle cells (SVF4 cells)



have been previously published (6,28).
It was demonstrated that SVF4 cells
are induced to a cementoblast/osteo-
blast cell phenotype by BMP2 (6).
Therefore, in order to study Wnt sig-
naling during follicle cell differentia-
tion, most assays were carried out in
conditions that included the addition
of BMP2. SVF4 cells were seeded in
six-well culture plates at a density of
2 x 10* cells/em? and incubated over-
night in Dulbecco’s modified Eagle’s
minimal essential medium (DMEM)
containing 10% fetal bovine serum
(FBS) supplemented with or without
WNT3A (25 ng/mL; Millipore, Teme-
cula, CA, USA). To harvest proteins,
cells were lysed on ice for 20 min in
RIPA buffer (20 mm Tris, 150 mm
NaCl, 1% Triton, 0.25% sodium
deoxycholate, 0.1% sodium dodecyl
sulfate; Sigma-Aldrich, Saint Louis,
MO, USA) supplemented with the
protease inhibitor cocktail, P2714
[2 mMm 4-(2-aminoethyl) benzenesulfo-
nyl fluoride hydrochloride (AEBSF,
Sigma-Aldrich, Saint Louis, MO,
USA), 0.3 um aproptin, 130 pum besta-
tin, 1 mm EDTA, 14 pm E-64 and
14 pum leupeptin; Sigma-Aldrich). Con
A Sepharose 4B microbeads (GE
Healthcare, Piscataway, NJ, USA)
were added to lysates and incubated for
1 h to remove the membrane fraction.
Afterwards, lysates were centrifuged to
spin down the beads and the cytosolic
and nuclear fractions were separated
by electrophoresis on a Nupage 4-12%
Bis—Tris gel (Invitrogen, Carlsbad, CA,
USA) and then electrotransferred to a
nitrocellulose membrane (Bio Rad,
Benicia, CA, USA). The membrane
was blocked with 4% milk for 20 min,
then incubated overnight with poly-
clonal anti-f-catenin IgG (1:1000 dilu-
tion; Cell Signaling). The membrane
was then incubated with goat anti-
rabbit IgG conjugated to horseradish
peroxidase (1:10,000 dlution; Cell Sig-
naling) for 30 min. The membrane was
developed using a Pierce ECL Western
Blotting Substrate (Thermo Scientific,
San Jose, CA, USA).

WNT3A treatment of SVF4 cells

SVF4 cells were plated in 12-well cul-
ture plates, at a density of 20,000 cells/

Wt/ p-catenin in dental follicle cells

cm?, in DMEM containing 10% FBS.
At confluence, the medium was chan-
ged to osteogenic medium (OM), con-
taining DMEM, 2% FBS, 50 pg/mL of
ascorbic acid, 5 mm -glycerophos-
phate and 100 ng/mL of BMP2
recombinant protein (R&D Systems),
with or without WNT3A (25 ng/mL;
Millipore), for 5 d. The medium was
changed on days 2 and 4, and total
RNA was isolated on day 5.

Mineralization assay in vitro

SVF4 cells were seeded at a density of
20,000 cells/cm2 in 12-well culture
plates in DMEM containing 10% FBS.
At confluence, designated day 0, the
medium was removed and cells were
incubated in OM containing 100
ng/mL of BMP2, with or without
25 ng/mL of WNT3A, for 14 d. The
medium was changed every other day.
On designated days up to day 14, the
ability of cells to promote mineral
nodule formation was determine by
von Kossa staining and Alizarin Red S
staining (29,30).

Gene silencing with small interfering
RNA

SVF4 cells were seeded at a density of
20,000 cells/em® in 12-well culture
plates and transfected with validated
mouse f-catenin (CTNNBI) small
interfering RNA (siRNA) (31) or neg-
ative-control siRNAT1 (Invitrogen) at a
final concentration of 20 nm in the
presence of Lipofectamine™ RNAI-
MAX, according to the manufacturer’s
instructions (Invitrogen). After 24 h of
transfection, designated day 0, the
culture medium was changed to OM
supplemented with 100 ng/mL  of
BMP2. On day 3, the transient trans-
fection was repeated and total RNA
was isolated on day 5 and subjected to
quantitative real-time PCR for deter-
mination of efficacy of target gene
silencing.

Lentiviral transductions and reporter
assays

To analyze whether BMP2 treatment
activated a B-catenin reporter in SVF4
cells, cells were seeded in six-well cul-

311

ture plates at a density of 2 x 10* cells
per well and were exposed to 200 pL of
pBARYV or pfuBARYV lentivirus [pre-
pared as described in Ref. (27)], con-
centrated x50, and cultured for 24 h in
DMEM containing 10% FBS. The
medium was replaced with fresh
DMEM containing 10% FBS and the
cells were incubated for an additional
24 h. Then, transduced cells were
selected based on DsRed expression
via fluorescence-activated cell sorting
using a FACS Aria (BD Bioscience,
Miami, FL, USA). The resulting sorted
cell lines (SVF4-pBARV and SVF4-
pfuBARYV) were seeded in 12-well
culture plates and incubated in OM
supplemented with 100 ng/mL  of
BMP2, with or without 25 ng/mL of
WNT3A, for 24 h. Then, Venus
expression was confirmed by fluores-
cence microscopy (Carl Zeiss LSM-
510; Carl Zeiss LSM-510 GmbH,
Mannheim, Germany), and the per-
centage of Venus-positive cells was
determined by flow cytometry (FACS
Canto; BD Bioscience). Venus-positive
SVF4-pBARYV cells were determined,
via flow cytometry, as cells that
expressed Venus at levels higher than
SVF4-pfuBAR  cells. Data
analyzed using FrowJo Software,
Ashland, OR, USA.

were

B-catenin/Tcf reporter assay

SVF4-pBARV cells were seeded in
60-mm culture dishes at a density of
20,000 cells/cm2 and cultured in
DMEM containing 10% FBS. At
confluence, the medium was changed
to OM containing 100 ng/mL of
BMP2 and 25% WNT3A-conditioned
medium (WNT3A-CM), and incuba-
tion was continued for a further 5 d;
WNT3A-CM was employed because
the scale of the experiment precluded
the use of commercially acquired
WNT3A for all conditions. Also, a
pilot experiment to compare the cell
response to conditioned medium vs.
recombinant human WNT3A (25 ng/
mL) indicated that both treatments
induced a similar level of response
(Fig. S1). WNT3A-CM was generated
according to Willert et al. (32). Briefly,
mouse L Wnt-3a cells (American Type
Culture Collection, CRL-2647) were
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Fig. 1. The Wnt pathway is intact during bone morphogenetic protein 2 (BMP2)-mediated differentiation of SVF4 cells along a cementoblast/
osteoblast pathway. (A) Western blot analysis confirmed increased B-catenin levels in SVF4 cells 24 h after the addition of wingless-type
MMTV integration site family, member 3A (WNT3A). (B) B-catenin/transcription factor (TCF) transcription reporter activation was
stimulated (Venus-positive cells) 24 h after the addition of WNT3A, with or without BMP2. (BARYV, B-globin intron-linked Venus; fuBARV,
‘found unresponsive’ f-globin intron-linked Venus.) (C) Real-time PCR analysis showed that WNT3A (25 ng/mL) enhanced the expression of
Tcf7, lymphoid enhancer-binding factor-1 (Lef7) and AXIn2 (4Axin2) mRNAs in SVF4 cells after 24 h of treatment. Experiments were
performed in triplicate three times, with comparable results obtained on each occasion, and data from one representative experiment are
shown. Bars in (B) represent mean =+ standard deviation (SD) where intergroup analysis statistical differences are indicated by different
capital letters. Line graphs in (C) represent mean £+ SD where intergroup analysis statistical differences are indicated by *(p < 0.05).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

cultured in DMEM containing 10%
FBS and 1% antibiotics (100 units/mL
of penicillin and 100 pg/mL of strep-
tomycin). At confluence, the mediim
was changed and incubation continued
for a further 48 h. Next, the medium
was collected, and the debris was
removed by passing the medium
through a 0.2-pm filter. These steps
were repeated, and a pool of three
collections of WNT3A-CM was main-
tained at 4°C and used for experi-
ments. The culture medium of
SVF4-pBARV cells was changed on
days 2 and 4. After 5d of culture,
Venus-positive and Venus-negative
cells were sorted using fluorescence-
activated cell sorting (FACS Aria; BD
Bioscience). Total RNA for sorted
cells was isolated and cementoblast/
osteoblast gene expression was ana-
lyzed by quantitative PCR.

RNA isolation, reverse transcription
and quantitative PCR

Total RNA from cultured cells was
isolated using Trizol® reagent (Gibco
BRL, Carlsbad, CA, USA) according to
the manufacturer’s instructions, and
was treated with DNase (Turbo DNA-
free®; Ambion, Inc., Austin, TX, USA).
Single-stranded complementary DNA
(cDNA) was synthesized from 1 pg of
total RNA using a First Strand cDNA
Synthesis Kit (Roche Diagnostic Co.,
Indianapolis, IN, USA), following the
manufacturer’s recommendations. Pri-
mer sequences for Runx2, Osx, Alp,
Ocn, Bsp, Lefl, Tcf7, Axin2, Wnt
inhibitor factor 1 (Wifl) and glyceral-
dehyde-3-phosphate  dehydrogenase
(Gapdh) are shown in Table 1. Quanti-
tative PCR (qPCR) was performed with
the LightCycler480 and software

(Roche Diagnostic Co.). PCR was per-
formed twice in triplicate with the
LC480 Fast Start DNA SYBR Green
Kit (Roche Diagnostic Co.). PCR con-
ditions were as follows: 50 cycles of
amplification with 10 s of denaturation
at 95°C, 10 s of annealing at 58°C and
30 s of elongation at 72°C. Water (no
template) was used as a negative control
for all experiments. Relative quantifi-
cation of reaction products was accom-
plished using Gapdh as the reference
gene.

Statistical analysis

Mean and standard deviation (SD)
were calculated to establish statistical
comparisons. Intragroup comparison
was performed using one-way analysis
of variance (o = 0.05), and a pairwise
multiple-comparison test (Bonferroni
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Table 1. Primer sequences used for real-time quantitative PCR amplifications

Gene Primer forward Primer reverse

Runx2 CTTCATTCGCCTCACAAAC GTCACTGCGCTGAAGA

Osx CGGGTCAGGTACAGTG ACCATGACGACAAGGG

Alp GGGGACATGCAGTATGAGTT GGCCTGGTAGTTGTTGTGAG
Bsp GAGACGGCGATAGTTCC AGTGCCGCTAACTCAA

Ocn TGAACAGACTCCGGCG GATACCGTAGATGCGTTTG
Tef7 GGAGCTGCAGCCATATGATAG TAGCCTCCTTCTCTGCCTTG
Lefl TCCTGAAATCCCCACCTTCT TGGGATAAACAGGCTGACCT
Wifl TGTATTTGCCCTCCTGGACT TTTACCAATGCATTTACCTCCA
Axin2 GAGAGTGAGCGGCAGAGC CGGCTGACTCGTTTCTCCT
Gapdh ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA

Alp, alkaline phosphatase; Axin2, Axin2; Bsp, bone sialoprotein; Gapdh, glyceraldehyde-3-
phosphate dehydrogenase; Lef1, lymphoid enhancer-binding factor-1; Ocn, osteocalcin; Osx,
osterix; Tcf7, transcription factor 7; Runx2, runt-related transcription factor 2; Wifl, Wnt

inhibitor factor 1.

test) was used to identify the difference
among the groups; the Student’s -test
(o0 = 0.05) was performed for the
intergroup analysis (BioEstat 5.0,
Belém, Brazil).

Results

The Wnt pathway is intact during
BMP2-mediated differentiation of
SVF4 cells

To verify whether the Wnt/B-catenin
pathway was intact during BMP2-
mediated differentiation of SVF4 cells,
western blot analysis for B-catenin and
B-catenin reporter activation was
performed, and transcripts of the Wnt
target genes Lefl, Tcf7 and Axin2 were
assessed. Treatment of SVF4 cells with
WNT3A increased the stability of
B-catenin (Fig. 1A) and enhanced Tc¢f/
Lef-dependent transcriptional activity,
as demonstrated by the presence of
Venus-positive cells (Fig. 1B). Both the
western blot and the reporter assay
indicated relatively low levels of Wnt
activity in SVF4 cells that did not
receive exogenous WNT3A stimulation.
WNT3A additionally up-regulated
Lef1, Tcf7 and Axin2 by day 1 (Fig. 1C),
confirming that the Wnt/B-catenin
pathway is intact and responsive during
the early phase of BMP2-induced
cementoblast/osteoblast differentiation.

Exogenous WNT3A inhibits BMP2-
mediated differentiation of SVF4 cells

Figure 2A outlines the culture condi-
tions used for these experiments. To

investigate the role of Wnt/B-catenin
during BMP2-induced differentiation
of SVF4 cells towards a cementoblast/
osteoblast phenotype in vitro, follicle
cells were cultured for 5d with OM
alone, or with OM + WNT3A (25 ng/
mL), OM + BMP2 (100 ng/mL), or
OM + WNT3A + BMP2. As previ-
ously published (6), treatment of SVF4
cells with BMP2 for 5d led to
increased expression of transcripts for
Runx2, Osx, Alp, Ocn and Bsp
(Fig. 2B), confirming cell differentia-
tion. Co-treatment with WNT3A +
BMP2 did not significantly alter the
expression of Runx2, Osx and Alp
compared with expression in the
presence of BMP2 alone (Fig. 2B).
In  contrast, WNT3A inhibited
BMP2-induced expression of Ocn,
and up-regulated the expression of
Bsp mRNA (Fig. 2B). After 14d
in culture, Von Kossa staining
showed that WNT3A blocked BMP2-
induced mineralization  (Fig. 2C).
This result was also confirmed and
quantified by Alizarin Red S stain-
ing (Fig. 2D). Follicle cells without
BMP2 do not show a capacity to
promote mineralization (data not
shown).

Whnt-responsive SVF4 cells express
lower levels of cementoblast/
osteoblast marker genes

Having demonstrated that only a sub-
population (= 20-30%) of SVF4-
pBARV cells respond to WNT3A
treatment by expressing Venus (Fig. 1B),
we next investigated whether there
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were differences in the expression of
cementoblast/osteoblast genes in cells
with active (Venus positive) vs. inactive
(Venus negative) Wnt/B-catenin sig-
naling. Five days after treatment with
OM containing 25% WNT3A-CM +
BMP2, SVF4-pBARV Venus-positive
and Venus-negative cells were sorted
and the mRNA levels for Runx2, Alp,
Ocn and Bsp were assessed by RT-
PCR. Cell sorting was performed with
the following criteria: SVF4-pBARV
Venus-positive cells were identified by
high expression of DsRed, while
Venus-negative cells were defined as
cells exhibiting no signal (data not
shown). The RT-PCR amplification
results demonstrated an increase in
expression of Runx2, Alp and Ocn in
Venus-negative cells compared with
Venus-positive cells (Fig. 3), whereas
expression of Bsp was similar in both
populations (Fig. 3). These results
demonstrate an inverse relationship
between the levels of Wnt/B-catenin
signaling and the expression of several
genes associated with BMP2-induced
differentiation of SVF4 cells into
cementoblasts/osteoblasts.

Endogenous p-catenin is required for
BMP2-mediated differentiation of
SVF4 cells

Given that exogenous WNT3A
inhibits BMP2-mediated differenti-
ation of follicle cells along the

cementoblast/osteoblast pathway, we
next investigated whether endogenous
B-catenin was also an inhibitor of this
process. SVF4 cells were transiently
transfected with B-catenin siRNA,
which resulted in a 70% reduction of
B-catenin transcripts at 5 d (Fig. 4A).
In SVF4 cells treated with BMP2
as well as B-catenin siRNA, we obs-
erved a reduction in the cementoblast/
osteoblast markers Runx2, Alp and
Ocn after 5 d of culture (Fig. 4B). In

contrast, knockdown of f-catenin
transcripts resulted an increase in
Bsp transcripts relative to cells

treated with BMP2 alone. These res-
ults indicate that endogenous Wnt/f-
catenin signaling is required for
BMP2-induced expression of some,
but not all, cementoblast/osteoblast
markers.
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Fig. 2. Wingless-type MMTYV integration site family, member 3A (WNT3A) inhibits bone morphogenetic protein 2 (BMP2)-mediated
differentiation of SVF4 cells along a cementoblast/osteoblast pathway. (A) Schematic diagram describing the culture conditions used for
BMP2-mediated differentiation of SVF4 cells along a cementoblast/osteoblast pathway, and the time course of real-time PCR analysis and the
mineralization assay. (B) SVF4 cells were cultured in osteogenic medium (OM) alone, or in OM + WNT3A (25 ng/mL), OM + BMP2
(100 ng/mL), or OM + WNT3A + BMP2. Real-time PCR analysis 5 d after treatment indicated that WNT3A did not alter the expression
pattern of mRNAs for runt-related transcription factor 2 (Runx?2), osterix (Osx) and alkaline phosphatase (A4/p) (all with or without BMP2).
The BMP2-induced expression of ostocalcin (Ocn) was inhibited by WNT3A, whereas that of bone sialoprotein (Bsp) mRNA transcripts was
up-regulated by WNT3A. (C) Von Kossa and Alizarin Red S staining for mineral nodule formation at 14 d after treatment showed that
inclusion of WNT3A decreased mineralization. (D) Quantification of Alizarin Red S (AR-S) staining confirmed that WNT3A inhibited SVF4
mineralization at 14 d. The experiments were performed in triplicate three times with comparable results obtained on each occasion, and
therefore the data from one representative experiment are shown. The bars in (B) and (D) represent mean =+ standard deviation where
intergroup analysis statistical differences are indicated by different capital letters (p < 0.05).
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BMP2 induces expression of the Wif1
gene

In order to further elucidate potential
BMP-Wnt interactions involved in
regulating the differentiation of SVF4
cells, PCR array analysis
employed. The most dramatic finding
was a BMP2-induced 700-fold increase
in Wifl (data not shown). This was
confirmed by qPCR, which demon-
strated an eight-fold increase in Wifl
expression in BMP2-treated SVF4
cells, independent of the presence of
WNT3A (Fig. 4C). In parallel, we
observed that the effect of BMP2 on the
expression of Wifl was dependent on
the presence of endogenous B-catenin/
Wnt signaling. Knockdown of B-cate-
nin significantly abrogated BMP2-
mediated Wifl expression (Fig. 4D)
(p < 0.05). These data suggest that
BMP?2 initiates a negative Wnt feed-
back loop which may be important in

was

controlling the maturation of follicle
cells towards a cementoblast/osteoblast
phenotype. Additional Wnt regulatory
genes modulated by BMP2 in the PCR
array experiment, including Dkk! (re-
duced three-fold) and secreted frizzled
related protein 4 (Sfip4; increased two-
fold), support the concept of BMP2—
Wnt interactions during follicle cell
differentiation and will be explored
further in future studies.

Discussion

BMP and Wnt signaling pathways
have been examined extensively with
regard to their role in the regulation of
early embryonic development and the
control of cell differentiation and pro-
liferation (33-36). Studies have reported
that these two signaling pathways link
to biological responses via the forma-
tion of a nuclear transcription factor
complex that acts on target genes,

resulting in Wnt signaling repression of
BMP-induced  activation  (37,38).
Because WNT3A plays a key role in
the development of the axial and
appendicular skeleton and appears to
regulate stem cell proliferation and
differentiation (39,40), we explored the
potential role of Wnt signaling during
BMP2-driven dental follicle cell differ-
entiation. Exogenous WNT3A inhib-
ited the differentiation of follicle cells,
although endogenous Wnt/B-catenin
signaling was required for cell matu-
ration to a cementoblast/osteoblast
phenotype. These findings of Wnt—
BMP crosstalk during follicle cell dif-
ferentiation were underscored by the
powerful induction of the Wnt regula-
tor WIF1 by BMP2. These data sup-
port the interpretation that a balance
between Wnt and BMP signaling
pathways is necessary for proper mat-
uration and function of dental follicle
cells.
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Canonical Wnt signaling antagonizes
BMP-induced follicle cell
differentiation

In agreement with our previous inves-
tigation (6), the present study showed
that BMP2 induced differentiation of
SVF4 dental follicle cells towards a
cementoblast/osteoblast phenotype, and
included an increase in transcripts for
Runx2, Osx, Alp, Ocn and Bsp, as well
as increased in vitro mineralization
(Figs 1, 2). Active Wnt signaling was
detected during this differentiation
process (Fig. 1). Canonical Wnt sig-
naling has been reported to positively
participate in BMP2-mediated osteo-

blastic differentiation, as measured by
induced gene expression of Alp and
Runx2 in C3HIOT!/2 and C2CI2
murine mesenchymal progenitor cells
(14,15). Conversely, there have also
been reports of negative effects of Wnt/
B-catenin signaling on osteoblast dif-
ferentiation. WNT3A inhibited BMP2-
dependent induction of Osx, Alp and
Ocn in C2C12 cells, gene expression
that was partially restored by addition
of the Wnt antagonist DKKI, sug-
gesting that Wnt/B-catenin signaling
inhibited BMP signaling in these cells
(35,36).

Little is known about the role of the
canonical Wnt pathway in cemento-

blast differentiation. In an interesting
investigation using a murine cemento-
blast cell line (OCCM-30), WNT3A
was shown to suppress the expression
of genes encoding RUNX2, OSX, ALP,

BSP and OCN, suggesting that
canonical Wnt signaling inhibits the
behavior  of the  differentiated

cementoblast phenotype (26). In the
present study of dental follicle cells, we
observed that the addition of WNT3A
inhibited BMP2-driven cell differenti-
ation, manifested by the suppression of
Ocn transcripts and a reduction in
mineralized nodule formation. Intrigu-
ingly, the transcript level of Bsp, a
marker of mature cementoblast/osteo-



blasts, was increased by the addition of
WNT3A.

To further examine the effect of
WNT3A on BMP2-induced cemento-
blast/osteoblast markers, we employed
a P-catenin activated-reporter plasmid
(pBARYV) and assessed reporter activ-
ity using flow cytometry to measure
fluorescence. In contrast to other
reporter systems where reporter activ-
ity is measured by luciferase activity,
cells transduced with pBARV can be
sorted by their fluorescence color —
green fluorescence protein or dsRed —
which is associated with either
activation or lack of activation of the
transduced B-catenin/TCF reporter,
respectively. Using this approach, we
observed, in BMP2-treated cells, that
the pB-catenin/TCF reporter activity
induced by treatment with WNT3A
was associated with reduced levels of
expression of mRNA for Runx2, Alp
and Ocn vs. cells lacking reporter
activity (Fig. 3). These findings further
confirm that WNT3A suppresses
BMP2-dependent cementoblast/osteo-
blast differentiation by a p-catenin/
TCF-dependent mechanism. Thus,
during in vitro differentiation of dental
follicle cells along a cementoblast/
osteoblast pathway, exogenous stimu-
lation of Wnt/B-catenin is not required,
and in fact, suppresses cementoblast
gene expression and mineralization
ability.

It has been suggested that the master
transcription factor RUNX2 drives
expression of Alp, Bsp and Ocn during
cementoblast and osteoblast differen-
tiation (6,41). In cementoblasts, addi-
tion of WNT3A suppressed Runx2, as
well as Alp, Bsp and Ocn (26). The
sensitive assay employing pBARV-
transfected follicle cells revealed that
the reduction in expression of Runx2,
Alp and Ocn mRNAs was associated
with activated Wnt signaling. WNT3A
enhanced SVF4 expression of the Wnt-
responsive transcription factor, LEF1,
as observed previously in cemento-
blasts (26). It has been reported that
LEF1 represses RUNX2-dependent
activation of the OCN promoter in
osteoblastic cells (42,43). Although
an association between LEF1 and
cementoblast differentiation has not
been reported, one mechanism by

Whnt|p-catenin in dental follicle cells

which the Wnt/B-catenin signaling
pathway could potentially decrease
BMP2-mediated differentiation would
be by enhancing LEF1 expression,
which exhibited an increase of more
than two-fold in follicle cells exposed
to WNT3A (Fig. 1). Ongoing studies
aim to confirm this proposed mechanism
and elucidate documented differences in
Wnt-BMP interactions in other cell
types. As reported previously (44), the
effects of Wnt signaling on cell-differ-
entiation markers can vary greatly
depending on the cell type and the
stage of differentiation.

Wnt/B-catenin regulation of BSP, a
marker of early cementoblast/osteo-
blast differentiation, provided an
intriguing result that contrasted with
the regulation of other markers
described above. In OCCM-30
cementoblasts, WNT3A-repressed Runx2
expression was associated with the
down-regulation of Bsp expression
(26). In contrast, WNT3A treatment of
follicle cells, as well as the knockdown
of the P-catenin gene, enhanced Bsp
mRNA levels beyond those of BMP2-
treated controls, although both condi-
tions exhibited repressed expression of
Runx?2. Additionally, we found com-
parable expression of Bsp in cells with
or without activation of the B-catenin/
TCF reporter by WNT3A. While
speculative, these findings suggest that
BMP regulation of BSP may not occur
solely via RUNX2 in follicle cells.
Also, the interplay of the Wnt pathway
with BMP signaling may affect tran-
scriptional regulation of cementoblast/
osteoblast genes in a nonuniform
manner. Additional investigations are
warranted to identify other pathways
that may be involved.

A role for endogenous Wnt signaling
during dental follicle cell
differentiation

It has been reported that mutations in
Whnt-related proteins such as LRPS, a
Wnt co-receptor, affect both the pro-
liferation and the osteogenic differenti-
ation of osteoblastic progenitor cells
in vitro and in vivo (12). We assessed the
role of endogenous Wnt/B-catenin sig-
naling in dental follicle cell differentia-
tion by employing siRNA-mediated
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knockdown of B-catenin (Fig. 4). The
data showed that, in the presence of
BMP2, dental follicle cells require
endogenous f-catenin in order to
up-regulate the expression of Runx2,
Alp and Ocn, suggesting that BMP2-
mediated osteoblast/cementoblast dif-
ferentiation in these cells partially relies
on the canonical Wnt signaling path-
way. However, while BMP2-mediated
differentiation of SVF4 cells requires
endogenous fB-catenin, this protein did
not lead to the activation of Wnt/
B-catenin signaling, as measured by the
B-catenin reporter gene assay (Fig. 1B).
BMP2, like other transforming
growth factor-beta superfamily mem-
bers, binds to a serine/threonine kinase
receptor that activates a pathway
which includes phosphorylation and
nuclear translocation of SMAD pro-
tein (46). While these signaling com-
ponents are distinct from the known
Wnt/B-catenin  signal transduction
pathway, they may stimulate processes
that cooperate with activated B-catenin
to promote osteoblast differentiation
(14). In another system, Xenopus
B-catenin and LEF/TCF form a com-
plex with SMAD4 and participate in
the synergistic activation of the twin
gene during formation of the Spe-
mann’s organizer (47). Based on our
data, we propose that f-catenin and
SMAD proteins are needed to activate
cementoblast/osteoblast gene expres-
sion and promote full differentiation.
Investigations using murine mesen-
chymal cells demonstrated that B-cate-
nin knockdown may also affect the
function of adherens junctions by
a-catenin knockdown, and through this
mechanism indirectly inhibit osteoblas-
tic differentiation (45). In our study, the
siRNA sequence used was specific for
B-catenin (CTNNBI1), as demonstrated
previously (31), confirming the specific
need for Wnt pathway effector B-catenin
during the differentiation process.
However, additional experiments must
be performed to clarify both the impact
of loss of B-catenin on differentiating
SVF4 cells (such as the effects of
B-catenin knockdown on BMP2-in-
duced mineral nodule formation by
SVF4 cells), as well as the precise role of
endogenous Wnt signaling during
cementoblast/osteoblast differentiation.
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Our observation that canonical
B-catenin was required for BMP2-
mediated expression of several early
cementoblast/osteoblast markers raises
the question about the timing and
precise mechanism by which endoge-
nous [-catenin and BMP signaling
pathways may be linked in order to
mediate differentiation of dental folli-
cle cells. In agreement with previous
studies using different cell types (48—
50), we observed that BMP2 induced
increased expression of WIFI1, an
antagonist of Wnt signaling, suggesting
that one method by which BMP2
controls follicle cell maturation is by
promoting a negative Wnt-feedback
loop. Intriguingly, the Wnt pathway
itself is implicated in the negative
feedback, as silencing B-catenin abro-
gated the induction of Wifl by BMP2.
BMP2 also regulated other Wnt path-
way inhibitors, including DKK1 and
SFRP4, supporting this concept. While
Osx has been shown to directly regu-
late the Wnt inhibitors DKK1 (51) and
sclerostin (52), here we found that
BMP2 did not induce changes in the
level of Osx mRNA, suggesting alter-
nate mechanisms for generating
BMP2-induced Wnt inhibition.

In conclusion, we report for the first
time that the Wnt/B-catenin signaling
pathway has putative physiological
significance for BMP-mediated cell
differentiation of murine dental follicle
cells. These data reveal that increased
Wnt/B-catenin pathway activation, as
well as B-catenin knockdown, inhibits
differentiation, suggesting that precise
levels of Wnt/B-catenin signaling are
critical for regulation of BMP-induced
differentiation. These findings not only
increase our understanding of the pro-
cesses governing periodontal develop-
ment, but also give insight into the
pathways that are of value to modulate
in order to develop more robust and
predictable regenerative therapies than
those currently available.
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Please note: Wiley-Blackwell are not
responsible for the content or func-
tionality of any supporting materials
supplied by the authors. Any queries
(other than missing material) should be
directed to the corresponding author
for the article.

References

1. Cahill DR, Marks SC Jr. Tooth eruption:
evidence for the central role of the dental
follicle. J Oral Pathol 1980;9:189-200.

2. Wise GE, Lin F, Fan W. Culture and
characterization of dental follicle cells
from rat molars. Cell
1992;267:483-492.

3. Marks SC Jr, Gorski JP, Wise GE. The
mechanisms and mediators of tooth
eruption — models for developmental
biologists. Int J Dev Biol 1995;39:223-230.

4. Bosshardt DD, Schroeder HE. Cemento-
genesis reviewed: a comparison between
human premolars and rodent molars.
Anat Rec 1996;245:267-292.

5. Saito M, Handa K, Kiyono T et al
Immortalization of cementoblasts pro-
genitor cells with Bmi-1 and TERT.
J Bone Miner Res 2005;20:50-57.

6. Zhao M, Xiao G, Berry JE, Franceschi
RT, Reddi A, Somerman MJ. Bone mor-
phogenetic protein 2 induces dental follicle
cells to differentiate toward a cemento-
blast/osteoblast phenotype. J Bone Miner
Res 2002;17:1441-1451.

Tissue Res

20.

21.

Kémoun P, Laurencin-Dalicieux S, Rue J
et al. Human dental follicle cells acquire
cementoblast features under stimulation
by BMP-2/-7 and enamel matrix derivates
(EMD) in vitro. Cell Tissue Res 2007;329:
283-294.

Moon RT, Kohn AD, De Ferrari GV,
Kayakas A. Wnt and B-catenin signalling:
diseases and therapies. Nat Rev 2004;5:
689-699.

Moon RT. Wnt/B-catenin pathway. Sci
STKE 2005;271:1-3.

. Hu H, Hilton MJ, Tu X, Yu K, Ornitz

DM, Long F. Sequential roles of hedge-
hog and Wnt signaling in osteoblast
development. Development 2005;132:49—
60.

. Hartmann C. A Wnt canon orchestrating

osteoblastogenesis. Trends Cell Biol 2006;
16:151-158.

. Kato M, Patel MS, Levasseur R et al.

Cbfal-independent decrease in osteoblast
proliferation, osteopenia, and persistent
embryonic eye vascularization in mice
defiecient in Lrp5, a Wnt coreceptor.
J Cell Biol 2002;157:303-314.

. Bennett CN, Longo KA, Wright WS et al.

Regulation of osteoblastogenesis and bone
mass by Wntl0b. Proc Natl Acad Sci USA
2005;102:3324-3329.

Bain G, Muller T, Wang X, Papkoff J.
Activated B-catenin induces osteoblast
differentiation of C3HI0T1/2 cells and
participates in BMP2 mediated signal
transduction. Biochem Biophys Res Com-
mun 2003;301:84-91.

. Rawadi G, Vayssiére B, Dunn F, Baron R,

Roman-Roman S. BMP-2 controls alka-
line phosphatase expression and osteoblast
mineralization by a Wnt autocrine loop.
J Bone Miner Res 2003;18:1842-1853.

. Liu F, Chu EY, Watt B et al. Wnt/beta-

catenin signaling directs multiple stages of
tooth morphogenesis. Dev Biol 2008;313:
210-224.

. Wang XP, Suomalainen M, Felszeghy S

et al. An integrated gene regulatory net-
work controls stem cell proliferation in
teeth. PLoS Biol 2007;5:1324-1333.

. Dassule HR, McMahon AP. Analysis of

epithelial-mesenchymal interactions in the
initial morphogenesis of the tooth. Dev
Biol 1998;202:215-227.

. Sarkar L, Sharpe PT. Expression of Wnt

signalling pathway genes during tooth
development. Mech Dev 1999;85:197-200.
Kratochwil K, Galceran J, Tontsch S,
Roth W, Grosschedl R. FGF4 a direct
target of LEF1 and Wnt signaling can
rescue the arrest of tooth organogenesis in
Lefl(-/-) mice. Genes Dev 2003;16:3173—
3185.

Yamashiro T, Zheng L, Shitaku Y et al.
Wntl0a regulates dentin sialophospho-
protein mRNA expression and possibly
links odontoblast differentiation and



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

tooth  morphogenesis.
2007;75:452-462.

Andl T, Reddy ST, Gaddapara T, Millar
SE. WNT signals are required for the ini-
tiation of hair follicle development. Dev
Cell 2002;2:643-653.

Lammi L, Arte S, Somer M ef al. Muta-
tions in AXIN2 cause familial tooth
agenesis and predispose to colorectal
cancer. Am J Hum Genet 2004;74:1043—
1050.

Jarniven E, Salazar-Ciudad I, Birchmeier
W, Taketo MM, Jernvall J, Thesleff I.
Continuous tooth generation in mouse is
induced by activated epithelial Wnt/
B-catenin signaling. PNAS 2006;103:
18627-18632.

Rooker SM, Liu B, Helms JA. Role of
Whnt signaling in the biology of the peri-
odontium. Dev Dyn 2009;15:140-147.
Nemoto E, Koshikawa Y, Kanaya S et al.
Wnt signaling inhibts cementoblast dif-
ferentiation and promotes proliferation.
Bone 2009;44:805-812.

Biechele TL, Moon RT. Assaying beta-
catenin/TCF transcription with beta/cate-
nin/TCF  transcription-based  reporter
constructs. Methods Mol Biol 2008;468:
99-110.

Berry JE, Zhao M, Jin Q, Foster BL,
Viswanathan H, Somerman MJ. Explor-
ing the origins of cementoblasts and their
trigger factors. Connect Tissue Res 2003;44:
97-102.

Putchtler HMS. Demonstration of phos-
phates in calcium deposits: a modification
of von Kossa’s reaction. Histochemistry
1978;56:177-185.

Gregory CA, Gunn WG, Peister A,
Prockop DJ. An alizarin red based assay
of mineralization by adherent cells in cul-
ture: comparison with cetylpyridinium
chloride extraction. Anal Biochem 2004;
329:77-84.

Chien AJ, Moore EC, Lonsdorf AS et al.
Activated Wnt/beta-catenin signaling in
melanoma is associated with decreased

Differentiation

proliferation in patient tumors and a
murine melanoma model. Proc Natl Acad
Sci USA 2009;106:1193-1198.

Willert K, Brown JD, Danenberg E et al.
Wnt proteins are lipid-modified and can

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

act as stem cell growth factors. Nature
2003;423:448-452.

Huelsken J, Birchmeier W. New aspects of
Wnt signaling pathway in higher verte-
brates. Curr Opin Genet Dev 2001;11:547—
553.

Mbalaviele G, Sheikh S, Stains JP er al.
B-catenin and BMP-2 synergize to pro-
mote osteoblast differentiation and new
bone formation. J Cell Biochem 2005;94:
403-418.

Nakashima A, Katagiri T, Tamura M.
Cross-talk between Wnt and bone mor-
phogenetic protein 2 (BMP-2) signaling in
different pathway of C2CI12 myoblasts.
J Biol Chem 2005;280:37660-37666.
Fujita K, Janz S. Attenuation of Wnt
signaling by DKK-1 and -2 regulates
BMP-2 induced osteoblast differentiation
and expression of OPG, RANKL and
M-CSF. Mol Cancer 2007;6:71.
Grotewold L, Ruther U. The Wnt antag-
onist Dickkopf-1 is regulated by Bmp
signaling and c-Jun and modulates pro-
grammed cell death. EMBO J 2002;21:
966-975.

Haegele L, Ingold B, Naumann H, Taba-
tabai G, Ledermann B, Brandner S. Wnt
signaling inhibits neural differentiation of
embryonic stem cells by controlling bone
morphogenetic protein expression. Mol
Cell Neurosci 2003;24:696-708.

Ikeya M, Takada S. Wnt-3a is requires for
somite specification along the anteropos-
terioraxis of the mouse embryo and for
regulation of cdx-1 expression. Mech Dev
2001;103:27-33.

Boland GM, Perkins G, Hall DJ, Tuan
RS. Wnt3a promotes proliferation and
suppresses osteogenic differentiation of
adult human mesenchymal stem cells.
J Cell Biochem 2004;93:1210-1230.

Roca H, Phimphilai M, Gopalakrishnan
R, Xiao G, Franceschi RT. Cooperative
interactions between RUNX2 and home-
odomain protein-binding sites are critical
for the osteoblast-specific expression of
bone sialoprotein gene. J Biol Chem
2005;280:30845-30855.

Kahler RA, Galindo M, Lian J et al.
Lymphocite enhancer-binding factor 1
(Lef1) inhibits terminal differentiation of

Whnt|p-catenin in dental follicle cells

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

319

osteoblasts. J Cell Biochem 2006;97:969—
983.

Kahler RA, Westendeorf JJ. Lymphoid
enhancer factor-1 and B-catenin inhibit
Runx-2- dependent transcriptional acti-
vation of osteocalcin promoter. J Biol
Chem 2003;278:11937-11944.

Eijken M, Meijer IM, Westbroek I et al.
Wnt signaling acts and is regulated in
human osteoblast differentiation depen-
dent manner. J Cell Biochem 2008;104:
568-579.

Kim D, Yang JY, Shin CS. Overexpres-
sion of alpha-catenin increases osteoblas-
tic differentiation in mouse mesenchymal
C3HI10T1/2 cells. Biochem Biophys Res
Commun 2009;382:745-750.

Attisano L, Wrana JL. Signal transduc-
tion by TGB-B superfamily. Science
2002;296:1646-1647.

Nishita M, Hashimoto MK, Ogata S et al.
Interaction between Wnt and TGF-beta
signalling pathways during formation of
Spemann’s organizer. Nature
2000;403:781-785.

De Jong DS, Vaes BL, Dechering KJ et al.
Identification of novel regulators associ-
ated with early-phase osteoblast differ-
entiation. J Bone Mine Res 2004;19:
947-958.

Vaes BL, Dechiering KJ, Feijen A et al.
Comprehensive microarray analysis of
bone morphogenetic protein 2-induced
osteoblast differentiation resulting in the
identification of novel markers for bone
development. J Bone Miner Res 2002;17:
2106-2118.

Vaes BL, Dechiering KJ, van Someren EP
et al. Microarray analysis reveals expres-
sion regulation of Wnt antagonists in
differentiating osteoblasts. Bone 2005;36:
803-811.

Zhang C, Cho K, Huang Y et al. Inhibi-
tion of Wnt signaling by the osteoblast-
specific transcription factor Osterix. Proc
Natl Acad Sci USA 2008;105:6936-6941.
Yang F, Tang W, So S, de Crombrugghe
B, Zhang C. Sclerostin is a direct target of
osteoblast-specific  transcription factor
osterix. Biochem Biophys Res Commun
2010;400:684-688.



This document is a scanned copy of a printed document. No warranty is given about the accuracy of the copy.
Users should refer to the original published version of the material.



