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Dentin phosphophoryn (DPP) an extracellular matrix protein activates Wnt signaling in DPSCs (dental 
pulp stem cells). Wnt/β catenin signaling is essential for tooth development but the role of DPP-
mediated Wnt5a signaling in odontogenesis is not well understood. Wnt5a is typically considered as a 
non-canonical Wnt ligand that elicits intracellular signals through association with a specific cohort of 
receptors and co-receptors in a cell and context–dependent manner. In this study, DPP facilitated the 
interaction of Wnt5a with Frizzled 5 and LRP6 to induce nuclear translocation of β-catenin. β-catenin 
has several nuclear binding partners that promote the activation of Wnt target genes responsible for 
odontogenic differentiation. Interestingly, steady increase in the expression of Vangl2 receptor suggest 
planar cell polarity signaling during odontogenic differentiation. In vitro observations were further 
strengthened by the low expression levels of Wnt5a and β-catenin in the teeth of DSPP KO mice which 
exhibit impaired odontoblast differentiation and defective dentin mineralization. Together, this study 
suggests that the DPP-mediated Wnt5a signaling could be exploited as a therapeutic approach for the 
differentiation of dental pulp stem cells into functional odontoblasts and dentin regeneration.

Dentin is a unique, avascular mineralized connective tissue that forms the bulk of the tooth1. It encloses a 
richly innervated and highly vascularized soft connective tissue the dental pulp. Dental pulp tissue contains 
mesenchymal stem/progenitor cells that possesses the properties of high proliferative potential, self-renewal 
and multi-lineage differentiation2. Understanding the molecular mechanism that mediates the differentiation 
of adult-stem cells to regenerate the dentin-pulp complex is of significant interest in regenerative dental 
medicine3,4. This process requires a fine balance between cell proliferation and differentiation. Differentiation of 
DPSCs to fully functional odontoblasts require selective activation of specific programs of gene expression. In 
vivo, these cells are believed to spontaneously differentiate when placed in the correct microenvironment and 
receive appropriate cues from the extracellular matrix.

Odontoblasts are neural-crest derived cells and are the principal cells that are responsible for the synthesis 
and secretion of the dentin matrix. Odontoblast polarization is a prerequisite and a fundamental process for 
tooth development and tubular dentin formation. They are metabolically active throughout the life of the tooth5 
a requirement for tissue regeneration. Currently, there is sparse data available on the mechanism for odontoblast 
polarization.

The major extracellular matrix protein in the dentin matrix is a phosphoprotein that is rich in aspartic acid 
and serine-rich protein called dentin phosphophoryn (DPP)6,7. DPP appears to be synthesized as a part of a larger 
compound protein, dentin sialophosphoprotein (DSPP)8,9. DPP is a highly acidic protein which binds Ca2+ avidly 
and is thus linked to matrix mineralization10. Several in-vitro studies and the hypomineralized dentin phenotype 
of the DSPP-null mice confirm the crucial role DPP plays in the dentin matrix11–13. We and others have shown 
that besides matrix mineralization, DPP functions as a signaling molecule14,15. We have demonstrated that DPP 
stimulates intracellular calcium release in embryonic mesenchymal cells15. This depletion of calcium from the 
endoplasmic reticulum evokes a number of downstream responses.
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Several cell types secrete Wnts that bind cognate receptors on receiving cells to activate downstream 
signaling16,17. Wnt signaling is an evolutionarily conserved signaling route and a study in the 1990s demonstrated 
that it’s required for tooth formation18. During human and mice tooth development, specific Wnt signaling 
components have been shown to be expressed in the dental epithelium and mesenchyme19–21. Animals models 
and functional studies indicate Wnt signaling effects regulate developing tooth formation and adult tooth 
homeostasis20. Mutations in different Wnt signaling components is closely associated with syndromic and non-
syndromic tooth agenesis, suggesting the importance of this signaling pathway as an attractive target for tooth 
disorders22,23. During tooth development, Wnt5a is expressed predominantly in mesenchymal tissues from E11.5 
(epithelial thickening) to E15.5 at the early bell stage18,24. Wnt5a mRNA is extensively expressed in the developing 
odontoblasts and Wnt5a-deficient mice exhibit delayed odontoblast differentiation and the teeth are smaller and 
abnormally shaped22. The mammalian genome encodes 19 Wnt proteins and several receptors, however, the 
manner in which these components interact demonstrate dynamic and tightly controlled expression patterns in 
epithelial and mesenchymal cells during tooth development23. However, there is little information regarding the 
mechanism by which Wnt5a is activated in the dental mesenchyme.

It is well-established that particular Wnt ligands can activate specific downstream signaling pathways 
depending on the available receptors. In canonical Wnt signaling, Wnt ligands (Wnt1, 2, 3,3a,7a,8a and 10b) 
bind cell surface receptors, Frizzled and low-density lipoprotein-receptor-related protein 5/6 which results 
in recruitment of Disheveled and Axin to the Fzd-Wnt-LRP5/6 complex. This leads to disassembly of the 
destruction complex leading to the nuclear accumulation of β-catenin and the activation of the transcription of 
β-catenin-target genes. Independent of the β catenin transcription, the non-canonical are the Wnt-Ca2+pathway 
and the PCP pathway25,26. Notable Wnt ligands in this pathway are Wnt4, Wnt5a and Wnt11 while ROR2 is a 
receptor.

Here we report the role of DPP in activating Wnt5a expression in dental pulp stem cells. Wnt5a like other Wnt 
ligands transduces its signal upon binding to different plasma membrane receptors or co-receptor complexes. 
The Wnt5a signaling cascades are diverse and it is capable of both inducing and repressing β-catenin signaling 
in vivo and is dependent on the cellular context27,28. In this study, we first examined if DPP is the cue that 
promotes Wnt5a expression and induce odontogenic differentiation of DPSCs. Furthermore, we demonstrate 
that DPP stimulation is required for the expression of Frizzled5 and Lrp6 to activate WNT/β-catenin signaling. 
Subsequently, the nuclear translocation of β-catenin, functions as a transcriptional regulator for odontogenic 
differentiation of DPSCs. We also demonstrate the expression of Ror2, a single-pass transmembrane protein 
with a tyrosine kinase domain and its interaction with Wnt5a. Identifying activators of the Wnt signaling 
pathway such as DPP could be therapeutically used to modulate the expression of Wnt target genes to aid dentin 
regeneration. These data provide a novel insight into harnessing the Wnt signaling pathway for therapeutic 
applications in regenerating the dentin-pulp complex.

Results
DPP and Wnt5a are secreted as an exosomal cargo by DPSCs
We first examined if Wnt5a and DPP were localized in the extracellular matrix (ECM). For this decellularized 
ECM from DPSCs were immunostained for Wnt5a and DPP. Results in Fig. 1A confirm the presence of DPP and 
Wnt5a in the ECM. Co-localization suggest that the two proteins are in close proximity and DPP might facilitate 
the interaction of Wnt5a with its cognate receptors. We had previously demonstrated that DPP was transported 
to the ECM in exosomes9. As Wnts are hydrophobic lipids, we examined their presence in the exosomal cargo. 
TEM imaging using immunogold labeled exosomes show the presence of DPP (20 nm, Black arrows) and Wnt5a 

Figure 1.  Wnt5a and DPP are present in the ECM of DPSCs and transported via Exosomes. (A) 
Representative confocal micrographs of ECM isolated from DPSCs immunostained for DPP (red) and Wnt5a 
(green). (B) Representative unstained TEM images of exosomes isolated from DPSCs showing the presence of 
DPP (black arrows; 20 nm gold particles) and Wnt5a (White arrows; 10 nm gold particles).
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(10 nm, White arrows) Fig. 1B. These results suggest that both DPP and Wnt5a are present in the same exosome 
and reside in close proximity in the ECM.

To demonstrate induction of Wnt5a expression with DPP stimulation, total cellular proteins isolated from 
DPSCs cultured in growth media with DPP stimulation at various time points were subjected to Western blotting 
to examine the expression of Wnt5a. In Fig. 2A we show that Wnt5a protein expression increased continuously 
with DPP stimulation and higher expression levels were maintained until 72 h. However, pretreatment with 
NF-kB pathway inhibitor TPCA-1 attenuated the increased expression of Wnt5a (Fig. 2A). To demonstrate DPP-
mediated secretion of Wnt5a, we performed ELISA on the secretome of DPSCs stimulated with DPP and with 
and without the inhibitor TPCA-1. Results in (Fig. 2B) show basal levels of Wnt5a at time 0. At 15 and 30 min 
significant increase of Wnt5a was observed and higher levels after 30 min. TPCA-1 treatment abrogated the 
secretion of Wnt5a. These results confirmed that DPP stimulated the secretion of WNT5a and this activity was 
repressed by blocking NF-ĸB signaling by TPCA-1.

Consistent with the protein expression data, Wnt5a gene transcripts also increased significantly to 4-fold 
when DPSCs were treated with DPP for 24 h when compared to 0 h (Fig. 2C). However, DPP-stimulated Wnt5a 
gene expression were repressed by pretreatment with NF-kB inhibitors: TPCA-1 and JSH-2329 (Fig. 2C).

In addition, Wnt5a promoter and NF-kB reporter activities significantly increased with DPP treatment but 
pretreatment of DPSCs with TPCA-1 abolished these effects as revealed by luciferase assays (Fig. 2D). We then 
examined if the Wnt5a promoter contained an NF-ĸB p65 binding consensus site (5’-GGGRNYYYCC-3’ where 
R: G/A; Y: C/T; N: A/C/G/T). Analysis revealed a DNA fragment containing the sequence ​T​G​G​A​A​A​G​C​C​C 
which showed high sequence similarity to the structure of p50/p65 bound to DNA30 To test the possibility that 
DPP activated Wnt5a gene expression by NF- kB binding to the putative promoter elements, specific primer 
pairs (WNT_P420_81FW:-​G​G​C​C​A​C​A​G​T​T​G​A​G​T​A​G​T​G​G​T-, WNT_P420_232RV: -​T​C​C​G​T​T​T​C​C​A​A​C​G​T​C​
C​A​T​C​A-) flanking the ​T​G​G​A​A​A​G​C​C​C region were designed and used to detect the DNA fragments in the 

Figure 2.  DPP stimulation of DPSCs activate Wnt5a signaling. A. DPSCs were treated with DPP (500ng/ml) in 
the presence and absence of the NF-κB inhibitor TPCA-1. Stimulation was done at varying time points. Total 
levels of Wnt5a were examined by Western blotting. The densitometric ratios of Wnt5a normalized to actin are 
shown. B. DPSCs were treated with or without TPCA-1 for 1 h, followed by addition of DPP. The condition 
media was harvested at the times indicated. WNT5A concentration measured by direct ELISA, and mean and 
SD (n = 8) were plotted, *:p < 0.05; ** p < 0.01. C. DPSCs were treated with DMSO (no inhibitor), TPCA-1 and 
JSH-23. Cells were stimulated with DPP at 500ng/ml for the indicated time points. Expression of Wnt5a gene 
expression levels were determined by RT-PCR. Fold change was obtained relative to 0 h. D. DPSCs were co-
transfected with Wnt5a promoter luciferase plasmids or NF-κB RE luciferase plasmids and treated with DMSO 
(no inhibitor) and TPCA-1 followed by stimulation with DPP at 0, 250, 500ng/ml. Luciferase activities were 
measured after 48 h. Mean values with standard deviation for Wnt5a and NF-κB RE promoter activities were 
normalized to pCMV Renilla and transfection controls to Firefly/Renilla and plotted. Activity was abrogated 
when cells were treated with TPCA-1. E. ChIP assay was conducted with DPSCs treated with DPP for 0, 1 and 
2 h as described in “Materials and Methods” using an anti-NF-κB antibody and the immunoprecipitated DNA 
was analyzed by qPCR using primers for the NF-κB binding site on the Wnt5a promoter. Mean values with 
standard deviation for fold enrichments of target DNA fragments, normalized to IgG antibody were plotted. *< 
0.05; **<0.01.
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ChIP products by RT- PCR. Primers amplifying random regions adjacent to the NF kB binding element were 
also synthesized (WNT_EX1_97FW: -​C​T​C​C​A​T​T​C​C​T​G​G​G​C​G​C​A​T​C-. WNT_EX1_327RV: -​C​T​T​C​A​T​G​G​C​G​
A​G​G​G​G​G​A​G-) and used as a negative control. To elucidate the DNA binding specificity, we conducted ChIP 
assaywith an anti-p65 antibody using DPSCs treated with DPP for 1 h and 2 h. The enrichments of the DNA 
fragments flanking the putative NF-kB binding site in Wnt5a gene promoter region were 1.80 fold at 0 h, and 
increased to 6.09 and 4.59 fold at 1 h, and 2 h respectively. However, there were no enrichments with non- 
specific primers of random DNA fragments: 0.89, 0.92, and 1.04 fold at 0, 1, and 2 h, respectively (Fig. 2E).

DPP stimulation induces Wnt5a dependent stabilization and subsequent nuclear 
translocation of β-catenin
Activation of β-catenin is the central effector of canonical Wnt pathway. However, Wnt5a has been reported to 
activate β-catenin dependent and independent signaling27. Canonical Wnt signaling orchestrates a response 
through nuclear accumulation of β-catenin in the cell population as seen in osteoblastogenesis31. Therefore, 
we analyzed if DPP-mediated Wnt5a activation could orchestrate the translocation of β-catenin to the nucleus. 
Subcellular fractionation and Western blotting results in Fig. 3A show increased nuclear expression of β-catenin 
with DPP stimulation and reduced expression in the cytoplasmic fraction. In the nuclear fraction, there was no 
detectable contamination from the cytoplasm as indicated by the absence of the cytoplasmic protein tubulin.

In order to study the endogenous β-Catenin expression and localization we performed confocal 
immunofluorescence microscopy. For this cell treated with DPP for 0 m, 5 m, 15 m, 30 m, and 60 m, were fixed 
and permeabilized and detected for nuclear β-Catenin. Accumulation of nuclear localization of β-Catenin was 
detected as early as 5 min of DPP stimulation and peaked at 15 min (Fig. 3B). Interestingly, pretreatment with 
TPCA-1 to repress Wnt5a expression, activated by DPP stimulation, show reduced levels of nuclear β-Catenin 
(Fig. 3C). Disrupting the interaction between Wnt5a and its receptor(s) by pretreatment with Wnt5a antagonist 
Box5, show reduced levels of nuclear translocation of β-catenin with DPP stimulation (Fig. 3D). In addition, 
nuclear translocation of β-catenin was not detected in DPSC/Wnt5a- KO cells regardless of DPP treatment 
(Fig. 3E). Nuclear translocation of β-catenin was also observed with recombinant Wnt5a treatment (Fig. 3F) and 
with agonist antibody of FZD and LRP6, PF-L6 which served as a positive control (Fig. 3G). Collectively, these 
studies establish that DPP mediated Wnt5a activation promotes the nuclear translocation of β-catenin and their 
translocation could be aborted in the absence of Wnt5a.

DPP stimulation activates Wnt/ β-catenin signaling route to regulate the expression of Wnt 
target genes
Previously, we have demonstrated that DPP stimulation could upregulate the gene expression of key odontogenic 
genes such as RUNX2, OSX, ALP, and OCN29. Therefore, we analyzed if the mechanism that increased these 
transcripts were regulated by Wnt/β-catenin signaling. RT-PCR analysis performed on DPSCs treated with 
inhibitors Box5, iCRT14 drug32 and DMSO (no inhibitor) for 1 h and then stimulated with DPP for 0 h, 2 h, 6 h, 
and 24 h were used to assess the gene expression pattern. Results in Fig. 4(A-E) showed that in the absence of the 
inhibitors, DPP treated DPSCs effectively showed increased expressions of RUNX2, OSX, ALP, OCN and DMP1. 
In contrast, pretreatment of DPSCs with Wnt/β-catenin pathway inhibitors and DPP stimulation, resulted in 
decreased gene expression (Fig. 4A-E).

DPP stimulation activates specific Wnt ligand receptors while treatment with Wnt5a 
antagonist abrogated their expression
Availability of specific Wnt receptors is a key factor in deciding the specificity and the strength on the expression 
of the downstream targets of Wnt signaling. Results in Fig. 5A show that DPP significantly induced/enhanced 
protein expressions of FZD5, LRP6, and ROR2, but only slight increase in expression of FZD6 and LRP5 was 
observed. In contrast, pretreatment with Wnt5a antagonist Box5 reduced the expression of the receptors to 
varying degrees even after DPP stimulation. Reduced expression was prominent with FZD5, LRP5, LRP6 and 
ROR2 at 500µM of Box5 (Fig. 5B).

DPP stimulation promotes colocalization of Wnt5a with receptors signaling through both 
canonical and noncanonical signaling pathway
Wnt5a signaling is activated in response to DPP stimulation resulting in the Wnt ligand binding to its receptor 
(s). We monitored the endogenous expression and localization of Wnt5A and its receptor’s after DPSC’s were 
stimulated with DPP for 0 m, 5 m, 15 m, 30 m, and 60 m. Addition of DPP increased puncta- formation of 
Wnt5a-FZD5 (Fig. 6A), Wnt5a-LRP6 (Fig. 6C), Wnt5a-ROR2 (Fig. 6E). Maximum co-localization signals were 
observed at 15 m for Wnt5a-FZD5, 30 m for Wnt5a-LRP6, and 30 m for Wnt5a-Ror2 as indicated by Pearson`s 
coefficient. In contrast, similar experiments performed with DPSC/Wnt5a KO cells showed no puncta formation 
as no Wnt5a protein expression was detected (Fig. 6B, D and F).

DPP stimulation promotes the binding of Wnt5a to Ror2 receptor at the cell membrane and 
subsequent internalization
Interaction between Ror2 and DPP was analyzed by total internal reflection fluorescence (TIRF) microscopy 
using Wnt5a-EGFP and Ror2-mCherry transfected HEK293T cells due to its high efficiency of transfection. 
(Fig. 6G). Distribution of Wnt5a (green) and Ror2 (red) were distinctly observed on the membrane surface in 
unstimulated cells. Upon addition of 500ng/ml DPP, the presence of Wnt5a and Ror2 decreased in the TIRF zone, 
suggesting that Wnt5a binds to Ror2 on the cell surface and is internalized with DPP stimulation. Interestingly, 
increased expression of Vangl1 & Vangl2 (Van Gogh), components of the planar cell polarity (PCP) signaling 
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Figure 3.  DPP stimulation of DPSCs promote nuclear translocation of β-catenin by activating WNT5A. A. 
Cell fractionation of DPSCs treated with DPP for 0, 0.5, 6 and 24 h were performed. Immunoblotting using 
anti-βcatenin antibody showed higher amounts of nuclear accumulation as shown by the β-catenin to actin 
ratio. Tubulin and Lamin A/C were used as controls to demonstrate the purity of cytoplasmic and nuclear 
extracts. B to E. Immunofluorescence images of DPSC or DPSC/Wnt5a-KO cells treated with DPP for 0, 5, 15, 
30 and 60 min. Images were also acquired in the presence of inhibitors TPCA-1& Box5 with DPP stimulation. 
Note the low levels of nuclear β-catenin in the presence of inhibitors and in Wnt5a-silenced cells. F and G. 
Immunofluoresence images of DPSCs treated with Wnt5a (positive control) and PF-L6 (positive control for 
0,5,15, 30 and 60 min to demonstrate nuclear translocation of β-catenin .DAPI (blue) stains the nucleus. Scale 
bar 20 μm.
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(Fig. 6H and I) suggest that DPP can activate downstream signaling events leading to the polarization of the 
odontoblast-like cells.

DPP attenuated mineralization in DPSC/Wnt5a- KO cells
To study whether Wnt5a is required for DPP mediated odontogenic differentiation, we used CRISPR to generate 
a DPSC/Wnt5a KO cell line as described in Material and Method. DNA sequence analysis of puromycin 
resistant DPSCs revealed an insertion in the gDNA with a predicated frame shifted protein product mismatched 
with Wnt5a from G197 and terminated after G234 (Supplement Fig.  1A, B and C). In fact, Wnt5a expression 
was greatly reduced in DPSC/Wnt5a-KO when compared with DPSCs (Supplement Fig. 2A). Note the mutant 
Wnt5a protein (MW = 26 kDa) was undetectable as observed by the absence of the low molecular weight bands 
using anti-Wnt5a antibody, that was raised against a synthetic peptide adjacent to residues Glu201 in the Wnt5a 
protein sequence which would not react with WNT5A mutant containing 1-196 WT WNT5A residues. It is 
also possible that the mutant Wnt5a protein was not efficiently translated or degraded. DPSC/WNT5A KO cells 
showed slower proliferation compared to DPSCs with or without DPP treatment (Supplement Fig. 2B). These 
cells were used in the below-mentioned-studies.

To evaluate the odontogenic differentiation potential of DPSC and DPSC/Wnt5a KO cells were incubated 
under differentiation conditions with or without DPP for 3  W. The cells were harvested and the expression 
of key odontogenic markers were assayed via Real-time PCR. Notably, the expressions of pro-odontogenic 
transcription factors RUNX2 & OSX (Fig. 7A & B) were increased during the differentiation process, stimulation 

Figure 4.  DPP activates the expression of odontogenic markers through Wnt5a/β-catenin signaling and 
abrogates their expression in the presence of Wnt5a/β-catenin pathway inhibitors.  DPSCs were cultured under 
growth conditions and were treated with DMSO; with Box5  or iCRT14. In all conditions cells were stimulated 
with 500ng/ml DPP and cultured for 0, 2, 6 and 24 h. Total RNA was isolated and quantitative RT-PCR analysis 
performed. Fold changes were obtained relative to 0 h. Expression levels of early odontogenic markers such 
as RUNX2 (A), OSX (B), ALP (C), OCN (D) and DMP1 (E) increased progressively from 0–24 h. Specificity 
of Wnt5a/β-catenin signaling was confirmed by gene expression analysis in the presence of Wnt signaling 
pathway specific inhibitors Box5 and iCRT14. Data are means ± of triplicates. Means and SDs of fold changes 
to 0 h are shown. Significant difference *p < 0.05; **p < 0.01.
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with DPP further enhanced their expression levels. However, in Wnt5a KO cells their expression levels were 
reduced when compared to DPSCs, and addition of DPP showed slightly higher gene expression levels at certain 
time points (Fig. 7A &B ). The expression of ALP, a phosphatase involving in phosphate homeostasis increased 
with DPP in DPSCs and were lower in DPSC/Wnt5a KO cells (Fig. 7C). The expressions of three major ECM 
genes COL1A1, DMP1, and FN1 (Fig. 7D-F), as well as other key matrix genes OCN, OPG, OPN, and VEGFA 
showed similar trends (Fig. 7G-J).

To demonstrate functionality of the differentiated odontoblast-like cells, DPSCs stimulated with DPP were 
harvested at 0, 1, 2, and 3 W, fixed, and stained with Alizarin Red to detect calcium nodules in the ECM. DPSC, 
stimulated with DPP exhibited large nodule formation, while DPSC/WNT5A KO cells deposited smaller size 
nodules regardless of DPP stimulation (Fig. 8A). Quantification of Alizarin Red staining showed higher amounts 
of Ca2+ in DPSCs treated with DPP, while lower values were obtained for DPSC/WNT5A KO cells (Fig. 8B). 
Similar results were observed when the cell secreted matrix was examined by scanning electron microscopy. 
Higher amounts of mineralized matrix was seen deposited by DPSCs stimulated with DPP, while smaller mineral 
deposits were observed in the matrix of DPSC/Wnt5a KO cells (Supplement Fig. 3).

Impaired Wnt5a signaling pathway in DSPP null TG mouse
To demonstrate the in vivo presence of WNT5a, specific receptors and the transcription factor β-catenin in WT 
and DSPP (precursor of DPP protein) null TG mice, immunohistochemical analysis was performed on postnatal 
day 3 head sections. DSPP null mice have a phenotype which exhibits low amounts of mineralized dentin with 
larger unmineralized, predominantly proteinaceous matrix11,13. The pulp chamber contains lower amount of 
stem cells when compared to the wild type. Analysis of the localization pattern show distinctly lower levels of 
β-catenin in the pulp region of DSPP null mice within the first molar compared to that of WT mice. Wnt5a 
was localized around the cell membrane in the WT and intracellular in the KO mice (Fig. 9A& B). In addition, 
Wnt5a receptors such as Fzd5, Fzd6 Lrp6 and Ror2 were less abundant in DSPP null mouse and showed punctate 
staining within cells, while in the WT they were predominantly localized on the cell membrane (Fig. 9C- G). 
Collectively, the localization pattern of Wnt5a and its signaling components confirm impaired Wnt signaling in 
the absence of DPP.

Figure 5.  DPP stimulation activates receptors and co-receptors of Wnt5a signaling pathway. A. DPSCs were 
treated with DPP (500ng/ml) for 0, 2, 6, 24 h. Cells were lysed with RIPA buffer and total cell lysates were 
isolated. Western blotting was performed to detect Wnt5a/β-catenin receptors FZD5, FZD6, ROR2 and co-
receptors LRP5 & LRP6. B. DPSCs were treated with varying concentrations of inhibitor Box5 for one hour 
and stimulated with DPP for 24 h. Western Blotting was performed as above. The density ratios with respect to 
actin were calculated and indicated on the panel.
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Discussion
Odontoblasts, the principal dentin forming cells are post-mitotic neural crest-derived cells and are metabolically 
active throughout the life of the tooth33. They synthesize the components of the organic matrix of dentin which 
subsequently calcifies. In addition, they synthesize matrix metalloproteases which can degrade the organic 
matrix and are capable of transporting calcium ions to the mineralization front. Dentin is a unique, avascular 

 

Scientific Reports |        (2024) 14:26187 8| https://doi.org/10.1038/s41598-024-76069-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


mineralized connective tissue that forms the bulk of the tooth1. It encloses a richly innervated and highly 
vascularized soft connective tissue the dental pulp.

The major phosphoprotein in the dentin matrix is an aspartic acid and serine-rich protein called dentin 
phosphophoryn (DPP). DPP appears to be synthesized as a part of a larger compound protein, dentin 
sialophosphoprotein (DSPP)9. DPP is a highly acidic protein that binds Ca2+ avidly and is thus linked to matrix 
mineralization34,35. Besides its function in matrix mineralization, we and others have shown that DPP functions 
as a signaling molecule. We have demonstrated that progenitor stem cells treated with DPP stimulates the 
release of intracellular calcium15. This depletion of calcium from the endoplasmic reticulum evokes a number of 
downstream responses. We hypothesize that this event is responsible for the activation of downstream Wnt5a/ß-
catenin signaling events.

Wnt signaling is evolutionarily conserved group of signaling pathways that regulate a diversity of processes 
ranging from embryonic development to adult tissue homeostasis. Depending on the cell/tissue type, Wnt5a 
binds to a number of distinct trans-membrane receptors resulting in the activation of diverse signaling events 
resulting in specific cell behaviors. Wnt5a falls into the family of non-canonical Wnt ligands and activates 
several downstream signaling events including the activation of the Wnt master regulator, β-catenin. Wnt5a 
is essential for proper skeletal development as homozygous Wnt5a knockout mice exhibit perinatal lethality, 
due to developmental defects36,37. Further, appendicular structures fail to extend from the primary body axis37. 
The defect in morphogenesis is associated with decreased cell proliferation in tissues crucial to outgrowing 
structures. During odontogenesis, very little is known about the role of Wnt5a. However, published report 
show that Wnt5a deficient mice exhibit retarded tooth development as early as E16.5 resulting in smaller and 
abnormally patterned teeth with a delay in odontoblast differentiation18,24. These defects are associated with 
reduced proliferation in the dental epithelium and the mesenchyme. Among the Wnt ligands, only Wnt5a was 
intensely expressed in the dental epithelium and the mesenchyme during embryonic days 14–17. Cleft palate 
phenotype was observed in Wnt5a null-mice, and the phenotype was attributed to defective cell migration38,39. 
Interestingly, during tooth development, both Wnt5a and DSPP transcripts have been reported to be expressed 
in differentiating odontoblasts at the late bell stage40–42.

Understanding the molecular mechanism that mediates the differentiation of adult stem-cells to regenerate the 
dentin-pulp complex is of great importance in regenerative dental medicine. This process requires a fine balance 
between cell proliferation and differentiation. Differentiation of DPSCs to fully functional odontoblasts require 
selective activation of specific programs of gene expression. In vivo, these cells are believed to spontaneously 
differentiate when placed in the correct microenvironment where both intracellular and extracellular signals 
regulate the differentiation process.

In this study, we show that both DPP and Wnt5a are localized in the extracellular matrix of DPSCs. This is not 
surprising as Wnt ligands, including Wnt5a exert their signaling functions from the ECM by binding to specific 
cell-surface receptors. We further showed that extracellular vesicles such as exosomes isolated from DPSCs 
contain both Wnt5a and DPP as components of their cargo. Wnts are lipid modified and therefore hydrophobic, 
hence it is reasonable that Wnt5a is secreted in exosomes43,44. We had previously shown that DPP is highly acidic 
and that intracellular DPP was transported to the ECM in exosomes9. Ultrastructural analysis using immuno-
TEM, confirmed that both DPP and Wnt5a are constituents of the exosomal cargo of DPSCs. An interesting 
study showed that Wnt5a signaling induces a Ca2+ -dependent release of exosomes45 from malignant melanoma 
cells. Therefore, it is possible that DPP-mediated Wnt5a activation has a broader function by inducing exosome 
release containing cargo that aids differentiation and matrix mineralization.

Interestingly, we found that DPP induced the expression of Wnt5a in DPSCs which promoted their 
differentiation into odontogenic lineage. Wnt5a signaling has been implicated in regulating multiple cellular 
processes. We had previously demonstrated that NF-κB is functionally activated by DPP in DPSCs29. In this 

Figure 6.  Spatial and temporal analysis of Wnt5a and its receptors and co-receptors with DPP stimulation 
using immunofluorescence. A. Visualization of the expression and interaction between Wnt5a (Red, Alexa 
Fluor 594) and receptor FZD5 (green, Alexa Fluor 488) in DPSCs. Prominent fluorescent spots at 5–30 min 
indicate Wnt5a-FZD5 interaction in the merged images. Nuclei stained with DAPI. Scale bar:20 μm. B. 
Visualization of the expression of Wnt5a (Red, Alexa Fluor 594) and receptor FZD5 (green, Alexa Fluor 488) 
in Wnt5a silenced DPSCs. Note DPP stimulation failed to restore Wnt5a expression and its interaction with 
FZD5. Scale bar: 20 μm. C. Visualization of the expression and interaction between Wnt5a (Red, Alexa Fluor 
594) and co-receptor LRP6 (green, Alexa Fluor 488) in DPSCs. Prominent fluorescent spots at 15–60 min 
indicate Wnt5a-LRP6 interaction in the merged images. Nuclei stained with DAPI, Scale bar:20 μm. D. 
Visualization of the expression of Wnt5a (Red, Alexa Fluor 594) and receptor LRP6 (green, Alexa Fluor 488) 
in Wnt5a silenced DPSCs. Note DPP stimulation failed to restore Wnt5a expression and its interaction with 
LRP6. Scale bar: 20 μm. E. Visualization of the expression and interaction between Wnt5a (Red, Alexa Fluor 
594) and receptor ROR2 (green, Alexa Fluor 488) in DPSCs. Prominent fluorescent spots at 15–60 min indicate 
Wnt5a-ROR2 interaction in the merged images. Nuclei stained with DAPI. Scale bar:20 μm. F. Visualization 
of the expression of Wnt5a (Red, Alexa Fluor 594) and receptor FZD5 (green, Alexa Fluor 488) in Wnt5a 
silenced DPSCs. Note DPP stimulation failed to restore Wnt5a expression and its interaction with ROR2. Scale 
bar: 20 μm. G Representative TIRF microscopy image showing the presence of Wnt5a (green) & Ror2 (red) 
on the plasma membrane and their reduced levels with DPP stimulation. Total RNA was isolated from DPSCs 
stimulated with DPP and quantitative RT-PCR analysis performed. Fold changes were obtained relative to 0 h. 
Expression levels of Vangl1 (H) increased from 0–6 h and Vangl 2 (I) progressively from 0–24 h. Means and 
SDs of fold changes to 0 h are shown. Significant difference **p < 0.01.
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Figure 7.  Effect of DPP-mediated Wnt/βcatenin signaling on the terminal differentiation of DPSCs into 
odontoblastic lineage. DPSCs and DPSC/Wnt5a-KO cells were stimulated with or without DPP and cultured 
under differentiation conditions for 0–3 weeks. Total RNA was isolated at the indicated time points and 
quantitative RT-PCR analysis performed. Fold changes were obtained relative to day 0. Expression levels of 
odontogenic markers such as (A) RUNX2; (B) OSX; (C) ALP; (D) COL1A1, (E) DMP1, (F) FN1; (G) OCN; (H) 
OPG; (I) OPN; (J) VEGFA. Gene expression fold changes calculated at the relative ratios to day 0 and means 
and SDs of changes and comparisons are shown. Note lower gene expression levels in Wnt5a silenced DPSCs 
even with DPP stimulation. *p < 0.05; **p < 0.01.
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study, we demonstrate for the first time that DPP activates Wnt5a in DPSCs. Treatment of DPSCs with NF-κB 
inhibitors, TPCA-1 & JSH-23, abrogated Wnt5a mRNA and protein expression with DPP stimulation, indicating 
the requirement of NF-κB in promoting Wnt5A expression. Further, Wnt5a promoter containing the NFKB 
binding site, also showed reduced activity with TPCA-1 treatment and DPP stimulation. ChIP analysis confirmed 
the binding of p65 to specific NF-κB binding site on the Wnt5a promoter. Having demonstrated the role of NF-
κB on regulating odontogenic markers with DPP stimulation, therefore, we examined the involvement of Wnt5a 
signaling in the odontogenic differentiation process.

To demonstrate that DPP-mediated Wnt5a activation promoted odontogenic differentiation, we inhibited 
the Wnt5a/ß-catenin signaling pathway at two different levels i.e., in both the cytoplasm and in the nucleus in 
DPSCs. The Wnt5a-derived hexapeptide Box5, acts as an Wnt5a antagonist in the cytoplasm and inhibits Ca2+ 
signaling and ICRT14 a drug that acts in the nucleus inhibiting direct interactions between β-catenin and TCF4, 
thereby blocking the transcriptional function of β-catenin. Interestingly, both treatment modes attenuated the 
expression of odontogenic differentiation markers such as Runx2, osterix, alkaline phosphatase and osteocalcin. 
The differentiation process was also monitored until 3 weeks in Wnt5a- silenced DPSCs. At all-time points, the 
transcripts for the differentiation markers were downregulated in the Wnt5a-KO cells with and without DPP 
stimulation. These findings indicate an important signaling function of DPP that promotes the odontogenic 
differentiation of DPSCs by activating the expression of Wnt5a.

Strikingly, in this study ICRT14 the Wnt/βcatenin drug was able to inhibit the odontogenic differentiation 
of DPSCs suggesting that Wnt5a mediates differentiation through the transcription factor β-catenin. Confocal 
imaging shows the nuclear translocation of β catenin with DPP stimulation, and this effect was abrogated 
in the presence of TPCA-1 and in Wnt5a-KO DPSCs. Increase in nuclear β catenin accumulation was also 
observed with DPP stimulation. Wnt5a does not typically activate β catenin, however, published reports show 
that Wnt5a is capable of both inducing and repressing βcatenin signaling in vivo depending on the time and site 
of expression and the receptors expressed by receiving cells46. In vivo study show that loss of β-catenin leads to 
the arrest of odontogenesis during early tooth development47. The conditional ablation of β-catenin in osteoblast 
and odontoblast causes the malformation of the root dentin and cementum48. Amerongen et al. have shown that 
Wnt5a causes activation of Wnt/ β-catenin signaling in the developing skull46. One of the downstream signaling 
pathways of Wnt5a is mediated through the translocation of β-catenin to the nucleus where binding to DNA 
and transcriptional regulation occurs. This implies that the odontogenic differentiation of DPSCs, mediated by 
DPP-activated Wnt5a is driven by β-catenin/TCF signaling.

Figure 8.  Silencing Wnt5a in DPSCs impair their ability to assemble a calcified extracellular matrix. A. DPSCs 
and DPSC/Wnt5a-KO cells were stimulated with or without 500ng DPP and cultured under differentiation 
conditions for 0–3 weeks. The mineralized nodules containing calcium were visualized using Alizarin Red 
staining. Note the small size of the mineralized nodule in the Wnt5a-silenced DPSCs. Insets were scanned 
images of a well from 12 well tissue culture plate. B. Quantitative measurement of the calcium content in the 
deposited nodule was determined by measuring the absorbance of the eluted Alizarin Red stain at 562 nm on a 
multiplate reader using a standard calcium curve. Statistically significant differences are indicated at 1, 2 and 3 
weeks.*p, 0.05, **p, 0.01.
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Figure 9.  Expression of Wnt5a and signaling components of Wnt5a in WT & DSPP-KO mice.  Post-natal 
day 3 DSPP null mice and their matched wild type mice heads were used for immunohistochemical analysis. 
Sections were treated with primary antibodies against β-catenin (A); Wnt5a (B); Fzd 5(C); Fzd6(D); Lrp5 (E); 
Lrp6 (F) and Ror2 (G). Boxes marked are higher images showing staining in the dental pulp cells.
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Wnt5a can induce multiple signaling pathways which are highly dependent on the available receptors. Signals 
are initiated at the plasma membrane when a Wnt ligand binds to its cognate Frizzled receptor as well as to 
the Wnt co-receptor, low density lipoprotein-related protein 5 (LRP5). This activates the cytoplasmic protein 
Disheveled (Dvl) and Dvl inhibits phosphorylation of β-catenin by GSK-3β, thus causing β-catenin stabilization 
and accumulation in the cytoplasm, before translocation to the nucleus, where it binds with members of the T-cell 
factor (TCF) and lymphoid enhancer factor (LEF) transcription factors, resulting in the enhanced expression of 
target genes49. To date there are 10 identified Fzd receptors in mammals and the specificity of the signal depends 
on the affinities between the Fzd family members and 19 different Wnt ligands. In this study, DPP-mediated 
Wnt5a activation in DPSCs upregulated the expression of Fzd5/Fzd6 as treatment of Wnt5a inhibitor Box5 
downregulated their expression. Confocal imaging further demonstrates puncta formation and internalization 
of Wnt5a and Fzd5. Silencing of Wnt5a abrogated these effects. However, silencing of Wnt5a in DPSCs affected 
the localization of Fzd5 on the cell membrane. Thus, Fzd5, would be the key receptor that initiates the signaling 
process by binding to Wnt5a at the cell surface. Similarly, coreceptors LRP5 and 6 were downregulated when 
DPSCs were treated with Box5 and stimulated with DPP, however, LRP5 expression was completely abrogated 
by silencing Wnt5a. Several published observations suggest that LRP5 regulates osteoblastic proliferation and 
differentiation and reduced LRP5 expression appears to negatively regulate bone mass50. In this study, our 
findings indicate that in DPSCs, expression of Lrp5 is increased with DPP stimulation and can transduce the 
Wnt-Fzd5 signaling pathway to activate β-catenin. Wnt5a has been reported not to interact with LRP6 but 
interact with Lrp5 and Frizzled 4 to initiate the β-catenin signaling pathway31,51.

Wnt5a specific receptor Ror2 (Receptor tyrosine kinase -like orphan receptor 2) is one of the non-canonical 
Wnt receptors. Several studies show the pivotal role that Ror2 binds Wnt5a and functions in cell polarity, 
proliferation, differentiation, migration and aging. Interestingly, in the presence of Wnt5a, Ror2 can inhibit or 
activate canonical Wnt signaling at the level of TCF/LEFmediated gene transcription52. During tooth development 
in mice, Ror2 is expressed in the dental epithelium and mesenchyme at embryonic stages18,53–55. In humans, Ror2 
mutations cause defects in several bone types and patients with recessive Robinow syndrome exhibit defects in 
tooth formation and eruption demonstrating the importance of Ror2 in cellular differentiation55,56. In a recent 
publication, Ma et al. showed that loss of Ror2 in the dental mesenchyme leads to delayed root elongation, 
leading to shortened roots in a conditional knockout mouse model55. Specifically, mesenchymal Ror2 was shown 
to regulate cell proliferation, odontoblast differentiation in the apical region of the tooth during root formation 
by regulating Cdc42 a potential downstream modulator of Ror2 signaling57. Using TIRF microscopy, we have 
shown that DPP stimulation can modulate the binding of Ror2 with Wnt5a and promote the internalization of 
Wnt5a- Ror2 complex from the plasma membrane resulting in activation of the Ror2 signaling cascade. Wnt5a-
Ror2 signaling have been shown to potentiate osteogenic differentiation of hMSC in a Ror-2 dependent manner 
and enhanced bone formation in the mouse explant cultures58. In this study, immunohistochemical analysis, 
show the spatial and temporal expression of Ror2 in the dental pulp cells and in the odontoblasts while mice 
deficient in DPP had lower expression and the mice exhibited impaired odontoblast differentiation. The presence 
of other cell polarity genes such as Van Gogh (Vangl1 & 2) might regulate polarization of the odontoblasts 
during the differentiation process. It has been shown that Wnt5a has the strongest effects in inducing Vangl2 
phosphorylation. Wnt ligand receptors in DPSCs suggest that it is possible that Ror2 might oligomerize with 
other surface proteins such as Frizzled receptors and form a complex with LRP5/6 in response to DPP-mediated 
Wnt5a activation. Through such a mechanism, Wnt5a could enhance the expression of downstream ß-catenin 
target genes. The ability of DPSCs to generate an appropriate receptor context may depend on DPP-mediated 
signaling events.

Differentiation of dental pulp stem cells to functional odontoblasts would be highly beneficial to regenerate 
dentin. However, odontoblast differentiation is a complex process regulated by several signaling pathways 
including Wnts. Using Wnt5a-silenced cells we demonstrated that DPP mediated Wnt5a activation was 
responsible for the regulation of several odontogenic differentiation transcripts such as DMP1, FN (fibronectin) 
OCN, OPG, OPN and VEGFA. In the presence of DPP, an increase in the expression of the differentiation markers 
were observed from 1 to 3 weeks in differentiation media. Interestingly, in the absence of Wnt5a, expression 
levels were downregulated indicating the inactivation of odontoblast differentiation. Terminal differentiation of 
odontoblasts was confirmed by the functional Alizarin Red assay. Corresponding to the gene expression pattern, 
matrix mineralization increased from 1 to 3 weeks as shown by the increased calcium deposition in DPSCs 
stimulated with DPP. However, in Wnt5a silenced DPSCs there was a reduction in mineralization as shown by 
the weak Alizarin Red staining and DPP stimulation did not rescue the formation of mineralized ECM. These 
observations identify a previously unrecognized role of DPP in mineralized matrix formation by activating the 
Wnt5a/β-catenin signaling to promote the differentiation of DPSCs.

Temporal and spatial analysis confirm the presence of the various components of the Wnt5a/β-catenin 
signaling pathway. Immunohistochemical analysis confirm the presence of Wnt5a and β-catenin in the dental 
pulp cells and in the differentiating odontoblasts of developing tooth molars and mice with loss of DPP, abrogates 
the expression level of Wnt5a and impairs the nuclear translocation of β-catenin. Furthermore, expression levels 
of Wnt5a receptor Ror2 and co-receptors LRP5/6 were abrogated in the odontoblasts and dental pulp cells in 
DPP-silenced mice. Thus, differentiation of dental mesenchymal cells to functional odontoblasts requires DPP-
mediated activation of Wnt5a-stimulated β-catenin dependent transcription.

Conclusion
Adult stem cells found in the dental pulp are an important source of cells for dentin repair and regeneration. 
During the odontogenic differentiation of DPSCs, several signaling events are activated. The data presented 
above strongly suggest that DPP in the matrix can activate Wnt5a –mediated signaling events and promote their 
differentiation into odontoblasts. The paradox with DPP-mediated Wnt signaling is the activation of Wnt5a 

Scientific Reports |        (2024) 14:26187 13| https://doi.org/10.1038/s41598-024-76069-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


which promotes the expression of Wnt-target genes in a β-catenin dependent manner. Among the various 
receptors that interacted with Wnt5a are FZD5 and coreceptor LRP6. Furthermore, Wnt5a can bind to Ror2 
to promote polarization of DPSCs during the odontoblast differentiation process. Regeneration of functional 
odontoblasts by DPP-mediated Wnt activation has therapeutic implications, as strategies to deliver Wnts is not 
a trivial task. The hydrophobic nature of Wnt proteins makes isolation and tissue delivery very challenging. 
Therefore, DPP-mediated Wnt5a signaling may be a therapeutic target for the repair and regeneration of 
impaired dentin mineralization.

Materials and methods
Cell culture
Dental pulp stem cells (DPSCs, a kind gift from Dr. Shi, University of Pennsylvania) were cultured in growth 
media (α-minimum Eagle’s medium, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; 
Thermo Fisher Scientific) and 1% Antibiotic-Antimycotic (100X) (Thermo Fisher Scientific)) in a humidified 
CO2 incubator at 37 °C. At ~ 80% confluency, cells were split at 1:3 ratio (one passage), and cells from passage 6 
to 12 were used in all experiments59.

Isolation of total cellular proteins and immunoblotting
Recombinant DPP protein was expressed and purified as described previously14. For cell culture, DPSC cells were 
seeded at 70% confluency in growth media. After allowing the cells to attach for 6 h, the cells were cultured with 
the media containing 1% FBS overnight. The cells were then treated with or without the small molecule inhibitor 
TPCA-129 (NF-ĸB pathway inhibitor) for 1 h and then stimulated with DPP (500 ng/ml) and further experiment 
was conductted as previous publication29. Briefly, at the indicated time points, cells were harvested and lysed 
with RIPA buffer (Cell signaling) containing a cocktail of protease and phosphatase inhibitors (Millipore). The 
lysate was subjeted to centrifugation at 14,200 rpm for 15 min at 4 °C and the supernant collected and used 
as total cellular proteins. The protein concentration was measured using Bio-Rad Protein Assay Dye Reagent 
(BIO-RAD, ) with BSA being the standard. 30 µg of total proteins were separated by electrophresis on a 10% 
SDS-PAGE gel and trasferred onto a polyvinylidene fluoride (PVDF) membrane (BIO-RAD). The membranes 
were incubated with the following primary antibodies overnight at 4  °C: anti-Wnt5A/B rabbit polyclonal 
antibody (2530, Cell Signaling), anti-LRP5 (Rabbit mAb #5731), anti-LRP6 (Rabbit mAb #3395), anti- Frizzled 
5 (Rabbit 06-756) from Sigma/Millipore, anti Frizzled 6 (Rabbit mAb #5158), ROR2 (Rabbit mAb #88639). 
They were washed with PBS, incubated with HRP conjugated anti-rabbit or anti-mouse secondary antibodies 
(7076, Cell signaling), β-actin mouse monoclonal antibody (3700, Cell signaling). The bands were visualized 
using SuperSignal™ West Pico chemiluminescent Substrate (Thermo Scientific) with X-ray film according to the 
manufacturer’s protocol. The membrane was then stripped with Restore PLUS Western Blot Stripping Buffer 
(Thermo-Scientific) and probed with anti-β-actin mouse monoclonal antibody or (Tubulin T3168 Sigma) as 
internal control. The images were scanned and band densities were measured using ImageJ (1.52c). To monitor 
expression of Wnt receptors, the Wnt5a ligand was blocked by pretreating cells with Box560 (a Wnt5A antagonist, 
N-butyloxycarbonyl hexapeptide M332DGCEL337 of NP_003383.4) at indicated concentrations for 1 h. The cells 
were then stimulated with DPP for 24 h.and processed as above.

Subcellular fractionation
DPSC cells were seeded and stimulated with DPP as described above and harvested at 0, 0.5,6 and 24 h. The 
cytoplasmic and nuclear fractions were obtained with the NE-PERnuclear and cytoplasmic extraction reagents 
according to the manufacturer’s protocol (Thermo Scientific). Sodium dodecyl sulphate (SDS) loading buffer 
was added and subjected to Western blot analysis. Actin was used as protein loading control while tubulin and 
lamin A/C (#4777 Cell signaling) were used for cytoplasmic and nuclear fractions respectively.

Isolation of the ECM
DPSCs overexpressing DPP were grown to confluence on cover glass for ECM isolation according to published 
protocol61. Cells were lysed by incubating for 15 min with 0.5% TritonX-100, 0.01 M sodium phosphate, 0.15 M 
NaCl, pH 7.4 at 37  °C and 5%CO2 followed incubation for 10  min under the same conditions with 0.25  M 
ammonium hydroxide. The coverglass were then washed with 0.02 M Tris-HCl, pH 7.4, 0.15 M NaCl and 0.05% 
Tween-20. A final wash was performed with HBS buffer. The ECM was then fixed with 4% formaldehyde and 
subjected to immunostaing with rabbit anti Wnt5a antibody (1/100)., rabbit anti –DPP antibody (1/2000).

Quantitative real time PCR (qRT-PCR)
DPSC cells were treated as described above and harvested at indicated times points. Before addtion of DPP, 
DPSC cells were pretreated with iCRT14 and Box5 for 1 h. Total RNA were obtained from cells using TRIzol 
Reagent (Invitrogen). cDNAs were synthesized and real-time PCR was conducted as described previously29. The 
gene expression levels were estimated by the 2−ΔΔCT method with GAPDH gene expression level as a internal 
control. Primers were synthetiszed by IDT (Integrated DNA Technologies, Inc). The primer sequences are listed 
in Table 1.

ELISA to quantitate Wnt5a secretion
DPSCs were seeded in growth media and then cultured with 1% FBS overnight. The cells were then treated with 
or without TPCA-1 for 1 h and then stimulated with DPP 9500ng/ml). At indicated time points the condition 
media were collected and stored at -80  °C. Direct ELISA was performed by mixing the conditioned media 
with 50mM carbonate buffer pH 9.4 and coated onto a 96-well Costar Assay plate (Corning) for 24 h at 4 °C. 
After blocking with 5% BSA in PBS, the samples were incubated for 2hh with anti-wnt5a antibody, followed by 
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incubation with anti-rabbit IgG HRP for 2 h. After wash, the samples were developed using 1-Step Ultra TMB-
ELISA Substrate Solution (Thermo- Scientific) according to manufacturer’s protocol. Absorbance at 450 nm was 
measured with a plate reader. Recombinant Wnt5a (CUSABIO, USA) was used to generate a standard curve.

Transient transfection and promoter analysis by luciferase assay
The experiments were carried out as in previous publication29. One day prior to transfection, 3 × 105 cells were 
seeded in one well of a 12-well tissue-culture plate (BD Biosciences, San Jose, CA). After 12 h, co-transfections 
were conducted using the transfection vector mixture (total 333 ng) containing NF-kb RE luc reporter construct 
(300 ng, a kind gift from Dr. Lyndon F Cooper of University of Illinois Chicago) or p420, a WNT5A promoter 
luc reporter construct (300ng, a kind gift from Dr. Karen Katula of University of North Carolina Greensboro). 
CMV/Renilla luciferase vector (33 ng, Promega) was used as transfection efficiency control. 0.6 µl of transfection 
agent Lipofectamine 2000 (Invitrogen) was added to the mixture, and co-transfections were conducted according 
to the manufacturer’s instruction. Sixteen hours later, the cells were cultured in α-minimum Eagle’s medium 
containing 1% FBS with or without TPCA-1 (10 µM) for 30 min followed by DPP (500ng/ml) stimulation. After 
48 h, cell lysates were prepared using passive lysis buffer (Promega). Luciferase activities in the lysates were 
measured using a dual luciferase assay system (Promega) using a plate reader (Synergy 2, BIOTEK).

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed with a commercially available CHIP-IT high sensitivity kit following the 
manufacturer’s protocol (Active Motif North America, Carlbad, CA) and as previously reported29. Briefly, 1 × 106 
DPSC’s were treated with DPP (500 ng/ml) for 1–2 h and anti-p65 antibody (ab16502, Abcam) was used in 
immunoprecipitation, while the normal isotype-matched IgG from the same species served as negative control. 
RT-PCR was used to amplify DNA fragments using specific primers. Relative amount of the DNA fragments was 
calculated as percentages to that of the input DNA used in the ChIP assay. The ratio of relative DNA amount of 
p65 bound to that of IgG were used as enrichements of NF-kB binding.

Immunofluoresence
Similar to previous publication29, DPSCs were seeded on glass coverslips and cultured in growth media until 
70–80% confluency. They were then cultured in 1% serum overnight and treated with TPCA-1 or Box5 followed 
by DPP (500 ng/ml) stimulation at the indicated time points. DPSC/Wnt5a KO cells were used and treated with 
DPP (500ng/ml) as stated above. In addition, Wnt5a recombinant protein (500ng/ml, R & D Systems or PF-L6 
(1nM, a kind gift from AntlerA Therapeutics were used as positive controls to treat DPSCs to monitor nuclear 
accumulation of β-Catenin. PF-L6 was a specific agonist antibody of FZD and LRP6 and have been reported 
to activate Wnt/Frizzled pathways in cells, organoids and mice62. The treated cells were washed once with cold 

Gene Name Accession Sequence

ALP NM_001127501
AAC ATC AGG GAC ATT GAC GTG

GTA TCT CGG TTT GAA GCT CTT CC

OSX AF477981
GCC AGA AGC TGT GAA ACC TC

GCT GCA AGC TCT CCA TAA CC

RUNX2 NM_001015051
TGG TTA CTG TCA TGG CGG GTA

TCT CAG ATC GTT GAA CCT TGC TA

FN1 NM_212482.2
CAG TGG GAG ACC TCG AGA AG

GTC CCT CGG AAC ATC AGA AA

COL1A1 NM_000088
GAG GGC CAA GAC GAA GAC ATC

CAG ATC ACG TCA TCG CAC AAC

OPN NM_000582
AGG AGG AGG CAG AGC ACA G

GAG ATG GGT CAG GGT TTA GC

OPG NM_002546
CAA AGT AAA CGC AGA GAG TGT AGA

​G​A​A​G​G​T​G​A​G​G​T​T​A​G​C​A​T​G​T​C​C

OCN NM_199173
CAC TCC TCG CCC TAT TGG C

CCC TCC TGA TTG GAC ACA AAG

DMP1 NM_004407.3
AAT TCT TTG TGA ACT ACG GAG GG

CAC TGC TCT CCA AGG GTG G

VEGFA NM_001171627
AGG GCA GAA TCA TCA CGA AGT

AGG GTC TCG ATT GGA TGG CA

WNT5A XM_011534088
GCC AGT ATC AAT TCC GAC ATC G

TCA CCG CGT ATG TGA AGG C

GAPDH NM_001357943
GGA GCG AGA TCC CTC CAA AAT

GGC TGT TGT CAT ACT TCT CAT GG

Table 1.  DNA oligoes for quantitative PCR.
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PBS and then fixed in 10% neutral formalin at 4 °C for 1 h. Fixed cells were permeabilized with 0.25% Triton-X 
in PBS for 30  min at 37  °C and incubated with β-Catenin antibody (Sigma) overnight at 4  °C, followed by 
incubation with fluorescent goat-anti mouse Alexa 488 (Abcam) at RT for 1 h. The cover glass was mounted onto 
a glass slide using mounting agent with DAPI (Vectorlab). Cells were imaged with a Zeiss 710 Meta Confocal 
Microscope at the UIC RRC Facility. Pearson`s colocalization coefficient was obtained using Zen software 3.7.

TIRF microscopy analysis
HEK293T cells transfected with Wnt5a-EGFP and Ror2-mCherry were seeded on 35 mm collagen coated glass 
bottom dishes (MatTek Corporation, Ashland MA, United States) and cultured under normal growth conditions. 
The cells were subsequently stimulated with DPP and imaged using a Zeiss Laser TIRF Microscope.

CRISPR-Cas9 based knockout of Wnt5A in DPSCs
Lenti CRISPR vector (LV01/WNT5A) containing predesigned CRISPR gRNAs targeting Wnt5a were purchased 
from Sigma (http://www.sigmaaldrich.com. WNT5A: HSPD0000044593).

Knockout of Wnt5a in DPSCs were performed as recommended by the manufacturer. Briefly, the LV01/
WNT5A, together with the psPAX2 (Addgene), pMD2.G (Addgene), and pHPV17 plasmids were transfected in 
293FT cells (Invitrogen). After 48 h, virus-containing supernatant was collected, and centrifuged at 1000 g for 
10 min to remove cell debris, followed by 75,000 g for 4 h at 4 °C to collect the pellet containing viral particles. 
The collected viral particles were used to infect DPSC cells. After 72 h. the DPSCs were selected with 1 µg/ml 
puromycin for 3 to 5 days. The drug resistant cells were pooled and chromosomal DNA was extracted from 
DPSC/Wnt5a KO cells with Direct PCR Lysis Reagent (Viagen Biotech, Inc). The DNA region flanking targeted 
gDNA was PCR amplified using Platinum™ Taq DNA Polymerase (Invitrogen) with primer pair (WNT5A_
FW_913: -CCT CGT TGT TGT GCA GGT TC-; WNT5A_RV_1218: -GTG ATC CCT TGT CCT CAC CC-). 
PCR products were cleaned with QIAquick Gel Extraction Kit (QIAGEN) and analyzed by Sanger sequencing 
at RRC facility at UIC. Sequences were checked for WNT5A gene mutation. Western blot was also performed to 
demonstrate knockdown of WNT5A protein. These cells were designated as DPSC/WNT5A KO were used for 
further experiments.

Cell proliferation
DPSC and DPSC/Wnt5a KO cells were seeded in 96 well plate and cultured for 24 h at 37 °C, 5% CO2. They were 
then treated with DPP at 500 ng/ml for the indicated time points. CellTiter 96 Aqueous One Solution Reagent 
(Promega, Cat. No. G3580) was used to monitor the live/dead cell numbers according to the manufacturer’s 
instructions. The absorbance was recorded on a multi-plate reader at 490  nm (Synergy HT, BIO-TEK 
INSTRUMENTS, INC., WINOOSKI, VERMONT USA).

In vitro mineralization assay and nodule detection by alizarin red staining and SEM
In vitro mineralization assay and nodule detection by alizarin red staining and SEM were conducted as in previous 
publication29. DPSC’s and DPSC/Wnt5a KO cells were cultured in growth media until 80% confluent. The cells 
were cultured in odontogenic differentiation media (growth media containg 10 mM β-glycerophosphate (Sigma 
Aldrich), 0.50 mM ascorbic acid (Sigma-Aldrich), and 10 nM dexamethasone (Sigma-Aldrich). The cells were 
then stimulated with or without DPP (500ng/ml) for 0, 7, 14 and 21 days. At each time point, the cells were 
washed with PBS and fixed in 10% neutral formalin at 4 °C for 4 h. The cells were stained with 2% Alizarin Red 
S Solution (Sigma) for 30 min, then rinsed with water. The plates were scanned to visualize the overall staining 
pattern and higher magnification images were obtained with a light microscope (Zeiss Axio Observer D1). 
Colorimetric method was used to determine the calcium concentration in the cell matrix.

For SEM analysis, the cells were seeded on a cover glass (12  mm, Invitrogen) and cultured under 
differentiation condition as described above. At indicated time point, the cells were briefly washed with PBS 
twice, fixed in 10% neutral buffered formalin for 2 h at room temperature. The cells were washed with water, 
followed by dehydration with gradient ethanol, and treated with hexamethyldisilazane (Electron Microscopy 
Sciences, Hatfield, PA) and dried. The cover glass with the cells were mounted on an M4 aluminum specimen 
(Ted Pella, Inc., Redding, CA), coated with 10 nm gold/palladium metal film with a Cressington 208 h sputter 
coater (Cressington Scientific Instruments UK, Watford, England (UK)). The topography data were obtained 
with a scanning electron microscope (JEOL JSM-IT500HR, JEOL USA, Inc., Peabody, MA). The following 
conditions were used to acquire the images, accelerating voltage: 3 kV, working distance: 10 mm, probe current: 
35, objective lens aperture: 3, secondary electrons capture duration: 80 s.

 Immunohistochemical analysis of the Wnt signalling components in WT and DSPP-null mice
DSPP null mice and their matched wild type mice heads (post natal day3) were used for immunohistochemical 
analysis. Animal breeding and experimental procedures were approved and conducted in strict accordance with 
the guidelines and regulations stipulated by the Institutional Animal Care and Use committee at the University 
of Illinois at Chicago and in compliance with the ARRIVE (Animal Research: Reporting of in Vivo Experiments) 
guidelines. Formalin fixed paraffin-embedded specimen and paraffin block sectioning were conducted as 
described previously29. Sections were treated with primary antibodies against Wnt5a/b, LRP5, LRP6, Frizzled5, 
Frizzled 6, and ROR2 (Rabbit mAb #88639). Sections were developed with VECTASTAIN® ABC HRP kit (Vector 
Laboratories, ) (Vector Laboratories) as per manufacturer`s protocol. The DAB Peroxidase (HRP) Substrate Kit 
(Vector Laboratories) was used for antigen detection. Sections were imaged with Carl Zeiss Axio Observer D1 
inverted microscope. For fluorescence detection, an anti-β-catenin antibody, (Sigma, ) was used, followed by 
Anti mouse-IgG Alexa 488 nm, then sections were counter stained with DAPI and mounted. Images were taken 
with a Zeiss 710 Meta Confocal Microscope at the UIC RRC Facility.
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Statistical analysis
Data were presented as the mean ± standard deviation of at least 3 independent experiments. Statistical 
significance of differences was calculated using the Student’s t test. Significance of p ≤ 0.05 was considered 
significant.

Data availability
Data Availability statements: The sequence data that support the findings of this study have been deposited in 
the GenBank repository with the accession number PP722978. The additional data that support the findings of 
this study are available from the corresponding author upon reasonable request.
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