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Abstract
It has been difficult to examine the role of TGF-ß in post-natal tooth development due to perinatal
lethality in many of the signaling deficient mouse models. To address the role of Tgfbr2 in
postnatal tooth development, we generated a mouse in which Tgfbr2 was deleted in odontoblast-
and bone-producing mesenchyme. Osx-Cre;Tgfbr2fl/fl mice were generated (Tgfbr2cko) and
postnatal tooth development was compared in Tgfbr2cko and control littermates. X-ray and μCT
analysis showed that in Tgfbr2cko mice radicular dentin matrix density was reduced in the molars.
Molar shape was abnormal and molar eruption was delayed in the mutant mice. Most
significantly, defects in root formation, including failure of the root to elongate, were observed by
postnatal day 10. Immunostaining for Keratin-14 (K14) was used to delineate Hertwig's epithelial
root sheath (HERS). The results showed a delay in elongation and disorganization of the HERS in
Tgfbr2cko mice. In addition, the HERS was maintained and the break up into epithelial rests was
attenuated suggesting that Tgfbr2 acts on dental mesenchyme to indirectly regulate the formation
and maintenance of the HERS. Altered odontoblast organization and reduced Dspp expression
indicated that odontoblast differentiation was disrupted in the mutant mice likely contributing to
the defect in root formation. Nevertheless, expression of Nfic, a key mesenchymal regulator of
root development, was similar in Tgfbr2cko mice and controls. The number of osteoclasts in the
bone surrounding the tooth was reduced and osteoblast differentiation was disrupted likely
contributing to both root and eruption defects. We conclude that Tgfbr2 in dental mesenchyme and
bone is required for tooth development particularly root formation.
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Introduction
Mammalian teeth develop from the reciprocal interactions between oral epithelium and
underlying neural crest derived mesenchyme (Thesleff and Nieminen, 1996). The formation
of tooth crown is characterized by a series of well-defined stages, epithelial thickening, bud,
cap and bell (Caton and Tucker, 2009). The development of tooth root is initiated
postnatally after completion of crown formation (Lungova et al., 2011). Root formation is
initiated at postnatal day 5 with the formation of a bilayered epithelial structure called the
Hertwig's epithelial root sheath (HERS). After the bell stage, inner and outer enamel
epithelium continues to grow apically and fuse below the level of the crown cervical enamel
to form the HERS (Luan et al., 2006). Morphologically, the HERS bends inwards towards
the pulp chamber at the early stage of root development to guide root elongation (Luan et
al., 2006). The root continues to elongate for approximately 3 weeks. Reciprocal interactions
between the HERS and dental pulp mesenchyme play an important role in the regulation of
odontoblast differentiation in the root promoting radicular (root) dentinogenesis,
development of the periodontium and cementogenesis (Thomas, 1995). The HERS is a
transient structure and fragments into epithelial rests of Malassez (ERM) later during tooth
development (Luan et al., 2006).

Epithelial-mesenchymal interactions during tooth development have been studied for
decades. Conserved signal pathways mediating epithelial-mesenchymal interactions during
tooth development include the TGFβ, Wnt, FGF, Hedgehog, and a TNF signal called
ectodysplasin (Eda) [reviewed in (Bei, 2009)]. The TGFβ family of signaling peptides
includes TGFβs, BMPs, activins and related proteins, which regulate many developmental
processes including tooth development [reviewed in (Massague, 2000)]. TGFβ signals
through a dual receptor system of type I and type II transmembrane serine/threonine kinases
(Janssens et al., 2005). Upon TGFβ binding to type II receptor (Tgfbr2), which is a
constitutively active kinase, type I receptor (Tgfbr1) can be recruited to the complex and
becomes phosphorylated and activated. The canonical Tgfbr2 signaling pathway is mediated
by a group of cytoplasmic signal transducers called Smads. Smads regulate organ
development and disease by directly regulating the transcription of target genes (Janssens et
al., 2005).

The role of members of the TGFβ super family in specific aspects of tooth development and
pathology is most clearly illustrated in mice with mutations or targeted deletions in their
respective genes (Ferguson et al., 1998; Gao et al., 2009; Ko et al., 2007). Many studies
have focused on the action of TGFβ and Smad signalling on tooth development. The TGFβ
type 2 receptor (Tgfbr2) expresses in both epithelium and neural crest derived mesenchyme.
Deletion of Tgfbr2 in Wnt1 expressing mesenchyme results in defects in odontoblast
differentiation and dentin formation in the crown (Ito et al., 2003; Oka et al., 2007). The
ablation of Tgfbr2 signaling in Wnt1 expressing populations leads to cleft palate and
perinatal death so the role of Tgfbr2 in postnatal root development was not addressed.
Smad4 is a central intracellular effector of both TGFβ and BMP signaling. Mice with a
conditional deletion of Smad4 in neural-crest derived mesenchymal cells do not survive
through mid-gestation; however, loss of Smad4 resulted in arrested tooth development at the
lamina stage in a transplant model (Ko et al., 2007). In contrast, mice with a knockout of
Smad4 in Osteocalcin-Cre expressing odontoblasts survive and demonstrate disruption of
root development (Gao et al., 2009). Conditional deletion of Smad4 in dental epithelium
also results in a failure in the elongation of the HERS, indirectly disrupting development of
root dentin (Huang et al., 2010). Since Smad4 affects both TGF-ß and BMP signaling it has
been difficult to sort out which signaling pathways are involved in root development.
Furthermore, many Smad4-independent TGF-ß and BMP signaling pathways exist (Xu et
al., 2008).
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Nuclear factor I transcription protein C (Nfic) has been shown to be a key regulator of
postnatal root formation (Lee et al., 2009a; Lee et al., 2009b; Park et al., 2007; Steele-
Perkins et al., 2003). Mice lacking Nfic had short and abnormal roots due to a disturbance in
odontoblast proliferation and differentiation, and subsequent apoptosis of aberrant
odontoblasts. A recent study suggested that root formation is mediated through a Smad4-
Shh-Nfic signaling cascade (Huang et al., 2010). In this model, Smad4 in the HERS
regulates expression of Shh, which is secreted and acts on the dental mesenchyme through
Nfic to regulate radicular dentin formation in the root. In contrast, others have shown that
Nfic acts upstream of TGF-ß in the dental mesenchyme to down-regulate signaling via
dephosphorylation of Smad proteins (Lee et al., 2009a). Most recently, it was shown that
TGF-ß and Nfic regulate each other's activity in cultured dental mesenchyme. Nfic down-
regulates TGF-ß signals, while TGF-ß promotes the degradation of Nfic (Lee et al., 2011).

Osteoclasts are required to remodel bone and are required for tooth eruption and root
elongation (Aioub et al., 2007; Helfrich, 2005). Osteoclast formation and activity are
regulated by a cascade of signaling molecules including, macrophage colony-stimulating
factor-1 (CSF-1), receptor activator of nuclear factor-kappa B ligand (RANKL), and
osteoprotegerin (OPG). CSF-1 is required to recruit the osteoclast precursors to the dental
follicle, and RANKL is both necessary and sufficient for the complete differentiation of the
precursor cells into mature osteoclasts [reviewed in (Khosla, 2001)]. RANKL is typically
expressed on the surface of pre-osteoblasts, and binds to RANK receptor on osteoclast
precursors after its release into the bone microenvironment. OPG is a soluble decoy of
RANKL and it is secreted by osteoblasts to inhibit osteoclast formation (Khosla, 2001).
TGF-ß signaling in osteoblasts has been shown to control osteoclast numbers in long bone
and calvaria (Filvaroff et al., 1999; Qiu et al., 2010). Mice expressing a dominant-negative
form of Tgfbr2 in mature osteoblasts demonstrate osteopetrosis and fewer osteoclasts
(Filvaroff et al., 1999). Deletion of Tgfbr2 in osteoblasts via Osteocalcin-Cre results in a
similar phenotype (Qiu et al., 2010).

To investigate the role of TGFβ signalling in postnatal tooth development, our laboratory
established a mouse model in which Tgfbr2 was conditionally deleted in odontoblast-
producing mesenchyme using an Osterix (Osx/ Sp7) promoter driven Cre recombinase
(Tgfbr2cko) (Rodda and McMahon, 2006). We show that Tgfbr2 in the dental mesenchyme
is required for normal tooth development including elongation of the root. Radicular
odontoblast differentiation was disrupted and a significant decrease in osteoclast number
was detected in the alveolar bone surrounding the tooth.

Materials and Methods
Mice

All experiments were carried out with the approval of the UAB institutional animal care
committee. The generation of Tgfbr2fl/fl mice was previously described (Chytil et al., 2002).
Generation of the Osx-Cre mice has been previously described (Rodda and McMahon,
2006). Osx-Cre mice were crossed to Tgfbr2fl/fl mice to obtain Osx-Cre+;Tgfbr2fl/wt mice,
which were subsequently back crossed to Tgfbr2fl/fl mice to get Osx-Cre+;Tgfbr2fl/fl (CKO)
as the experimental group and Osx-Cre− as controls. The Cre reporter strain
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP) Luo/J (ROSA26mTmG) was obtained from Jackson
Laboratories. ROSA26mTmG mice were crossed to Osx-Cre mice to generate Osx-Cre;
ROSA26mTmG mice to trace Cre activity.
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X-Ray analysis and micro-computed tomography
Four 3-week old mice from experimental and control groups were sacrificed and the
mandible from each mouse was dissected and fixed in 4% paraformaldehyde overnight.
Mandibles were radiographed using a Faxitron radiograph inspection unit. The mandible,
incisors, and the first molars were dissected and radiographed. A microCT-40 computed
tomography system (Scanco Medical, Bassersdorf, Switzerland) with analysis software was
used to analyze the volume, density and root length of the first molar from the CKO and
controls. A student's t-test was performed and the significant level was set as P < 0.05. Four
control and four mutant mice were measured.

Histology, Immunostaining, and In situ Hybridization
At least three mice from each group were sacrificed at postnatal 0, 5, 7, 10 and 14 days. The
mandibles were fixed in 4% paraformaldehyde overnight, followed by de-calcification. The
specimens were then embedded in Optimal Cutting Temperature (OCT) compound, and
sectioned at 10 μm. For histological analysis, sections were stained with hematoxylin and
eosin. For immunofluorescence and immunohistochemical staining, sections were post-fixed
in cold acetone for 5 min. The sections were then immersed in 3% H2O2/PBS for 10 min to
quench the endogenous peroxidase activity. After blocking in 5% BSA for 1 hr, the sections
were incubated 2 hrs at room temperature with a certain dilution of primary antibodies.
Antibodies used for this experiment include keratin 14 polyclonal antibody (1:1000,
Covance), polyclonal Amelogenin (1:85;Sigma) Ki67 (1:500, Abcam), and Nfic polyclonal
antibody (1:200) generated against the synthesized peptide LRPTRPLQTVPLWD in Dr.
MacDougall's laboratory. Biotinylated goat-anti-rabbit IgG (1:200, Vector Laboratories) was
added as the secondary antibody and incubated for 10 min at room temperature. Sections
were then reacted with avidin-biotin-peroxidase complex (Vector Laboratories) for 30 min,
followed by the color development using 3,3'-Diaminobenzidine (DAB) substrate (Vector
Laboratories). The sections were counterstained with methyl green (Sigma). For
immunofluorescence, fluorescent signal was detected with avidin-conjugated Cy3
(Invitrogen).

In situ hybridization was performed using a DIG labeled riboprobes to Dspp described in
(Wang et al., 2009; Wang et al., 2004). The procedure was done as previously described
(Sohn et al., 2010).

TRAP staining
To identify osteoclasts, consecutive sections were stained for tartrate resistant acid
phosphatase (TRAP). Briefly, mandibles from control and CKO were fixed in 4%
paraformaldehyde, decalcified in EDTA and then sectioned after OCT embedding. TRAP
staining was carried out per manufacturer's protocol (387A-1KT; Sigma-Aldrich). Images of
the first molar were obtained, and the number of TRAP-positive cells lining on the alveolar
bone surface was calculated for every section using Bioquant software. Briefly, the
perimeter of the alveolar bone surface is measured at 20x. Next, the number of TRAP
stained osteoclasts is counted (manual object counting) in the same field.

Quantitative real-time RT-PCR
Alveolar bone samples were isolated from 14 (bone) day old Tgfbr2CKO and control
littermates. Cells from inside the tooth pulp chamber, including pulp and odontoblasts, were
flushed from 10 day-old mouse molars and labeled dental pulp. RNA was isolated using the
standard Trizol method (Paaske et al., 1987). RNA concentration was determined by
Nanodrop Spectrophotometer. QuantiFast SYBR Green RT-PCR Kit (Qiagen) was used for
quantitative real-time RT-PCR analysis with specific primers (Table 1). Data was
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normalized to three housekeeping genes: ß-2 microglobulin (ß2m), Glyceralderhyde 3
phosphate dehydrogenase (Gapdh), and Hypoxanthine-guanine phosphoribosyltransferase
(Hprt) (Bustin et al., 2009). Primers for Hprt1 and Gapdh were obtained from the
RTPrimerDB database. Pth1r primers were designed using qPrimerDepot (Cui et al., 2007).
Rankl primers were designed using QuantPrime (Arvidsson et al., 2008). For dental pulp, we
used three biological samples for each control and Tgfbr2cko. For alveolar bone we had three
control and two Tgfbr2cko samples. Data analysis was performed with REST software
(www.qiagen.com/Products/REST2009Software.aspx?r=8042; (Pfaffl et al., 2002).

Results
Tgfbr2 is required for molar tooth eruption and root formation

Osx is a transcription factor that has been best characterized as a regulator of osteogenesis
(Long, 2011). The expression pattern of Osx in rodent molars has been described. In post-
natal stages, Osx mRNA is localized to odontoblasts, dental pulp cells, cementoblasts, and
alveolar bone (Chen et al., 2009). Likewise, Osx protein was observed by
immunoflourescent staining in odontoblasts, osteoblasts, and cementoblasts. Osx was not
detected in the HERS (Hirata et al., 2009). The Osx-Cre mice used in this study express a
GFP-Cre fusion protein under the control of the Osx promoter (Rodda and McMahon,
2006). We used the GFP tag in these mice to determine the Osx-Cre expression pattern in
teeth (Figure 1). At post-natal day 5, GFP was detected sporadically in dental pulp cells,
with more cells expressing GFP near the single layer of odontoblasts (Figure 1B, D). The
highest levels of GFP were detected in mature odontoblasts (Figure 1B, D) and osteoblasts
(Figure 1C) in the alveolar bone. GFP was excluded from epithelial derivatives including
ameloblasts (Figure 1B) and the HERS (Figure 1D). We saw a similar GFP expression
pattern in newborn mice (data not shown). Since the GFP-Cre fusion only detects Cre when
it is actively expressed, we also used a ROSA26 reporter strain (ROSA26mTmG) that
expresses a membrane bound GFP tag in cells that have expressed Cre at any point in their
lifetime to determine which cell types in the tooth are derived from Osx-Cre expressing cells
Figure 1 (E–H). The reporter used, ROSA26mTmG, also expresses a membrane bound
Tomato red fluorescent protein in cells that have not seen Cre. In the first molar from P7 day
Osx-Cre; ROSA26mTmG mice, cells derived from dental mesenchyme, including
odonotoblasts and pulp, demonstrated green staining indicating these cells were derived
from Osx-Cre expressing cells. More importantly, cells derived from the epithelium,
including the HERS, were stained red, indicating that Cre had never been expressed in these
cells (Figure 1 F, G). In the crown, odontoblasts stained very strongly for the membrane
bound GFP protein. Odontoblastic cell processes were outlined by GFP staining in the molar
dentin whereas, ameloblasts were stained red, indicating no Cre activity in this cells type
(Figure 1H). Other groups have used similar methods to trace Osx-Cre activity in the tooth
(Ono et al., 2013; Rakian et al., 2012). Similar to our results, Cre activity resulted in reporter
activity in odontoblasts, dental pulp, cementoblasts, and osteoblasts (Ono et al., 2013).
Reporter activity was not detected in tooth derived epithelial cells (Rakian et al., 2012).

Tgfbr2cko mice survived post-natal, although they were significantly smaller than the Cre-
negative and Cre-positive, Tgfbr2fl/wt controls (data not shown). By three weeks of age, we
noticed that the Tgfbr2cko mice showed significant defects in their teeth upon x-ray analysis
(Figure 2A). Most notably, the mineral density of the root dentin was reduced as measured
by microCT (Figure 2B, C), whereas, the enamel density was not affected (Figure 2B, D).
The roots of the first molar were significantly shorter on both the lingual and buccal aspects
of the tooth compared to the controls (Figure 2 E, F). In addition, molars in mutant mice had
not erupted although molars in control mice erupted at approximately two weeks of age
(Figure 2A and data not shown). The phenotype indicated that Tgfbr2 in Osx-Cre expressing
cells is required for normal molar root development and eruption.
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HERS is disrupted in Tgfbr2 conditional knockout mice
To begin to identify the basis of the root phenotype, we compared H & E stained sections of
the first molar from Tgfbr2cko and control mice at varying ages, from newborn to 14 days
old. At birth, the molars in control and Tgfbr2cko mice were comparable (data not shown).
At P5 days, the crown in control and mutant mice were similar. In control mice, the
epithelial HERS was detected on the distal side of the tooth near the second molar (Figure
3A arrow). In contrast, extension of the HERS was not detected in Tgfbr2cko molars at this
stage (Figure 3B). At P7 days, some disorganization of the odontoblasts in the crown was
observed in Tgfbr2cko mice (Figure 3 C–H). In control mice, the HERS on both the distal
and proximal side of the first molar could be seen elongating downward into the
mesenchyme (Figure 3 C, E arrow). The shape of the newly forming roots was evident. In
contrast, at P7 days in the mutant teeth, the HERS were either missing or severely truncated
and there was no evidence of root elongation (Figure 3 F, H). Furthermore, crown
odontoblasts were disorganized in the Tgfbr2 mutants. In control teeth, the nuclei of
odontoblasts in the crown to the crown root junction were polarized and presumptive
odontoblasts were starting to undergo cytodifferentiation along the HERS (Figure 3G). In
contrast, in the Tgfbr2 mutants the odontoblast nuclei in the crown root junction were not
uniformly polarized as seen in the controls. In addition, pulp cells were not becoming
aligned on the truncated HERS in the mutant teeth (Figure 3H). At P10 and P14 days in the
first molar of control mice, the formation of the root was well established (Figure 3H, M).
Radicular dentin was deposited and odontoblasts in the root were well organized (Figure 3K,
O). In contrast, the first molar roots in the mutant mice were not well developed (Figure 3 J,
N). The HERS were missing or truncated and the odontoblast in the root were not well
organized (Figure 3 L, P). The histology of the mutant teeth suggested that the function of
the HERS and/or odontoblasts may be altered in the absence of Tgfbr2 leading to defects in
root development.

To better see the structure of the HERS, sections from the first molar at each stage were
immunostained with K14 (Figure 4). K14 expression has been used as an epithelial cell
marker during normal tooth development (Luan et al., 2006). At P5 days, epithelium from
the proximal side of the tooth was observed underneath and parallel to the tooth in both
control and Tgfbr2cko mice (Figure 4 A, B). In the P5 control mice, the HERS could be seen
starting to extend down from the crown on the distal side of the tooth (Figure 4A); however,
the HERS was not detected on the distal side of P5 mutant molars (Figure 4B). In control
mice, the HERS was composed of a bi- layer of cells extending down from the epithelium of
the crown (Figure 4C). In contrast, in Tgfbr2cko mice, the area where the HERS would
normally form consisted of a short, thick, and multilayered epithelium (Figure 4D). By P7
days, the HERS continued to extend down the distal side of the control tooth but was still
truncated in the mutant molars (Figure 4 E, F). The epithelium that ran under and parallel to
the tooth had broken apart in control mice so that the HERS could now be seen extending
down from the proximal side of the tooth (Figure 4E, G). In contrast, this epithelium was
maintained in the mutant molar. High magnification images showed that this layer of cells
was disorganized and multilayered (Figure 4 H). At P10 and P14 days, the distal HERS and
root were severely truncated in Tgfbrcko mice as compared to the controls (Figure 4 I–L).
The proximal root was not as severely affected. In control teeth, the HERS had started to
break down into ERM by P10 days (Figure 4 I, K). Formation of ERM appeared attenuated
in the mutant teeth (Figure 4 J, L). We also looked at cell proliferation using antibodies to
the Ki67 antigen, which is present in proliferating cells. In the first molar of control mice,
proliferating cells were concentrated in the dental pulp at the bottom of the tooth (Figure
4M). Staining could also be seen in the invading vasculature (Figure 4M). Some cells in the
remnants of the HERS at the base of the root were also stained with Ki67 (Figure 4M).
Odontoblasts at this stage had withdrawn from the cell cycle and were not proliferating
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(Figure 4M). The pattern of Ki67 staining was similar in the Tgfbr2 mutants (Figure 4N).
Most of the proliferating cells were concentrated in the bottom of the tooth within the pulp
root apex with staining in the invading vasculature also seen (Figure 4N). The odontoblast
layer and truncated HERS we severely disorganized so it was difficult to identify the cells
and determine if they stained for Ki67 (Figure 4N). We also looked at Ki67 staining in the
third molar of P10 mice since the third molar represents an earlier stage of development
(Figure 4O, P). In the control third molar, most of the staining was localized to pulp apex
cells at the extending end of the tooth root as well as the epithelial cells at this same region
of the tooth. Staining could also be seen in some of the cells in the HERS (Figure 4O). The
HERS was not detectable in the mutant mice but similar to controls a high level of Ki67
staining was observed in the epithelial cells at the bottom of the tooth that would be
expected to form the HERS (Figure 4P). Since Osx-Cre targets dental mesenchyme and does
not target the epithelial-derived HERS directly, the results suggest that TGF-ß signaling in
the dental mesenchyme affects the development and maintenance of the HERS indirectly,
perhaps through paracrine interactions with the odontoblasts.

Odontoblast differentiation is disrupted in Tgfbr2cko root
Tgfbr2 has been shown to regulate odontoblast differentiation in the crown and deletion of
Smad4 can disrupt differentiation in the root (Ito et al., 2003; Oka et al., 2007). Furthermore,
proper odontoblast differentiation is required for formation and elongation of the HERS
(Park et al., 2007). We used in situ hybridization and real time quantitative PCR to measure
localization and expression of dentin sialophosphoprotein (Dspp) a marker of odontoblast
differentiation in control and Tgfbr2cko molars (Figure 5). In control teeth at P10 and P14
days, clear homogenous expression of Dspp mRNA was detected in odontoblasts in both the
crown and the root. The level of Dspp mRNA expression extended to the tip of the root
(Figure 5A, C; arrows). In contrast, in mutant teeth, Dspp mRNA expression was more
limited in the crown and did not extend into the root. Staining within the crown odontoblasts
layer was absent in the crown root junction region well before the transition to root
odontoblasts (Figure 5 B, D; arrows). This same pattern of Dspp expression was observed in
Nfic-deficient mice (Park et al., 2007). We then isolated mRNA from the molar root pulp of
P10 control and Tgfr2cko mice and performed real time RT-PCR to determine the relative
levels of Dspp and other odontoblast markers including Dmp1 and Osteocalcin (Bglap)
(Figure 5E). Results showed a significant decrease in Dspp and Bglap mRNA expression in
mutant versus control teeth suggesting that loss of Tgfb signaling in the tooth mesenchyme
disrupts differentiation of odontoblasts in the root. Dmp1 mRNA levels were not altered. It
has been shown that Dmp1 regulates expression of later markers of odontoblast
differentiation like Bglap and Dspp (Narayanan et al., 2001). Therefore it is possible that
Tgfbr2 acts at a point in odontoblast differentiation driving the cells to be more mature
odontoblasts after expression of Dmp1 but before expression of more terminal markers of
odontoblast differentiation like Bglap and Dspp.

Nfic levels and localization are not affected by loss of Tgfbr2
It has been shown that the transcription factor Nfic plays a critical role in root formation
(Lee et al., 2009a; Lee et al., 2009b; Park et al., 2007; Steele-Perkins et al., 2003). Nfic is
widely expressed in both dental epithelium and mesenchyme as well as alveolar bone and
the molar roots of Nfic−/− mice fail to develop. More recently it was shown that TGF-ß and
Nfic have a complex relationship in the root where TGF-ß promotes the degradation of Nfic
while Nfic down-regulates TGF-ß/ Smad signals (Lee et al., 2011). To determine if deletion
of Tgfbr2 in dental mesenchyme and alveolar bones affected the expression or localization
of Nfic, we used real time RT-PCR and immunohisotochemistry to compare Nfic in control
and Tgfbr2cko mice. To localize Nfic at the protein level, we compared immunostaining on
sections of the first molar from Tgfbr2cko mice and controls. Alterations in localization of
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Nfic were not detected at any stage examined (Figure 6A–H). Nfic was strongly detected in
the nuclei of pulp cells as well as in osteoblasts of the alveolar bone in both control and
mutant teeth. Nfic was strongly detected in the nuclei of odontoblast cells in the crown and
root of control teeth, highlighting the organized nature of this cell layer. As described above,
the odontoblast layer in the crown was disorganized in mutant teeth and Nfic staining
appeared to be reduced but this may be a consequence of the disorganization of the cells
(arrows; Figure 6 B, D). Nevertheless, in the truncated root in mutants, Nfic localization was
comparable to controls (Figure 6, E–H). Next, RNA was isolated from dental pulp and
alveolar bone of P10 day Tgfbr2cko and control mice. Quantitative real-time RTPCR was
used to determine the relative expression levels of Nfic in these cell types. No statistically
significant differences in Nfic mRNA expression were detected (Figure 6I). Together, these
data suggest that Tgfbr2 regulates root formation independent of detectable changes in Nfic
localization or expression levels.

Osteoblast differentiation was disrupted and osteoclast numbers were reduced in alveolar
bone surrounding the tooth in Tgfbr2cko mice

In addition to defects in root formation, the molars in Tgfbr2cko mice did not erupt by 3
weeks after birth although control teeth erupted around 2 weeks of age. Osteoclasts play an
important role in regulating both root morphogenesis and tooth eruption (Wise, 2009)
(Heinrich et al., 2005; Rani and MacDougall, 2000). During eruption, there is extensive
remodeling of the surrounding bone. To look at osteoclasts in the bone surrounding the
tooth, we analyzed osteoclast activity using tartrate-resistant acid phosphatase (TRAP)
staining and histomorphometry of the bone surrounding the first mandibular molar from P7
days old mice (Figure 7). TRAP staining was reduced in the alveolar bone at the base of the
tooth (Figure 7A top and middle) and on the upper occlusal region (Figure 7A top an
bottom). Histomorphometry of the occlusal region confirmed that there was a significant
reduction in the number of ostoclasts per unit of bone surface in the mutant mice (Figure 7B,
C). We did not detect alterations in osteoclast numbers in long bones from 4-week old mice
(OC # / bone surface: Control 2.23; CKO 1.98; n=4 each). The results suggest that
alterations in bone remodeling in Tgfbr2cko mice could play a role in mediating the root
elongation and tooth eruption phenotypes observed in the mice. Since Osx-Cre is expressed
in osteoblasts and not in the osteoclasts directly, we propose Tgfbr2 would indirectly
regulate osteoclast function in the bone surrounding the tooth through effects on osteoblast
function. Dmp1 and Bglap, which are normally expressed in differentiated osteoblasts were
down regulated in mutant alveolar bone confirming disruption of osteoblast differentiation
(Figure 7 D).

To investigate potential osteoblast derived signaling molecules involved in reduced
osteoclast numbers, we isolated alveolar bones from P14 day Tgfbr2cko mice. RNA was
extracted and quantitative real-time PCR was performed to examine mRNA expression
levels of molecules that are known to regulate osteoclast number and behavior and the tooth
eruption cycle including RANKL, OPG, CSF-1, and PTH1R (Garlet et al., 2006) (Heinrich
et al., 2005; Rani and MacDougall, 2000; Werner et al., 2007). CSF-1 expression was below
the level of detection in the samples tested. RANKL, OPG, and PTH1R mRNAs were not
significantly different in control and Tgfbr2cko bone.

Discussion
The interaction between the epithelium and the mesenchyme regulates tooth morphogenesis
in mammals. Several conserved signaling pathways are involved in this process, including
TGF-β signals. The TGF-β type 2 receptor (Tgfbr2) is expressed in both epithelium and
neural crest derived mesenchyme, and studies have been performed to conditionally
knockout Tgfbr2 independently in both cell types; however, the role of Tgfbr2 in postnatal
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tooth formation remains unclear since these animals die at birth (Ito et al., 2003; Oka et al.,
2007). Our laboratory has established a mouse model in which Tgfbr2 is conditionally
deleted in odontoblast-producing mesenchyme using an Osterix promoter driven Cre
recombinase (Tgfbr2cko). These mice survive postnatally but with significant defects in the
development of bone and teeth evident as early as 7 days postnatal. Tooth root formation
was disrupted by postnatal day 10, mimicking radicular dentin dysplasia type 1 (DTDP1;
OMIM 125400), a rare human genetic disease associated with short or absent roots. Delayed
dental eruption can also be observed in this condition but is atypicial (Rocha et al., 2011).
There are few mouse models available to study root development. Here we use a conditional
knockout mouse model to study the role of Tgfbr2 in postnatal molar root development and
tooth eruption. In the Tgfbr2cko mice, the HERS was disorganized and did not extend deeply
into the under-laying mesenchyme to form the root. Delayed dissociation of the truncated
HERS to form the epithelial rests of Malassez (ERM) was also observed. Odontoblast crown
and tooth cytodifferentiation was disrupted; however, changes in Nfic expression or
localization were not observed in the Tgfbr2cko mice. Molar eruption was delayed in the
Tgfbr2 mutants, and reduced osteoclast numbers, which would be expected to affect
eruption and root elongation, were detected in the surrounding alveolar bone. Our results
suggest that Tgfbr2 is required for root formation likely though regulation of odontoblast
differentiation in the root to crown transition and osteoclast activity in the surrounding
alveolar bone.

Root development requires cytodifferentiation and maintainence of odontoblasts.
Interactions between the HERS and dental pulp play an important role in the regulation of
odontoblast differentiation. It is believed that factors from the HERS induce the
differentiation of mesenchymal cells in the dental pulp apex region to form the odontoblasts
that are then responsible for radicular dentin formation. Odontoblasts signal in turn to
regulate growth and morphogenesis of the HERS (Luan et al., 2006; Zeichner-David et al.,
2003). Osx expression is primarily localized to the dental mesenchyme (Chen et al., 2009;
Hirata et al., 2009; Ono et al., 2013; Rakian et al., 2012). Although there is a report of low,
transient Osx expression in tooth epithelium in the embryonic stages (Chen et al., 2009), we
do not detect Osx-Cre activity in epithelial derivatives of the tooth using a lineage tracing
Cre reporter. In addition, Osx-Cre;Tgfbr2cko mice have normal enamel density in contrast to
K14-Cre; Smad4cko mice (Huang et al., 2010) suggesting that TGF-ß signaling is intact in
the tooth epithelium. The HERS in Osx-Cre;Tgfbrcko mice was disrupted but since Osx-Cre
does not target the epithelium, we propose that failure of the HERS to elongate was likely
secondary to alterations of TGF-ß signaling in the dental mesenchyme. We found using in
situ hybridization that the expression domain of Dspp, a marker of odontoblast
differentiation, was more highly restricted in Tgfbr2cko molars relative to controls. In
addition, RNA isolated from Tgfbr2cko dental pulp had significantly less Dspp mRNA than
the controls. We propose that this is a direct effect of Tgfbr2 on dental mesenchyme and that
disruption of the HERS and altered root formation in Tgfbr2cko mice is a consequence of
impaired odontoblast differentiation. Previously, disruption of the Smad4 gene in dental
mesenchyme using Osteocalcin-Cre, which is active later than Osx-Cre, was also shown to
result in shortened molar roots and delayed odontoblast differentiation although less severe
than the phenotype we report in Tgfbr2cko mice (Gao et al., 2009).

Nfic is a transcription factor that is required for proper root formation (Park et al., 2007).
Nfic is required in the dental mesenchyme to promote radicular odontoblast differentiation
independent from crown odontoblasts. In the absence of Nfic, root odontoblast
differentiation is disrupted and roots are absent. Since Tgfbr2cko mice had abnormal short
roots as well as alterations in root odontoblast differentiation, we tested the hypothesis that
Tgfbr2 regulates Nfic. We did not detect any differences in Nfic localization by
immunohistochemistry or the levels of Nfic expression as determined by real time RT-PCR
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in isolated root dental pulp or alveolar bone in Tgfbr2cko versus control mice. This suggests
Nfic is not a downstream target of Tgfbr2 signaling in root dental pulp cells or alveolar
bone. Previously, it was shown that disruption of Smad4 in dental epithelium results in
reduced Nfic expression in the dental pulp; however, this effect was indirect and mediated
by Shh secreted from the epithelium (Huang et al., 2010). More recently, it was shown that
Nfic and TGF-ß can regulate each other's activity in the dental pulp (Lee et al., 2011). TGF-
ß induced degradation of Nfic protein in dental pulp cell cultures during early stages of
odontoblast differentiation. At later stages of differentiation, Nfic inhibited TGF-ß signaling
through dephosphorylation of Smad3.

Osteoclasts are required to remodel bone and defects in osteoclast numbers or activity have
been shown to affect root development as well as tooth eruption (Berdal et al., 2011;
Castaneda et al.; Wang and McCauley; Wise, 2009) (Heinrich et al., 2005). Msx2 is a
transcription factor that is expressed in osteoclasts at active sites of bone remodeling
associated with eruption and root elongation (Aioub et al., 2007). Deletion of Msx2 in
osteoclasts resulted in reduced activity and defects in tooth eruption and root morphology.
RANK signaling, which is required for osteoclast activation, was modulated by Msx2.
Furthermore, over-expression of RANK in the alveolar osteoclasts resulted in early tooth
eruption and accelerated root elongation (Castaneda et al.). Tgfbr2cko mice demonstrated a
significant decrease in TRAP positive cells in the bone surrounding the tooth. These mice
also demonstrated defects in tooth eruption and molar root formation a likely consequence
of defects in osteoclast function. Since Osx-Cre is not active in osteoclasts, we propose that
disruption of Tgfbr2 in alveolar osteoblasts results in down-regulation of osteoclast function.
Disruption of osteoblast differentiation was confirmed by reduced expression of Dmp1 and
Bglap, which are normally expressed in differentitated osteoblasts. Cross-talk between
osteoblasts and osteoclasts to regulate bone homeostasis is well documented (Phan et al.,
2004). It was previously shown that inhibition of TGF-ß receptor signaling in the osteoblasts
results in decreased bone remodeling by affecting the number and activity of osteoclasts in
the long bones (Filvaroff et al., 1999; Qiu et al., 2010). Osteoblasts express a number of
osteoclast regulatory molecules including RANKL and PTH1R. It has been shown that
reduced PTHrP signaling results in failure of tooth eruption as well as alterations in the early
morphogenesis of the tooth (Kitahara et al., 2002; Philbrick et al., 1996; Wysolmerski et al.,
2001). Likewise, constitutive activation of PTH1R also demonstrated delayed tooth eruption
and short roots indicating that precise levels of PTHrP signaling are required for normal
development of the tooth (Tsutsui et al., 2008). RANKL is also required for tooth eruption
(Kong et al., 1999). We were not able to detect alterations in the level of mRNA for several
known regulatory factors suggesting that either additional factors are involved or Tgfbr2
does not regulate activity of these molecules at the level of the mRNA.
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Highlights

- Tgfbr2 in dental mesenchyme is required for formation of the tooth root.

- Odontoblast differentiation in the root was disrupted in Tgfbr2cko mice.

- The HERS was disorganized and formation of epithelial rests was attenuated.

- Eruption of the molars was disrupted.

- Reduced numbers of osteoclasts were found in the bone surrounding the
tooth.
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Figure 1. Cre-GFP expression and activity in tooth
Cre expression was detected as green fluorescence in cryosections from P5 Cre
+;Tgfbr2loxP/wt mice (A–D). Nuclei in the sections were counterstained with DAPI (blue).
Cre-GFP was detected in dental mesenchyme including mature odontoblasts (B, D; OD),
and some of the cells in the dental pulp (B, D; DP). Cre was also seen in the alveolar bone
(C; B). GFP staining was not detected in cells of epithelial origin including ameloblasts (A–
D, AB), or the HERS (D; small arrow). Low magnification image is shown in (A). Lineage
tracing of Osx-Cre activity up to P7 days was determined using Osx-Cre+; ROSA25mTmG

reporter mice (E–H). Lineage tracing of Cre activity is shown as green membrane staining.
Cells in which Cre was never active are shown with red membrane staining. Nuclei are blue.
Cre activity was present in cells derived from dental mesenchyme including odontoblasts (F,
G). Epithelial structures including the HERS stained red, indicating no Cre activity during
the lifetime of those cells (F, G). In the crown, Cre activity was detected in odontoblasts
whereas ameloblasts demonstrated no Cre activity and were stained red (H). Odontoblastic
cell processes in the dentin were outlined with GFP fluorescence (H). A low magnification
image of the first molar from a P7 Osx-Cre+; ROSA25mTmG mouse is shown in (E).
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Figure 2. Root formation is disrupted in Tgfbr2CKO mice
(A) Representative X-ray of mandibular incisors and the first molars from 3-week old
control (CON) and Tgfbr2cko (CKO) mice. (B) Representative μCT images of the first
mandibular molar from 3 weeks old CON and CKO mice. The parameters measured were
(C) the mineral density in the root and (D) the mineral density of the enamel (E) Parameters
used to evaluate tooth: crown (c), buccal root (br), and lingual root (lr) length. (F) The ratio
of root length to crown length was calculated. Loss of Tgfbr2 in Osx-Cre expressing cells
results in defects in root length, volume, and mineral density. Enamel density was not
affected. N = 4; *: P < 0.05; **: P < 0.01; ***: P < 0.001.
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Figure 3. Comparison of tooth histology
Representative images of H&E stained mandibular first molar from postnatal day (P) 5 (A,
B), 7 (C–H), 10 (I–L) and 14 (M–P) Tgfbr2cko (CKO; A, C, E, G, I, K, M, O) and control
(CON; B, D, F, H, J, L, N, P) mice. 100× (A–F, I, J, N, N) and 200× (K, L, O, P) and 400×
(G, H) images from sagittal sections are shown. The second molar is to the left in all images.
R- root length designated by thick arrow; OD- odontoblast; D- Dentin; AB- Ameloblasts; P-
Dental pulp. Tgfbr2cko mice demonstrate alterations in the histology of odontoblasts and
HERS. Representative images from three separate control and mutant mice are shown.
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Figure 4. HERS is disrupted in Tgfbr2CKO mice
Representative images from K14 stained sagittal sections (red fluorescence A–F; DAB
brown I–L) of the first mandibular molar from postnatal P5 (A–D), P7 (E,F), P10 (I, J) and
P14 (K, L) Tgfbr2cko (CKO; B, D, F, J, L) and control (CON; A, C, E, I, K) mice. The
second molar is to the left. Magnification: 100× (A, B, E, F, I–L) and 400× (C, D, G, H).
HERS is designated with the small white arrows. Discontinuous parts of the HERS and of
ERM are designated with thick arrows. Missing HERS at P7 designated with an *. There is a
delay in the elongation of the HERS on the side adjacent to the second molar (C, D). The
opposite HERS elongates but is not a single layer and does not break up or extend down to
form the root (E, F, I, J). Formation of ERM is delayed (I–L). Amelogenin marks the enamel
and ameloblasts (G, H). Amelogenin expression is excluded from root epithelium in control
(G) and mutant (H) P7 teeth (Magnification: 200×). Ki67 staining to localize proliferating
cells is shown (M –P). Sections from the first mandibular molar in control (M) and Tgfbr2
mutant (N) mice demonstrate areas of proliferation (pink; Magnification 400×). Sections
from the 3rd mandibular molar in control (O) and mutant (P) mice are also shown
(Magnification 200×). OD- odontoblast, P- pulp, V- vasculature, AB- ameloblasts.

Wang et al. Page 18

Dev Biol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Odontoblast differentiation is disrupted in Tgfbr2CKO mice
Representative images showing in situ hybridization for Dspp mRNA in the first mandibular
molar form P10 (A, B) and P14 (C, D) day control (A, C) and Tgfbr2cko (B, D) mice.
Hybridization to the Dspp probe is seen as purple staining. The termination of the expression
domain is marked by arrows. Dspp expression observed in the lateral sides and bifurcation
in control teeth is absent in the Tgfbr2cko teeth as is staining in the crown to root transition.
R denotes where the root starts. (E) Expression of odontoblast markers in dental pulp of P10
day Tgfbr2cko mice (CKO) vs. control (CON) mice as determined by quantitative real time
RT-PCR. Both beta-2-microglobulin (B2m) and glyceraldehyde 3 phospho dehydrogenase
(Gapdh) were used as normalization controls.
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Figure 6. Nfic expression in Tgfbr2CKO mice
Representative images of Nfic immunostaining in the first mandibular molar from P5 (A, B),
7 (C, D), 10 (E, F) and 14 (G, H) Tgfbrcko (CKO; B, D, F, H) and control (CON; A, C, E, G)
mice. DP: dental pulp, AB: alveolar bone, OD (arrow): crown odontoblasts. Magnification:
400×. No differences in the broad Nfic dental tissue localization were observed; however,
the odonotoblast layer was disorganized in the mutant mice (OD, arrows). (I) Expression of
Nfic mRNA in alveolar bone and dental pulp of P10 day Tgfbr2cko (CKO) vs. control
(CON) mice as determined by real time quantitative RT-PCR. Quantitative alterations in the
level of Nfic mRNA were not detected in cells isolated from dental pulp or alveolar bone
inTgfbr2cko or control mice.
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Figure 7. Osteoclast number is reduced in bone from Tgfbr2cko mice
(A) Representative TRAP-stained images of mandibular sections from P7 control (CON;
left) and Tgfbr2cko (CKO; right) mice. The top panels show the whole tooth and surrounding
bone. The middle panels show alveolar bone near the root apex. The bottom panels are
images of bone at the tooth crown. Magnification: 100× (top) and 400× (middle and
bottom). Histomorphometry was used to evaluate (B) bone surface per bone area at the
crown and (C) osteoclast number per unit bone surface at the crown. N = 3; *: P < 0.05; **:
P < 0.01. Fewer TRAP-stained cells were seen in Tgfbr2cko mice. (D) Expression of
osteoblast markers and factors that regulate osteoclast formation in bone. RNA was isolated
from alveolar bone of P14 day control (CON) and Tgfbr2cko (CKO) mice. Quantitative real
time RT-PCR was used to determine the relative levels of osteoblast differentiation markers
and osteoclast regulators in the samples.
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Table 1

Primers used in real-time PCR

Gene Name Forward Primer (5'–3') Reverse Primer (5'–3')

β2-microglobulin GCCGTGTGAACCATGTGACTTT CCAAATGCGGCATCTTCAAA

Bglap ATAGCTCGTCACAAGCAGGG TGACAAAGCCTTCATGTCCA

Csf-1 TACTGTGCCATCTCTAGCCAAGCA TGGGAAACAGAGGGCATCAGAACA

Dmp1 CATTCTCCTTGTGTTCCTTTGGG TGTGGTCACTATTTGCCTGTG

Dspp AGTTCGATGACGAGTCC GTCTTCTCCCGCATGT

Gapdh TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG

Nfi-c GGAACCGGACCCAACTTCTC CGTCCTCTTCCATCGAGCC

Opg GGAACCCCAGAGCGAAATACA CCTGAAGAATGCCTCCTCACA

Pth1r TCC TTC TCT GCT GCC CAG T GGT GCA GCA GGA AAA TCT GT

RankL TCC TGT ACT TTC GAG CGC AGA TG AGA GTC GAG TCC TGC AAA CCT G
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