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Abstract

WNT signaling pathway functions throughout the lifetime of the organism by 
ensuring the normal patterning of tissues during development and by regulating self-
renewal and cell fate commitment in multiple adult stem cell types. Currently, not enough 
is known about the role of WNT signaling in the maintenance of adult dental tissues. 
In this review we briefly outline current developments in the field of WNT signaling 
with regard to the regulation of mesenchymal dental pulp cells and pose outstanding 
questions to be addressed in the future.

ABBREVIATIONS
ESC: Embryonic Stem Cells; FZD: Frizzled Receptors; APC: 

Adenomatous Polyposis Coli; CKIα: Casein Kinase I Alpha; GSK3: 
Glycogen Synthase Kinase 3; DSPP: Dentin Sialophosphoprotein; 
SNP: Single Nucleotide Polymorphism; DPSCS: Dental Pulp Stem 
Cells 

INTRODUCTION
A new paradigm has emerged, suggesting that in cycling 

tissues, adult stem cells achieve a fine balance between self-
renewal and differentiation as a result of stochastic cell fate 
decisions involving either a cell-autonomous or cell-extrinsic 
mode of action [1,2]. Central to understanding the mechanisms 
of stem cell behavior is the need to further investigate the ability 
of different niche growth factors to communicate context-
dependent developmental cues to stem cells in the niche. A 
highly conserved pathway that has been implicated in the self-
renewal and differentiation of embryonic (ESC) and adult stem 
cells is the WNT/ β-catenin signaling pathway. WNT ligands are 
glycoprotein molecules that have a short-range mode of action 
due to lipid modifications, which render them hydrophobic [3] 
and tether them to their cognate Frizzled (FZD) receptors and 
LRP5/6 family co-receptors on cell membranes [1]. Thus, by 
being highly insoluble, WNT ligands can only exert an effect on 
neighboring cells within the limited range of the niche [1].

In the light of recent advances in the field and consistent with 
studies implicating WNT pathway components in the functioning 
of the mitotic spindle during division, mitosis and cell fate 
determination appear to converge at the level of WNT signaling 
[4,5]. Following the purification of an active WNT3a ligand, a 

well-known canonical WNT ligand, which has previously been 
shown to maintain mouse ESCs in a self-renewing state [6] and 
to drive mesodermal and endodermal differentiation in human 
ESC [7], it has been eloquently demonstrated that a targeted 
delivery of WNT3a can induce asymmetric inheritance of cell fate 
determinants in mouse ESCs [8]. The case for WNT signaling in 
the maintenance of the adult stem cell pool during homeostasis 
is further reinforced as aberrant WNT signaling often underlies 
chromosome instability and tumor progression in tissues that 
exhibit high rates of cellular turnover [9].

WNT signaling can be classified into canonical and non-
canonical signaling. Non-canonical signaling pathways, which 
have been known to regulate cell polarity and cell movement, act 
independently of β-catenin [10], which is a key component of the 
canonical WNT pathway. 

In the absence of a WNT signal, β-catenin binds to a multimeric 
destruction complex composed of APC (adenomatous polyposis 
coli), AXIN (1/2), casein kinase I alpha (CKIα) and glycogen 
synthase kinase 3 (GSK3), where it is phosphorylated by CKIα 
and GSK3 and targeted for proteasome degradation [1] (Figure 
1). When present, WNT ligands engage with Frizzled receptors 
and LRP5/6 co-receptors, ultimately leading to clustering of these 
receptors in complexes. The conformational changes ensuing this 
coupling enable the LRP cytoplasmic tail to be phosphorylated 
by GSK3 and CKIα, resulting in the sequestration of the scaffold 
protein AXIN to the membrane and the inhibition of GSK3 
[1,11]. Stabilized β-catenin then translocates to the nucleus and 
initiates Lef/Tcf - dependent transcription of global and tissue- 
specific WNT target genes. Lineage tracing experiments using 
broadly activated WNT target genes such as AXIN2 and LGR5, 
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Figure 1 Overview of the canonical WNT signaling pathway. In the absence of a WNT signal β-catenin binds to a destruction complex composed 
of AXIN, GSK3, CK1 and APC where it is phosphorylated by CK1 and GSK3 and is continuously targeted for proteosomal degradation. When a 
WNT signal engages with the Frizzled receptor, this leads to association of AXIN with phosphorylated LRP, whereby GSK3 is inhibited leading to 
stabilization of β-catenin levels in the cytoplasm. β-catenin then translocates to the nucleus, where it outcompetes the transcriptional co-repressor 
GROUCHO for TCF binding and initiates WNT target gene transcription.

which encode a WNT negative regulator and novel type of WNT 
receptor, respectively, have facilitated the identification of stem 
cell populations in tissues of the intestine, the skin the hair follicle 
and the mammary gland [12-15] (Table 1).

WNT SIGNALING – ROLE IN TOOTH DEVELOPMENT 
AND DENTAL PULP HOMEOSTASIS  

WNT/β-catenin has been strongly implicated in the 
establishment of craniofacial structures during embryogenesis 
and is known to govern multiple stages of dental morphogenesis 
[reviewed in 16]. Expression of only two WNT ligands has been 
confirmed in pulp mesenchymal cells and/or odontoblasts. 
WNT11, which is expressed in rat dental pulp, has been shown 
to positively regulate odontoblast marker expression in mouse 
dental papilla cells [17]. WNT10A, which is expressed in early 
odontoblast lineages in the embryo as well as in terminally 
differentiated secretory odontoblasts in mice, was shown to 
function upstream of odontoblast differentiation marker DSPP 
(dentin sialophosphoprotein) [18]. Early evidence in support 
of the role of WNT signaling in normal tooth development was 
presented by Lammi et al. [19] who were able to show that a 

functional AXIN2 protein is indispensable for the formation 
of teeth. Interestingly, mutations in the Axin2 gene, which are 
associated with familial tooth agenesis (oligodontia), have also 
been linked to a higher risk of developing colon cancer. SNP 
and haplotype analyses have revealed a significant correlation 
between WNT3 polymorphisms and the development of non-
syndromic cleft lip with or without cleft palate [20]. A strong 
association has also been uncovered between polymorphic 
variants of the WNT10A gene and non-syndromic tooth agenesis 
in the Polish population [21]. The identification of mutations 
in the coding region of WNT10A has further corroborated the 
involvement of the WNT10A gene in non-syndromic tooth 
agenesis [21]. 

Accumulating evidence suggests that WNT signaling is 
involved in the regulation of mesenchymal dental pulp cells. 
Further to identifying a WNT responsive population in the 
dental pulp of mice, Hunter et al. [22] have demonstrated that 
augmentation in endogenous WNT signaling is associated with 
enhanced cell proliferation of human dental pulp stem cells 
(DPSCs). In an attempt to mimic the enhancement of WNT 
signaling which occurs in tissues at sites of injury in vivo, it 
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Table 1 WNT-related proteins.

was shown that mutant mice (Axin2LacZ/LacZ), lacking the critical 
WNT negative regulator AXIN2, exhibit improved pulp vitality 
and dentin regeneration in response to acute pulp injury. 
Similarly, odontoblast differentiation was upregulated following 
treatment of pulp-injured rats with a liposomal WNT3a protein 
(L-WNT3a). This means that WNT signaling may provide 
important cell survival cues to the mesenchymal pulp stem 
cells, by instructing them to differentiate into dentin producing 
odontoblasts, thereby enabling the protection of the pulp cavity 
[22]. Other line of evidence, however, states that signaling 
through the canonical WNT1 ligand can impede odontoblastic 
differentiation in human dental pulp stem cells, which might 
have implications for the self- renewal of human DPSCs [23]. 
These data are consistent with previous reports suggesting a role 
for the canonical ligands WNT1 and WNT3a in the suppression 
of osteogenic differentiation in mesenchymal stem cells [24-26]. 
Although conflicting reports exist, it is generally believed that 
spatiotemporally controlled WNT/ β-catenin signaling directs the 
specification of the dental mesenchyme into the odontoblast and 
cementoblast lineages during development [27,28]. Examination 
of the functions of WNT/ β-catenin signaling in adult mice has 
revealed that all mineralizing tissues of the craniofacial complex 
(i.e. odontoblasts, osteoblasts, ameloblasts, cementoblasts and 
mesenchymal pulp cells) sustain WNT responsiveness during 
homeostasis in the adult. Conditional mouse Wls (a chaperone 
protein that regulates WNTs secretion) knock-outs in osteocalcin 

- expressing mineralized tissues, have furthermore indicated that 
unlike in osteoblasts, where osteogenesis is dependent on WNT- 
driven Runx2 expression for differentiation, in odontoblasts 
WNT- mediated Runx2 activation is required for the inhibition 
of odontoblast differentiation [29]. Another report based on 
similar experimental approaches indicates that abrogated WNT 
signaling disrupts the normal homeostasis of the periodomental 
ligament [30]. Needless to say, the cellular response to the same 
WNT ligand is going to vary between cell types and species. The 
inability to ascribe universal properties to the same canonical 
and non-canonical WNTs might be due to context-specific roles 
in WNT pathway activation, likely explained by a differential 
genetics background of the WNT-responsive cells and WNT 
inhibitor availability in the extracellular space across various 
tissues [31].  

CONCLUDING REMARKS
Abundant data suggests that WNT mechanisms regulate 

dental pulp cell fate choices during development and homeostasis. 
A more in-depth investigation of the specific mode of action of 
different WNT ligands on human DSPC will aid the development 
of protocols for their in vitro expansion. In particular, further 
elucidation of the role of WNT3a in regulation of DPSCs, holds 
great promise for the treatment of common dental conditions 
such as dental caries.



Central

Ishkitiev et al. (2015)
Email:   

Arch Stem Cell Res 2(1): 1007 (2015) 4/4

Tsikandelova R, Isaeva A, Mitev V, Ishkitiev N (2015) WNT Signaling and Implications for Dental Regenerative Medicine. Arch Stem Cell Res 2(1): 1007.

Cite this article

ACKNOWLEDGEMENTS
Financial support for this study was provided by Bulgarian 

Ministry of Education Grant No: DFNI B02/15; 14.12.2014. 

Conflict of Interest

The authors report no financial affiliation (e.g., employment, 
direct payment, stock holdings, retainers, consultantships, patent 
licensing arrangements or honoraria), or involvement with any 
commercial organization with direct financial interest in the 
subject or materials discussed in this manuscript, nor have any 
such arrangements existed in the past three years. Any other 
potential conflict of interest is disclosed.

REFERENCES
1. Clevers H, Loh KM, Nusse R. Stem cell signaling. An integral program 

for tissue renewal and regeneration: Wnt signaling and stem cell 
control. Science. 2014; 346: 1248012. 

2. Klein AM, Simons BD. Universal patterns of stem cell fate in cycling 
adult tissues. Development. 2011; 138: 3103-3111. 

3. Willert K, Brown JD, Danenberg E, Duncan AW, Weissman IL, Reya 
T. Wnt proteins are lipid-modified and can act as stem cell growth 
factors. Nature. 2003; 423: 448-452. 

4. Davidson G, Niehrs C. Emerging links between CDK cell cycle 
regulators and Wnt signaling. Trends Cell Biol. 2010; 20: 453-460. 

5. Niehrs C, Acebron SP. Mitotic and mitogenic Wnt signalling. EMBO J. 
2012; 31: 2705-2713. 

6. ten Berge D, Kurek D, Blauwkamp T, Koole W, Maas A, Eroglu E. 
Embryonic stem cells require Wnt proteins to prevent differentiation 
to epiblast stem cells. Nat Cell Biol. 2011; 13: 1070-1075. 

7. Blauwkamp TA, Nigam S, Ardehali R, Weissman IL, Nusse R. 
Endogenous Wnt signalling in human embryonic stem cells generates 
an equilibrium of distinct lineage-specified progenitors. Nat Commun. 
2012; 3: 1070. 

8. Habib SJ, Chen BC, Tsai FC, Anastassiadis K, Meyer T, Betzig E. A 
localized Wnt signal orients asymmetric stem cell division in vitro. 
Science. 2013; 339: 1445-1448. 

9. Holland JD, Klaus A, Garratt AN, Birchmeier W. Wnt signaling in stem 
and cancer stem cells. Curr Opin Cell Biol. 2013; 25: 254-264. 

10. Sugimura R, Li L. Noncanonical Wnt signaling in vertebrate 
development, stem cells, and diseases. Birth Defects Res C Embryo 
Today. 2010; 90: 243-256. 

11. Stamos JL, Chu ML, Enos MD, Shah N, Weis WI. Structural basis of GSK-
3 inhibition by N-terminal phosphorylation and by the Wnt receptor 
LRP6. Elife. 2014; 3: e01998. 

12. Snippert HJ, Clevers H. Tracking adult stem cells. EMBO Rep. 2011; 
12: 113-122. 

13. Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M. 
Identification of stem cells in small intestine and colon by marker gene 
Lgr5. Nature. 2007; 449: 1003-1007. 

14. Barker N, Huch M, Kujala P, van de Wetering M, Snippert HJ, van Es JH. 
Lgr5(+ve) stem cells drive self-renewal in the stomach and build long-
lived gastric units in vitro. Cell Stem Cell. 2010; 6: 25-36. 

15. van Amerongen R, Bowman AN, Nusse R. Developmental stage and 
time dictate the fate of Wnt/β -catenin-responsive stem cells in the 
mammary gland. Cell Stem Cell. 2012; 11: 387-400. 

16. Liu F, Millar SE. Wnt/beta-catenin signaling in oral tissue development 
and disease. J Dent Res. 2010; 89: 318-330. 

17. Koizumi Y, Kawashima N, Yamamoto M, Takimoto K, Zhou M, Suzuki 
N. Wnt11 expression in rat dental pulp and promotional effects of 
Wnt signaling on odontoblast differentiation. Congenit Anom (Kyoto). 
2013; 53: 101-108. 

18. Yamashiro T, Zheng L, Shitaku Y, Saito M, Tsubakimoto T, Takada K. 
Wnt10a regulates dentin sialophosphoprotein mRNA expression and 
possibly links odontoblast differentiation and tooth morphogenesis. 
Differentiation. 2007; 75: 452-462. 

19. Lammi L, Arte S, Somer M, Jarvinen H, Lahermo P, Thesleff I. Mutations 
in AXIN2 cause familial tooth agenesis and predispose to colorectal 
cancer. Am J Hum Genet. 2004; 74: 1043-1050. 

20. Mostowska A, Hozyasz KK, Biedziak B, Wojcicki P, Lianeri M, 
Jagodzinski PP. Genotype and haplotype analysis of WNT genes in 
non-syndromic cleft lip with or without cleft palate. Eur J Oral Sci. 
2012; 120: 1-8. 

21. Mostowska A, Biedziak B, Zadurska M, Dunin-Wilczynska I, Lianeri M, 
Jagodzinski PP. Nucleotide variants of genes encoding components 
of the Wnt signalling pathway and the risk of non-syndromic tooth 
agenesis. Clin Genet. 2013; 84: 429-440. 

22. Hunter DJ, Bardet C, Mouraret S, Liu B, Singh G, Sadoine J. Wnt Acts as 
a Pro-Survival Signal to Enhance Dentin Regeneration. J Bone Miner 
Res. 2015. 

23. Scheller EL, Chang J, Wang CY. Wnt/beta-catenin inhibits dental pulp 
stem cell differentiation. J Dent Res. 2008; 87: 126-130. 

24. Boland GM, Perkins G, Hall DJ, Tuan RS. Wnt 3a promotes proliferation 
and suppresses osteogenic differentiation of adult human 
mesenchymal stem cells. J Cell Biochem. 2004; 93: 1210-1230. 

25. de Boer J, Siddappa R, Gaspar C, van Apeldoorn A, Fodde R, van 
Blitterswijk C. Wnt signaling inhibits osteogenic differentiation of 
human mesenchymal stem cells. Bone. 2004; 34: 818-826. 

26. Cho HH, Kim YJ, Kim SJ, Kim JH, Bae YC, Ba B. Endogenous Wnt signaling 
promotes proliferation and suppresses osteogenic differentiation in 
human adipose derived stromal cells. Tissue Eng. 2006; 12: 111-121. 

27. Zhang R, Yang G, Wu X, Xie J, Yang X, Li T. Disruption of Wnt/β -catenin 
signaling in odontoblasts and cementoblasts arrests tooth root 
development in postnatal mouse teeth. Int J Biol Sci. 2013; 9: 228-236. 

28. Kim TH, Lee JY, Baek JA, Lee JC, Yang X, Taketo MM. Constitutive 
stabilization of ß-catenin in the dental mesenchyme leads to excessive 
dentin and cementum formation. Biochem Biophys Res Commun. 
2011; 412: 549-555. 

29. Lim WH, Liu B, Cheng D, Hunter DJ, Zhong Z, Ramos DM. Wnt signaling 
regulates pulp volume and dentin thickness. J Bone Miner Res. 2014; 
29: 892-901. 

30. Lim WH, Liu B, Cheng D, Williams BO, Mah SJ, Helms JA. Wnt signaling 
regulates homeostasis of the periodontal ligament. J Periodontal Res. 
2014; 49: 751-759. 

31. van Amerongen R, Nusse R. Towards an integrated view of Wnt 
signaling in development. Development. 2009; 136: 3205-3214. 

http://www.ncbi.nlm.nih.gov/pubmed/25278615
http://www.ncbi.nlm.nih.gov/pubmed/25278615
http://www.ncbi.nlm.nih.gov/pubmed/25278615
http://www.ncbi.nlm.nih.gov/pubmed/21750026
http://www.ncbi.nlm.nih.gov/pubmed/21750026
http://www.ncbi.nlm.nih.gov/pubmed/12717451
http://www.ncbi.nlm.nih.gov/pubmed/12717451
http://www.ncbi.nlm.nih.gov/pubmed/12717451
http://www.ncbi.nlm.nih.gov/pubmed/20627573
http://www.ncbi.nlm.nih.gov/pubmed/20627573
http://www.ncbi.nlm.nih.gov/pubmed/22617425
http://www.ncbi.nlm.nih.gov/pubmed/22617425
http://www.ncbi.nlm.nih.gov/pubmed/21841791
http://www.ncbi.nlm.nih.gov/pubmed/21841791
http://www.ncbi.nlm.nih.gov/pubmed/21841791
http://www.ncbi.nlm.nih.gov/pubmed/22990866
http://www.ncbi.nlm.nih.gov/pubmed/22990866
http://www.ncbi.nlm.nih.gov/pubmed/22990866
http://www.ncbi.nlm.nih.gov/pubmed/22990866
http://www.ncbi.nlm.nih.gov/pubmed/23520113
http://www.ncbi.nlm.nih.gov/pubmed/23520113
http://www.ncbi.nlm.nih.gov/pubmed/23520113
http://www.ncbi.nlm.nih.gov/pubmed/23347562
http://www.ncbi.nlm.nih.gov/pubmed/23347562
http://www.ncbi.nlm.nih.gov/pubmed/21181886
http://www.ncbi.nlm.nih.gov/pubmed/21181886
http://www.ncbi.nlm.nih.gov/pubmed/21181886
http://www.ncbi.nlm.nih.gov/pubmed/24642411
http://www.ncbi.nlm.nih.gov/pubmed/24642411
http://www.ncbi.nlm.nih.gov/pubmed/24642411
http://www.ncbi.nlm.nih.gov/pubmed/21252944
http://www.ncbi.nlm.nih.gov/pubmed/21252944
http://www.ncbi.nlm.nih.gov/pubmed/17934449
http://www.ncbi.nlm.nih.gov/pubmed/17934449
http://www.ncbi.nlm.nih.gov/pubmed/17934449
http://www.ncbi.nlm.nih.gov/pubmed/20085740
http://www.ncbi.nlm.nih.gov/pubmed/20085740
http://www.ncbi.nlm.nih.gov/pubmed/20085740
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://www.ncbi.nlm.nih.gov/pubmed/20200414
http://www.ncbi.nlm.nih.gov/pubmed/20200414
http://www.ncbi.nlm.nih.gov/pubmed/23998262
http://www.ncbi.nlm.nih.gov/pubmed/23998262
http://www.ncbi.nlm.nih.gov/pubmed/23998262
http://www.ncbi.nlm.nih.gov/pubmed/23998262
http://www.ncbi.nlm.nih.gov/pubmed/17286598
http://www.ncbi.nlm.nih.gov/pubmed/17286598
http://www.ncbi.nlm.nih.gov/pubmed/17286598
http://www.ncbi.nlm.nih.gov/pubmed/17286598
http://www.ncbi.nlm.nih.gov/pubmed/15042511
http://www.ncbi.nlm.nih.gov/pubmed/15042511
http://www.ncbi.nlm.nih.gov/pubmed/15042511
http://www.ncbi.nlm.nih.gov/pubmed/22288914
http://www.ncbi.nlm.nih.gov/pubmed/22288914
http://www.ncbi.nlm.nih.gov/pubmed/22288914
http://www.ncbi.nlm.nih.gov/pubmed/22288914
http://www.ncbi.nlm.nih.gov/pubmed/23167694
http://www.ncbi.nlm.nih.gov/pubmed/23167694
http://www.ncbi.nlm.nih.gov/pubmed/23167694
http://www.ncbi.nlm.nih.gov/pubmed/23167694
http://www.ncbi.nlm.nih.gov/pubmed/25556760
http://www.ncbi.nlm.nih.gov/pubmed/25556760
http://www.ncbi.nlm.nih.gov/pubmed/25556760
http://www.ncbi.nlm.nih.gov/pubmed/18218837
http://www.ncbi.nlm.nih.gov/pubmed/18218837
http://www.ncbi.nlm.nih.gov/pubmed/15486964
http://www.ncbi.nlm.nih.gov/pubmed/15486964
http://www.ncbi.nlm.nih.gov/pubmed/15486964
http://www.ncbi.nlm.nih.gov/pubmed/15121013
http://www.ncbi.nlm.nih.gov/pubmed/15121013
http://www.ncbi.nlm.nih.gov/pubmed/15121013
http://www.ncbi.nlm.nih.gov/pubmed/16499448
http://www.ncbi.nlm.nih.gov/pubmed/16499448
http://www.ncbi.nlm.nih.gov/pubmed/16499448
http://www.ncbi.nlm.nih.gov/pubmed/23494738
http://www.ncbi.nlm.nih.gov/pubmed/23494738
http://www.ncbi.nlm.nih.gov/pubmed/23494738
http://www.ncbi.nlm.nih.gov/pubmed/21854758
http://www.ncbi.nlm.nih.gov/pubmed/21854758
http://www.ncbi.nlm.nih.gov/pubmed/21854758
http://www.ncbi.nlm.nih.gov/pubmed/21854758
http://www.ncbi.nlm.nih.gov/pubmed/23996396
http://www.ncbi.nlm.nih.gov/pubmed/23996396
http://www.ncbi.nlm.nih.gov/pubmed/23996396
http://www.ncbi.nlm.nih.gov/pubmed/24410666
http://www.ncbi.nlm.nih.gov/pubmed/24410666
http://www.ncbi.nlm.nih.gov/pubmed/24410666
http://www.ncbi.nlm.nih.gov/pubmed/19736321
http://www.ncbi.nlm.nih.gov/pubmed/19736321

	WNT Signaling and Implications for Dental Regenerative Medicine
	Abstract
	Abbreviations
	Introduction
	WNT signaling - role in tooth development and dental pulp homeostasis  
	Concluding remarks 
	Acknowledgements
	Conflict of Interest

	References
	Figure 1
	Table 1

