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Odontoblast differentiation is a complex and multistep process regulated by signaling pathways, including the Wnt/3-catenin signaling
pathway. Both positive and negative effects of Wnt/B-catenin signaling on dentinogenesis have been reported, but the underlying
mechanisms of these conflicting results are still unclear. To gain a better insight into the role of Wnt/B-catenin in dentinogenesis, we
used dental pulp cells from a panel of transgenic mice, in which fluorescent protein expression identifies cells at different stages of
odontoblast and osteoblast differentiation. Our results showed that exposure of pulp cells to WNT3a at various times and durations
did not induce premature differentiation of odontoblasts. These treatments supported the survival of undifferentiated cells in dental pulp
and promoted the formation of 2.3GFP* preodontoblasts and their rapid transition into differentiated odontoblasts expressing DMPI-
Cherry and DSPP-Cerulean transgenes. WNT3a also promoted osteogenesis in dental pulp cultures. These findings provide critical
information for the development of improved treatments for vital pulp therapy and dentin regeneration.
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Introduction

The Wnt/B-catenin signaling is an evolutionarily conserved
pathway with key and essential roles in embryogenesis and
postnatal growth (Clevers and Nusse 2012; Baron and Kneissel
2013; Steinhart and Angers 2018). In the absence of Wnt sig-
naling, cytoplasmic B-catenin is phosphorylated by the serine/
threonine kinase GSK-3f3, through interactions with the scaf-
folding proteins Axin and APC, and targeted for degradation
by the ubiquitin-proteasome pathway (Clevers and Nusse
2012; Baron and Kneissel 2013; Steinhart and Angers 2018).
Activation of Wnt signaling inhibits B-catenin phosphoryla-
tion, leading to the stabilization of B-catenin and its accumula-
tion in the nuclei. In the nuclei, B-catenin interacts with
T-cell-specific factor/lymphoid enhancer-binding factor 1
(TCF/Lef1) and with transcriptional coactivators that regulate
the expression of certain target genes (Clevers and Nusse 2012;
Baron and Kneissel 2013; Steinhart and Angers 2018). The
Whnt/B-catenin pathway is tightly regulated by a number of
antagonists, including Sclerostin (SOST) and Dickkopf (Dkk1
and Dkk2) (Cruciat and Niehrs 2013).

Whnt/B-catenin signaling plays an essential role in the mor-
phogenesis and cellular differentiation of many organs, includ-
ing tooth (Clevers and Nusse 2012; Baron and Kneissel 2013;
Tamura and Nemoto 2016; Steinhart and Angers 2018). During
tooth development, this pathway plays multiple essential roles
in various stages of tooth morphogenesis, and mutations in
various components of Wnt-f-catenin signaling pathway have
been identified in syndromic and nonsyndromic tooth agenesis
(Tamura and Nemoto 2016).

The roles of Wnt/B-catenin signaling in odontoblast differ-
entiation and dentinogenesis were first suggested by the expres-
sion of components of this pathway in odontoblasts. Several

Wnts, mediators of the signaling pathway such as Lef-1 and
Axin 2 as well as Dkk1, are expressed in developing odonto-
blasts (Balic and Thesleff 2015; Tamura and Nemoto 2016).

Tissue-specific inhibition of Wnt/B-catenin signaling in
young and mature odontoblasts (Bae et al. 2015) caused
impaired odontoblast differentiation, suggesting positive roles
of this pathway on odontoblast differentiation.

On the other hand, stabilization of B-catenin in young and
mature odontoblasts by employing various promotors such as
2.3 kb Collal (Kim et al. 2012), OC (Bae et al. 2013), and
DMP1 (Zhao et al. 2019) induced various abnormalities in
odontoblasts, including premature differentiation of odonto-
blasts and formation of immature odontoblasts with lack or
reduced levels of Dspp and Nestin (Chen et al. 2009; Kim et al.
2011, 2012; Bae et al. 2013; Zhao et al. 2019). However, all
these animals displayed a large amount of thickened and hypo-
mineralized dentin (Chen et al. 2009; Kim et al. 2012; Bae
et al. 2013), suggesting roles of this pathway in dentin matrix
production and mineralization.

In vitro studies also provided conflicting results regarding
the effects of Wnt/p-catenin signaling on odontoblast differen-
tiation and expression of Dspp during the mineralization of
pulp cultures. Several studies have shown the positive roles
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(Yamashiro et al. 2007; Yokose and Naka 2010; Han et al.
2014; Lim et al. 2014; Rahman et al. 2018; Lu et al. 2019),
whereas a few studies implicated negative roles (Scheller et al.
2008; Amri et al. 2016) of this pathway on odontoblast
differentiation.

Thus, the effects of Wnt/B-catenin signaling on odontoblast
differentiation are controversial and still unclear. These dis-
crepancies can be related to many factors, including the possi-
bility of differential responses of various cell populations in
dental pulp and in dentinogenic lineage to Wnt/B-catenin
signaling.

To gain a better understanding of the progression of pro-
genitor cells in the odontoblast lineage, we have examined and
characterized the expression of a series of green fluorescent
protein (GFP) reporters during odontoblast differentiation.
These studies have shown the stage-specific activation of these
transgenes during odontoblast differentiation in vivo and in
vitro. pOBCol2.3-GFP (2.3-GFP) transgene is activated at
early stages of odontoblast differentiation (preodontoblasts
and prior to the expression of Dmp1 and Dspp) (Balic, Aguila,
and Mina 2010). DMP1-Cherry and DSPP-Cerulean trans-
genes are activated and expressed by functional and fully dif-
ferentiated odontoblasts, respectively (Vijaykumar et al. 2019).
More recently, we showed that BSP-GFPtpz identifies cells in
the osteogenic lineage and is excluded from cells in the den-
tinogenic lineage (Vijaykumar et al. 2020). The lineage- and
stage-specific activation of these transgenes provides a panel
of reporters that can help identify and isolate cells in dentino-
genic and osteogenic lineages at various stages of differentiation.
Using these reporters, we were able to show that the effects of
FGF signaling on cells in odontoblast lineage were stage spe-
cific and depended on the stage of cell maturity (Sagomonyants
and Mina 2014; Sagomonyants et al. 2015, 2017).

To investigate the role of Wnt/B-catenin signaling in odon-
toblast differentiation, we took advantage of a well-characterized
dental pulp culture from these reporter mice and examined the
response of cells in various stages of differentiation to Wnt/j3-
catenin signaling. Our results show multiple essential roles of
Whnt/B-catenin signaling during the in vitro differentiation of
odontoblasts from resident progenitors in the dental pulp that
are dependent on the stage of maturity/differentiation of cells.

Materials and Methods
Animal Models

All experimental protocols involving animal tissues in the
present study were approved by the Institutional Animal Care
and use Committee of UConn Health Center. DSPP-Cerulean/
DMP1-Cherry, BSP-GFPtpz, pOBCol2.3FP (referred to as 2.3-
GFP), TCF/Lef:H2B-EGFP, and nontransgenic mice used in
this study have been previously described (Balic, Aguila,
Caimano, et al. 2010; Ferrer-Vaquer et al. 2010; Vijaykumar
et al. 2019, 2020). All mice were maintained in the CD1 back-
ground. In all experiments, pulp cells from nontransgenic lit-
termates served as negative control.

Cell Cultures, Digital Imaging,
and Epifluorescence Analysis

Primary pulp cultures were prepared from the coronal pulp of
first and second molars from 5- to 7-d-old mice (Balic, Aguila,
Caimano, et al. 2010). Cultures were first grown in Dulbecco’s
modified Eagle’s medium. At day 7, mineralization was
induced by addition of 50 pg/mL fresh ascorbic acid and 4 mM
B-glycerophosphate. Medium was changed every other day.
Mineralization in live primary cultures was examined by xyle-
nol orange (XO) staining (Vijaykumar et al. 2020). The mean
fluorescence intensity of XO staining, DMPI1-Cherry, and
BSP-GFPtpz was measured using a microplate reader (Safire?;
Tecan) (Vijaykumar et al. 2019, 2020).

Activation and Inhibition of Wnt/f-Catenin Signaling

The cultures were grown in the presence of vehicle (VH; 0.1%
bovine serum albumin), 50 ng/mL WNT3a (R&D Systems),
and 50 ng/mL DKK1 (R&D Systems), with or without simul-
taneous 50 ng/mL WNT3a between days 3 and 21 (referred to
as continuous exposure), days 7 and 21 (referred to as late
exposure), and days 3 and 7 (referred to as early exposure).

Immunocytochemistry

Pulp cultures were processed for immunocytochemistry with a
1:1,000 dilution of anti-GFP Alexa Fluor 488—conjugated anti-
body (Molecular Probes, Invitrogen) (Vijaykumar et al. 2019).
Negative controls included primary dental pulp cultures
derived from the transgenic littermates without the addition of
anti-GFP antibody.

RNA Extraction and Analysis

Total RNA was prepared with TRIzol Reagent (Invitrogen)
according to the manufacturer’s instructions. After DNase
treatment, RNA samples were processed for quantitative poly-
merase chain reaction (QPCR) analysis with specific primers
(Appendix Table 1) purchased from Applied Biosystems
(Sagomonyants and Mina 2014).

Flow Cytometric Analysis

Single-cell suspensions from pulp cultures were processed for
fluorescence-activated cell sorting (FACS) analysis at different
time points using gating strategies shown in Appendix Figure
2. Percentages of GFP* and GFP™ cells were determined with
BD FACSDiva 6.2 software (Sagomonyants and Mina 2014).

For fluorescence-activated cell sorting, cultures derived
from 2.3-GFP transgenic animals were processed for sorting
based on GFP (Balic, Aguila, and Mina 2010; Sagomonyants
et al. 2015). Live GFP* and GFP™ cells were replated at the
same density as the primary cultures (9.21 x 10* cells/cm?)
grown in the presence of VH or WNT3a between days 3 and 14
(continuous exposure) and processed for various extra word
gene expression analysis.
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Proliferation and Apoptosis Assays

The proliferative cells were detected by incubation of cultures
with 10 uM EdU (5-ethynyl-2'-deoxyuridine) for 4 h and
Click-iT Plus Flow Cytometry Assay kit (Invitrogen) accord-
ing to the manufacturer’s instructions.

The apoptotic cells were examined using rabbit cleaved
caspase 3 antibody (1:800; Cell Signaling Technology 9661S)
for 1 h and goat anti-rabbit Alexa Fluor 594 for 30 min. The num-
ber of proliferative and apoptotic cells was calculated by FACS
analysis using a BD LSR-II FACS cytometer (BD Biosciences).

Statistical Analysis

Analysis was performed by GraphPad Prism 7 software
(GraphPad Software) using an unpaired 2-tailed Student’s # test
and 1-way analysis of variance (ANOVA). Values in all experi-
ments represented mean = SEM of at least 3 independent
experiments, and P < 0.05 was considered statistically
significant.

Results

Effects of WNT3a on Wnt-Responsive Cells
in Pulp Cultures

As the first step, the effects of the activation of Wnt/B-catenin
signaling by WNT3a on the status of Wnt-responsive cells in
dental pulp were studied by examining the levels of expression
of Axin2 (Jho et al. 2002). In addition, we used TCF/Lef:H2B-
GFP reporter mice, in which the cells responding to Wnt sig-
naling are identified by the nuclear localization of GFP that can
be quantified by FACS analysis (Ferrer-Vaquer et al. 2010).

In these experiments, cultures were treated with 50 ng/mL
WNT3a and DKKI1 (an antagonist of canonical Wnt/p-catenin)
at days 3 and 7. These concentrations were based on their
apparent effects on the expression of Axin2 in our preliminary
studies (Appendix Fig. 3A, B).

The addition of WNT3a to cultures at both days 3 and 7
resulted in approximately 2.5- to 4-fold increases in the levels
of Axin2 (Appendix Fig. 3C, E) and about 1.5-fold increases in
the percentage of GFP* cells (Appendix Fig. 3D, F). DKK1
reduced the WNT3a-induced increases in the levels of Axin2
(Appendix Fig. 3C, E). Together, these results show that pri-
mary pulp cultures contain Wnt-responsive cells, and WNT3a
induces increases in the expression of Axin2 and percentage of
cells with nuclear accumulation of B-catenin.

Effects of WNT3a on Mineralization
and Differentiation of Primary Pulp Cultures

Next, we examined the effects of continuous activation of
Wnt/B-catenin signaling by the addition of WNT3a on the min-
eralization and differentiation of pulp cells in vitro. In these
experiments, primary pulp cultures were continuously exposed

to WNT3a and DKK1 with or without WNT3a between days 3
and 21.

XO staining showed marked increases in the extent of min-
eralization between days 10 and 21 in the WNT3a-treated cul-
tures compared to VH-treated controls (Fig. 1A and Appendix
Fig. 4A, B). DKK1 induced marked decreases in the extent of
mineralization and partially reversed the effects of WNT3a on
mineralization (Fig. 1A and Appendix Fig. 4A, C).

The effects of WNT3a on differentiation were studied by
examining the relative levels of markers of odontoblast (Dmp1
and Dspp) and osteoblast (Bsp) differentiation. Despite the
lack of significant effects on day 7, WNT3a-treated cultures
displayed marked increases in the expression of Dmpl (Fig.
1B), Dspp (Fig. 1C), and Bsp (Fig. 1D) compared to VH-treated
controls between days 10 and 17. DKK1 reversed the WNT3a-
induced increases in the levels of Dspp, Dmp1, and Bsp to lev-
els similar to those in VH-treated controls (Fig. 1B-D).

Effects of Wnt/f-Catenin Signaling
on GFP Reporters

The increases in expression of markers of odontoblast and
osteoblast differentiation during the mineralization phase of
growth in primary pulp cultures in WNT3a-treated cultures can
be related to changes in their levels of transcription and/or
changes in the number of cells expressing these markers. To
distinguish between these possibilities, the effects of WNT3a
on pulp cultures from 2.3-GFP, DSPP-Cerulean/DMP1-Cherry,
and BSP-GFPtpz transgenic reporter mice were examined by
FACS analysis.

FACS analysis between days 4 and 10 using gating strate-
gies shown in Appendix Figure 2A—C showed no changes in
the percentage of cells expressing different transgenes in
WNT3a-treated cultures as compared to VH-treated controls
(Fig. 1E-H). On the other hand, there were marked increases in
the percentages of cells expressing these transgenes in WNT3a-
treated cultures as compared to VH-treated controls between
days 8 and 10. These changes included increases in the per-
centage of 2.3-GFP* cells at day 8 (Fig. 1E) followed by
marked increases in the percentage of DMP1-Cherry™ cells at
d 9 and 10 (Fig. 1F) and DSPP-Cerulean™ cells at day 10 (Fig.
1G). There were no significant changes in the percentage of
BSP-GFPtpz* (Fig. 1H) cells in the WNT3a-treated cultures as
compared to VH-treated controls.

Due to the difficulties in obtaining single cells in mineral-
ized cultures, the changes in the expression of various trans-
genes at later time points (days 10-21) were analyzed by
fluorometric analysis and immunocytochemistry (Fig. 1I-L
and Appendix Fig. 4D-F). WNT3a-treated cultures showed
continuous increases in the intensity of 2.3-GFP (Fig. 1),
DMP1-Cherry (Fig. 1J), and BSP-GFPtpz (Fig. 1L) as com-
pared to VH-treated controls. Immunocytochemical analysis
with the GFP antibody showed marked increases in the number
of DSPP-GFP* cells (Fig. 1K) in WNT3a-treated cultures com-
pared to VH-treated controls.
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Figure 1. Effects of continuous exposure to WNT3a and DKKI in primary dental pulp cultures. Primary pulp cultures from nontransgenic and
transgenic animals were treated continuously from days 3 to 21 with vehicle (VH) (0.1% bovine serum albumin), WNT3a (50 ng/mL), DKKI (50 ng/mL),
or simultaneous WNT3a (50 ng/mL) and DKK1 (50 ng/mL). (A-D) Effects on mineralization and the expression of differentiation markers in primary
dental pulp cultures: (A) Bar graphs showing changes in the intensity of xylenol orange (XO) staining (in absolute values) in cultures from nontransgenic
animals treated continuously with VH, WNT3a, and DKKI alone or with simultaneous WNT3a from days 3 to 21. Continuous exposure to WNT3a
and DKK increased and decreased the intensity of XO at days 10, 14, and 2| as compared to control, respectively. DKK| treatment also significantly
reduced the WNT3a-induced increases in XO intensity. The intensity of XO staining was measured at a 570/6 10-nm wavelength (excitation/emission)
and at a gain of 80. Background fluorescence for XO was measured using cultures without the addition of ascorbic acid and 3-glycerophosphate, which
lack mineralization potential. The background fluorescence values were subtracted from respective XO measurements. (B—D) Bar graphs showing
changes in the expression of Dmp | and Dspp (odontoblast differentiation markers) and Bsp (osteoblast differentiation marker) in nontransgenic cultures
treated continuously with VH, WNT3a, and DKK alone or with simultaneous WNT3a from days 3 to 7. Continuous exposure to WNT3a showed
significant increases in Dmp [ (B), Dspp (C), and Bsp (D) at days 10 to 17, which were significantly decreased by DKK| treatment alone. DKKI treatment
significantly reduced the WNT3a-induced increases in Dmp I, Dspp, and Bsp almost to control levels. Expression of Dmp | and Bsp was normalized to
day 7, and Dspp was normalized to day 10 of the VH-treated cultures, which is arbitrarily set to | and is indicated by the dashed line. (E~H) Effects on
green fluorescent protein (GFP) reporters by fluorescence-activated cell sorting (FACS) analysis: bar graphs showing the changes in the percentage of
cells expressing 2.3-GFP (E), DMPI-Cherry (F), DSPP-Cerulean (G), and BSP-GFPtpz (H) transgenes by FACS analysis every 24 h following the start

of continuous treatment with VH, WNT3a, and DKK at day 3 up to day 10. WNT3a treatment increased the percentage of 2.3-GFP* cells on day 8,
which was significantly decreased by DKKI at days 8 and 9 compared to WNT3a-treated cultures (E). WNT3a-treated cultures also show significantly
increased percentages in DMP|-Cherry* cells and DSPP-Cerulean® cells at days 9 and 10. DKK-treated cultures show decreased percentages of DMPI-
Cherry" and DSPP-Cerulean® cells that were significant compared to VH-treated controls, as well as WNT3a-treated cultures (F, G). WNT3a and DKKI
treatment showed no effects on the percentage of BSP-GFPtpz* cells (H). (I-L) Effects on GFP reporters at later stages of mineralization: bar graphs
showing the changes in the fluorescence intensity of 2.3-GFP (I), DMPI-Cherry (J), and BSP-GFPtpz (L) transgenes by fluorometric analysis, as well as
the percentage of DSPP-Cerulean® cells (K), detected by immunocytochemistry following continuous treatment with VH, WNT3a, and DKK| from days
3 to 21. Continuous exposure to WNT3a showed significant increases in the fluorescence intensity of 2.3-GFP (I), DMPI-Cherry (J), BSP-GFPtpz (L),
and the percentage of DSPP-Cerulean® cells (K) at days 10 to 21. DKKI treatment decreased the intensity of 2.3-GFP, DMP|-Cherry, and BSP-GFPtpz
and the percentage of DSPP-Cerulean® cells at days 10 to 21 compared to VH-treated controls, as well as WNT3a-treated cultures. Results in all graphs
represent mean + SEM of at least 3 independent experiments. Analysis was performed using |-way analysis of variance. *P < 0.05 relative to VH at each
time point; @p < 0.05 relative to DKKI at each time point; #P < 0.05 relative to WNT3a at each time point. ND, not detected.
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Figure 2. Effects of late exposure of primary dental pulp cultures to WNT3a and DKKI. Primary pulp cultures were treated late from days 7 to 21
with vehicle (VH) (0.1% bovine serum albumin), WNT3a (50 ng/mL), DKKI (50 ng/mL), or simultaneous WNT3a (50 ng/mL) and DKKI (50 ng/mL).
(A-D) Effects on mineralization and the expression of differentiation markers in primary dental pulp cultures: (A) Bar graphs showing changes in the
intensity of xylenol orange (XO) staining (in absolute values) in nontransgenic cultures treated with VH, WNT3a, and DKKI alone or with simultaneous
WNT3a from days 7 to 21. Late exposure to WNT3a and DKK increased and decreased the intensity of XO at days 10, 14, and 2| as compared to
control, respectively. DKK| treatment also significantly reduced the WNT3a-induced increases in XO intensity. (B—D) Bar graphs showing changes in
the expression of Dmp I, Dspp, and Bsp in nontransgenic cultures treated with VH, WNT3a, and DKK alone or with simultaneous WNT3a (50 ng/mL)
treatment from days 7 to |7. Late exposure to WNT3a showed significant increases in Dmp/ (B), Dspp (C), and Bsp (D) at days 10 to 17, which were
significantly decreased by DKKI treatment alone. DKKI treatment also significantly decreased the WNT3a-induced increases in Dmp |, Dspp, and Bsp
almost to control levels. Expression of Dmp/ and Bsp was normalized to day 7, and Dspp was normalized to day |0 of the VH-treated cultures, which is
arbitrarily set to | and is indicated by the dashed line. (E-H) Effects on green fluorescent protein (GFP) reporters by fluorescence-activated cell sorting
(FACS) analysis: bar graphs showing the changes in the percentage of cells expressing 2.3-GFP (E), DMPI-Cherry (F), DSPP-Cerulean (G), and BSP-
GFPtpz (H) transgenes by FACS analysis every 24 h following the start of late treatment with VH, WNT3a, and DKK at day 7 up to day 10. WNT3a
treatment significantly increased the percentage of 2.3-GFP* cells on day 8, which was decreased by DKKI (E). WNT3a-treated cultures also show
significantly increased percentages in DMPI-Cherry* cells and DSPP-Cerulean® cells at day 10. DKK-treated cultures show decreased percentages of
DMPI-Cherry" and DSPP-Cerulean* cells that were significant compared to WNT3a-treated cultures (F, G). WNT3a and DKKI treatment showed no
effects on the percentage of BSP-GFPtpz™ cells (H). (I-L) Effects on the intensity of GFP and percentages of DSPP-GFP* at later stages of mineralization:
bar graphs showing the changes in the fluorescence intensity of 2.3-GFP (I), DMPI-Cherry (J), and BSP-GFPtpz (L) transgenes, as well as the percentage
of DSPP-Cerulean® cells (K), following late treatment with VH, WNT3a, and DKK| from days 7 to 21. Late exposure to WNT3a showed significant
increases in the fluorescence intensity of 2.3-GFP (I), DMP|-Cherry (J), BSP-GFPtpz (L), and the percentage of DSPP-Cerulean® cells (K) at days 10 to
21. DKKI treatment significantly decreased the intensity of 2.3-GFP, DMP1-Cherry, and BSP-GFPtpz and the percentage of DSPP-Cerulean® cells at days
10 to 21. Results in all graphs represent mean + SEM of at least 3 independent experiments. Analysis was performed using |-way analysis of variance.

*P < 0.05 relative to VH at each time point; @P < 0.05 relative to DKKI at each time point; #P < 0.05 relative to WNT3a at each time point. ND, not
detected.
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Table. Effects of Wnt/B-Catenin Signaling on the Proliferation and
Survival of Cells in Primary Pulp Cultures.

VH WNT3a DKKI

% EdU" cells
D4 16.95 = 1.61 27.1 £2.23° 17.2 +0.83°
D5 12.22 + 0.83 2225+ 1.017 11.35+0.96°
Dé 18.57 £ 0.37 20.62 + 1.42° 15.95 + 0.5°
D7 10.5 £0.89 14.35 £ 0.72° 10.12 + 0.86°
D8 ND ND ND
D9 ND ND ND
Dilo ND ND ND

% Col2.3GFP*/EdU*
D4 7.72£0.79 13.85 + 1.22? 7£041°
D5 8.27 £0.77 14.5 £ 0.99* 7.1 £0.73°
Dé 11.17 + 0.64 14.42 + 0.47° 9.95+0.41°
D7 6.54 £ 0.48 9.35£0.46 6.22 £0.78
D8 ND ND ND
D9 ND ND ND
Dilo ND ND ND

% Col2.3GFP~/EdU*
D4 9.22 £0.95 13.6 + 1.26° 10.2 £ 0.45
D5 3.95+0.06 7.75 £ 0.45* 425+0.32°
Dé 6.4+0.27 6.2+£0.53 6+03
D7 3.96 £0.73 4.72+0.48 3.7+ 0.65
D8 ND ND ND
D9 ND ND ND
DIlo ND ND ND

% Caspase® cells in cultures
D4 3245+2.17 29.8+0.57 32.36 £ 1.54
D5 32.17 £5.37 31.8+3.1 36.8+3.46
Dé 39.47 £ 1.62 25.53 £2.53° 343 £ 5.15°
D7 28.97 £2.99 2263 £2.03*  36.16 +7.34°

In these experiments, primary pulp cultures were treated from day 3
onward with vehicle (VH, 0.1% bovine serum albumin), WNT3a

(50 ng/mL), or DKKI1 (50 ng/mL) and fluorescence-activated cell sorting
(FACS) analyzed every 24 h after staining with EdU for proliferation

and cleaved caspase 3 for apoptosis as described in the Materials and
Methods. The table shows the percentage of EdU* and EdU™ cells in
primary pulp cultures from 2.3-GFP mice following various treatments.
Note the significant increases in proliferation of 2.3-GFP* and 2.3-GFP~
populations in the WNT3a-treated cultures compared to controls. Note
a lack of proliferation during the mineralization phase from days 8 to 10.
The table also shows the percentage of cleaved caspase 3" and cleaved
caspase 3~ cells in primary pulp cultures following various treatments.
Note the significant decreases in apoptosis in the WNT3a-treated
cultures compared to controls. DKKI treatment had no significant effect
on apoptosis. Results represent mean + SEM of at least 3 independent
experiments. Analysis was performed using |-way analysis of variance.
ND, not detected.

2P < 0.05 relative to the respective controls at each time point.

bP < 0.05 relative to WNT3a at each time point.

Stage-Specific Effects of Wnt/f-Catenin Signaling
on the Differentiation of Pulp Cells In Vitro

The lack of significant changes in the expression of markers of
differentiation and percentage of cells expressing the various
transgenes during the first 7 d in the WNT3a-treated suggest
that response to activation of Wnt/B-catenin may be dependent
on the stage of maturity/differentiation of the cells. This pos-
sibility was examined in 2 different sets of experiments.

In the first set of experiments, we examined the effects of
limited activation of Wnt/B-catenin signaling by WNT3a

during the mineralization of primary pulp cultures. In these
experiments, the cultures were treated with WNT3a and DKK
between days 7 and 21. The changes in the mineralization, the
temporal patterns of the expression of various markers of dif-
ferentiation, and the expression of multiple reporters in cul-
tures treated between days 7 and 21 were similar to the changes
observed with continuous treatment (Fig. 2 and Appendix Fig.
5), albeit with a lower magnitude.

In the second set of experiments, we examined the effects of
continuous WNT3a exposure on the differentiation of rela-
tively homogeneous populations of FACS-sorted 2.3-GFP*
and 2.3-GFP~ cells (298% purity of isolated populations; Fig.
3A, B) that represent populations enriched in preodontoblasts
and undifferentiated cells, respectively (Balic, Aguila,
Caimano, et al. 2010) (Fig. 3). In cultures established from the
2.3-GFP* population, WNT3a induced marked increases in the
intensity of 2.3-GFP (Fig. 3C, D) and expression of Dmpl
(Fig. 3E), Dspp (Fig. 3F), and Bsp (Fig. 3G) between days 10
and 14. On the other hand, in cultures established from the 2.3-
GFP™ population, WNT3a induced marked decreases in the
intensity of 2.3-GFP (Fig. 3C, D) and expression of Dmpl
(Fig. 3E). In these cultures, WNT3a inhibited the expression of
Dspp (Fig. 3F) and had no significant effect on Bsp (Fig. 3G).
These observations provide evidence that activation of Wnt/(3-
catenin signaling promoted the differentiation of preodonto-
blasts identified by the expression of 2.3-GFP and not the
undifferentiated population in the dental pulp.

Effects of Wnt/p-Catenin Signaling
on Undifferentiated and Early Progenitors
in Pulp Cells In Vitro

The effects of activation of Wnt/p-catenin signaling by WNT3a
on undifferentiated and early progenitors in pulp culture were
examined by limited and early exposure of pulp culture to
WNT3a. In these experiments, the cultures were treated with
WNT3a and DKK1 only between days 3 and 7. Interestingly,
early and limited treatment with WNT3a also induced changes
similar to those induced by continuous and late treatments but
at lower levels (Fig. 4, Appendix Fig. 6). Furthermore, these
changes were evident during the mineralization phase of in
vitro growth and after the withdrawal of the WNT3a (Fig. 4,
Appendix Fig. 6).

We further examined the effects of Wnt/B-catenin signaling
on the survival of primary pulp cultures. FACS analysis using
the gating strategy shown in Appendix Figures 2D and E
showed marked increases in the percentage of proliferative
cells (EdU") (Table) and decreases in the percentage of apop-
totic cells (cleaved caspase 3%) (Table) between days 4 and 7 in
WNT3a-treated cultures as compared to VH-treated controls.
WNT3a-induced increases in the proliferation in 2.3-GFP*
(Table) and 2.3-GFP™ (Table) populations between days 3 and
7. The absence of detectable EAU* cells (cells in S phase)
between days 8 and 10 (after cells reach confluence and initiate
mineralization) in unsorted and sorted populations suggests
that the increases in 2.3-GFP* population at day 8 (Fig. 1E)



Whnt/f-Catenin Signaling Promotes the Formation of Preodontoblasts In Vitro 393

A Y - g8 B . D 2.3-GFP Positive 2.3-GFP Negative
x* 32 e Ts; 1500+
Gy %8 r & Bl vH EvH
. . L-/m 38 - 2 B WNT3a E= WNT3a
- < = 2 1200 *
S R e e e e W W 2 g .
Negative Control L c |
P1 Al cells . Py c ® rlQ 900
- i . = o9
P2IP3 single cell NP .
‘mgeces o e é I.nl.- 5 @600
P4 Live cells Bo, [\’ ey, [T] 8
P5 2.3-GFP negative W + @ 9O 3 * *
PG 2.3-GFP positive b o~ 5
. . : T8 0
Re-analysis for purity of sorted populations
A o > A o >
. o . P Q S8 > Q 8 &
o o s E 1507 vH @ VH
g L 10| EEWNT3a | |E=WNT3a
o 2
o W e o - = 901
od GFP-A GFPA Q E 60
L R
il .
® 2 o
T § -y
ooccl i HE BN (v B= B
C— A ° ™ A o >
Q 0’\ N Q 0’\ Q’\
¢ uéﬂ E‘)zaesp F 0] - B vH
ol2. 0l2.
Positives Negatives 8 B WNT3a * [EHWNT3a
- ®
D D D D10 D14 2
U™ Prdiiferation ' Differentiatio g-. e 5
v v ¥ @ O 4
Q T
(<} ]
|
T T
c 2.3 GEP Positives 2.3 GEP Negatives 000 IN-CNOHNE BN INOND EIND JIND
WNT3a 3 o,s Q\h 3 Q\e 0,\5-
~ G 2007 VH EVH
o 160 BN WNT3a . |E3WNT3a

D10
Bsp
Fold change

D14

120
80
“ _ill

Days in culture

Figure 3. Effects of WNT3a on the differentiation of fluorescence-activated cell sorting (FACS)—sorted 2.3-GFP* and 2.3-GFP~ populations. (A)

In these experiments, primary pulp cultures from 2.3-GFP transgenic mice were first grown in culture conditions supporting their proliferation and
expansion. At day 7, 2.3-GFP* and 2.3-GFP~ cells were separated according to the gating strategy shown. (Top row) Gate PI includes all cells exclusive
of debris. P2 and P3 include single cells identified by forward-scatter and side-scatter profiles, respectively. P4 includes live cells. Dead cells were
excluded by staining with fixable viability dye. (Middle row) FACS sorting was performed in 2.3-GFP cultures from molars on day 7. Nontransgenic
cultures were used as a negative control. (Bottom row) The isolated populations were reanalyzed for the purity of >98%. The table shows a legend
denoting the identity of each gate analyzed by flow cytometry. (B) The sorted 2.3-GFP* and 2.3-GFP~ populations were replated and cultured with
continuous exposure to vehicle (VH; 0.1% BSA) or 50 ng/mL WNT3a between days 3 and 14. (C) Representative images of the same areas in

cultures from 2.3-GFP* and 2.3-GFP™ populations at various time points analyzed under epifluorescent light using a filter to detect green fluorescent
protein (GFP). Scale bar = | mm. Note that WNT3a treatment increased and decreased the GFP expression in the 2.3-GFP* and 2.3-GFP~ cultures,
respectively. (D) Bar graphs showing significantly increased and decreased fluorescence intensity in the WNT3a-treated 2.3-GFP* and 2.3-GFP~
cultures, respectively, at days 10 and 14. (E-G) Bar graphs showing that continuous exposure of FACS-sorted 2.3-GFP* cultures to WNT3a showed
significant increases in Dmp ! (E), Dspp (F), and Bsp (G) at days 10 to |4 compared to controls. Continuous exposure of FACS-sorted 2.3-GFP~
cultures to WNT3a showed significant decreases in Dmp [ expression (E), undetectable Dspp expression (F), and no significant effects in Bsp expression
(G) compared to controls. Expression of Dmp/| and Bsp in 2.3-GFP* and 2.3-GFP~ populations was normalized to that in VH-treated 2.3-GFP* cultures
at day 7, which is arbitrarily set to | and is indicated by the dashed line. Expression of Dspp in both populations was normalized to that in VH-treated
2.3-GFP* cultures at day 10, which is arbitrarily set to | and is indicated by the dashed line. Results in all graphs represent mean + SEM of at least 3
independent experiments. Analysis was performed using an unpaired 2-tailed Student’s t test. *P < 0.05 relative to the respective controls at each time
point. ND, not detected.
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Figure 4. Effects of early exposure of primary dental pulp cultures to WNT3a and DKKI. Primary pulp cultures were treated early from days 3 to 7
with vehicle (VH) (0.1% bovine serum albumin), WNT3a (50 ng/mL), DKKI (50 ng/mL), or simultaneous WNT3a (50 ng/mL) and DKKI1 (50 ng/mL).
(A-D) Effects on mineralization and the expression of differentiation markers in primary dental pulp cultures: (A) Bar graphs showing changes in the
intensity of xylenol orange (XO) staining (in absolute values) in nontransgenic cultures treated with VH, WNT3a, and DKK alone or with simultaneous
WNT3a from days 3 to 7. Early exposure to WNT3a and DKKI increased and decreased the intensity of XO at days 10, 14, and 2| as compared to
control, respectively. DKKI treatment also significantly decreased the WNT3a-induced increases in XO intensity. (B-D) Bar graphs showing changes in
the expression of Dmp |/, Dspp, and Bsp in nontransgenic cultures treated continuously with VH, WNT3a, and DKK alone or with simultaneous WNT3a
from days 3 to 7. Early exposure to WNT3a showed significant increases in Dmp | (B), Dspp (C), and Bsp (D) at days 10 to |7, which were decreased by
DKKI treatment alone. DKKI treatment also significantly decreased the WNT3a-induced increases in Dmp I, Dspp, and Bsp. Expression of Dmp | and
Bsp was normalized to day 7, and Dspp was normalized to day 10 of the VH-treated cultures, which is arbitrarily set to | and is indicated by the dashed
line. (E-H) Effects on green fluorescent protein (GFP) reporters by fluorescence-activated cell sorting (FACS) analysis: bar graphs showing the changes
in the percentage of cells expressing 2.3-GFP (E), DMPI-Cherry (F), DSPP-Cerulean (G), and BSP-GFPtpz (H) transgenes by FACS analysis every 24 h
following the start of early treatment with VH, WNT3a, and DKKI at day 3 up to day 10. WNT3a treatment significantly increased the percentage of
2.3-GFP* cells at day 8, which was decreased by DKKI1 (E). WNT3a also significantly increased percentages in DMP|-Cherry* cells and DSPP-Cerulean”
cells at days 9 to 10. DKK|-treated cultures show significantly decreased percentages of DMP|-Cherry* and DSPP-Cerulean® cells that were significant
compared to VH treated controls, as well as WNT3a-treated cultures (F, G). WNT3a and DKK treatment showed no effects on the percentage of
BSP-GFPtpz" cells (H). (I-L) Effects on the intensity of GFP and percentages of DSPP-GFP* cells at later stages of mineralization: bar graphs showing
the changes in the fluorescence intensity of 2.3-GFP (I), DMPI-Cherry (J), and BSP-GFPtpz (L) transgenes, as well as the percentage of DSPP-Cerulean”
cells (K) following late treatment with VH, WNT3a, and DKK from days 3 to 7. Early exposure to WNT3a showed significant increases in the
fluorescence intensity of DMPI-Cherry (J), BSP-GFPtpz (L), and the percentage of DSPP-Cerulean® cells (K) at days 10 to 21, with no significant effects
on the intensity of Col2.3-GFP (I). DKKI treatment significantly decreased the intensity of DMP|-Cherry and BSP-GFPtpz and the percentage of DSPP-
Cerulean® cells, at days 10 to 21. Results in all graphs represent mean + SEM of at least 3 independent experiments. Analysis was performed using |-way
analysis of variance. *P < 0.05 relative to VH at each time point; @P < 0.05 relative to DKK at each time point; #P < 0.05 relative to WNT3a at each
time point. ND, not detected.
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were related to the activation of 2.3-GFP in a new population.
These findings indicate that WNT3a promoted the survival of
undifferentiated dental pulp cells and enhanced their differen-
tiation into preodontoblasts expressing the 2.3-GFP transgene.

Discussion

Our results also showed essential roles for Wnt/p-catenin sig-
naling in the survival of resident progenitors and are consistent
with previous observations in dental pulp (Hunter et al. 2015).
Limited and early exposure to WNT3a resulted in increased
proliferation and decreased apoptosis in the undifferentiated
population.

Our results also showed that exposure of pulp cells to
WNT3a at various times and durations did not induce prema-
ture differentiation of odontoblasts from resident progenitors.
These observations are different from in vivo studies that
showed that sustained activation of B-catenin by constitutive
stabilization of B-catenin in the dental mesenchyme and odon-
toblasts led to premature differentiation of immature odonto-
blasts with lack or reduced levels of Dspp and Nestin (Chen
et al. 2009; Kim et al. 2011, 2012; Bae et al. 2013; Zhao et al.
2019). The underlying mechanisms for these differences may
be related to differences in the mechanisms of activation of
signaling pathways and timing or the duration of activation.

The positive effects of activation of Wnt/B-catenin signal-
ing on odontoblast differentiation in our in vitro study are con-
sistent with the reported effects in other studies (Yamashiro
et al. 2007; Yokose and Naka 2010; Lim et al. 2014; Rahman
etal. 2018; Lu et al. 2019).

Our results extend these observations by providing evi-
dence that positive effects of Wnt/B-catenin signaling on odon-
toblast differentiation are mediated through proliferation and
the formation of preodontoblasts from residents’ progenitors in the
dental pulp. Our observations showed that exposure of pulp cells
to WNT3a at various times and durations increased the number
of preodontoblasts, odontoblasts, and levels of expression of
Dmpl and Dspp. Since DMP1-Cherry* and DSPP-Cerulean®
identify functional and fully differentiated odontoblasts
(Vijaykumar et al. 2019) that are postmitotic and nonprolifera-
tive, the increases in their number in WNT3a-treated cultures
in our studies is related to increases in the number of 2.3-GFP*
preodontoblasts and their rapid differentiation into functional
and fully differentiated odontoblasts.

This possibility is further supported by our studies on
FACS-sorted populations. Exposure of the 2.3-GFP* popula-
tion to WNT3a resulted in progressive increases in the inten-
sity of GFP and expression of Dmp1 and Dspp. On the other
hand, exposure of the 2.3-GFP™ undifferentiated population to
WNT3a resulted in marked decreases in the intensity of GFP
expression and inhibited the expression of Dmp1 and Dspp.

In our studies, we cannot exclude the possibility that Wnt/(3-
catenin signaling may also directly affect the transcription of
Dspp and Dmp 1. Although it has been shown that Lefl induced
Dspp expression via binding to its promoter region in vitro
(Yokose and Naka 2010), the precise mechanisms by which

Dspp and Dmp1 expression may be induced by Wnt/p-catenin
signaling are still unclear and have not been fully elucidated.

Our observations also showed that activation of Wnt/(3-
catenin signaling also increased the number of BSP-GFP*
osteoblasts from resident progenitors in dental pulp cultures.
These observations are consistent with the body of literature
that showed one of the mechanisms whereby Wnt/B-catenin
signaling increases bone formation by stimulating the prolif-
eration of preosteoblasts and the development of osteoblasts
(Kim et al. 2013; Teufel and Hartmann 2019).

Together, these observations showed that in dentinogenic
lineage, activation of Wnt/B-catenin signaling by WNT3a pro-
moted the survival of the undifferentiated progenitors, leading
to increases in the pool of cells that can form preodontoblasts.
Wnt/B-catenin signaling further supports the rapid differentia-
tion of preodontoblasts into functional and fully differentiation
odontoblasts.
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