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Abstract

Whnt—f-catenin signaling plays a key role in orthodontic tooth movement (OTM), a common clinical practice for malocclusion correction.
However, its targeted periodontal ligament (PDL) progenitor cells remain largely unclear. In this study, we first showed a synchronized
increase in Wnt—f-catenin levels and Axin2* PDL progenitor cell numbers during OTM using immunostaining of 3-catenin in wild-type
mice and X-gal staining in the Axin2-LacZ knock-in line. Next, we demonstrated time-dependent increases in Axin2* PDL progenitors
and their progeny cell numbers within PDL and alveolar bones during OTM using a one-time tamoxifen-induced Axin2 tracing line
(Axin2CreERT2/+; R2 RidTemato’s) " Coimmunostaining images displayed both early and late bone markers (such as RUNX2 and DMPI) in the
Axin2"" PDL cells. Conversely, ablation of Axin2* PDL cells via one-time tamoxifen-induced diphtheria toxin subunit A (DTA) led to
a drastic decrease in osteogenic activity (as reflected by alkaline phosphatase) in PDL and alveolar bone. There was also a decrease in
new bone mass and a significant reduction in the mineral apposition rate on both the control side (to a moderate degree) and the OTM
side (to a severe degree). Thus, we conclude that the Axin2" PDL cells (the Whnt-targeted key cells) are highly sensitive to orthodontic
tension force and play a critical role in OTM-induced PDL expansion and alveolar bone formation. Future drug development targeting

the Axin2* PDL progenitor cells may accelerate alveolar bone formation during orthodontic treatment.
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Introduction

Orthodontic tooth movement (OTM) is initiated by external
mechanical forces and mediated by the remodeling of the peri-
odontal ligament (PDL) and alveolar bone. The PDL is a fiber-
reinforced tissue that contains an abundant vascular network
and heterogeneous cell populations. This tissue plays a critical
role in transducing mechanical stress and maintaining peri-
odontal homeostasis (Feng et al. 2016; Zhang et al. 2016).
OTM occurs when orthodontic forces are transduced into bio-
logical events. The tension side exhibits stretched PDL fibers
and new alveolar bone formation. Meanwhile, the pressure
side is characterized by compressed and disorganized PDL and
subsequent alveolar bone resorption (Krishnan and Davidovitch
2006). Notably, the type of alveolar bone resorption depends
on the magnitude of forces applied on the tooth; light forces are
preferable as they evoke frontal resorption of bone, whereas
heavy forces often cause necrosis (hyalinization) of the PDL
and undermining bone resorption (Reitan 1957; Krishnan and
Davidovitch 2006).

It has long been postulated that a PDL stem/progenitor cell
(PDLSC) population supports the homeostasis of the periodon-
tium with its capability of self-renewal and multilineage dif-
ferentiation (Seo et al. 2004; Sonoyama et al. 2006; Feng et al.
2010). Our lab has demonstrated that PDL provides a key

contribution during normal alveolar bone formation. Our
research shows 2- and 3-fold higher mineral apposition rates at
the PDL—-alveolar bone interface than those on periosteal and
endosteal surfaces (Ren et al. 2015).
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It has been well documented that mechanical loading (such
as occlusion, mastication, and orthodontic forces) directly regu-
lates PDL homeostasis by inducing the proliferation and dif-
ferentiation of PDLSCs (Tang et al. 2012; Chang et al. 2017).
Critical osteogenic factors including runt-related transcription
factor 2 (RUNX?2), alkaline phosphatase (ALP), and osteocal-
cin (OCN) are upregulated in human PDLSCs under cyclic ten-
sile strain in vitro (Tang et al. 2012; Shen et al. 2014), as well as
in PDL during OTM (Kawarizadeh et al. 2005; Takimoto et al.
2015; Fu et al. 2016). To date, many factors and signaling path-
ways have been reported to be involved in osteogenesis in
response to orthodontic tensile force, including Wnt/p-catenin
pathway, Hippo-Yes—associated protein/transcriptional coacti-
vator with PDZ-binding motif (YAP/TAZ) signaling, and peri-
ostin (Fu et al. 2016; Rangiani et al. 2016; Zhang et al. 2016;
Huelter-Hassler et al. 2017; Xu et al. 2017; Sun et al. 2018).
Sclerostin is known to be a key negative regulator of bone mass
by antagonizing canonical Wnt signaling via binding to LRP5/6
on the surface of osteoblasts (Li et al. 2005). Previous studies
have reported a biphasic change in SOST expression during
OTM: there was an increase in the compression site while a
brief downregulation occurred on the tension side (Rangiani
et al. 2016; Odagaki et al. 2018), indicating that SOST has a
critical role in regulating periodontal remodeling during OTM.
Periostin (an extracellular matrix protein that is highly expressed
in the PDL) is known to be responsive to mechanical stimula-
tion in maintaining the integrity of periodontal tissues.
Conventional knockout of periostin leads to a sharp reduction in
new alveolar bone formation on the OTM-tension side, indicat-
ing a critical role of periostin during OTM (Rangiani et al.
2016). However, the underlying mechanism by which PDL pro-
genitors contribute to periodontal homeostasis upon mechani-
cal force has not yet been elucidated.

Axin2 is one of the key targeting molecules of Wnt/p3-
catenin signaling, which is mediated through T-cell factor/
lymphoid enhancer factor (TCF/LEF) (Jho et al. 2002). Recent
studies suggest that Axin2* cells are stem/progenitor cells in
various types of tissues (Van Amerongen et al. 2012; Bowman
et al. 2013; Lim et al. 2013; Wang et al. 2015). Axin2* PDL
cells play critical roles in postnatal cementogenesis (Xie et al.
2019), the healing of extraction sockets (Yuan et al. 2018), and
adaptative responses to hyperloading (Xu et al. 2019) and
underloading during mastication (Zhang et al. 2019). However,
their role in OTM is largely unknown.

The goal of this study was to investigate whether Axin2*
PDL progenitor cells directly contribute to OTM-induced alve-
olar bone formation using multiple cell lineage tracing lines.
The Axin2-lacZ line was used to reveal the temporal and spatial
expression patterns of the endogenous Axin2* progenitor cells
during normal and OTM: Axin2Cre®R7?+; R26RTomat* to trace
Axin2* progeny and Axin2-Cre®®7?+; R26R!Tomato/DTA+ for oss
function studies. Our findings demonstrate the vital role of
Axin2* PDL progenitor cells and their progeny during OTM-
induced alveolar bone formation, which may facilitate future
drug development aimed at accelerating OTM-induced alveo-
lar bone formation in patients.

Materials and Methods

Transgenic Mice and Orthodontic Tooth Movement

All experimental protocols followed ARRIVE (Animal
Research Reporting of In Vivo Experiments) guidelines and
were approved by the Institutional Animal Care and Use
Committee (IACUC) at Texas A&M University College of
Dentistry (IACUC number: 2021-0134-COD).

Wild-type (WT, stock number: 000664), Axin2"?* (stock
number: 009120), Axin2ERT?* (stock number: 018867),
R26R™mato+ (stock number: 007905), and R26RP™* (stock
number: 006331) mice were purchased from Jackson
Laboratory. The mice were housed in a temperature-controlled
environment with 12-h light/dark cycles. WT mice were used
to assess B-catenin expression in periodontium. Axin2"#* het-
erozygous mice had a nuclear-localized (3-galactosidase (NLS-
lacZ) gene under the control of the endogenous Axin2
promoter/enhancer regions and were used to indicate endoge-
nous Axin2 expression. Meanwhile, Axin2-Creff7?;
R26R™Tmato’s mouse lines were used to trace Axin2* progeni-
tors in PDL during orthodontic tooth movement. In addition,
R26RP™" mice had a loxP-flanked STOP cassette preventing
expression of diphtheria toxin fragment A (DTA). Exposure to
Cre recombinase removed the lox-stop fragment and resulted
in ablation of the Cre-expressing cells (Ivanova et al. 2005). By
crossing Axin2-Cre®R7?%; R26R™omao’ mice with R26RP™*
mice, Axin2-Cre®f?+; R26R!omato/DTA+ mouse line was gener-
ated to further determine the role of Axin2* lineage by specifi-
cally ablating the Axin2* cells. An OTM model was established
at the age of postnatal day 28 (P28). Cell lineage tracing lines
received a single intraperitoneal injection of tamoxifen (Sigma,
T5648, 75 mg/kg body weight) at P28 immediately after OTM
started. The animals were sacrificed after 3d (P31), 8d (P36),
or 14d (P42) of tooth movement, respectively.

The OTM model was established following a previously
published method (Rangiani et al. 2016). Briefly, a customized
coil spring was made of superelastic nickel-titanium (NiTi)
with 0.003 inches of pitch and 0.019 inches for the inside diam-
eter (Motion Dynamics Corporation). To obtain a 0.5-N force
with 4mm of activation, the springs were cut to a 2.5-mm
length and bonded with light-cured resin between the mesial
surface of the maxillary left first molar (M1) and lingual sur-
face of maxillary incisors. The maxillary left first molars were
used for OTM, and the maxillary right first molars in the same
animals were used for our control. Because of food intake limi-
tations due to this procedure, all animals in this study lost body
weight. However, none of the mice lost more than 20% of their
body weight.

5-Ethynyl-2'-Deoxyuridine Injection
and Fluorochrome Labeling
To test the mitotic activity of Axin2* PDL progenitor cells,

5-ethynyl-2'-deoxyuridine (EdU; Carbosynth, NE08701,
20 mg/kg body weight) was administrated intraperitoneally in
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Axin2-Cre®RT2/; R26R!omaio/DT4+ mice 24 h prior to euthanasia.
A Click-1T Imaging Kit with Alexa Flour 488-azide (Invitrogen,
C10337) was used to detect EAU in cryosections.

To determine how ablation of Axin2* PDL cells affected the
new alveolar bone formation, calcein (Fluka, 21030, 10 mg/kg
body weight) was injected intraperitoneally in Axin2-Creff7?*;
R26thTomam/+ mice and AxinZ_CreERTZH-; R26thTomato/DTA+ mice
after 1d of OTM (P29), followed by alizarin red (Sigma,
A3882, 20 mg/kg body weight) 5d later (P34). Mice were sac-
rificed after 8 d of OTM (P36). The mineral apposition rate was
calculated with the distance between 2 labels divided by 5d.

Statistical Analysis

Results are presented as the mean +standard deviation of inde-
pendent replicates (n=4). An independent 7 test was used to
quantify the differences between the OTM side and control
side at the same time point. Then, we performed a one-way
analysis of variance (ANOVA) with Tukey’s post hoc test to
quantify differences among the 3 different time points within
the same side. A two-way ANOVA with Tukey’s post hoc test
was then used to quantify the differences in OTM and control
sides within 2 different mice groups. P<0.05 was considered
significant. GraphPad Prism (GraphPad Software) was used
for these analyses.

Results

A Synchronized Increase in Wnt—[-catenin
and Axin2"< Expressions in PDL Progenitor
Cells during OTM

Although the Wnt/B-catenin pathway plays a critical role in
maintaining periodontal homeostasis, it is largely unclear
whether and how Wnt-responsive PDL cells contribute to alve-
olar bone formation during OTM. To address these questions,
we established OTM models using the noninducible Axin2' %+
(reflecting endogenous Axin2, a key downstream transcrip-
tional factor of Wnt—fB-catenin) knock-in reporter line to trace
changes of Axin2* progenitor numbers during OTM. Briefly,
the OTM was started at P28 by bonding a customized coil
spring between the maxillary left first molars and maxillary
incisors for generation of a constant force of 0.5 N (Fig. 1A,
left). The mice were sacrificed at 3d, 8d, or 14d after OTM
initiation (Fig. 1A, right). Based on micro—computed tomogra-
phy (CT) images, OTM led to a gradual increase in the space
between first and second molars (Fig. 1B, left, arrows), which
agrees with our previous report (Rangiani et al. 2016).

To determine the temporal and spatial expression patterns
of B-catenin and Axin2 under OTM tension force, the region of
interest (ROI) was selected at the middle third fraction of the
distal area of the maxillary first molar mesial root, which was
based on the mesially moved direction (Fig. 1B).
Immunostaining of -catenin in WT mice and X-gal staining
(which reflects Axin2 signal) in Axin2"“?* mice showed that
both B-catenin (Fig. 1C, upper panels) and Axin2-lacZ (Fig.

1D, upper panels) signals were dispersed throughout the PDL
and gradually decreased over time in the control group. In con-
trast, both P-catenin level (Fig. 1C, lower panels) and
Axin2'Z*.PDL cell number (Fig. 1D, lower panels) were
gradually increased under orthodontic tension force, especially
at +8d and +14d stages. Our quantitative data showed those
increased lacZ* areas in the PDL at P36 (+8d) and P42 (+14d)
were significantly different from the control groups (Fig. 1E;
***P<0.001, n=4). Taken together, these data support the
notion that a low level of Wnt signaling activity (reflected by
[-catenin and nuclear Axin?2 signals) is required for the homeo-
stasis of adult periodontium (Yuan et al. 2018; Zhang et al.
2019); however, there is a synchronized increase in 3-catenin
and Axin?2 signals under orthodontic tension force, indicating a
likely role of B-catenin and Axin2* PDL cells in the periodontal
remodeling during OTM.

A Significant Increase in Axin2* Lineage
PDL Cells during OTM

To trace the fate of Axin2* PDL progenitors in response to
orthodontic tension force, we crossed Axin2-Cre®®7?* mice
with R26R!omatol (named Axin2"") mice. We administered a
one-time dose of tamoxifen to the P28 tracing mice at the same
time OTM was induced. The mice were harvested at P31
(+3d), P36 (+8d), or P42 (+14d), respectively (Fig. 2A, left
panel). Our confocal images showed a progressive increase in
Axin2" PDL cell numbers on both the control and OTM sides
over time, with higher Axin2"" PDL cell numbers on the OTM
side (Fig. 2A). The quantification of Axin2"" cells numbers/
mm? and the ratio of Axin2"" cells/DAPI* cells showed that
the differences between the OTM and the control side are sta-
tistically significant (Fig. 2B; n=4; P<0.01). Furthermore,
colocalization of Axin2"" cells and EdU staining confirmed a
much higher proliferation level on the OTM side compared to
the control side (Fig. 2C, D). Together, these data indicate that
Axin2* progenitor cells maintain a low level of proliferation,
but their progeny cells are active over time, and Axin2"" PDL
cells are highly sensitive to tension force during OTM.

Axin2"" PDL Cells Directly Contribute to Newly
Formed Alveolar Bone during OTM

One of the key OTM responses is an increase in alveolar bone
formation on the tension side. Here, we first showed a gradual
increase in the newly formed bone matrices on the OTM side
compared to the control side using Pentachrome staining
images, in which the newly formed bone matrix was indicated
by the color green (Fig. 3A, lower panels).

To test whether Axin2" PDL progenitor cells directly con-
tribute to the newly increased alveolar bone during OTM, we
performed a combination of Axin2™" tracing plus coimmunos-
taining with key bone markers. The confocal images in Fig. 3B
(left panels) showed an initial increase in Axin2* cells and
RUNX2* expressions (in red and yellow) within the PDL at
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Figure |. A coordinated response between -catenin and Axin2 expression patterns during orthodontic tooth movement (OTM). (A) The OTM
procedure was established in Axin2"?* mice. OTM started at postnatal day 28 (P28), and mice were harvested at P31 (+3d), P36 (+8d), or P42 (+14d).
(B) Representative 3-dimensional micro—computed tomography views of changes of the gap between first and second molars over time on OTM sides
(arrowheads; left panel) compared to the control side (small arrowheads; lower right panel). (C) The immunohistochemical images displayed changes
in B-catenin levels on the distal area of maxillary first molar (M1) mesial roots. (D) X-gal staining images identified changes in Axin2"*Z signals with the
OTM sides at lower panels and control sides on upper panels. (E) Quantification of Axin2"*** periodontal ligament (PDL) cells at various time points
after initiation of OTM. n=4; independent t test between OTM and control (CONT) at each time point. NS, not significant; ***P<0.001. One-way
analysis of variance with Tukey’s post hoc test among different time points within the same side: within control side, P<0.001, ®P<0.001 versus +3d
group; within OTM side, P<0.001 versus +3d group; 9P<0.001 versus +8d group. AB, alveolar bone.
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P31 (+3d). At P36 (+8d), more positive signals
were observed in alveolar bone cells on the OTM
side compared to that of the control side (Fig. 3B,
middle panels). By P42 (+14d), a drastic increase
in Axin2* PDL cells and Axin2*/RUNX2"* bone
cells was observed on the OTM side (Fig. 3B, right
panels), although the quantification data did not
show statistical significance (Appendix Fig. 1B).
Similarly, a gradual increase in DMP1* osteocytes
(Fig. 3C, lower panels) or SOST* osteocytes
(Appendix Fig. 1A, lower panels) from the Axin2
lineage was documented on the OTM side. At P42
(+14d), the DMP1* Axin2“"/mm? and SOST*
Axin2""/mm? on the OTM side were significantly
higher than the control side (Appendix Fig. 1C,
D). Together, these tracing data support the notion
that Axin2* PDL progenitor cells directly contrib-
ute to the newly increased PDL and alveolar bone
cells during OTM.

Ablation of Axin2 Lineage PDL Cells
Significantly Reduced Osteogenesis

on Both Control (Moderate) and OTM
(Severe) Sides

To further support the role of Axin2* PDL cells in
osteogenesis during normal development and
OTM response, we studied the impact of ablating
Axin?2 lineage PDL cells during osteogenesis using
the compound tracing line of Axin2-Cref®?~;
R26R TomatoDTA+ mice (named the Axin2-DTA line).
The animals received a one-time tamoxifen induc-
tion and then underwent double labeling (Fig. 4A,
left panel). Mice were harvested at P42 (+14d; for
tracing and ALP studies) or P36 (+8d; for bone
formation rate studies), respectively. Notably, the
Axin2-DTA—treated group exhibited a similar tooth
movement rate (Appendix Fig. 2A, B) and osteo-
clastic activity on the compression side (Appendix
Fig. 2C) when compared to the nontreated normal
line (named the Axin2 line). As shown in Fig. 4A
(lower right panels), Axin2* PDL cell numbers in
the Axin2-DTA—treated group greatly reduced in
both the control and OTM PDL, with essentially
no detectable tdTomato*/DMP1* cells in the alveo-
lar bone compared to the Axin2 line (Fig. 4A,
upper right panels, quantification in Appendix
Fig. 3).

Next, we examined ALP activities in PDL and
alveolar bone areas (Fig. 4B). In the normal group,
the control side displayed a high basic level in both

PDL and alveolar bone areas (Fig. 4B, upper left), while the
OTM side showed a drastic increase in ALP level (Fig. 4B,
upper right). However, ALP was largely undetectable within
the alveolar bone of the Axin2-DTA group, with a very low
level in the unloaded PDL (Fig. 4B, lower left). Furthermore,
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Figure 2. Orthodontic tooth movement (OTM) triggers a great increase in Axin2"
progeny cell numbers. (A) A schematic diagram of OTM and one-time injection of
tamonxifen in the tracing line (Axin2¢ERT2/*; R2 6R!¥Toma0/) started at postnatal day 28
(P28) and harvested at P31 (+3d), P36 (+8d), or P42 (+14d), respectively (left panel),
and confocal imaging views of changes in Axin2 progeny cells on both control and OTM
sides. (B) Quantification of changes in Axin2* progeny cell numbers in the periodontal
ligament (PDL) space at various time points after initiation of OTM, including Axin2""
cells/mm? (left panel) and the ratio of Axin2"" cells/DAPI* cells (right panel). n=4;
independent t test between OTM and control (CONT) at each time point: ***P<0.001.
One-way analysis of variance with Tukey’s post hoc test among different time points
within the same side: within the control side, *P<0.001, ®P<0.001 versus +3d group;
P<0.001 versus +8d group; within the OTM side, 9P<0.001, °P<0.001 versus +3d
group; PP<0.001 versus +8d group. (C) EdU staining showed high proliferation activity
in PDL cells with some overlapped with Axin2 progeny cells (white arrows) on the
OTM-tension side. AB, alveolar bone. (D) Quantification of EJU* Axin2""/mm? in

the PDL space at P42 (+14d). Independent t test between CONT and OTM. n=4;
*P<0.05.

there was only a marginal increase of ALP during OTM (Fig.
4B, lower right). Our quantitative data showed a 2-fold increase
in the ALP* area induced by the tension force in the normal
line, whereas DTA treatment led to a decrease of 51% and 63%
of the ALP* area ratio on the control side and OTM side,
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increase on the loaded side (Fig. 4D, right panel).
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The quantitative data showed a nearly 3-fold
T increase in mineral apposition rates within the
G OTM, indicating accelerated new bone formation
’ in response to orthodontic tension force (Fig. 4E;
left panel; n=4; P<0.001). In contrast, there was
only a less than 50% increase in mineral apposition
rate on the OTM side in the Axin2-DTA group (Fig.
4E; right panel; n=4; P<0.001) compared to the
unloaded side. Overall, genetic ablation of the
Axin2 lineage PDL cells resulted in a sharp reduc-
tion of new bone formation from both the basic
level and the loading response.

Discussion

From a development perspective, both PDL pro-
genitor cells and their progeny would proportion-
ally increase during PDL expansion. Interestingly,
we observed an opposite developmental direction
with a moderate decrease in Axin2"*** progenitor
cell numbers (Fig. 1D, E) but a robust and steady
increase in Axin2"" progeny cell numbers (Fig. 2A,
B). This information supported the notion that most
of Axin2 progenitor cells are largely quiescent and
that their progeny cells actively contribute to alveo-
lar bone expansion during normal development. A
recent report showed a low level of Wnt signaling
activity in PDL (Yuan et al. 2018; Zhang et al.
2019), which agrees with our finding. In contrast,
there is a drastic increase in Axin2LZ* PDL cell
numbers plus a sharp increase in Axin2"" progeny
cell numbers during OTM, which are responsible
for an increase in PDL space and alveolar bone vol-
ume. This finding suggests that Axin2-*“* PDL
progenitor cells are highly sensitive to mechanical
force and robustly activated by OTM.

In this study, we showed that DTA-ablated
Axin2* progenitors in the PDL led to a sharp reduc-

Figure 3. Orthodontic tooth movement (OTM) increases both Axin2* progeny cell
numbers and new bone formation. (A) Pentachrome staining images revealed changes
in alveolar bone areas during OTM (immature matrix in green, red asterisks). (B)
Colocalization of Axin2" red progeny cells with RUNX2 immunostaining (green, white
arrows). (C) Colocalization of Axin2* red progeny cells with DMP| immunostaining
(green, white arrows). AB, alveolar bone; CONT, control; D, dentin; PDL, periodontal

ligament.

respectively (Fig. 4C, upper panel, n=4; P<0.001). Similarly,
the ALP mean integral optical density (IOD) was doubled on
the OTM side in the Axin2 line, yet the Axin2-DTA line had a
decrease of 56% and 67% on the nonloaded and the OTM side,
respectively (Fig. 4C, lower panel, n=4; P<0.001).

To address the early change in the mineral apposition rate,
we sacrificed mice at P36 (8d after induction of OTM). Our
confocal images showed a great increase in the mineral apposi-
tion rate on the OTM side in the normal line (Fig. 4D, left
panel). In the DTA-treated group, there was only a mild

tion of Axin2"" progeny cell numbers, alveolar
bone mass, and bone formation rates (Fig. 4),
although a low baseline ALP activity in the DTA-
targeted mice remained. The following 3 facts
count for this unexpected result: 1) we only tar-
geted the Axin2"" progeny at P28 or after, and the
early intact Axin2"" progeny population “escaped”
the impact of DTA treatment; 2) the tamoxifen-
induced DTA action is not 100% efficient; and 3) there might
be non-Axin2* PDL progenitor cells, which effectively respond
to OTM.

Although this study mainly focused on the OTM-tension
side, we also noticed a biphasic OTM response on the com-
pression side: a sharp reduction in RUNX2*-PDL cells at P31
(+3d) and P36 (+8d) but a great expansion of the RUNX2"-
PDL cells on the OTM side at P28 + 14d (Appendix Fig. 4,
lower left panels). In addition, more Axin2"" cells and strong
DMP1 expression were observed on the compression side at
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Figure 4. Ablation of Axin2 lineage cells leads to a drastic decrease in osteogenesis on both control and orthodontic tooth movement (OTM)

sides. (A) A schematic diagram of OTM, one-time injection of tamoxifen plus injections of calcein (at +1 d) and alizarin red (at +6d) in the tracing line
(Axin2CreERT2I+; R 6RtTomawo/DTAY named Axin2-DTA line) started at postnatal day 28 (P28) and harvested at P36 (+8d) and P42 (+14d), respectively (left

panel) and the confocal image views of changes in Axin2 progeny cells on both control (CONT) and OTM sides with and without diphtheria toxin
fragment A (DTA) activation. (B) Changes in alkaline phosphatase (ALP) (red asterisks) with and without DTA activation. (C) Quantitative analyses

of ALP* area ratio and mean integral optical density (IOD) in mice with and without DTA activation. (D) Fluorochrome labeling assays on both

control and OTM sides with and without DTA activation. (E) Quantification of mineral apposition rates on both control and OTM sides with and

without DTA activation. Two-way analysis of variance with Tukey’s post hoc test was used for statistical analyses. n=4; NS, not significant; *P<0.05,

**P<0.001. AB, alveolar bone; PDL, periodontal ligament.
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Figure 5. Schematic diagram depicting critical roles of Axin2"
progenitor cells and their progeny in orthodontic tension—induced new
bone formation. Upon the stimulation of tension force, the quiescent
Axin2" periodontal ligament (PDL) cells (as a key progenitor cell source)
became mitotically active and directly differentiated into osteoblasts
(expressing RUNX2); they then became osteocytes (expressing DMPI),
contributing to the new bone formation on the tension side.

P28+14d (Appendix Fig. 4, lower right panels). Several
DMP1* Axin2" cells were located on the alveolar bone sur-
face (Appendix Fig. 4, lower right panel). Together, these pre-
liminary data support the role of Axin2* PDL cells in PDL and
bone recovery on the compression side.

Overall, the current study demonstrated that OTM induces
a time-dependent increase in the Axin2* PDL progenitors and
their progeny, which are responsible for a robust expansion in
the PDL space and alveolar bone osteogenesis (Fig. 5).
Identification of the key function of Axin2* PDL progenitors
and their progeny in response to OTM-induced new bone for-
mation not only fills the knowledge gap in understanding the
cell origins and mechanisms underlying these changes but also
provides a new targeted cell population (Axin2* PDL progeni-
tors/their progeny) for future drug development to prevent
relapse following OTM.
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