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Background and Objective: Wingless-type MMTV integration site family (Wnt)/

b-catenin signaling plays an essential role in cellular differentiation and matrix

formation during skeletal development. However, little is known about its role

in tooth-root formation. In a previous study, we found excessive formation of

dentin and cementum in mice with constitutive b-catenin stabilization in the

dental mesenchyme. In the present study we analyzed the molar roots of these

mice to investigate the role of Wnt/b-catenin signaling in root formation in

more detail.

Material and Methods: We generated OC-Cre:Catnb+/lox(ex3) mice by intercross-

ing Catnb+/lox(ex3) and OC-Cre mice, and we analyzed their mandibular molars

using radiography, histomorphometry and immunohistochemistry.

Results: OC-Cre:Catnb+/lox(ex3) mice showed impaired root formation. At the

beginning of root formation in mutant molars, dental papilla cells did not show

normal differentiation into odontoblasts; rather, they were prematurely differen-

tiated and had a disorganized arrangement. Interestingly, SMAD family mem-

ber 4 was upregulated in premature odontoblasts. In 4-wk-old mutant mice,

molar roots were about half the length of those in their wild-type littermates. In

contrast to excessively formed dentin in crown, root dentin was thin and hypo-

mineralized in mutant mice. Biglycan and dentin sialophosphoprotein were

downregulated in root dentin of mutant mice, whereas dentin matrix protein 1

and Dickkopf-related protein 1 were upregulated. Additionally, ectonucleotide

pyrophosphatase/phosphodiesterase 1 was significantly downregulated in the

cementoblasts of mutant molars. Finally, in the cementum of mutant mice, bone

sialoprotein was downregulated but Dickkopf-related protein 2 was upregulated.

Conclusion: These results suggest that temporospatial regulation of Wnt/b-cate-
nin signaling plays an important role in cell differentiation and matrix formation

during root and cementum formation.
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During tooth development, root for-

mation follows crown development.

At the late bell stage of tooth germ,

the inner and outer enamel epithelium

in the cervical loop extend apically to

form Hertwig’s epithelial root sheath

(HERS). Mesenchymal cells in dental

papilla, located inside HERS, start to

differentiate into odontoblasts to

produce root dentin (1). After the

initiation of root-dentin formation,

cementoblasts are differentiated and

produce cementum, a thin mineralized

tissue on the root surface, which

assists in anchoring teeth to the sur-

rounding alveolar bone (2).

While it is known that numerous

growth factors and transcription fac-

tors such as sonic hedgehog, bone mor-

phogenetic protein (BMP) and muscle

segment homeodomain-homeobox 1,

are extensively expressed in the dental

epithelium and mesenchyme during

root development (3,4), the molecular
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mechanisms regulating this process are

not yet fully understood. Recently, the

roles of several signaling molecules in

root development have been described.

For instance, nuclear factor I/C, a

CCAAT box-binding transcription fac-

tor, has been found to regulate odonto-

blast differentiation during root

development (5). Additionally, SMAD

family member 4 (SMAD4) and

PTCH1 regulate root formation (4,6),

and ablation of Smad4 and Ptch1

genes in the dental mesenchyme leads

to disturbance of root formation. Alto-

gether, these findings indicate that

transforming growth factor beta

(TGF-b)/BMP and sonic hedgehog sig-

naling are involved in root formation

through regulating odontoblast differ-

entiation. Moreover, it has been

reported that epithelial SMAD4 signal-

ing is essential for HERS elongation

and that it also regulates the fate of the

dental mesenchyme through the

SMAD4/sonic hedgehog/nuclear fac-

tor I/C signaling cascade (7). Neverthe-

less, the molecular mechanism

underlying odontoblast differentiation

during root development is not yet

completely known.

Wingless-type MMTV integration

site family (Wnt)/b-catenin signaling

plays an essential role in the morpho-

genesis and cellular differentiation

of many tissues (8). During tooth devel-

opment, Wnt/b-catenin signaling plays

multiple roles in various stages of tooth

morphogenesis (9). However, little is

known about the involvement of Wnt/

b-catenin signaling in cellular differenti-
ation and matrix formation during

tooth formation. Recently, we showed

that constitutive stabilization of b-cate-
nin in the dental mesenchyme leads to

the formation of excessive dentin and

cementum (10). Although we did not

explore the underlying mechanisms, the

results of our study suggest that local

modulation of Wnt/b-catenin signaling

may play critical roles in the differentia-

tion of odontoblasts and cementoblasts

during tooth development. In the pres-

ent study, we analyzed the molar roots

and cementum of mice in which b-cate-
nin was stabilized in the dental mesen-

chyme, in order to investigate the role

of Wnt/b-catenin signaling in root and

cementum formation in more detail.

Material and methods

Mouse strains and genotyping

All experimental procedures were

approved by the Animal Welfare Com-

mittee of the Chonbuk National Uni-

versity. For stabilization of b-catenin
in the dental mesenchyme, Catnb+/lox

(ex3) mice were crossed with OC-Cre

mice, as previously described (10).

Soft X-ray analysis and tooth

isolation

Dissected mandibles from 4-wk-old

OC-Cre:Catnb+/lox(ex3) (MT) and

wild-type (WT) mice were examined on

a soft X-ray system (SOFTEX CSM-2; Sof-

tex Co. Ltd., Kanagawa, Japan). The

mandibles were incubated in 50 mM

Tris–HCl (pH 8.0) containing 0.5%

sodium dodecyl sulfate and 0.2 mg/mL

of proteinase K at 55°C for 1 h. After

briefly washing with water, the first

molars were extracted and photo-

graphed under a stereomicroscope.

Histology and

immunohistochemistry

For histological examination, mandi-

bles from 8-d- and 4-wk-old mice were

dissected and fixed in 4% paraformal-

dehyde at 4°C overnight. After rinsing

with 0.01 M phosphate-buffered saline,

the specimens were decalcified in 0.01 M

phosphate-buffered saline containing
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Fig. 1. Disturbances in root formation of OC-Cre:Catnb+/lox(ex3) (MT) mice. (A, B) In

microradiography, small mandible and root abnormalities are observed in MT mice. (C)

Short roots are observed in the isolated mandibular first molar of MT mice. (D, E)

Hematoxylin and eosin-stained frontal sections of the developing mandibular first molar

at postnatal day (P) 8. The boxed areas in panels D and E are shown at higher magnifica-

tion in panels F and G, respectively. (F, G) Dental papilla cells are well differentiated and

regularly arranged inside the Hertwig’s epithelial root sheath (HERS) in wild-type (WT)

mice, whereas the dental papilla cells (indicated by the arrows) are poorly differentiated

and disorganized in MT mice. (H–K) b-catenin and SMAD family member 4 (SMAD4)

are weakly expressed in the differentiating root odontoblasts of WT mice, but are strongly

upregulated in the nucleus of the differentiating odontoblasts of MT mice (indicated by

the arrowheads). HERS, Hertwig’s epithelial root sheath; Od, odontoblasts. Scale bars:

500 lm in panel D and 50 lm in panel F.
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10% ethylenediaminetetraacetic acid

for 2–4 wk, dehydrated, embedded in

paraffin and sectioned at a thickness of

5 lm. The slides were stained with

hematoxylin and eosin.

For immunohistochemistry studies,

frontal sections were treated with 3%

hydrogen peroxide and then incubated

with rabbit polyclonal antibodies

against b-catenin (1 : 200 dilution;

Thermo Scientific, Fermont, CA,

USA), SMAD4 (1 : 300 dilution;

Abcam, Cambridge, MA, USA), bigly-

can (1 : 800 dilution; kindly provided

by Dr. Larry Fisher, NIDCR,

Bethesda, MD, USA), dentin sialo-

phosphoprotein (1 : 400 dilution; Dr.

Larry Fisher), dentin matrix protein 1

(1 : 500 dilution; Takara Bio Inc., Shi-

ga, Japan) and bone sialoprotein (Bsp)

(1 : 1200 dilution; Abcam), and with

goat polyclonal antibodies against

ectonucleotide pyrophosphatase/phos-

phodiesterase 1 (E-NPP 1) (1 : 200

dilution; Santa Cruz Biotechnology,

Inc., Santa Cruz, CA, USA), fibroblast

growth factor 23 (1 : 200 dilution;

Santa Cruz Biotechnology), Dickkopf-

related protein (Dkk)-1 (1 : 100 dilu-

tion; R&D Systems Inc., Minneapolis,

MN, USA) and Dkk-2 (1 : 100 dilu-

tion; R&D Systems). To mark the

odontoblasts, mouse monoclonal anti-

nestin Ig G (1 : 200 dilution; Chem-

icon, Temecula, CA, USA) was also

used.

Histostain Plus Rabbit/Mouse Pri-

mary kits (Zymed Laboratories, San

Francisco, CA, USA) and goat Immu-

noCruz staining system (Santa Cruz

Biotechnology) were used following

each manufacturer’s instructions.

Histomorphometry and statistical

analysis

Histomorphometry was performed on

the frontal sections obtained from

hematoxylin and eosin staining and

BSP immunohistochemistry using

ANALYSIS software (Soft Imaging Sys-

tem GmbH, Muenster, Germany).

Root dentin and cementum thickness

were measured at a site 300 and

100 lm apical to the cemento–enamel

junction of the mandibular first

molars, respectively. The results are

presented as mean ± standard error of

the mean. All statistical analyses were

performed using GRAPHPAD PRISM soft-

ware (GraphPad Software, Inc., La

Jolla, CA, USA). Statistical differ-

ences were determined using the Stu-

dent’s t-test and values of p < 0.05

were considered significant.

Results

Constitutive stabilization of

b-catenin in the dental mesenchyme

disturbs tooth-root formation

Radiographic examination revealed

that the mandibles of MT mice were

smaller than those of WT mice at the

age of 4 wk (Fig. 1A, B). Incisors and

molars developed and erupted nor-

mally in WT mice. In contrast, in MT

mice incisors exhibited retarded erup-

tion and molars had short roots. No

significant difference was observed in

the gross appearance and crown

dimensions of isolated mandibular

first molars of WT and MT mice.

However, root formation was severely

disturbed in MT mice and was about

half the length of that of their WT lit-

termates (Fig. 1C).

At the initial stage of root formation,

odontoblasts were gradually differenti-

ated from the dental papilla cells and

were arranged along the inner enamel

epithelium in WT mice (Fig. 1D, F). In

MT mice, odontoblasts exhibited pre-

maturely differentiated features, such

as loose cellular polarities and a disor-

ganized arrangement (Fig. 1E, G). In

WT mice, b-catenin was expressed in

the differentiating odontoblasts, but

was more strongly expressed in the
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Fig. 2. Abnormal dentin and cementum formation in the roots of OC-Cre:Catnb+/lox(ex3)

(MT) mice at postnatal day (P) 28. (A, B) In the frontal sections of the mandibular first

molars, root dentin of MT mice is thin and hypomineralized, whereas that of wild-type

(WT) mice is formed and mineralized normally. Panels E and F are higher magnifications

of the boxed areas in panels A and B, respectively. (C, D) In immunohistochemistry, nes-

tin is localized in the well-differentiated odontoblasts and their processes, but the prema-

turely differentiated odontoblasts of MT mice lose their cytoplasmic processes and nestin

immunoreactivity. (G, H) Cementum is clearly marked by bone sialoprotein (BSP) immu-

nohistochemistry. In WT mice, acellular cementum is regularly formed along the root sur-

face, whereas a large amount of cementum is deposited in MT mice. (I, J) The decrease of

root-dentin width and the increase of cementum deposition following the stabilization of

b-catenin in the dental mesenchyme is statistically significant (*p < 0.05). Ab, alveolar

bone; d, dentin; P, pulp; PDL, periodontal ligament. Scale bars: 50 lm in panel A; and

25 lm in panels C, E and G.
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premature odontoblasts of MT mice

(Fig. 1H, I). SMAD4, the common

mediator of TGF-b/BMP signaling,

was also expressed in the cytoplasm of

differentiating odontoblasts of WT

mice (Fig. 1J). Interestingly, SMAD4

was strongly expressed in the nuclei of

premature odontoblasts in MT mice

(Fig. 1K).

Thin root dentin and cementum

hyperplasia in OC-Cre:Catnb+/lox(ex3)

mice

In hematoxylin and eosin-stained sec-

tions of the mandibular first molar of

4-wk-old mice, mineralized root den-

tin with thin predentin produced by

well-differentiated odontoblasts was

observed (Fig. 2A). Thin acellular

cementum was deposited along the

root surface in WT mice (Fig. 2A). In

MT mice, hypomineralized dentin

matrix with premature odontoblasts

was observed in some cells included

within the matrix. In the root surface

of MT molars, thick cementum was

deposited along with whole root sur-

face and some cementoblasts were

also present in their matrix (Fig. 2B).

Periodontal spaces between the root

surface and the alvelolar bone were

narrower in MT mice than in WT

mice (Fig. 2A, B).

In WT mice, root odontoblasts

were well differentiated with cytoplas-

mic processes and were specifically

identified by nestin immunohisto-

chemistry. However, the root odonto-

blasts of MT mice did not exhibit

nestin immunoreactivity owing to the

absence of cytoplasmic processes and

a loss of cell polarity (Fig. 2C, D).

In the region 300 lm apical to the

cemento–enamel junction, the mean

dentin thickness of WT and MT mice

was 97.40 ± 2.31 lm (n = 9) and

71.42 ± 6.78 lm (n = 9), respectively

(Fig. 2E, F, I). BSP immunohisto-

chemistry revealed deposition of a sig-

nificantly larger amount of cementum

in MT mice compared with WT mice

(p < 0.05, Fig. 2G, H). In the region

100 lm apical from the cemento–
enamel junction, the cementum thick-

ness of WT and MT mice was

5.89 ± 0.93 lm (n = 9) and 30.19 ± 8.

32 lm (n = 9), respectively (Fig. 2J).

Thin and hypomineralized root

dentin is caused by the

dysregulation of noncollagenous

proteins

To identify the changes of matrix pro-

tein expression in the root dentin fol-

lowing the persistent stabilization of

b-catenin in the dental mesenchyme,

we performed immunohistochemistry

using antibodies to dentin matrix pro-

tein (Fig. 3). Biglycan and dentin

sialophosphoprotein were localized in

the predentin and dentin, respectively,

in WT mice but were significantly

downregulated in MT mice (Fig. 3A–
D). In contrast, dentin matrix protein

1 was weakly expressed in the root

dentin of WT mice, but was signifi-

cantly upregulated in MT mice

(Fig. 3E, F). Interestingly, Dkk-1, a

Wnt inhibitor, was not expressed in

the root dentin of WT mice, but was

observed in MT mice.

Excessive deposition of cellular

cementum is associated with

downregulation of NPP1 in

cementoblasts

NPP1, a cell-membrane protein that

regulates the extracellular pyrophos-

phate level, was specifically localized

in the cementoblasts located along the

A B

C D

E F

G H

Fig. 3. Molecular changes in the root dentin of the OC-Cre:Catnb+/lox(ex3) (MT) mice. (A

–D) In the roots of wild-type (WT) mice, biglycan and dentin sialophosphosphoprotein

are localized in the predentin and mineralized dentin, respectively. However, both biglycan

and dentin sialophosphosphoprotein are significantly decreased in the MT mice. (E–H)

Dentin matrix protein 1 and Dickkopf-related protein 1 are weakly or not expressed in the

root dentin of WT mice. However, they are upregulated in the root dentin of MT mice.

BGN, biglycan; d, dentin; Dkk-1, Dickkopf-related protein 1; DMP1, dentin matrix pro-

tein 1; DSPP, dentin sialophosphosphoprotein; pd, predentin. Scale bar: 25 lm.
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root surface of molars in WT mice

(Fig. 4A). Interestingly, NPP1 expres-

sion was significantly downregulated

in the cementoblasts of molars in MT

mice (Fig. 4B). BSP was restricted to

the cementum along the root surface

of molars in WT mice (Fig. 4C), but

was slightly decreased in the excessive

deposited cementum of MT mice

(Fig. 4D). An inhibitor of Wnt signal-

ing, Dkk-2, was not expressed in the

cementum of WT mice but was localized

in the cementum around cementocytes

in MT mice (Fig. 4E, F).

Discussion

Excessive dentin and cementum

formed in the teeth of mice in which

b-catenin was constitutively stabilized

in the dental mesenchyme (10), sug-

gesting that local modulation of the

Wnt/b-catenin signaling pathway may

be implicated in the regeneration of

dentin and cementum. Here, we dem-

onstrated that constitutive stabiliza-

tion of b-catenin in the dental

mesenchyme leads to the formation of

abnormally short roots with thick

cementum, associated with disrupted

differentiation of odontoblasts and

phosphate homeostasis.

Root formation is initiated with the

extension of HERS following crown

development (1). Cells in the dental

papilla are gradually differentiated

into pre-odontoblasts and then into

odontoblasts, which form a regular

arrangement inside the HERS and

produce root dentin. In the molars of

MT mice, HERS extended, as normal,

from the crown, but dental papilla

cells next to HERS were disorganized

without cellular polarity and formed

extremely short roots. These findings

indicate that stabilization of b-catenin
in the dental mesenchyme disrupts the

differentiation of odontoblasts for root

elongation. In our previous work, we

observed that the crown size and the

shape of mutant molars were similar

to those of WT mice, but the prema-

turely differentiated odontoblasts

observed in these mutants continu-

ously produced a large amount of den-

tin in the pulp chamber (10). These

phenotypic discrepancies indicate that

prematurely differentiated odonto-

blasts, induced by persistent stabiliza-

tion of b-catenin, may give rise to

different disturbances in the crown and

roots during development. To date,

several signaling molecules, such as

nuclear factor I/C, Ptch1 and SMAD4,

have been associated with root forma-

tion (4–6). Interestingly, root abnorm-

alities were observed in mice

containing mutants of these genes, but

there were no disturbances in the

crown. Together, it could be suggested

that different regulatory mechanisms

underlying dentin formation may exist

during crown and root development,

and that Wnt/b-catenin signaling,

along with these genes, may play criti-

cal roles in root elongation during

tooth development.

In the present study, we also dem-

onstrated that Smad4, the common

mediator of TGF-b/BMP signaling,

was significantly upregulated in the

prematurely differentiated odonto-

blasts of MT molars during the initia-

tion of root formation. This

demonstrates that persistent stabiliza-

tion of b-catenin in the differentiating

odontoblasts leads to activation of

SMAD4-mediated signaling. It has

been reported that TGF-b/BMP sig-

naling interacts with the Wnt/b-cate-
nin signaling pathway through the

regulation of Wnt inhibitors (e.g.

Dkk-1 and sclerostin) during bone

formation (11,12). Furthermore, Li

et al. (13) recently reported that tis-

sue-specific ablation of SMAD4 in the

dental mesenchyme leads to defects in

odontoblast differentiation and dentin

formation. Loss of SMAD4 in odon-

toblasts results in the upregulation of

Wnt/b-catenin signaling via the down-

regulation of Dkk-1 and Secreted friz-

zled-related protein. Conversely, our

data showed that upregulation of

SMAD4 was induced by the consti-

tutive stabilization of b-catenin in

A B

C D

E F

Fig. 4. Molecular changes in the cementoblasts and cementum of the OC-Cre:Catnb+/lox

(ex3) (MT) mice. (A–D) In wild-type (WT) mice, ectonucleotide pyrophosphatase/phospho-

diesterase 1 (NPP1) is specifically expressed in cementoblasts (indicated by arrowheads)

but is significantly downregulated in MT mice. (C, D) Bone sialoprotein is also specifically

expressed in the cementum of WT mice but is significantly downregulated in the cementum

of MT mice. (E, F) Dickkopf-related protein 2 (an inhibitor of Wnt signaling) is not found

in the cementum of WT mice, but is observed in the cementocytes (indicated by arrows)

included in the cementum matrix of MT mice. b; bone; c, cementum; d, dentin; Dkk-2,

Dickkopf-related protein 2; pdl, periodontal ligament. Scale bar: 25 lm.
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odontoblasts. Thus, SMAD4 may be

required for the upregulation of Wnt

inhibitors to compensate for the

persistent activation of Wnt/b-catenin
signaling in odontoblasts. Our study

also showed that Dkk1 was upregu-

lated in the root dentin of mutants

and this might have caused alterations

in the levels of biglycan, dentin sialo-

phosphoprotein and dentin matrix

protein 1 in the root dentin. Thus,

our findings, and those of others, sug-

gest that dysregulation of SMAD4

may disturb the terminal differentia-

tion of odontoblasts and dentin

matrix formation, and that the molec-

ular circuit between TGF-b/BMP and

Wnt/b-catenin signaling, mediated by

Wnt inhibitors, may participate in the

differentiation of odontoblasts during

root formation.

Cementum is known to be a phos-

phate-sensitive tissue (14). It has been

reported that several molecules related

to phosphate/pyrophosphate homeo-

stasis are associated with cementum

formation. Acellular cementum is not

formed in alkaline phosphatase null

mice (15), whereas a large amount of

cementum is deposited in Npp1 and

ANK mutants, as shown in OC-Cre:

Catnb+/lox(ex3) mutants (10,14,16).

Despite the observation that certain

phenotypic similarities exist in the

cementum of NPP1, Ank and

OC-Cre:Catnb+/lox(ex3) mutants, the

relationship between Wnt/b-catenin
signaling and NPP1 and Ank proteins

in cementum formation is not fully

known. In this study, we demon-

strated that NPP1 was significantly

downregulated in the cementoblasts

of OC-Cre:Catnb+/lox(ex3) mutant

molars, indicating that stabilized b-
catenin negatively regulates NPP1

expression in cementoblasts and leads

to excessive cementum deposition.

This observation is consistent with

those in previous studies showing

increased cementum depositions in

NPP1 mutants (14). However,

recently it was also reported that

NPP1 was upregulated in the ce-

mentoblasts of Ank mutants (16).

From these findings, it could be spec-

ulated that dysregulation of NPP1 in

cementoblasts might cause large

amount of cementum deposition. At

any rate, however, further studies

using Npp1 mutant mice will be neces-

sary to elucidate the roles of NPP1 in

the formation of cementum. In view

of these previous findings and those

of the present study, inhibition of

Wnt/b-catenin signaling may be

required for expression of Npp1 in ce-

mentoblasts in order to maintain the

integrity of the cementum and the

periodontium during development.

In conclusion, temporospatial regu-

lation of Wnt/b-catenin signaling may

play critical roles in root formation

and cementum deposition. Inhibition

of Wnt/b-catenin signaling may be

required for root and cementum for-

mation during tooth development.
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