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Transforming growth factor beta (TGFβ) signaling plays an important role during

osteogenesis. However, most research in this area focuses on cortical and trabecular

bone, whereas alveolar bone is largely overlooked. To address the role of TGFβR2

(the key receptor for TGFβ signaling) during postnatal alveolar bone development, we

conditionally deleted Tgfβr2 in early mesenchymal progenitors by crossing Gli1-CreERT2;

Tgfβr2flox/flox; R26RtdTomato mice (named early cKO) or in osteoblasts by crossing 3.2kb

Col1-CreERT2; Tgfβr2 flox/flox; R26RtdTomato mice (named late cKO). Both cKO lines were

induced at postnatal day 5 (P5) andmice were harvested at P28. Compared to the control

littermates, early cKO mice exhibited significant reduction in alveolar bone mass and

bone mineral density, with drastic defects in the periodontal ligament (PDL); conversely,

the late cKO mice displayed very minor changes in alveolar bone. Mechanism studies

showed a significant reduction in PCNA+ PDL cell numbers and OSX+ alveolar bone

cell numbers, as well as disorganized PDL fibers with a great reduction in periostin (the

most abundant extracellular matrix protein) on both mRNA and protein levels. We also

showed a drastic reduction in β-catenin in the early cKO PDL and a great increase in

SOST (a potent inhibitor of Wnt signaling). Based on these findings, we conclude that

TGFβ signaling plays critical roles during early alveolar bone formation via the promotion

of PDL mesenchymal progenitor proliferation and differentiation mechanisms.

Keywords: mandible, alveolar bone, GLI1, osteoprogenitor, osteoblast, TGFβR2

INTRODUCTION

The skeleton is formed by two osteogenic processes: endochondral ossification and
intramembranous ossification (Long, 2011). Similarly, mandibular bone is considered to be
formed by the same processes, with the mandibular body formed through intramembranous
ossification and the mandibular ramus built via endochondral ossification (Hinton et al., 2015,
2017; Jing et al., 2015). On the other hand, we have recently begun to gain knowledge on a third
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type of ossification process within alveolar bone, which holds
teeth. Cell lineage tracing studies showed that periodontal
ligament (PDL) progenitor cells contribute to alveolar bone
formation and regeneration (Ren et al., 2015; Hosoya et al.,
2020; Men et al., 2020). This occurrence is distinct from that of
other cell sources such as periosteum for the mandible body or
chondrocytes for the mandible ramus (Hinton et al., 2015, 2017;
Jing et al., 2015). Importantly, alveolar bone displayed a much
higher bone formation rate than other types of bones (Ren et al.,
2015).

Periodontitis, the most common disorder known to mankind,
particularly affects alveolar bone. The advanced form of
this condition results in loss of surrounding soft tissue and
bone, leading to tooth loss in adults. This severe result was
found in 10–15% of adults in population studies (Fox, 1992;
Douglass and Fox, 1993; Fox et al., 1994). In addition, several
pieces of evidence support a two-way relationship between
periodontitis and diabetes (i.e., diabetes increases the risk for
periodontitis, while periodontitis negatively disturbs glycemic
control) (Hallmon and Mealey, 1992; Khader et al., 2006;
Mealey and Ocampo, 2007; Salvi et al., 2008; Chavarry et al.,
2009; Preshaw et al., 2012). Research has also demonstrated
a close link between osteoporosis and periodontitis (Wang
and McCauley, 2016). Experts have long aimed to develop
effective treatment methods for the bone loss in these diseases
(Pihlstrom et al., 2005). Thus, understanding the mechanism by
which alveolar bone formation is regulated will facilitate future
drug development.

It has been known that TGFβ signaling plays critical roles
in intramembranous bone formation. These roles include bone
development and fracture healing processes (Oka et al., 2007;
Seo and Serra, 2007, 2009; Tang and Alliston, 2013; Wu et al.,
2016; Xia et al., 2020) as well as regulation for the differentiation
of osteogenic cells and extracellular matrix synthesis (Tang and
Alliston, 2013; Peters et al., 2017).

TGFβR2 is required for the proliferation and differentiation of
osteogenic progenitors from embryonic stages (Sasaki et al., 2006;
Oka et al., 2007; Seo and Serra, 2009; Chen et al., 2012; Abou-
Ezzi et al., 2019). Deletion of Tgfβr2 driven by Prx1-Cre in the
mesenchymal cells led to severe skeletal phenotypes characterized
by short limbs and absent parietal bones as well as frontal bone
at E15.5 (Seo and Serra, 2007). Oka et al. also reported reduced
cell proliferation activity in mandibles of Tgfβr2flox/flox; Wnt1-
Cremice at E13.5 (Oka et al., 2007). In addition, TGFβ signaling
plays a critical role in osteoblast lineage cells after birth (Meng
et al., 2018). Disturbance of TGFβ signaling leads to severe defects
in postnatal skeletal development (Peters et al., 2017; Corps et al.,
2021). However, there is a debate regarding the exact role of
TGFβ signaling in a specific population of cells. For example,
Peters et al. reported disturbed differentiation of osteoblasts and
reduced bone mass in long bone when Tgfβr2 was removed in
OSX+ bone cells (Peters et al., 2017). Abou-Ezzi et al. confirmed
similar defects in trabecular bone and cortical bone (Abou-Ezzi
et al., 2019). However, a drastic increase in trabecular bone mass
was observed when Tgfβr2 was conditionally deleted in OCN+
bone cells (Qiu et al., 2010). Few studies have focused on alveolar
bone phenotypes, which require further investigation, especially

during postnatal bone formation (Sasaki et al., 2006; Kim et al.,
2015).

Given the limitations of non-inducible Cre transgenic mice
in early studies and differing results from different studies, we
intended to assess the postnatal effects of TGFβ signaling in
alveolar bone development using inducible Cre mouse lines.
Specifically, we included Gli1 (a marker for mesenchymal
progenitor cells in various tissues including PDL and alveolar
bone) to target the early progenitor cells (Kitaura et al., 2014;
Feng et al., 2017; Shi et al., 2017; Hosoya et al., 2020; Liu et al.,
2020; Men et al., 2020; Yi et al., 2021); 3.2 kb Col1 was used
to target osteoblasts (Rossert et al., 1995; Qin et al., 2019). Our
findings revealed a key role in TGFβ signaling during early
postnatal alveolar bone development.

MATERIALS AND METHODS

Breeding Transgenic Mice
All experimental protocols followed ARRIVE (Animal Research
Reporting of in vivo Experiments) guidelines and were approved
by the Animal Care and Use Committees (IACUC) at Sichuan
University West China School of Stomatology and Texas A&M
University College of Dentistry.

All mice (background: C57BL/6J) were housed in a
temperature-controlled environment with 12-h light/dark
cycles. To induce disrupted TGFβ signaling among osteogenic
cells at different stages, we generated conditional Tgfβr2
knockout mice (Tgfβr2 cKO) driven by Gli1-CreERT2 (Ahn
and Joyner, 2004) and the 3.2 kb Col1-CreERT2 transgene,
respectively (Rossert et al., 1995). The Gli1-CreERT2/+ mice
were crossed with R26RtdTomato/+ reporter mice (stock
number: 007905 from Jackson Laboratory) to trace the Cre
activity. Next, we crossed the Gli1-CreERT2/+; R26RtdTomato/+

mice with Tgfβr2flox/+ mice (stock number: 012603 from
Jackson Laboratory) to gain Gli1-CreERT2/+; R26RtdTomato/+;
Tgfβr2flox/+ mice. Then, the Gli1-CreERT2/+; R26RtdTomato/+;
Tgfβr2flox/flox mice were obtained by crossing Gli1-CreERT2/+;
R26RtdTomato/+; Tgfβr2flox/+ mice with the Tgfβr2flox/+ mice.
The same strategy was then applied to generate 3.2 kb Col1-
CreERT2/+; R26RtdTomato/+; Tgfβr2flox/flox mice. The genotypes
of the mice were determined via a PCR analysis of genomic
DNA extracted from tail biopsies (primer sequences are
listed in Supplementary Table 1). Tamoxifen (75 mg/kg body
weight) was prepared as previously described (Wang et al.,
2020) and a one-time injection of the drug was administered
at postnatal day 5 (P5) to both control mice (CTR: Gli1-
CreERT2/+/3.2 kb Col1-CreERT2/+; R26RtdTomato/+) and cKO
mice (Gli1-CreERT2/+/3.2 kb Col1-CreERT2/+; R26RtdTomato/+;
Tgfβr2flox/flox). The animals were subsequently harvested
at either P6 or P28. Mandibles were dissected and fixed
in 4% paraformaldehyde (PFA) and decalcified in 10%
ethylenediaminetetraacetic acid (EDTA), then stored at 4◦C
for future use.

Histological Analysis and Immunostaining
Mandibles intended for histological staining were embedded in
paraffin using standard histological procedures, then sectioned
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at 5-µm thickness for Masson’s trichrome, Sirius red, and TRAP
staining as previously reported (Wang et al., 2017). Samples
for cell lineage tracing were dehydrated with 30% sucrose and
embedded in OCT. Next, 10-µm-thick sections were prepared
with a Leica cryostat equipped with Cryojane as previously
reported (Xie et al., 2019). Immunostaining was then carried out
as previously described (Wang et al., 2020) using the following
primary antibodies: anti-OSX rabbit antibody (1:200, ab22552),
anti-PERIOSTIN goat antibody (1:400, AF2955), anti-MEPE
rabbit antibody (1:100, LF-155), anti-SOST goat antibody (1:100,
AF1589), anti-PCNA rabbit antibody (1:100, Cst13110s). The
secondary antibodies used for immunostaining: Goat anti-Rabbit
IgG-Alexa Fluor 488 (1:200, Invitrogen); Rabbit anti-Goat IgG-
Alexa Fluor 488 (1:200, Invitrogen); and Goat Anti-Rabbit IgG-
unconjugated (1:100, Vector laboratories).

Micro–Computed Tomography (µ-CT) and
X-Ray Radiography Analysis
Micro-CT analysis by the Scanco µ-CT35 image system and X-
ray radiography were performed as previously described (Wang
et al., 2017).

RNAscope Assay Procedures for RNA
Detection
Mandibles were harvested and fixed in 10% formalin for
24 h at room temperature and then decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) for 3 weeks at 4◦C.
Well-decalcified samples were embedded in paraffin and
cut according to previously mentioned standard histological
procedures. 5-µm-thick sections were collected and an
RNAscope assay was performed following the RNAscope R©2.5
BROWN (Advanced Cell Diagnostics, 322300, 322310) for
FFPE manufacturer protocol (Wang et al., 2012) with use
of the β-catenin RNA probe (537601) and Periostin RNA
probe (418581).

Statistical Analysis
Statistical analyses were performed by an independent sample t-
test for parametric analysis and the Mann-Whitney test was used
for non-parametric analysis using SPSS 19.0 (SPSS Inc, Chicago,
IL). A P-value < 0.05 was considered statistically significant.

RESULTS

Removing TGFβ Signaling in Gli1+

Progenitors Resulted in Disturbance of
Periodontal Homeostasis and Postnatal
Alveolar Bone Loss Due to a Defect in PDL
Progenitor Cells
To address the postnatal effects of TGFβ signaling on osteogenic
progenitors, we generated Gli1Lin Tgfβr2 cKO mice and
performed a one-time injection of tamoxifen in both the
control and cKO mice at P5. Mice were harvested at P28
(Figure 1A). Our representative X-ray images showed no
obvious differences in hindlimbs between the control and cKO
mice (Supplementary Figure 1). However, the sagittal section

FIGURE 1 | Micro-computed tomography (µCT) analyses showed defective

mandibles from Gli1Lin Tgfβr2 conditional knockout (cKO) mice. (A) A

schematic illustration of the generation of the Gli1-CreERT2 induced Tgfβr2

cKO mice in the R26RtdTomato tracing background. A one-time tamoxifen

injection was administered at P5, and harvested at P28. (B) The cKO mice

showed remarkable decrease of bone mass at both trabecular (red arrows)

and cortical (white arrows) regions. (C) Quantitative data based on the

trabecular bone showed a significant reduction in bone mineral density (BMD)

(upper left), the bone volume fraction (BV/TV) (upper right), and trabecular

thickness (Tb.Th) (lower left), and trabecular separation (Tb.Sp) (lower middle).

Of note, there was significant increase in trabecular number (Tb. N) (lower

right). n = 4, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

(Figure 1B, upper panels) and three-dimensional reconstruction
(Figure 1B, lower panels) images displayed drastic bone loss in
Gli1Lin Tgfβr2 cKO mandibles (Figure 1B, right panels). The
overall cKO bone structure was porous in both alveolar bone
and cortical bone (Figure 1B, arrows). The quantitative µCT
data on alveolar bone (Figure 1C, n = 4) displayed a significant
decrease in bone mineral density (BMD, P = 0.0010), bone
volume fraction (BV/TV, P = 0.0224), trabecular bone thickness
(Tb.Th, P = 0.0003), and trabecular bone separation (Tb.Sp, P
< 0.0001). There was a moderate increase in trabecular bone
numbers (Tb.N, P = 0.0183) in the cKO mice compared to
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FIGURE 2 | Morphological analyses of mandibles from Gli1Lin Tgfβr2 conditional knockout (cKO) mice at cellular levels. (A) Masson’s Trichrome staining showed

drastic reduction of alveolar bone mass in cKO mice (right); (B) Polarized light images displayed a decrease in periodontal ligament (PDL) with a disorganized collagen

fiber distribution in cKO mice (right); (C) Gli1Lin tracing images revealed pathological changes in the cKO PDL: irregular cell shape and a significant reduction in

tdTomato+ PDL cell number compared to the spindle-shape PDL cells in the control (upper right); (D) The immunostaining images of PCNA showed a significant

decline in proliferating cells in the cKO PDL; (E) The RNAscope images showed a drastic reduction in β-catenin mRNA level in the cKO PDL (right); and (F) a decrease

of Periostin expression at both mRNA level (upper right) and protein level (lower right). (G) Quantitative analyses of the number of tdTomato+ PDL cells (left) and PCNA

expressing cells in PDL (right). n = 3–5, *P < 0.05. AB, alveolar bone; PDL, periodontal ligament; D, dentin.

control mice. These changes support the vital role of TGFβ
signaling in control of postnatal alveolar bone formation.

To further address the impact of TGFβ signaling on
osteogenesis at cellular levels, we first performed Masson’s

trichrome staining. The test showed a reduction of the cKO
alveolar bone mass and collagen fibers in the cKO PDL
(Figure 2A). Our representative images of polarized light
revealed decreased and disorganized collagen fibers in the cKO
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PDL (Figure 2B). To elucidate the cell fate of mesenchymal
progenitor cells in postnatal alveolar bone formation, we
examined the biological features of Gli1Lin cells in the early cKO
mice using cell lineage tracing techniques (i.e., removing Tgfβr2
and activating the tdTomato fluorescent protein in Gli1Lin PDL
cells at the same time). At P6, there were few tdTomato+
cells in PDL area and in adjacent bone marrow areas after 24-
h induction (Supplementary Figure 2A). By P28, there were
numerous tdTomato+ cells throughout the entire PDL and
alveolar bone, indicating a great contribution of the Gli1Lin PDL
progenitor cells to PDL and alveolar bone development during
the period from P5 to P28 (Figure 2C, left panel). On the other
hand, removing Tgfβr2 in the Gli1Lin cells led to a significant
reduction in the number of tdTomato+ PDL cells (Figure 2C,
right panels; Figure 2G, left, P = 0.0238, n= 3).

To study the underlying molecular mechanism, we examined
expression levels of key molecules essential for PDL and
alveolar bone formation. The immunostaining images showed
a significant reduction of PCNA+ cells in the cKO PDL in
comparison with control group (Figures 2D,G, right, P= 0.0259,
n= 5), supporting the key role of TGFβ signaling in maintaining
the proliferation rate of mesenchymal cells in PDL. Next, we
analyzed the RNA expression level of β-catenin (a critical factor
for differentiating of mesenchymal cells into osteoblasts) using
RNAscope technique. This expression was sharply decreased in
the early cKO PDL, supporting the likely role of TGFβ signaling
in regulation of Wnt signaling (Figure 2E, right panel). Finally,
we studied expression profiles of Periostin (a key matrix protein
essential for PDL function) (Rios et al., 2005, 2008) at both RNA
and protein levels. The levels were greatly reduced in cKO PDL
(Figure 2F, right panels), suggesting the positive regulation of
Periostin by TGFβ signaling in maintaining PDL homeostasis
(Figure 2F).

TGFβ Signaling Regulates Osteogenic
Differentiation of PDL Progenitor Cells
To understand the molecular mechanisms by which the
abnormal alveolar bone occurred in early cKO mice, we
examined expression levels of various bone markers. Markers
were examined in the tracing background using immunostaining
confocal techniques. Our data showed a significant reduction
in tdTomato+ osteocyte numbers (Figure 3A, P = 0.0131,
n = 4) and the ratio of Gli1Lin osteocytes/total osteocytes
(Supplementary Figure 2C, right, P = 0.0255, n = 4) in the
cKO alveolar bone. The expressions of OSX (a transcriptional
molecule essential for osteogenesis) (Zhou et al., 2010) were
significantly decreased, which is reflected by the ratio of OSX+-
Gli1Lin osteocytes vs. total Gli1Lin osteocytes in the cKO
alveolar bone (Figure 3B, P = 0.0458, n = 4). We also showed
a significant reduction in the MEPE levels of cKO Gli1Lin

osteocytes (Figure 3C, P = 0.0153, n = 4). On the other hand,
there was a drastic increase of SOST, an osteocyte marker and
potent inhibitor of Wnt signaling (Balemans et al., 2001) in the
early cKO group. The ratio of SOST+-Gli1Lin osteocytes vs. total
Gli1Lin osteocytes was significantly increased in early cKO mice
compared to the control (Figure 3D, P = 0.0280, n = 4). We
then performed TRAP staining to exclude the potential impact
of removing Tgfβr2 in Gli1Lin PDL cells on osteoclast lineage

cells. The staining showed no significant difference between the
cKOmice and control (Supplementary Figure 3A, P= 0.0975, n
= 4).

Collectively, the above data support the essential role of TGFβ
signaling in controlling alveolar bone formation via regulation of
Gli1Lin PDL progenitor cell proliferation and differentiation.

TGFβ Signaling Has a Moderate Effect on
Osteoblasts
To investigate the effect of TGFβ signaling on osteoblasts,
we generated Tgfβr2 cKO mice under the control of 3.2 kb
Col1-CreERT2 (Figure 4A). Similar to the Gli1Lin Tgfβr2
cKO mice, removing Tgfβr2 in the 3.2 kb Col1Lin cells
had no apparent effects on the overall hindlimb structure
(Supplementary Figure 4). Unlike Gli1Lin Tgfbr2 cKO mice,
µCT data showed mild changes in alveolar bone of 3.2 kb
Col1Lin Tgfβr2 cKO mice (Figure 4B, right panels, arrows).
Our representative µCT images showed a mild decrease in
BMD (Figure 4C, upper left, P = 0.0513, n = 4) and the
BV/TV of trabecular bone (Figure 4C, upper left, P = 0.0224,
n = 4) in the late cKO mice. There was also a reduction of
Tb.Th in cKO mice (Figure 4C, lower left, P = 0.0043, n =

4) with no statistic changes in Tb.Sp (Figure 4C, P = 0.5634,
lower middle, n = 4) or Tb.N (Figure 4C, lower right, P =

0.4558, n = 4). Altogether, disruption of TGFβ signaling in
osteoblasts led to a mild reduction in alveolar bone mass and
mineral density.

To examine the impact of TGFβ signaling in late cKO mice
at the cellular level, we performed Masson’s trichrome staining.
Our staining results showed no apparent changes in the cKO
alveolar bonemass or in the PDL collagen fibers (Figure 5A). The
representative images of polarized light revealed a distribution
profile of collagen fibers in the cKO PDL, which was similar to
that of the control group (Figure 5B). Our cell lineage tracing
analyses showed no apparent change in tdTomato+ bone cell
numbers or cell distribution pattern in cKO mice (Figure 5C,
right panels; Supplementary Figure 2C, left, P = 0.8491, n =

4). We also examined the expression levels of several markers
essential for bone function. The immunostaining showed a
moderate but significant reduction in the expression ratio of
OSX+-3.2 kb Col1Lin osteocytes vs. total 3.2 kb Col1Lin osteocytes
in the cKO alveolar bone in comparison with control (Figure 6A;
P = 0.0076, n = 4). However, removing Tgfβr2 in the 3.2 kb
Col1Lin cells had little impact on the expression ratio of osteocyte
markers such as MEPE (Figure 6B, P = 0.1502, n = 4) or SOST
(Figure 6C, P = 0.2619, n= 4).

DISCUSSION

TGFβ signaling plays an essential role in cell proliferation and
differentiation of osteogenic cells during both intramembrane
and endochondral bone formation. However, the role of TGFβ
signaling during mandibular bone development remains largely
unclear. In this study, we used inducible Cre mouse lines
to remove Tgfβr2 in osteogenic progenitors (Gli1-CreERT2/+;
R26RtdTomato/+; Tgfβr2flox/flox; Early cKO) and osteoblasts (3.2 kb

Col1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/flox; Late cKO),
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FIGURE 3 | Molecular analyses of mandibles from Gli1Lin Tgfβr2 conditional knockout (cKO) mice (A) The confocal images revealed a great reduction in bone volume

and number of Gli1lin Ocy in cKO alveolar bone, which is statistically significant from the control (right panel); (B) The OSX immunostaining images showed a significant

decrease in the raito of OSX+-Gli1Lin Ocy to the total Gli1lin Ocy; (C) The confocal images of MEPE immunostainings showed a significant reduction in the raito of

MEPE+-Gli1Lin Ocy to the total Gli1lin Ocy in the cKO alveolar bone (right panel); (D) The confocal images of SOST immunostainings showed an increase in the raito of

SOST+-Gli1Lin Ocy to the total Gli1Lin Ocy in the cKO alveolar bone, which was statistically significant from the control (right panel). n =4. *P < 0.05; Ocy, osteocytes.

respectively. We aimed to provide a better understanding of the
roles played by TGFβ signaling during postnatal alveolar bone
formation. We used multiple techniques such as radiography,
µCT, Masson’s trichrome staining, and immunostaining
combined with cell lineage tracing methods. Our comprehensive

analyses showed drastic defects in the PDL and alveolar bone
of early cKO mice but a moderate alveolar bone phenotype in
late cKO mice. Our data support the essential role of Tgfβr2 in
osteogenic PDL cells during early alveolar bone development
with limited impact on later osteogenesis.
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FIGURE 4 | Micro-computed tomography (µCT) analyses of mandibles from

3.2 kb Col1Lin Tgfβr2 conditional knockout (cKO) mice. (A) A schematic

illustration of the generation of the 3.2 kb Col1-CreERT2 induced Tgfβr2 mice in

the R26RtdTomato tracing background. A one-time tamoxifen injection was

administered at P5, and harvested at P28. (B) The cKO mice showed a mild

decrease of bone mass at both trabecular (red arrow) and cortical (white

arrow) regions. (C) Quantitative data based on the trabecular bone showed a

reduction in bone mineral density (BMD) with no statistical significance (upper

left), although there was a significant reduction in bone volume fraction (BV/TV)

(upper right) and trabecular thickness (Tb. Th) (lower left). Of note, there was

no apparent change in trabecular separation (Tb.Sp) (lower middle) and

trabecular number (Tb.N) (lower right). n = 4, *P < 0.05; **P < 0.01.

The quantitative µCT analyses in our study showed that
ablation of Tgfβr2 in Gli1Lin cells led to a significant reduction
in alveolar bone volume and mineralization. This outcome was
likely caused by a defect that occurred in PDL progenitors based
on the following three pieces of information. (1) Molecular
immunostaining and cell lineage tracing data revealed a
significant reduction of PCNA+ and tdTomato+ PDL cells in the
cKO mice; (2) The cell lineage tracing data showed a significant
reduction of tdTomato+ bone cell numbers. (3) Masson’s
trichrome staining and polarized light images displayed defects
in PDL and alveolar bone matrices along with a sharp decrease
in three key molecules (Periostin in PDL, OSX, and MEPE in
alveolar bone). In fact, the current findings of TGFβ signaling

FIGURE 5 | Morphological analyses of mandibles from 3.2 kb Col1Lin Tgfβr2

conditional knockout (cKO) mice at the cellular level. (A) Masson’s trichrome

staining showed no apparent change of alveolar bone mass in the cKO mice

(right). (B) Polarized light images displayed a similar collagen fiber distribution

of periodontal ligament (PDL) in the control and cKO group (right). (C) The

3.2 kb Col1Lin tracing images revealed largely similar red cell numbers in both

the control and the cKO alveolar bone. AB, alveolar bone; PDL, periodontal

ligament; D, dentin.

controlling cell proliferation and osteoblast differentiation agree
with its roles in craniofacial bone and long bone (Sasaki et al.,
2006; Peters et al., 2017).

Further mechanism studies using the RNAscope assay and
immunostaining analyses showed that TGFβ signaling likely
affected Wnt-β-catenin signaling, as shown by a sharp reduction
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FIGURE 6 | Molecular analyses of mandibles from 3.2 kb Col1Lin Tgfβr2 conditional knockout (cKO) mice. (A) The confocal images of OSX immunostainings revealed

a decrease in the raito of OSX+-3.2 kb Col1Lin Ocy to the total 3.2 kb Col1Lin Ocy in cKO alveolar bone, which was statistically significant from the control (right panel);

(B) No apparent change was observed in the MEPE expression of cKO mice; and (C) The images of SOST immunostainings showed no apparent differences in

signals between the cKO and control groups. n = 4. **P < 0.01; Ocy, osteocytes.

in β-catenin mRNA within early cKO PDL and an increase in
SOST (a potent inhibitor of Wnt signaling) within alveolar bone.
Currently, we do not know whether there is a direct or indirect
connection between the β-catenin in PDL and SOST inside
alveolar bone. However, our previous studies demonstrated that
removing Periostin in PDL led to severe defects in both PDL
and alveolar bone; further deletion of sclerostin in osteocytes or
applications of SOST- neutralized antibodies greatly improved
both PDL and alveolar bone phenotypes via an interaction
between Sharpey’s fibers and osteocyte dendrites (Ren et al.,
2015). TGFβ signaling may indirectly regulate Sharpey’s fibers,
a critical bridge between PDL and alveolar bone cells. This idea
needs to be part of future studies.

Nevertheless,Gli1-CreERT2 was not only activated in PDL cells
but also in cells from bone marrow, as shown from cell lineage
tracing date in the present study and previous studies (Feng et al.,
2017; Hosoya et al., 2020; Yi et al., 2021). To date, no specific
markers could be used to discern differences between PDL-
derived and bone-marrow-derived Gli1Lin cells. However, the
positive correlation between the Gli1Lin PDL cell numbers and

the Gli1Lin alveolar bone cell numbers within the control support
the contribution of Gli1Lin PDL progenitor cells for alveolar bone
formation. The negative correlation between the Gli1Lin PDL cell
numbers and the Gli1Lin alveolar bone cell numbers within the
early cKO further support this hypothesis.

It is previously reported that loss of TGFβ signaling in
osteoblasts had an indirect effect on osteoclasts by reducing the
number of osteoclasts in both long bones and mandibles (Qiu
et al., 2010; Wang et al., 2013). However, our study observed no
significant differences in either late or early cKO mice compared
to their respective control groups. Results were based on TRAP
staining, excluding the indirect role of osteoclasts on the bone
loss phenotype.

Overall (Figure 7), removing Tgfβr2 in the Gli1+ osteogenic
progenitor cells led to significant alveolar bone loss as well as a
decrease in OSX, β-catenin, PERIOSTIN, andMEPE. Conversely,
there was a drastic increase in SOST (a potent inhibitor of
WNT signaling). Deletion of Tgfβr2 in 3.2 kb Col1+ osteoblasts
resulted in mild changes in alveolar bone morphology and mild
bone loss. Thus, we conclude that TGFβ signaling is essential
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FIGURE 7 | Summary: TGFβ signaling plays a stage-dependent role during mandible bone growth based on the loss of Tgfβr2 in Gli1+ osteogenic progenitors and

3.2 kb Col1+ osteoblasts in the R26RtdTomato tracing background, respectively. Removing Tgfβr2 in the Gli1+ progenitor cells at early postnatal stage led to a

significant bone loss and a decrease in OSX. Deletion of Tgfβr2 in the 3.2 kb Col1+ osteoblasts at early postnatal stage result in mild changes in alveolar bone

morphologies and bone volume.

for regulating the proliferation and differentiation of osteogenic
progenitors during early postnatal alveolar bone formation.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
Care and Use Committees (IACUC) at Texas A&M University
College of Dentistry and Sichuan University West China School
of Stomatology.

AUTHOR CONTRIBUTIONS

CX contributed to the conception, design, data acquisition,
analysis, interpretation, and also drafted and critically
revised the manuscript. XX contributed to data acquisition
and manuscript revision. YW and HZ contributed to data
analysis and interpretation together with critically revising
the manuscript. JW and JF contributed to conception, design,

data analysis and interpretation for the project, and they
drafted and critically revised the manuscript. All authors gave
final approval and agreed to be accountable for all aspects
of the work.

FUNDING

This study was supported by grants from the National Institutes
of Health (Grant Nos. DE025659, DE025014, and DE028291) to
JF and from the National Natural Science Foundation of China
(Grant Nos. 82071127 and 81700980) to JW.

ACKNOWLEDGMENTS

We thank Vivian Shi and Meghann Holt for their assistance
with the editing of this article. We also acknowledge technical
assistance on the RNAscope assay from Changchun Dong and
Xiaofang Wang.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.721775/full#supplementary-material

REFERENCES

Abou-Ezzi, G., Supakorndej, T., Zhang, J., Anthony, B., Krambs, J., Celik, H., et al.

(2019). TGF-beta signaling plays an essential role in the lineage specification of

mesenchymal stem/progenitor cells in fetal bone marrow. Stem Cell Reports 13,

48–60. doi: 10.1016/j.stemcr.2019.05.017

Ahn, S., and Joyner, A. L. (2004). Dynamic changes in the response of cells to

positive hedgehog signaling during mouse limb patterning. Cell 118, 505–516.

doi: 10.1016/j.cell.2004.07.023

Balemans, W., Ebeling, M., Patel, N., Van Hul, E., Olson, P., Dioszegi,

M., et al. (2001). Increased bone density in sclerosteosis is due to the

deficiency of a novel secreted protein (SOST). Hum. Mol. Genet. 10, 537–543.

doi: 10.1093/hmg/10.5.537

Chavarry, N. G., Vettore, M. V., Sansone, C., and Sheiham, A. (2009). The

relationship between diabetes mellitus and destructive periodontal disease: a

meta-analysis. Oral Health Prev. Dent. 7, 107–127. doi: 10.3290/j.ohpd.a15518

Chen, G., Deng, C., and Li, Y. P. (2012). TGF-beta and BMP signaling in

osteoblast differentiation and bone formation. Int. J. Biol. Sci. 8, 272–288.

doi: 10.7150/ijbs.2929

Corps, K., Stanwick, M., Rectenwald, J., Kruggel, A., and Peters, S. B. (2021).

Skeletal deformities in Osterix-Cre;Tgfbr2f/f mice may cause postnatal death.

Genes (Basel) 12:975. doi: 10.3390/genes12070975

Douglass, C. W., and Fox, C. H. (1993). Cross-sectional studies in periodontal

disease: current status and implications for dental practice. Adv. Dent. Res. 7,

25–31. doi: 10.1177/08959374930070010301

Feng, J., Jing, J., Li, J., Zhao, H., Punj, V., Zhang, T., et al. (2017). BMP signaling

orchestrates a transcriptional network to control the fate of mesenchymal stem

cells in mice. Development 144, 2560–2569. doi: 10.1242/dev.150136

Fox, C. H. (1992). New considerations in the prevalence of periodontal disease.

Curr. Opin. Dent. 2, 5–11.

Fox, C. H., Jette, A. M., McGuire, S. M., Feldman, H. A., and Douglass, C. W.

(1994). Periodontal disease among New England elders. J. Periodontol. 65,

676–684. doi: 10.1902/jop.1994.65.7.676

Hallmon, W. W., and Mealey, B. L. (1992). Implications of diabetes

mellitus and periodontal disease. Diabetes Educ. 18, 310–315.

doi: 10.1177/014572179201800409

Hinton, R. J., Jing, J., and Feng, J. Q. (2015). Genetic influences

on temporomandibular joint development and growth. Curr.

Frontiers in Physiology | www.frontiersin.org 9 September 2021 | Volume 12 | Article 721775

https://www.frontiersin.org/articles/10.3389/fphys.2021.721775/full#supplementary-material
https://doi.org/10.1016/j.stemcr.2019.05.017
https://doi.org/10.1016/j.cell.2004.07.023
https://doi.org/10.1093/hmg/10.5.537
https://doi.org/10.3290/j.ohpd.a15518
https://doi.org/10.7150/ijbs.2929
https://doi.org/10.3390/genes12070975
https://doi.org/10.1177/08959374930070010301
https://doi.org/10.1242/dev.150136
https://doi.org/10.1902/jop.1994.65.7.676
https://doi.org/10.1177/014572179201800409
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Xu et al. TGFβ Signaling in Mandible Development

Top. Dev. Biol. 115, 85–109. doi: 10.1016/bs.ctdb.2015.

07.008

Hinton, R. J., Jing, Y., Jing, J., and Feng, J. Q. (2017). Roles of chondrocytes

in endochondral bone formation and fracture repair. J. Dent. Res. 96, 23–30.

doi: 10.1177/0022034516668321

Hosoya, A., Shalehin, N., Takebe, H., Fujii, S., Seki, Y., Mizoguchi, T., et al. (2020).

Stem cell properties of Gli1-positive cells in the periodontal ligament. J. Oral

Biosci. 62, 299–305. doi: 10.1016/j.job.2020.08.002

Jing, Y., Zhou, X., Han, X., Jing, J., von der Mark, K., Wang, J., et al. (2015).

Chondrocytes directly transform into bone cells in mandibular condyle growth.

J. Dent. Res. 94, 1668–1675. doi: 10.1177/0022034515598135

Khader, Y. S., Dauod, A. S., El-Qaderi, S. S., Alkafajei, A., and Batayha, W. Q.

(2006). Periodontal status of diabetics compared with nondiabetics: a meta-

analysis. J. Diabetes Complicat. 20, 59–68. doi: 10.1016/j.jdiacomp.2005.05.006

Kim, T. H., Bae, C. H., Lee, J. Y., Lee, J. C., Ko, S. O., Chai, Y., et al. (2015).

Temporo-spatial requirement of Smad4 in dentin formation. Biochem. Biophys.

Res. Commun. 459, 706–712. doi: 10.1016/j.bbrc.2015.03.014

Kitaura, Y., Hojo, H., Komiyama, Y., Takato, T., Chung, U. I., and Ohba,

S. (2014). Gli1 haploinsufficiency leads to decreased bone mass with an

uncoupling of bone metabolism in adult mice. PLoS ONE 9:e109597.

doi: 10.1371/journal.pone.0109597

Liu, A. Q., Zhang, L. S., Chen, J., Sui, B. D., Liu, J., Zhai, Q. M., et al. (2020).

Mechanosensing by Gli1(+) cells contributes to the orthodontic force-induced

bone remodelling. Cell Prolif. 53:e12810. doi: 10.1111/cpr.12810

Long, F. (2011). Building strong bones: molecular regulation of the osteoblast

lineage. Nat. Rev. Mol. Cell Biol. 13, 27–38. doi: 10.1038/nrm3254

Mealey, B. L., andOcampo, G. L. (2007). Diabetes mellitus and periodontal disease.

Periodontol 44, 127–153. doi: 10.1111/j.1600-0757.2006.00193.x

Men, Y., Wang, Y., Yi, Y., Jing, D., Luo, W., Shen, B., et al. (2020). Gli1+

periodontium stem cells are regulated by osteocytes and occlusal force. Dev.

Cell 54, 639–654. doi: 10.1016/j.devcel.2020.06.006

Meng, X., Vander Ark, A., Daft, P., Woodford, E., Wang, J., Madaj, Z.,

et al. (2018). Loss of TGF-beta signaling in osteoblasts increases basic-FGF

and promotes prostate cancer bone metastasis. Cancer Lett. 418, 109–118.

doi: 10.1016/j.canlet.2018.01.018

Oka, K., Oka, S., Sasaki, T., Ito, Y., Bringas, P. Jr., Nonaka, K., et al.

(2007). The role of TGF-beta signaling in regulating chondrogenesis and

osteogenesis during mandibular development. Dev. Biol. 303, 391–404.

doi: 10.1016/j.ydbio.2006.11.025

Peters, S. B., Wang, Y., and Serra, R. (2017). Tgfbr2 is required in

osterix expressing cells for postnatal skeletal development. Bone 97, 54–64.

doi: 10.1016/j.bone.2016.12.017

Pihlstrom, B. L., Michalowicz, B. S., and Johnson, N. W. (2005). Periodontal

diseases. Lancet 366, 1809–1820. doi: 10.1016/S0140-6736(05)67728-8

Preshaw, P. M., Alba, A. L., Herrera, D., Jepsen, S., Konstantinidis, A.,

Makrilakis, K., et al. (2012). Periodontitis and diabetes: a two-way relationship.

Diabetologia 55, 21–31. doi: 10.1007/s00125-011-2342-y

Qin, X., Jiang, Q., Miyazaki, T., and Komori, T. (2019). Runx2 regulates cranial

suture closure by inducing hedgehog, Fgf, Wnt and Pthlh signaling pathway

gene expressions in suture mesenchymal cells. Hum. Mol. Genet. 28, 896–911.

doi: 10.1093/hmg/ddy386

Qiu, T., Wu, X., Zhang, F., Clemens, T. L., Wan, M., and Cao, X. (2010). TGF-beta

type II receptor phosphorylates PTH receptor to integrate bone remodelling

signalling. Nat. Cell Biol. 12, 224–234. doi: 10.1038/ncb2022

Ren, Y., Han, X., Ho, S. P., Harris, S. E., Cao, Z., Economides, A. N., et al. (2015).

Removal of SOST or blocking its product sclerostin rescues defects in the

periodontitis mouse model. FASEB J. 29, 2702–2711. doi: 10.1096/fj.14-265496

Rios, H., Koushik, S. V.,Wang, H.,Wang, J., Zhou, H.M., Lindsley, A., et al. (2005).

Periostin null mice exhibit dwarfism, incisor enamel defects, and an early-

onset periodontal disease-like phenotype. Mol. Cell. Biol. 25, 11131–11144.

doi: 10.1128/MCB.25.24.11131-11144.2005

Rios, H. F., Ma, D., Xie, Y., Giannobile, W. V., Bonewald, L. F., Conway,

S. J., et al. (2008). Periostin is essential for the integrity and function of

the periodontal ligament during occlusal loading in mice. J Periodontol. 79,

1480–1490. doi: 10.1902/jop.2008.070624

Rossert, J., Eberspaecher, H., and de Crombrugghe, B. (1995). Separate cis-acting

DNA elements of the mouse pro-alpha 1(I) collagen promoter direct expression

of reporter genes to different type I collagen-producing cells in transgenic mice.

J. Cell Biol. 129, 1421–1432. doi: 10.1083/jcb.129.5.1421

Salvi, G. E., Carollo-Bittel, B., and Lang, N. P. (2008). Effects of diabetes

mellitus on periodontal and peri-implant conditions: update on associations

and risks. J. Clin. Periodontol. 35, 398–409. doi: 10.1111/j.1600-051X.2008.

01282.x

Sasaki, T., Ito, Y., Bringas, P. Jr., Chou, S., Urata, M. M., Slavkin, H., et al. (2006).

TGFbeta-mediated FGF signaling is crucial for regulating cranial neural crest

cell proliferation during frontal bone development.Development 133, 371–381.

doi: 10.1242/dev.02200

Seo, H. S., and Serra, R. (2007). Deletion of Tgfbr2 in Prx1-cre expressing

mesenchyme results in defects in development of the long bones and joints.

Dev. Biol. 310, 304–316. doi: 10.1016/j.ydbio.2007.07.040

Seo, H. S., and Serra, R. (2009). Tgfbr2 is required for development of the skull

vault. Dev. Biol. 334, 481–490. doi: 10.1016/j.ydbio.2009.08.015

Shi, Y., He, G., Lee, W. C., McKenzie, J. A., Silva, M. J., and Long, F. (2017). Gli1

identifies osteogenic progenitors for bone formation and fracture repair. Nat.

Commun. 8:2043. doi: 10.1038/s41467-017-02171-2

Tang, S. Y., and Alliston, T. (2013). Regulation of postnatal bone homeostasis by

TGFbeta. Bonekey Rep. 2:255. doi: 10.1038/bonekey.2012.255

Wang, C. J., and McCauley, L. K. (2016). Osteoporosis and periodontitis. Curr.

Osteoporos. Rep. 14, 284–291. doi: 10.1007/s11914-016-0330-3

Wang, F., Flanagan, J., Su, N., Wang, L. C., Bui, S., Nielson, A., et al. (2012).

RNAscope: a novel in situ RNA analysis platform for formalin-fixed, paraffin-

embedded tissues. J. Mol. Diagn. 14, 22–29. doi: 10.1016/j.jmoldx.2011.08.002

Wang, J., Jiang, Y., Xie, X., Zhang, S., Xu, C., Zhou, Y., et al. (2020).

The identification of critical time windows of postnatal root elongation

in response to Wnt/beta-catenin signaling. Oral Dis. [Preprint]. 1–10

doi: 10.1111/ODI.13753/v2/response1

Wang, J., Massoudi, D., Ren, Y., Muir, A. M., Harris, S. E., Greenspan, D. S., et al.

(2017). BMP1 and TLL1 are required for maintaining periodontal homeostasis.

J. Dent. Res. 96, 578–585. doi: 10.1177/0022034516686558

Wang, Y., Cox, M. K., Coricor, G., MacDougall, M., and Serra, R. (2013).

Inactivation of Tgfbr2 in Osterix-Cre expressing dental mesenchyme disrupts

molar root formation. Dev. Biol. 382, 27–37. doi: 10.1016/j.ydbio.2013.08.003

Wu, M., Chen, G., and Li, Y. P. (2016). TGF-beta and BMP signaling in osteoblast,

skeletal development, and bone formation, homeostasis and disease. Bone Res.

4:16009. doi: 10.1038/boneres.2016.9

Xia, C., Ge, Q., Fang, L., Yu, H., Zou, Z., Zhang, P., et al. (2020). TGF-beta/Smad2

signalling regulates enchondral bone formation of Gli1(+) periosteal cells

during fracture healing. Cell Prolif. 53:e12904. doi: 10.1111/cpr.12904

Xie, X., Wang, J., Wang, K., Li, C., Zhang, S., Jing, D., et al. (2019).

Axin2(+)-mesenchymal PDL cells, instead of K14(+) epithelial cells, play

a key role in rapid cementum growth. J. Dent. Res. 98, 1262–1270.

doi: 10.1177/0022034519871021

Yi, Y., Stenberg, W., Luo, W., Feng, J. Q., and Zhao, H. (2021). Alveolar bone

marrow Gli1+ stem cells support implant osseointegration. J. Dent. Res.

[Preprint]. doi: 10.1177/00220345211013722 (accessed September 4, 2021)

Zhou, X., Zhang, Z., Feng, J. Q., Dusevich, V. M., Sinha, K., Zhang, H., et al.

(2010). Multiple functions of Osterix are required for bone growth and

homeostasis in postnatal mice. Proc. Natl. Acad. Sci. U. S. A. 107, 12919–12924.

doi: 10.1073/pnas.0912855107

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Xu, Xie, Zhao, Wu, Wang and Feng. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 10 September 2021 | Volume 12 | Article 721775

https://doi.org/10.1016/bs.ctdb.2015.07.008
https://doi.org/10.1177/0022034516668321
https://doi.org/10.1016/j.job.2020.08.002
https://doi.org/10.1177/0022034515598135
https://doi.org/10.1016/j.jdiacomp.2005.05.006
https://doi.org/10.1016/j.bbrc.2015.03.014
https://doi.org/10.1371/journal.pone.0109597
https://doi.org/10.1111/cpr.12810
https://doi.org/10.1038/nrm3254
https://doi.org/10.1111/j.1600-0757.2006.00193.x
https://doi.org/10.1016/j.devcel.2020.06.006
https://doi.org/10.1016/j.canlet.2018.01.018
https://doi.org/10.1016/j.ydbio.2006.11.025
https://doi.org/10.1016/j.bone.2016.12.017
https://doi.org/10.1016/S0140-6736(05)67728-8
https://doi.org/10.1007/s00125-011-2342-y
https://doi.org/10.1093/hmg/ddy386
https://doi.org/10.1038/ncb2022
https://doi.org/10.1096/fj.14-265496
https://doi.org/10.1128/MCB.25.24.11131-11144.2005
https://doi.org/10.1902/jop.2008.070624
https://doi.org/10.1083/jcb.129.5.1421
https://doi.org/10.1111/j.1600-051X.2008.01282.x
https://doi.org/10.1242/dev.02200
https://doi.org/10.1016/j.ydbio.2007.07.040
https://doi.org/10.1016/j.ydbio.2009.08.015
https://doi.org/10.1038/s41467-017-02171-2
https://doi.org/10.1038/bonekey.2012.255
https://doi.org/10.1007/s11914-016-0330-3
https://doi.org/10.1016/j.jmoldx.2011.08.002
https://doi.org/10.1111/ODI.13753/v2/response1
https://doi.org/10.1177/0022034516686558
https://doi.org/10.1016/j.ydbio.2013.08.003
https://doi.org/10.1038/boneres.2016.9
https://doi.org/10.1111/cpr.12904
https://doi.org/10.1177/0022034519871021
https://doi.org/10.1177/00220345211013722
https://doi.org/10.1073/pnas.0912855107
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	TGF-Beta Receptor II Is Critical for Osteogenic Progenitor Cell Proliferation and Differentiation During Postnatal Alveolar Bone Formation
	Introduction
	Materials and Methods
	Breeding Transgenic Mice
	Histological Analysis and Immunostaining
	Micro–Computed Tomography (μ-CT) and X-Ray Radiography Analysis
	RNAscope Assay Procedures for RNA Detection
	Statistical Analysis

	Results
	Removing TGFβ Signaling in Gli1+ Progenitors Resulted in Disturbance of Periodontal Homeostasis and Postnatal Alveolar Bone Loss Due to a Defect in PDL Progenitor Cells
	TGFβ Signaling Regulates Osteogenic Differentiation of PDL Progenitor Cells
	TGFβ Signaling Has a Moderate Effect on Osteoblasts

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


