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Abstract
Dickkopf-related protein 1 (DKK1) is a potent 
inhibitor of Wnt/β-catenin signaling. Dkk1-null 
mutant embryos display severe defects in head 
induction. Conversely, targeted expression of 
Dkk1 in dental epithelial cells leads to the forma-
tion of dysfunctional enamel knots and subsequent 
tooth defects during embryonic development. 
However, its role in post-natal dentinogenesis is 
largely unknown. To address this issue, we studied 
the role of DKK1 in post-natal dentin development 
using 2.3-kb Col1a1-Dkk1 transgenic mice, with 
the following key findings: (1) The Dkk1 trans-
gene was highly expressed in pulp and odontoblast 
cells during post-natal developmental stages; (2) 
the 1st molar displayed short roots, an enlarged 
pulp/root canal region, and a decrease in the dentin 
formation rate; (3) a small malformed second 
molar and an absent third molar; (4) an increase of 
immature odontoblasts, few mature odontoblasts, 
and sharply reduced dentinal tubules; and (5) a 
dramatic change in Osx and nestin expression. We 
propose that DKK1 controls post-natal mandibular 
molar dentin formation either directly or indirectly 
via the inhibition of Wnt signaling at the following 
aspects: (i) post-natal dentin formation, (ii) forma-
tion and/or maintenance of the dentin tubular sys-
tem, (iii) mineralization of the dentin, and (iv) 
regulation of molecules such as Osx and nestin.

KEY WORDS: DKK1, tooth development, odon-
toblast, mandibular molar, transgenic mice, den-
tinogenesis. 

Introduction

Tooth formation begins with a series of reciprocal signaling interactions 
between the stomodeal ectoderm and the underlying neural-crest-derived 

ectomesenchyme (Tucker and Sharpe, 2004). The first sign of tooth formation 
is the thickening of the oral epithelium. This is followed by the invagination 
of the epithelium into the underlying mesenchyme, which then condenses and 
forms a tooth bud. In the past two decades, many signaling molecules and 
transcription factors which are critical for these processes have been identi-
fied (Jernvall and Thesleff, 2000; Tucker and Sharpe, 2004; Chai and Maxson, 
2006; Denaxa et al., 2009). However, critical factors required for tooth root 
formation, which occurs mainly post-natally, are largely unknown.

It is known that Wnt/β-catenin signaling in the dental epithelium is critical 
for dental patterning during multiple stages of early tooth development. The 
supportive evidence is that constitutive activation of β-catenin in the epithe-
lium causes the formation of large malformed tooth buds and ectopic teeth 
(Liu et al., 2008). Alternatively, blocking Wnt/β-catenin signaling by the tar-
geted expression of Dkk1 in epithelial and underlying mesenchymal cells led 
to the formation of blunted molar cusps (i.e., blocking the secondary enamel 
knots) (Liu et al., 2008). The role of Wnt signaling in the dental mesenchyme 
during tooth patterning is controversial. Chen et al. showed that the inactiva-
tion of β-catenin resulted in tooth arrest at the bud stage in both molars and 
incisors (Chen et al., 2009). In contrast, a new report showed that the genetic 
inactivation of β-catenin results in a splitting of the incisal placode. This 
inactivation forms 2 incisors per incisal placode in the lower jaw in approxi-
mately 50% of all mutant embryos (Fujimori et al., 2010).

Recently, Lohi et al. showed that Axin2 lacZ signal, which reflects the canon-
ical Wnt signaling pathway, is expressed in dental pulp and developing odonto-
blast cells, but not in ameloblast cells post-natally (Lohi et al., 2010), suggesting 
a potential role for canonical Wnt signaling in post-natal tooth formation.

DKK1 (a secreted protein with 2 cysteine-rich domains, separated by a 
linker region) is expressed in the tooth and the limb during development 
(Grotewold et al., 1999; Grotewold and Ruther, 2002; Fjeld et al., 2005; Nie, 
2005). Suomalainen and Thesleff showed that Wnt/β-catenin activity and Dkk1 
mRNA were detected in incisor mesenchyme (Suomalainen and Thesleff, 
2010). DKK1 functions as an antagonist of canonical Wnt signaling through 
two mechanisms: (1) by binding to the LRP5/6 co-receptor to prevent its inter-
action with Wnt-Frizzled complexes; and (2) by binding to the cell-surface 
receptor Kremen1 or Kremen 2 to promote the internalization of LRP5/6 

Post-natal Effect of 
Overexpressed DKK1 on 
Mandibular Molar Formation



J Dent Res 90(11) 2011	 Inhibitory Role of DKK1 in Post-natal Molar Formation	   1313

(Williams and Insogna, 2009). Injections of Dkk1 mRNA result in 
head induction in Xenopus embryos (Glinka et al., 1998), and 
deletion of Dkk1 leads to embryonic lethality with no anterior 
head structures in addition to exhibiting limb defects 
(Mukhopadhyay et al., 2001). Ectopic expression of Dkk1 in 
K5-expressing epithelium blocks taste papilla development, caus-
ing a lack of innervation of the tongue (Liu et al., 2007).

Although Dkk1 mRNA is expressed in the dental papilla, pre-
odontoblasts, and odontoblasts (Fjeld et al., 2005), its function 
in post-natal tooth root formation is largely unknown. In this 
study, we attempted to address the function of DKK1 in post-
natal dentin formation using 2.3-kb Col 1a1-Dkk1 transgenic 
(Tg) mice (Li et al., 2006) and multiple approaches, including: 
radiography, µ-CT, histology, TRAP staining, immunohisto-
chemistry, double-fluorochrome labeling for measuring dentin 
formation rates, and scanning electron microscopy (SEM) for 
determining dentin properties. Our results demonstrate that 
overexpression of Dkk1 in pulp and odontoblast cells impaired 
mandibular molar dentin formation, suggesting that DKK1 
plays an active role in post-natal tooth formation either directly 
or indirectly through the Wnt/β-catenin signaling pathway.

Materials & Methods

Generation of 2.3-kb Col 1a1-Dkk1 Transgenic Mice

All animal studies were reviewed and approved by the 
Institutional Animal Care and Use Committee at the institute. 
The 2.3-kb Col 1a1-Dkk1 transgenic mice were generated as 
described previously (Li et al., 2006). A C57/B6 strain back-
ground was used in this study. The genotypes of the mice were 
determined by PCR analysis of genomic DNA extracted from 
tail biopsies. For the Col 1a1-Dkk1 transgene, the forward 
primer, 5′-CATCCCTGTGACCCCTCC-3′, and the reverse 
primer, 5′-CTCCAAACCACCCCCCTC-3′, were used to gener-
ate a PCR product of 150 bp.

Sample Preparation and Histological Analyses of Dkk1 
Expression

Mandibular samples obtained from E16.5, P01, 1-week-, and 
1-month-old mice were fixed in 4% paraformaldehyde in 4ºC 
overnight. These samples were then decalcified with 10% EDTA 
in a microwave, dehydrated, and embedded in paraffin. They 
were then sectioned (4-μm thick) and used in immunohistochem-
istry for DSPP (polyclonal antibody was kindly provided by Dr. 
Larry Fisher from NIDCR, National Institutes of Health, Bethesda, 
MD, USA), DKK1 (polyclonal antibody, R&D Systems, 
Minneapolis, MN, USA), OSX (osterix monoclonal antibody, 
Abcam, Cambridge, MA, USA), Nestin (mouse monoclonal anti-
body, Santa Cruz, CA), and TRAP (tartrate-resistant acid phos-
phatase) staining. Finally, the slides were mounted with permount, 
and photographed under by light microscopy.

Analysis of Dentin Formation Rate by Double-labeling 
and Imaging Resin-cast Odontoblast Processes by 
Scanning Electronic Microscopy (SEM)

To examine the dentin formation rate, we performed double-
fluorescence labeling as described previously (Lu et al., 2007). 

Briefly, a calcein label (5 mg/Kg i.p.; Sigma-Aldrich, St. Louis, 
MO, USA) was administered to 20-day-old mice, followed by 
administration of calcein 7 days later. Mice were sacrificed 2 
days after the second injection (1 mo old). The non-decalcified 
mandibles were embedded in resin (methylmethacrylate, 
MMA), sectioned, and photographed under epifluorescent illu-
mination with a Nikon 800 microscope (Nikon, Melville, NY, 
USA). Furthermore, the surface of the same blot was polished 
with different diamond suspensions until smooth and scratch-
free before being acid-etched and imaged by SEM as described 
previously (Feng et al., 2006). The surface was acid-etched with 
37% phosphoric acid for 2 to 10 sec, washed twice with water 
followed by 5% sodium hypochlorite for 5 min, and washed 
again with water. After being air-dried, the samples were coated 
with gold and palladium, and examined by FEI/Philips XL30 
Field emission environmental SEM.

Radiograph and Micro-CT Imaging of Mandibles from 
1-month-old Dkk1 Transgenic Mice

Both the wild-type and Dkk1-Tg mandibles were radiographed 
with a Faxitron model MX-20 System (Faxitron X-Ray LLC, 
Lincolnshire, IL, USA), and scanned with a Micro-CT 35 
(Scanco Medical AG, Bassersdorf, Switzerland).

Results

The 2.3-kb Col 1a1-Dkk1 Transgene Is Highly Expressed 
in Odontoblasts and Pulp Cells

To determine whether DKK1 plays a role in odontogenesis, we 
first compared the DKK1 expression patterns during dentino-
genesis in WT and Tg mice starting from E16.5. Analysis of the 
immunohistochemical data from E16.5 molars showed that 
DKK1 is largely undetected in both WT and Tg odontoblasts 
(Fig. 1A). DKK1 was weakly expressed in WT newborn odon-
toblasts (Fig. 1B, left panel), but had a much higher expression 
level in newborn Dkk1-Tg pulp cells and odontoblasts within 
the molars at a low antibody concentration (Fig. 1B, right 
panel; 1:100 dilution). Higher expression levels were also 
observed in pulp and odontoblast cells of Dkk1-Tg 1-week 
mandibular molars (Fig. 1C). A weak DKK1 signal was detected 
in osteoblast cells, but a much higher level of DKK1 was 
detected in Tg osteoblasts (Fig. 1D). A clear DKK1 signal was 
detected in newborn and 1-week WT pulp, odontoblast, and 
ameloblast cells at a high antibody concentration (Appendix 
Fig. 1).

The 2.3-kb Col 1a1-Dkk1 Transgenic Mice Display a 
Striking Molar Phenotype in the Mandible

To address whether overexpression of Dkk1 in mesenchymal 
cells changes the tooth phenotype, we first screened mandibular 
samples using x-ray and µCT (Fig. 2A). Unexpectedly, the 3rd 
molar in all Dkk1 Tg mice was invisible in mice examined at the 
age of 2 wks (Appendix Fig. 2A and Appendix Table, 6 out of 
6) and 4 wks (Appendix Fig. 2B and Appendix Table, 6 out of 
6). The radiograph and µ-CT images obtained from the 1st molar 
also showed a malformed crown which is reduced in size and 
has short roots and an enlarged pulp/root canal region. The 2nd 
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molar is much smaller than that in the age-matched control (Fig. 
2A, right panels). Analysis of quantitative data showed that 
reduction of the full tooth, the root length, the ratio of tooth root/
full tooth length, and dentin thickness in the Dkk1-Tg 1st molar 
is significant (Fig. 2B).

Since the tooth root is embedded in alveolar bone and the 
Dkk1 transgene is targeted to the osteoblast cells (Fig. 1D), we 
next asked whether there is an alveolar bone phenotype that 
could be responsible for the tooth phenotype observed within 
the Dkk1-Tg mice. There is mild bone loss in the Dkk1-Tg mice, 
shown by µCT and H&E staining assays (data not shown), 
although it is very unlikely that bone loss is the major cause of 
such a severe tooth phenotype.

Figure 1.  Expression patterns of the 2.3-kb Col1a1-Dkk1 transgene 
(Tg) during tooth development. Immunohistochemical staining showing 
DKK1 expression patterns in both WT and Tg mice during different 
stages of mouse tooth development. (A) At E16.5, DKK1 is highly 
expressed in the Tg mouse alveolar bone (AB), with no signal in the 
molars (right panel) compared with the age-matched control (left 
panel). (B) In the Tg newborn first molars, DKK1 is highly expressed in 
the pulp and odontoblast cells (right panel), compared with the age-
matched control (left panels). (C) In 1-week-old Dkk1-Tg mouse molars, 
the DKK1 signal was maintained high in both pulp and odontoblast 
cells. (D) In the newborn alveolar bone, the DKK1 signal was detected 
in both WT (left panel) and Dkk1 Tg (right panel) osteoblast cells.

Figure 2.  Dkk1-Tg mice display a severe tooth defect in the mandible 
(1 mo old). (A) Representative radiograph (upper panels) and µCT 
(lower panels) images reveal a severe molar phenotype in a 1-month-
old Dkk1-Tg mandible, including an expanded pulp chamber and root 
canal region in the 1st molar, a small malformed 2nd molar, and lacking 
a 3rd molar. (B) Analysis of quantitative data based on radiographs 
(see Appendix Fig. 2C for the measurement method) showed a 
significant reduction of dentin root in the Dkk1-Tg 1st molar (data are 
mean ± SEM from n = 4 samples, **p < 0.01; ***p < 0.001 by 
Student’s t test). The 1st molar dentin thickness was calculated based 
on SEM images obtained from 4 WT and 4 Tg 1-month-old samples. 
(C) Images of an acid-etched resin-embedded 1-month-old 1st molar 
with a striking difference between the well-organized WT dentin 
tubules (left panel) and the irregular dentin structure in the Dkk1-Tg 
mouse (right panel). Analysis of quantitative data showed a significant 
reduction of dentin tubule numbers in the Dkk1-Tg mouse (middle 
panel,> data are mean ± SEM from n = 4 samples, **p < 0.01). (D) 
1-month-old 1st molar fluorochrome-labeled sections of the lower first 
molar from WT (left panel) and Dkk1-Tg mice (right panel) unveiled a 
reduction of the dentin mineralization rate in the Tg mice. Scale bar = 
200 μm. Quantitative analysis shows a significant difference in the 
dentin appositional rate between the WT and Tg first molar (data are 
mean ± SEM from n = 4 samples, ***p < 0.001 by Student’s t test).
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To determine whether the overexpression of Dkk1 changes 
the dentin ultrastructure, we next examined the first mandibular 
molar by SEM using an acid-etched resin-casting technique 
(Fig. 2C). When comparing the Dkk1-Tg first molars with the 
age-matched controls, we observed striking differences in the 
appearance of the dentin tubules, with the tubular processes 
being sharply reduced and disorganized. Analysis of quantita-
tive data showed a significant reduction of dentinal tubule num-
ber in Dkk1-Tg mice (Fig. 2C, middle panel). We also measured 
the dentin apposition rate using a fluorochrome labeling assay 
(Miller et al., 1985). The distance between the 2 fluorochrome-
labeled lines was used to calculate the dentin formation rate and 
was shown to be significantly reduced in the Dkk1-Tg mandibu-
lar molars (> 20%, Fig. 2D).

The above data indirectly reflect a critical role of Wnt/β-
catenin signaling during post-natal molar dentin formation.

The 2.3-kb Col 1a1-Dkk1 Transgenic Mice Exhibit Dentin 
Erosion and Expanded Periodontal Ligament (PDL)

Because the striking tooth phenotype is displayed in the man-
dibular molars at 1 mo of age, we further characterized the 
dentin phenotype using backscattered SEM imaging, which 
displayed numerous areas of dentin erosion in the Dkk1-Tg mice 
(Fig. 3A, right panel). To address the cause of dentin erosion, 
we re-examined DKK1 expression in the first molar. 
Unexpectedly, DKK1 was detected in the PDL cells and the 
acellular matrix with the area of dentin erosion which was filled 
with many cells (Fig. 3B, right panel). Since the osteoclast is the 
only cell that can resorb the mineralized tissue, we next exam-
ined the presence of osteoclast cells using a TRAP staining 
assay. The results showed that overexpression of DKK1 signifi-
cantly increased osteoclast numbers (Figs. 3C, 3D, right panels). 
We also showed that there were few acellular cementoblasts in 
the Dkk1-Tg mice (Figs. 3B, 3C, right panel), and the μCT 
image displayed an expanded PDL region (Fig. 3E, right panel). 
Analysis of these data, taken together, supports the notion that 
dentin erosion is caused by two factors: an increase in osteoclast 
number and a defect in acellular cementoblasts within Dkk1-Tg 
mice.

Overexpression of DKK1 Delays the Maturation of 
Dentinogenesis during Post-natal Development

To study the mechanism by which the targeted overexpression 
of Dkk1 leads to the above dentin structural changes, we inves-
tigated the expression patterns of OSX (osterix), a transcription 
factor which is critical for tooth formation (Lu et al., 2007), and 
nestin, a specific marker for odontoblasts reflecting its neural-
crest derivation (Terling et al., 1995; Struys et al., 2005). 
Analysis of immunohistochemical data showed that OSX was 
mainly expressed in the nucleus of odontoblasts of WT molars 
(Figs. 4A, 4B, left panels). Conversely, OSX was expressed in a 
much broader array of cells, including later pulp cells and early 
odontoblasts, and the Dkk1-Tg molars lacked a defined polar-
ized odontoblast layer (Fig. 3C and Appendix Fig. 4, right pan-
els). In addition, analysis of nestin antibody staining data 
revealed a sharp reduction of nestin expression levels in Dkk1-Tg 
odontoblasts (Fig. 4C, right panel). Analysis of these data sug-
gests that DKK1 regulates Osx and nestin in post-natal dentin 

Figure 3.  Dentin erosion in the Dkk1-Tg lower first molar. (A) 
Backscattered SEM images displaying a reduced dentin thickness and 
areas of dentin erosion in Dkk1-Tg 1-month-old molars (right panel). (B) 
Immunostained images show a strong DKK1 expression in pulp/
odontoblast cells, plus a weak expression of DKK1 in the Dkk1-Tg PDL 
and acellular cementoblasts in the 1-month-old molars. The number of 
acellular cementoblasts appears to be reduced (right panel) compared 
with the age-matched WT control (left panel), exposing the dentin to 
osteoclast erosion. (C) TRAP (Tartrate-resistant acid phosphatase) 
-stained images showing more TRAP+ cells in the Dkk1-Tg mouse AB 
with a few in the eroded dentin and PDL region (right panel). A 
majority of the PDL region was occupied by fibrous-like cells, with few 
acellular cementoblast cells in the Dkk1-Tg mouse. Dkk1-Tg mice 
appear to be lacking a polarized odontoblast layer. (D) Analysis of 
quantitative TRAP-staining data showed a significant increase in 
osteoclast numbers in the Dkk1-Tg mouse (data are mean ± SEM from 
n = 6 replicates, ***p < 0.001 by Student’s t test). (E) The μCT images 
confirmed the expanded PDL region and eroded root surface in the 
Dkk1-Tg mouse (right panel, arrows). AC, acellular cementoblasts; D, 
dentin; Od, odontoblast; PDL, periodontal ligament.
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formation, and that the changes of these molecules could be 
partly responsible for the immature odontoblast phenotype in 
the Dkk1 Tg mice.

Discussion

Dkk1, primarily expressed in mesenchymal-derived tissues such 
as the dental papilla, pre-odontoblasts, and odontoblasts during 
tooth development, is speculated to be important for dental pat-

terning and crown morphology (Fjeld et al., 2005). In this study, 
we directly targeted Dkk1 overexpression in pulp odontoblasts 
to investigate its specific role during post-natal tooth (particu-
larly root) development in vivo. Our main findings (see Appendix 
Table) are: (1) The Dkk1 transgene, driven by the rat 2.3-kb Col 
1a1 promoter, whose activity is observed in both pulp (low 
level) and odontoblast (high level) cells (Braut et al., 2003) (also 
see Appendix Fig. 5), is mainly expressed in post-natal pulp and 
odontoblast cells; (2) Dkk1-Tg mandibular molars display a 
severe post-natal phenotype, including short roots, an enlarged 
pulp/root canal region, thin dentin, a considerable reduction in 
the dentin formation rate, a small malformed second molar, and 
an absent third mandibular molar; and (3) changes of Osx and 
nestin expression in odontoblast cells, an increased number of 
immature odontoblasts, few mature odontoblasts, and a sharply 
reduced dentinal tubule number. Thus, we propose that DKK1 
controls post-natal mandibular molar dentin formation either 
directly or indirectly via inhibition of Wnt signaling in the fol-
lowing levels: (i) post-natal dentin formation, (ii) formation and/
or maintenance of the dentin tubular system, (iii) mineralization 
of the dentin, and (iv) regulation of molecules such as Osx and 
nestin.

The actual role of Wnt/β-catenin or DKK1 in post-natal tooth 
(especially root) formation is not clear, since previous work 
mainly focused on tooth germ and crown formation during 
embryonic development. In this work, we directly target DKK1 
in pulp and odontoblast cells during the post-natal developmen-
tal stage. Analysis of our data clearly showed a striking dentin 
phenotype (see above), suggesting that Wnt/β-catenin signaling 
continuously plays a key role during post-natal dentin forma-
tion. Interestingly, the 2.3-kb Col 1a1-Dkk1 transgene is active 
in pulp and odontoblast cells, while there is no sign of the 3rd 
mandibular molar in all Dkk1-Tg mice examined by radiograph, 
with 6 samples at the age of 2 wks and 6 samples at the age of 
4 wks (Fig. 2 and the Appendix Table; see Appendix). With an 
H&E staining assay, we noticed an empty cavity within the 
Dkk1-Tg mandibular alveolar bone where the 3rd molar should 
be (data not shown), suggesting that the tooth germ was formed 
but its growth was arrested and then it was subsequently 
resorbed. Thus, we speculate that the high level of DKK1 
released from pulp cells either directly or indirectly (through the 
inhibition of Wnt/β-catenin signaling) blocks further develop-
ment of the 3rd molar. At this stage, we do not know whether 
this inhibitory role is Wnt/β-catenin-dependent or –independent, 
or both. Future generation of an odontoblast-specific Dkk1 
knockout animal model would yield a clearer picture of the roles 
of DKK1 in post-natal tooth development. In addition, we plan 
to cross the 2.3-kb Col1a1-Dkk1 Tg mice to the Top-gal mouse 
line (DasGupta and Fuchs, 1999), to determine whether LacZ 
expression, which reflects Wnt/β-catenin signaling, is altered in 
the Dkk1-Tg tooth.

Tooth, unlike bone, is usually not resorbed by osteoclasts, 
likely because of the presence of anti-resorption factors residing 
in the PDL region and an intact acellular cementoblast layer for 
its protection (Andreasen and Andreasen, 1992). Here we 
showed severe dentin resorption on the Dkk1-Tg root surface 
(Fig. 3). This defect is most likely caused by an increase in 

Figure 4.  Defects in odontogenesis in the Dkk1-Tg molar and working 
hypothesis. (A,B) Analysis of immunohistochemical data showed that 
OSX was mainly expressed in the odontoblast (Od) layer in the wild-
type mouse (WT, left panels), whereas OSX was widely expressed in 
immature odontoblast cells in Dkk1-Tg pulp (right panels). (C) Analysis 
of immunohistochemical data revealed a marked reduction of nestin in 
Dkk1-Tg dentin (right panel) compared with the WT (left panel). Pd, 
predentin.
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osteoclast numbers and a defect in the acellular cementum. It is 
known that Wnt signaling up-regulates OPG in the mature 
osteoblast, which blocks RANKL-induced osteoclastogenesis 
(Goldring and Goldring, 2007). Overexpression of DKK1 will 
increase osteoclast numbers via an inhibition of Wnt signaling.

In contrast to the severe tooth phenotype observed in the 
mandibular molars (Fig. 2), the maxillary molar phenotype is 
mild (Appendix Fig. 3), suggesting that regulation of tooth pat-
terning is complex. Similar variation in tooth phenotype within 
other genetic animal models has also been reported. For exam-
ple, Thomas et al. demonstrated that null mutations of both 
Dlx-1 and Dlx-2 homeobox genes display no maxillary molars, 
while the incisors and the mandibular molars develop normally 
(Thomas et al., 1997). Denaxa et al. showed that a double 
knockout of homeodomain transcription factors Lhx6 and Lhx7 
leads to molar agenesis, with incisors being largely unaffected 
(Denaxa et al., 2009).

In summary, 2.3-kb Col1a1-Dkk1 transgenic mice display a 
striking dentin phenotype, which occurs post-natally. We pro-
pose that DKK1 in pulp and odontoblast cells directly or indi-
rectly (though the inhibition of Wnt signaling) controls post-natal 
mandibular molar development at three levels: (i) gene expres-
sion (through molecules such as Osx and nestin) and cell matu-
ration; (ii) dentin ultrastructure; and (iii) dentin mineralization.
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