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SUMMARY
Teeth are attached to alveolar bone by the periodontal ligament (PDL), which contains stem cells supporting
tissue turnover. Here, we identified Gli1+ cells in adult mouse molar PDL as multi-potential stem cells
(PDLSCs) giving rise to PDL, alveolar bone, and cementum. They support periodontium tissue turnover
and injury repair. Gli1+ PDLSCs are surrounding the neurovascular bundle and more enriched in the apical
region. Canonical Wnt signaling is essential for their activation. Alveolar bone osteocytes negatively regulate
Gli1+ PDLSCs activity through sclerostin, a Wnt inhibitor. Blockage of sclerostin accelerates the PDLSCs
lineage contribution rate in vivo. Sclerostin expression ismodulated by physiological occlusal force. Removal
of occlusal force upregulates sclerostin and inhibits PDLSCs activation. In summary, Gli1+ cells are themulti-
potential PDLSCs in vivo. Osteocytes provide negative feedback to PDLSCs and inhibit their activities
through sclerostin. Physiological occlusal force indirectly regulates PDLSCs activities by fine-tuning this
feedback loop.
INTRODUCTION

Teeth are subject to cyclic occlusal force during activities such

asmastication throughout life. They are anchored to the support-

ing alveolar bone through a highly flexible and strong fibrous tis-

sue called the periodontal ligament (PDL). The PDL fibers insert

into the cementum on the tooth surface and into the periosteum

on the alveolar bone surface to form a functional unit called the

periodontium (Ten Cate, 1997). The three components of the pe-

riodontium are all derived from cranial neural crest cells during

development (Chai et al., 2000). Adult periodontium tissue un-

dergoes constant turnover (Lin et al., 2014; Ivanovski et al.,

2006). In vitro studies have identified the presence of periodontal

stem cells (PDLSCs) that possess multipotential differentiation

capability in vitro (Seo et al., 2004). aSMA+ (a smooth muscle

actin) was proposed to be a marker of PDLSCs in vivo (Roguljic

et al., 2013). However, lineage tracing experiments showed

aSMA+ cells makeminor contribution during periodontium injury

repair and even less during homeostasis. Axin2 was also pro-

posed as the marker for PDL progenitors (Zhang et al., 2019;

Xu et al., 2019). However, Axin2 is also widely expressed by

odontoblast and osteoblast and, therefore, is not a specific

marker (Lim et al., 2014). PTHrP+ (parathyroid hormone related
Developmen
protein) cells support tooth root development but contribute little

to the adult periodontium (Ono et al., 2016; Takahashi et al.,

2019). In vivo identification of adult periodontal multi-potential

PDLSCs, thus, remains elusive.

Wnt plays critical roles during tooth initiation and morphogen-

esis, as well as terminal differentiation (J€arvinen et al., 2018; Liu

et al., 2008; Lan et al., 2014; Balic and Thesleff, 2015). Wnt

signaling is essential for stem cells in various organs including

the lung, liver, skin, and intestine (Farin et al., 2016; Degirmenci

et al., 2018; Lee et al., 2017; Wang et al., 2015) . It is also essen-

tial for adult stem cells in tooth, long bone, and calvarial bones.

Blockage of Wnt pathway causes numerous abnormalities in

stem cell activation, proliferation, and differentiation (An et al.,

2018; Maruyama et al., 2016; Shi et al., 2017). Under physiolog-

ical conditions, Wnt activity was rarely regulated in an on or off

fashion. Instead, level of Wnt activity was modulated by various

pathways or inhibitor. Indian hedgehog (Ihh) inhibits intestine

stem cell activities by inhibiting Wnt signaling pathway (Kosinski

et al., 2010). DKK1, DKK3, and WIF1 promote terminal differen-

tiation of epidermal stem cells by downregulating Wnt signaling

(Lim et al., 2013). For stem cells of bones or teeth, much less

was known about how Wnt activity is modulated within the

stem cell niche.
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Figure 1. Majority of Gli1+ Cells Are Distributed within the PDL Near the Tooth Apical Region but Are Absent from Alveolar Bone, Dentin,

Cementum, and Coronal Pulp Tissue within the Periodontium of Adult Mouse Molars

(A) LacZ staining of the lower 1st molar of a Gli1-LacZ mouse at P28. Boxed regions are enlarged in (A1), (A2), and (A3), respectively.

(B) LacZ staining of the lower 1st molar of aGli1-LacZmouse at P60. Boxed areas are enlarged in B1, B2, and B3, respectively. Arrows indicate Gli1+ cells within

the PDL or bone marrow. Gli1+ cells are absent from the cementum (B1 and B1 insert), dentin (A1 and B1), or alveolar bone osteocyte (white asterisks in A3 and

B3). Black asterisks indicate sparse Gli1+ cells within the dental pulp.

(C) Adult Gli1-CreERT2;Ai14mice were induced with tamoxifen to label Gli1+ cells. Mandibles were processed for tissue clearing and 3D imaging. Boxed regions

are enlarged in (C1), (C2), and (C3), respectively.

(D) An optical section was acquired to show sparse Gli1+ cells within the pulp (black asterisk). Boxed region is enlarged in D1.

(legend continued on next page)
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Mechanical force plays key roles in embryonic development,

as well as in tissue healing and repair. Extra- and intra-cellular

molecules, membrane proteins and cytoskeletal components,

and signaling pathways have been shown to play critical roles

on determining how somatic stem cells sense and transmit me-

chanical signals, including N-cadherin, YAP/TAZ,Wnt, Kindlin-2,

RAP2 (Ras-related GTPase 2), SWI/SNI (SWItch/Sucrose Non-

Fermentable), etc. (Chang et al., 2018; Meng et al., 2018; Cos-

grove et al., 2016). Hard tissue organs including bone, teeth,

and tendon are subject to cyclic mechanical forces.Most studies

investigated mechano-regulation of mesenchymal stem cells on

the culture dish (Cosgrove et al., 2016; Guo et al., 2018; Kurpin-

ski et al., 2006). Little is known on how stem cells of bones or

teeth respond to the mechanical force in vivo.

In this study, we identified Gli1+ cells within the PDL as the

multipotential stem cells of adult mouse periodontium (PDLSCs).

They are undifferentiated cells that surround the neurovascular

bundle (NVB) and give rise to alveolar bone, cementum, and

PDL. Canonical Wnt signaling is critical for their activation and

maintenance. Sclerostin secreted from the alveolar bone osteo-

cytes is a Wnt inhibitor and negatively regulates Gli1+ cells

activity. Occlusal force is essential for Gli1+ cells activation. Un-

loading of teeth attenuates Gli1+ PDLSCs and Wnt activities.

Blockage of sclerostin eliminates stem cells responsiveness to

occlusal force. Our study identified a stem cells niche mecha-

nism in which osteocytes provide feedback to stem cells and

regulate their activities. Physiological occlusal force regulates

stem cells by fine-tuning this feedback loop.

RESULTS

Gli1+ Cells Are Mainly Located within the Apical PDL
Space of Adult Molars
Gli1+ cells have been identified as the stem cells for the mouse

incisor, craniofacial bones, and long bone (Shi et al., 2017;

Zhao et al., 2015). Gli1+ cells within the apical dental pulp

were also shown to support root development regulated by

Bmp signaling pathway (Feng et al., 2017). We hypothesized

that Gli1+ cells might also be the stem cells of adult mouse

periodontium. To characterize the Gli1+ cells within the perio-

dontium, we generated Gli1-LacZ mice. With LacZ staining,

Gli1+ cells were detected throughout the entire tooth germ on

post-natal day 1 (P1), P7, and P14 (Figures S1A–S1C). After

P21, Gli1+ cells were gradually restricted to the apical dental

pulp near the root orifice (Figure S1D). At P28, Gli1+ cells were

mainly located within the PDL space of the apical region. Less

Gli1+ cells were detected in the pulp, alveolar bone marrow

space, or periodontal tissue of the non-apical region (Figures

1A1 and 1A2). No Gli1+ expression was detected within termi-

nally differentiated osteocytes, odontoblast, or cementoblasts

(Figures 1A1 and 1A2). A similar distribution pattern was also de-

tected in molar PDL at P60 (Figures 1B–1B2). Quantification indi-

cated that the ratio of Gli1+ cells within the entire periodontium

reduced from 100% at P1 to �20% at P21 and was maintained

at �5% from P30 to P90 (Figure 1E).
(E) Percentages of Gli1+ cells within the PDL at different ages were quantified ba

(F) Percentage of Gli1+ cells in different regions of an adult molar were quantified b

a similar cell size. n = 3. Results are displayed as mean ± SD. See also Figure S
To visualize distribution of PDLGli1+ cells in three dimensions,

Gli1-CreERT2;Ai14 mice of P60 old were induced with tamoxifen

and processed following the PEG associated solvent system

(PEGASOS) tissue clearing method (Jing et al., 2018). Second

harmonic generation (SHG) signal was used to display the type

I collagen-enriched hard tissue (Acar et al., 2015). We were

able to visualize and quantify the spatial distribution pattern of

Gli1+ cells within the periodontium (Figures 1C and 1D). Quanti-

fication indicated that �60% of Gli1+ cells were located within

the apical PDL space, �18% in the middle PDL space, �10%

in the cervical PDL space, �10% in the alveolar bone marrow

space or in the dental pulp (mostly root pulp). No Gli1+ cells

were detected in cementum or alveolar bone osteocyte.

(Figure 1F).

Gli1+ Cells In Vivo Are Negative for Periodontium
Differentiation and Classical Stromal Stem Cells
Markers
To examine the differentiation status of Gli1+ cells, we

induced adult Gli1-CreERT2;Ai14 mice to label Gli1+ cells (Shi

et al., 2017; Zhao et al., 2015; Schneider et al., 2017). Immu-

nofluorescent staining was then performed. Periostin is a

PDL-specific marker (Horiuchi et al., 1999). Its expression

was detected in nearly the entire PDL except the apical region

and Gli1+ cells (Figures 2A and 2A1). Sp7 and type 1 collagen

are known to be expressed by osteoblasts and osteocytes,

respectively. Their expression does not colocalize with Gli1+

cells (Figures 2B, 2B1, 2C, and 2C1). Strong CD44 expression

was detected in the entire PDL, with the exception of the api-

cal region and Gli1+ cells (Figures S1E and S1E1). CD73

expression was detected in the gingiva epithelium, but not

in the periodontium (Figures S1F and S1H). CD146 expression

was detected surrounding vasculature throughout the entire

periodontium but rarely colocalized with Gli1+ cells (Figures

S1G and S1G1).

Gli1+ Cells Surround the NVB of the PDL
Gli1+ cells within the mouse incisor were shown to surround the

NVB (Zhao et al., 2014). Utilizing the PEGASOS clearing method

followed by 3D imaging, we investigated the neurovascular orga-

nization of the PDL tissue. We cleared the mandibles from adult

Cdh5-CreERT2;Ai14 mice after induction with tamoxifen (Jeong

et al., 2017). Deep imaging revealed enriched vasculature within

the pulp chamber and PDL space (Figures 2D and 2D1). Using

the Synapsin1-Cre;Ai14 mouse model, we also visualized en-

riched nerve fibers within the PDL space and pulp chamber (Fig-

ure 2E). Importantly, both vasculature and nerves were more en-

riched in the apical region due to the convergence of the pulp

and PDL neurovascular structures (Figures 2D1 and 2E). To

investigate whether Gli1+ cells in the periodontium were also

located surrounding the NVB, b3-Tubulin and GS-IB4 staining

were performed on horizontal cross-sections of molars to

show the nerves and vasculature, respectively. All Gli1+ cells

were exclusively surrounding the vasculature (Figures 2F and

2G) and nerve bundles (Figure 2H).
sed on sections.

ased on 3D imaging. The cell number was estimated from the volume assuming

1.
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Figure 2. Gli1+ Cells Are Negative for Differentiation Markers and Surround the NVB

(A–C) Adult Gli1-CreERT2;Ai14 mice were induced with tamoxifen. Immunofluorescent staining was performed with antibodies against periostin (A), type 1

collagen (B), and Sp7 (C). Boxed regions were enlarged or re-imaged in (A1), (B1), and (C1). Arrows in (C1) indicate Sp7+ cells.

(D) Vascular network within the PDL space. AdultCdh5-CreERT2;Ai14mice were induced with tamoxifen. PEGASOS tissue clearing was performed for 3D images

to reveal vascular network within the PDL space (arrows in D). Image stack at the boxed region is resliced in (D1) to show the convergence of blood vessels in the

apex region.

(E) Neural network within the PDL space. Synapsin1-Cre;Ai14 mice molars were cleared for 3D images to display nerves within the root canal (arrowheads) and

apical PDL space (arrows).

(F) GS-IB4 staining to reveal the association of Gli1+ cells with blood vessels.

(G) Higher magnification image to show peri-vascular distribution of Gli1+ cells.

(H) b3-tubulin staining to reveal association of Gli1+ cells with nerve fibers.

(I) Gli1+ cells are negative for S100 expression. IFN, inferior alveolar nerve. See also Figure S1.
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The inferior alveolar nerve (IAN), which innervate both lower

incisors and molars, was known to secret sonic hedgehog

(SHH) and regulate Gli1+ incisor stem cells (Zhao et al., 2014).

Using induced adult Shh-CreERT2;Ai14 mice, we confirmed Shh

expression within the trigeminal ganglion, IAN, and nerve axons

near the molar root apical region (Figures S1H–S1J). As a posi-

tive control, strong Shh expression was also detected in the

incisor epithelium (Figure S1K).

Gli1+ Cells Contribute to Periodontium Tissue Turnover
by Migrating out of the NVB Niche
To trace the fate of Gli1+ cells in vivo, we induced adult Gli1-

CreERT2;Ai14 mice. On day 3 after induction, positive cells were

detected mainly in the apical PDL but are absent from the

cementum or alveolar bone osteocyte, which is consistent with

the lacZ staining pattern (Figures 3A–3A3, 3E, and S2K). A few

Gli1+ cells were also detected within the alveolar bone marrow

space and dental pulp (Figures 3A2 and 3A3). Thirty days after

induction, Gli1+ cells contributed to 60% of the PDL, 30% of ce-

mentoblast, and 5%of alveolar bone osteocytes (Figures 3B and

3K). Sixty days after induction, Gli1+ cells contributed to 95% of

PDL, 55% of cementoblast, 10% of dental pulp, and 10% of

alveolar bone osteocytes (Figures 3C–3C3 and S2J). Most of

the labeled osteocytes are located within the alveolar bone

proper, which directly contacts the PDL (Figure 3C3 Eight

months after induction, Gli1+ cells contributed to 99% of PDL,

93% of cementoblast, and 85% of alveolar bone osteocyte (Fig-

ures S2I– S2I2 and S2J). 3D imaging based on PEGASOS-

cleared molars collected 3 days (Figures 3D and 3D0) or

60 days (Figures 3E and 3E0) after induction also showed similar

contribution patterns. Contribution of Gli1+ cell toward dental

pulp was still around 10% even at 8 months after induction (Fig-

ures S2I and S2J). Molars were also collected at 3, 7, or 14 days

after induction, and Griffonia simplicifolia isolectin B4 (GS-IB4)

staining was performed on horizontal root sections to label

vasculature. TdTomato+ cells were detected in the peri-vascular

regions and gradually populated the entire PDL space (Figures

3F–3H).

We also titrated down the tamoxifen induction dosage. With

the reduced induction dosages, much less Gli1+ cells were

observed within the PDL space (Figures S2A–S2D). 1/128

dosage tamoxifen was injected once to adultGli1-CreERT2;Ai14

mice for in vivo clonal assay. Individual cells could be identified

on day 3 after induction (Figure S2E). On day 14, isolated clones

could be identified within the PDL space (Figure S2F). On day

35 after induction, individual clones were identified including

both differentiated osteocyte and cementoblast (Figures S2G

and S2H–S2H2).
Figure 3. Gli1+ CellsMigrate out of the Perivascular Niche toGive Rise t

Molars

Adult Gli1-CreERT2;Ai14 mice were induced with tamoxifen.

(A) Section of the lower 1st molar on day 3 after induction. Boxed regions are en

(B) Section of the lower 1st molar on day 30 after induction.

(C) Section of the lower 1st molar on day 60 after induction. Boxed regions are

cementoblasts, indicating their derivation from Gli1+ cells (C1). Arrows indicate p

(D and E) Mandibles were harvested on day 3 (D) or 60 (E) after induction for

respectively.

(F–H) GS-IB4 staining was performed on horizontal frozen sections of middle root

outline root and alveolar bone. P.I., post-induction. See also Figures S2–S4.

644 Developmental Cell 54, 639–654, September 14, 2020
To investigate whether the Gli1+ population persists, Gli1-

CreERT2;Ai14 mice at 6 months of age were induced with

tamoxifen. On day 7 after induction, sparse Gli1+ cells were

detected within the PDL space (Figure S2K). On day 60 after

induction, nearly the entire PDL and cementum were labeled

(Figures S2L and S2L1). A small portion of alveolar bone oste-

ocytes were also labeled (Figure S2L2).

Collectively, our lineage tracing experiments indicated that

Gli1+ cells are multipotential PDLSCs contributing to the perio-

dontium tissue turnover in vivo.

Dynamics of Gli1+ Cells and Their Contribution to Injury
Repair of the Periodontium
We designed a long duration EdU incorporation assay to

demonstrate the PDL tissue turnover. EdU assays of 24, 48,

96 h, or 1 week all showed enriched EdU+ cells surrounding

vasculature and Gli1+ cells (Figures S3A–S3D). Combination

of Gli1+ cells lineage tracing and 1-week EdU assay indicated

nearly all EdU+ cells (�95%, n = 4) were derived from Gli1+

cells (Figure S3E). Quantification indicated increasingly

more PDL cells or Gli1+ cells were labeled with EdU with

longer duration. In the 24-h EdU assay, �5% of PDL cells

and �5% of Gli1+ cells were EdU+. In the 1-week EdU assay,

�24% of PDL cells and �20% of Gli1 cells were EdU+ (Fig-

ure S3F). Most dividing cells are negative for Gli1(�80%)

(Figure S3F).

A 24-h EdU assay was performed for induced Gli1-CreERT2;

Ai14 mice after injury. Comparing with the control side molars

(Figure S3G), EdU+ PDL cells and EdU+ Gli1+ cells increased

by �7-fold in the injured PDL. Ratio of EdU+Gli1� cells/all

dividing cells are similar in the injured PDL as in the control

side PDL (Figures S3H and S3I).

Injured periodontium completely healed 30 days later

(Figure S3J). To test contribution of Gli1+ cells to injury repair,

we injured the molar furcation of adult Gli1-CreERT2;Ai14 mice.

Mice were next induced with tamoxifen. On day 7 after

induction, a significant amount of PDL tissue near the

furcation area (Figures S3K and S3K1) was labeled. Lineage

tracing assays indicated that, on the injury side, nearly

the entire PDL and a large portion of osteocytes in the furca-

tion area were labeled by tdTomato (Figures S3L and S3L1,

arrows), indicating their derivation from Gli1+ cells. In

contrast, far fewer PDL or osteocytes on the non-injury side

were labeled on day 30 after induction (Figures S3M

and S3M1).

These results indicated that most dividing cells are surround-

ing vasculature and Gli1+ cells. Injury activated Gli1+ cells to

support tissue regeneration.
o the Periodontiumduring the Physiological Turnover of AdultMouse

larged in (A1), (A2), and (A3), respectively.

enlarged in (C1), (C2), (C3), respectively. Asterisks indicate positively labeled

ositively labeled alveolar bone osteocytes (C3).

tissue clearing and 3D imaging. Optical sections are displayed in d0 and e0,

s harvested on day 3 (F), 7 (G), or 14 (H) after tamoxifen induction. Dotted lines



Figure 4. Canonical Wnt Signaling Is Essential for Activation of Gli1+ Cells and Homeostasis of Periodontium Tissue

(A–D) LacZ staining of molars of Axin2-LacZ mice at ages of P1 (A), P14 (B), P21 (C) and P30 (D). Boxed regions in (D) are enlarged in D1 and D2 respectively.

Arrows in (D1) indicate Axin2+ cells in the apical regions. Asterisks in (D2) indicate Axin2+ cells at the root surface and pulp.

(legend continued on next page)
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Gli1+ PDLSCs Express Stromal Cell Markers and
Undergo Multilineage Differentiation In Vitro

We isolated PDLSCs from the molar root surface of adult Gli1-

CreERT2;Ai14 mice on day 3 after a full dosage induction. Two

weeks after plating, all visible cells on the dish were positive

for tdTomato indicating their derivation from Gli1+ cells (Fig-

ure S4A). We performed immunohistochemical staining of

cultured cells. Hematopoietic and endothelial markers including

CD31 and CD34 were not detectable in the culture (Figures S4B

and S4C). Although Gli1+ cells in vivo do not express stromal cell

markers, cultured PDLSCs highly express CD44, CD146, and

CD73 (Figures S4D–S4F). They also highly express Sp7, but

not aSMA, nestin, or periostin (Figures S4G–S4J). Quantified

results confirmed our results (Figure S4K). Expression profile

difference between in vivo and in vitro is because the culture con-

dition changes cell surface marker expression, and cells acquire

markers that are characteristic of adherent fibroblastic cells.

Three weeks after plating, cultured PDL cells reached conflu-

ence and were passaged for differentiation assay using osteo-

genic, chondrogenic, or adipogenic culture medium. Alizarin

red and Alcian blue staining confirmed osteogenic and chondro-

genic differentiation (Figures S4L and S4M). Interestingly, little

adipogenic differentiation was observed (Figure S4N). In vitro

osteogenic or chondrogenic differentiation of cultured PDL cells

was also confirmed with real-time PCR experiments, which indi-

cated significantly increased expression of osteogenic or chon-

drogenic genes including osteopontin, Alkaline phosphatase,

type I collagen, Aggrecan, Sox9, and type 2 collagen (Fig-

ure S4O). These experiments suggest Gli1+ cells possess oste-

ogenic and chondrogenic differentiation potential in vitro.

aSMA, LepR, NG2, and Pdgfra Are Not Efficient Markers
for Periodontium Stem Cells
aSMA+ cells were proposed as periodontium stem cells (Ro-

guljic et al., 2013). LepR+, NG2+, or Pdgfra+ cells are stem cells

of long bone, incisor, or adipose tissue respectively (Zhou et al.,

2014; Miwa and Era, 2018; Pang et al., 2016). We tested the

contribution of these cell populations to the periodontium.

AdultNG2-CreERT;Ai14mice were induced with tamoxifen. On

day 3 after induction, cells in the PDL (1%) and pulp tissue (15%)

were sparsely labeled whereas nearly all alveolar bone osteo-

cytes (89%) were labeled, suggesting endogenous expression

of NG2 by osteocytes (Figures S5A–S5A3). On day 30 after in-

duction, 90% of alveolar bone osteocytes, 18% of dental pulp,

and 2% of PDL tissue were positively labeled (Figures S5B–

S5B3 and S6J). Adult Pdgfra-CreER;Ai14 mice were induced

with tamoxifen. On day 3 after induction, 75% of the pulp cells,

0.17% of osteocytes, and 0.5% of PDL cells were labeled (Fig-

ures S5C–S5C3 and S6J). On day 60, 85% of the dental pulp,

16% of alveolar bone osteocyte, and 2% of PDL cells were
(E and F) Adult Gli1-CreERT2;Ai14;Axin2-LacZ (E) or Axin2-CreERT2;Ai14;Gli1-Lac

staining was performed to demonstrate expression ofAxin2 byGli1+ cells. Boxed

(G–L) Adult Gli1-CreERT2;Ai14 (Ctrl) mice were induced with tamoxifen and euth

(K) indicate cementum. (M–R) Adult Gli1-CreERT2;Ai14;Ctnnb1f/f (CKO) mice were

(O–R) after induction. Asterisks in (Q) indicate cementum. (S) Percentages of tdT

duction were quantified. n = 4.

(T) Periodontium tissue loss was quantified by measuring relative Cementum ena

CKO molars 60 days after induction. n = 4. Results are displayed as mean ± SD.
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labeled (Figures S5D–S5D3 and S6J). These results indicate

that NG2 and Pdgfra are neither specific nor efficient markers

for labeling periodontium stem cells. NG2 or Pdgfra antibody

staining were performed on molars of induced adult Gli1-

CreERT2;Ai14 mice. On day 2 after induction, Gli1+ cells were

seen not overlapping with NG2 or Pdgfra cells (Figures S5E and

S5G). On day 60, all NG2 or Pdgfra cells were positively labeled,

indicating their derivation fromGli1+ cells (Figures S5F and S5H).

Adult aSMA-CreERT2 mice were induced with tamoxifen. On

day 3 after induction, �3% PDL cells were detected exclusively

surrounding vasculature, where they co-localized with smooth

muscle cells identified with aSMA antibody (Figures S6A, S6B,

and S6J). On day 60, less than 5% of PDL cells were detected

within the PDL, suggesting a minor contribution to the periodon-

tium during physiological turnover (Figures S6C–S6C2 and S6J).

In adult LepR-Cre;Ai14 mice (4 weeks) periodontium, 3% of the

PDL cells, 0.5% of alveolar bone osteocytes, and 5% of dental

pulp cells were labeled (Figures S6D–S6D3). In LepR-Cre;Ai14

mice at 6 months of age, almost same amount of positive cells

were detected within the PDL (7%), alveolar bone (2%), or dental

pulp (4%) (Figures S6E–S6E2 and S6J). GS-IB4 staining indi-

cated that the majority of LepR+ cells were surrounding vascula-

ture (Figure S6E3). aSMA and LepR antibody staining were per-

formed on molars of tamoxifen-induced adult Gli1-CreERT2;Ai14

mice. On day 2 after tamoxifen induction, Gli1+ cells were seen

surrounding, but not overlapping with, aSMA+ or LepR+ cells

(Figure S6F and S6H). On day 60 after induction, all aSMA+

and LepR+ cells were positively labeled, indicating their deriva-

tion from Gli1+ cells (Figures S6G and S6I).

These results indicated that aSMA+, LepR+, NG2+, or

Pdgfra+ cells have nomajor contribution to the periodontium tis-

sue and are derived from Gli1+ cells.

Canonical Wnt Signaling Is Essential for Activation of
Gli1+ Cells and Periodontium Tissue Maintenance
Canonical Wnt signaling was known to be critical for stem cells

populations within other organs (An et al., 2018; Maruyama

et al., 2016; Shi et al., 2017). We would like to find out if it is

also essential for Gli1+ PDLSCs. To analyze the Wnt activity

within the periodontium, we performed lacZ staining of Axin2-

LacZ mice molars from different developmental stages. At P1,

Axin2 expression was widely detected in nearly the entire dental

follicle and epithelium (Figure 4A). From P7 to P21,Axin2 expres-

sion was gradually restricted to the apical area of the tooth germ

(Figures 4B and 4C). At one month, Axin2 expression was de-

tected within the odontoblasts, osteoblasts, and cementoblasts,

which is consistent with previous studies (Yin et al., 2015) (Fig-

ures 4D and 4D2). Interestingly, strong Axin2 expression was

also detected in the apical region, close to where Gli1+ cells

are located (Figure 4D1). b-gal antibody staining of adult
Z (F) mice were induced with tamoxifen. b-Gal antibody immunofluorescent

region in (F) was re-imaged to showGli1+ cells expressingAxin2+ (arrows in F0 ).
anized on day 3 (G), day 60 (H) or 6 months (I–L) after induction. Asterisks in

induced with tamoxifen and euthanized on day 3 (M), day 60 (N) or 6 months

omato+ cells within ctrl and CKO molar periodontium on day 2 or 60 after in-

mel junction-Alveolar bone crest distance (CEJ-ABC distance) in control and

P.I., post induction. See also Figure S7.



(legend on next page)

ll
Article

Developmental Cell 54, 639–654, September 14, 2020 647



ll
Article
Gli1-CreERT2;Ai14;Axin2-LacZ mice after a brief two-day induc-

tion indicated that some Gli1+ cells express Axin2 (Figure 4F).

Colocalization was also confirmed with b-gal antibody staining

of induced adult Axin2-CreERT2;Ai14;Gli1-LacZmicemolars (Fig-

ures 4F and 4F0). These results suggest the presence of Wnt ac-

tivity within Gli1+ cells.

We induced adultGli1-CreERT2;Ctnnb1f/f;Ai14 (b-catenin ICKO

[inducible conditional knockout]) mice with tamoxifen. On day 3

after induction, positively labeled Gli1+ cells could be visualized

in both Gli1-CreERT2;Ai14 (control) and ICKO mice (Figures 4G

and 4M). On day 60 after induction, Gli1+ PDLSCs in control

mice populated the entire PDL normally (Figure 4H). In contrast,

Gli1+ PDLSCs in the ICKOmouse PDL failed to populate the pe-

riodontium and were arrested in their original locations, mostly at

the apical area (Figure 4N).

Six months after induction, severe periodontal tissue loss was

found in the ICKO group. mCT analysis indicated that, compared

with the control mice (Figures 4I and 4J), the alveolar bone height

and density in the ICKO mice was significantly reduced (Figures

4O and 4P). Over half of themolar root surfacewas exposed (Fig-

ures 4S and 4T). Histological sections also confirmed a severe

reduction in the amount of bone and the presence of a wider

PDL space in the ICKO mouse periodontium (Figures 4K, 4L,

4Q, and 4R).

To investigate the impact of over-activated Wnt signaling

on Gl1+ PDLSCs, we induced adult Gli1-CreERT2;Ctnnb1-
fl(ex3)/+;Ai14 (Exon3 mutant) mice with tamoxifen. On day 2 af-

ter induction, 24-h EdU incorporation assay indicated that

substantially more proliferating Gli1+ cells were detected

within the periodontium of Exon3 mutants compared with

control mice (Figures S7A, S7D, and S7G). On day 21 after in-

duction, excessive cementum was detected on the Exon3

mutant root surface (Figures S7B, S7E, and S7H). Histological

sections also confirmed excessive cementum formation (Fig-

ures S7C and S7F). Fluorescent images indicated that more

cells within the PDL of the Exon3 mutant mice (Figures S7K

and S7K2) were positively labeled than in control mice (Fig-

ures S7J and S7J2) on day 21 after induction. All cemento-

blasts within the Exon3 mutants (Figure S7K1) were positively

labeled, indicating their derivation from Gli1+ cells, whereas

few fluorescent cementoblasts were detected in control

mice (Figure S7J1). The alveolar bone presented no significant

phenotypes in the mutant mice, probably due to the relatively

slow turnover rate of this tissue (Figures S7B, S7E, and S7I).
Figure 5. Gli1+ PDLSCs are Negatively Regulated by Osteocytes throu

(A) LacZ staining of SostLacZmouse molars to show Sost expression surrounding

(arrows in (A1)) and absence of Sost in the PDL (A2).

(B) LacZ staining of SostLacZ mouse molars to show Sost+ cells in the furcation r

(C) LacZ staining on a horizontal section of the root to display Sost expression w

(D and E) Adult Gli1-CreERT2;Ai14 mice were induced with tamoxifen and euthan

formed on a longitudinal (D) or horizontal (E) section of the root.

(F) RNA was harvested from periodontium tissue of wild type or Sost�/� mice

unpaired t test.

(G–J) AdultGli1-CreERT2;Ai14 (H and I) andGli1-CreERT2;Ai14;Sost�/� (J and K) mic

one month (H and J) after induction. Boxed regions are enlarged in (G1, G2, H1, H

(K) Lineage contribution rate towards PDL or alveolar bone was measured by qua

after induction of Gli1-CreERT2;Ai14 or Gli1-CreERT2;Ai14;Sost�/� mice.

(L and M) Wild type and Sost�/� mice of 8 month old were harvested for mCT analy

acquired. Asterisks indicate alveolar bone. P.I., post-induction.
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Exon3 mutant mice died four weeks after induction, likely

due to skin abnormalities.

These results indicated that canonical Wnt signaling is

essential for Gli1+ PDLSCs activation and periodontium tissue

maintenance. Blockage of Wnt signaling arrested Gli1+

PDLSCs activation. Constitutively activated Wnt signaling

over-activated Gli1+ PDLSCs and led to excessive cementum

formation.

Sclerostin Secreted by Osteocytes Negatively
Regulates Canonical Wnt and Gli1+ Cells Activity within
the Periodontium
Sclerostin (Sost) is known to be expressed by osteocytes (Del-

gado-Calle et al., 2017). We performed LacZ staining of Sost-

LacZ mouse molars. Sost expression was detected in alveolar

bone osteocytes in the molar apical, furcation, and interdental

regions (Figures 5A–5C). Sost expression was also detected in

cementoblast on the root surface (Figure 5A1). No expression

was detected in PDL or dentin (Figures 5A2 and 5C1). Immuno-

fluorescent staining with Sost antibody also confirmed specific

expression of Sost by osteocytes, but not dentin or PDL (Figures

5D and 5E). Gli1+ cells did not express Sost (Figures 5D and 5E).

Real-time PCR was performed to compare Wnt activity levels

between Sost�/� and wild-type mouse periodontium. Expres-

sion levels of Axin2, Tcf7, and Lef1 were all significantly upregu-

lated in the periodontium of Sost�/� mice, indicating elevated

canonical Wnt activity (Figure 5F).

To test the effect of Sost blockage on Gli1+ cells, we

induced adult Gli1-CreERT2;Ai14;Sost�/� mice (G;T;Sost�/�)
with tamoxifen. On 14 days after induction, more positive

cells were detected in G;T;Sost�/� mouse periodontium

than in control mice (Figures 5G–5G2 and 5I–5I2). On day 30

after induction, nearly the entire PDL was labeled with tdTo-

mato in G;T;Sost�/� mice, whereas only part of the PDL was

labeled in the control mice (Figures 5H–5H2 and 5J–5J2).

The accelerated PDL contribution rate in G;T;Sost�/� mice

was confirmed by quantification (Figure 5K). Interestingly,

although few osteocytes were positive in control mice (Figures

5H1 and 5H2), a lot more positive osteocytes were detected in

G;T;Sost�/� mice alveolar bone, indicating accelerated bone

contribution by Gli1+ cells in the absence of sclerostin (Fig-

ures 5J1, 5J2, and 5K). In addition, more bone was observed

in Sost�/� mice at eight months of age (Figures 5L–5L2 and

5M–5M2).
gh Sclerostin

the root. Boxed regions were enlarged to show Sost+ cells in the cementoblast

egion.

ithin the alveolar bone. Boxed region was enlarged in (C1).

ized on day 3. Immunofluorescent staining with Sclerostin antibody was per-

. Real-time PCR was performed to analyze gene expression changes with

e were induced with tamoxifen. Mandibles were harvested 2 weeks (G and I) or

2, I1, I2, J1 and J2) respectively. Arrows indicate positively labelled osteocytes.

ntifying percentages of tdTomato+ cells within the PDL at various time points

sis. Dotted lines in (L) and (M) indicate where sections L1, L2, M1 andM2 were



Figure 6. Unloading of Occlusal Force Reduces Both Gli1+ PDLSCs and Canonical Wnt Activity within the Periodontium

Gli1-CreERT2;Ai14 mice were used for unloading experiments.

(A–C) Molars of the control side were collected on different days after tamoxifen injection. Boxed regions in (A) were enlarged in (A1 and A2) respectively.

(D–F) Molars of the unloading side were collected on different days after tamoxifen injection. Boxed regions in (D) were enlarged in (D1 and D2) respectively.

(G–I) mCT images of control (G–I) and unloading (J–L) side molars acquired 60 days after treatment. Asterisks indicate alveolar bone at the mesial side of the first

molar. Arrows indicate alveolar bone in the furcation region. Arrowheads indicate alveolar bone at the interdental bone septum.

(M) Changes in alveolar bone height and bone density were quantified. **p < 0.01, n = 4.

(N and O) Unloading experiments were performed on adult Axin2-LacZ mice. Lower molars were collected for LacZ staining one week after unloading. Arrows

indicate positive signal.

(P) Periodontium tissues were collected from wild type mice one week after unloading experiments for real-time PCR experiments. P.I., post-induction. **p <

0.01, n = 4. Results are displayed as mean ± SD.
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Figure 7. Unloading Increases Sost Expression Level and Knockout of Sost Eliminates the Alteration of Gli1+ PDLSC Activity by Unloading

Unloading experiments were performed on SostLacZ or wild type mice.

(A and B) LacZ staining was performed on horizontal sections of the control (A) or unloading side molars (B). Insert indicates position of the sections. Arrows

indicate signal.

(C and D) Sclerostin antibody staining on horizontal sections of the control side (C) or unloading side molars (D). Arrows indicate signal. Adult Gli1-

CreERT2;Ai14;Sost�/� mice were used for unloading experiments.

(E–H)Molars of the control sidewere harvested on day 14 (E) or 30 (G) after tamoxifen induction. Boxed regions are enlarged in (G1 andG2) respectively. Molars of

the unloading side were harvested on day 14 (F) or 30 (H) after tamoxifen induction. Boxed regions are enlarged in (H1 and H2) respectively. P.I., post-induction.
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These results indicated that blockage of Sclerostin upregu-

lates Wnt activity within the niche. Contribution of Gli1+ cells to-

ward the PDL and osteocytes were also enhanced.

Physiological Occlusal Force Regulates Gli1+ PDLSCs
and Canonical Wnt Activity Level within the
Periodontium
To investigate the impact of physiological occlusal force on

PDLSCs, the upper molars on one side were extracted from adult

Gli1-CreERT2;Ai14mice to unload opposing lower molars. Tamox-

ifen induction was performed after extraction. On day 14 after in-

duction, fewer tdTomato+ cells were detected in the periodontium

of teeth on the unloaded side (Figures 6A–6A2 and 6D–6D2). On

days 30 and 60 after induction, the difference between control
650 Developmental Cell 54, 639–654, September 14, 2020
and unloaded-side teeth was more dramatic (Figures 6B, 6C,

6E, and 6F). On day 60 after induction, the alveolar bone height,

indicated by the cementum enamel junction-alveolar bone crest

(CEJ-ABC) distance, and the relative bone density were signifi-

cantly lower than on the control side (Figures 6G–6L). The differ-

ence was more dramatic in the furcation and interdental septum

regions (white asterisks and arrows in Figures 6G–6L). The results

were confirmed with quantitative analysis (Figure 6M).

Unloading experiments were also performed on Axin2-LacZ

mice. LacZ staining indicated that Axin2 activity in the apical re-

gion of unloaded molars was lower than on the control side (Fig-

ures 6N and 6O). Real-time PCR performed with RNA extracted

from periodontium tissue indicated that expression levels of

Axin2, Tcf7, Lef1, cMyc, CyclinD, Runx2, and Sp7 on the
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unloaded side were significantly lower than on the control side

(Figure 6P).

These results indicated that physiological occlusal force is

essential for activation of Gli1+ PDLSCs. Unloading arrested

Gli1+ cell activation resulted in PDL tissue loss and reduced

Wnt activity.

Knockout of Sost Eliminates the Response of Gli1+
PDLSCs to Unloading
Mechanical force is known to inhibit Sost expression level in long

bone (Robling et al., 2008). To investigate whether occlusal force

affects Sost expression in the periodontium, unloading experi-

ments were performed on adult Sost-LacZ mice. Mandibles

were collected one week after unloading and processed for

LacZ staining or immunofluorescent staining with sclerostin anti-

body (Figures 7A–7D). More Sost+ osteocytes were visualized

within the alveolar bone on the unloaded side (Figures 7B and

7D) than the control side of the mandible (Figures 7A and 7C).

Next, unloading experiments were performed on adult Gli1-

CreERT2;Ai14;Sost�/� mice (Figures 7E–7H). Mandibles were

collected on day 14 or 30 after induction. At both time points,

similar amounts of tdTomato+ cells were visualized within the

PDL of the control and unloaded sides (Figures 7E–7H). This in-

dicates that blockage of Sost eliminates the response of Gli1+

cells to mechanical force.

DISCUSSION

PDL, cementum and alveolar bone all originate from cranial neu-

ral crest cells during embryonic development (Chai et al., 2000).

Our study showed that they also share a common stem cell pop-

ulation during adult homeostasis. A very few numbers of Gli1+

cells (�5%) within the PDL give rise to 95% of PDL cells, 55%

of cementoblasts, and 10% of alveolar bone osteocytes within

two months. Eight months after induction, these Gli1+ cells

continue to contribute to the entire PDL (99%), cementoblast

(93%), and alveolar bone osteocyte (85%). Although Gli1+ cells

are negative for periodontium lineage differentiation markers,

in vivo clonal assay shows that individual Gli1+ cells can give

rise to PDL cells, cementoblast, and osteocyte and are therefore

multipotential. Multipotential capability of Gli1+ cells explains the

formation of PDL Sharpey’s fibers, which have two ends

embedded within the cementum and the alveolar bone respec-

tively. The sandwich-like organization is essential for PDL to

hang the teeth within the bone socket. Interestingly, although

Gli1+ cells within the apical pulp contribute to dentin and root

pulp during root development (Feng et al., 2017), adult Gli1+

PDLSCs make little contribution to odontoblasts despite of

some sporadic expression within the pulp. This may be attrib-

uted to the fact that dentin tissue within adult molars undergoes

little turnover.

We tested other putative stem cell populations marked by

aSMA, LepR, NG2, and Pdgfra (Zhu et al., 2011; Zhou et al.,

2014; Miwa and Era, 2018; Pang et al., 2016). None of them

significantly contributed to periodontium tissue in our lineage

tracing analysis (Roguljic et al., 2013). Axin2, another periodon-

tium progenitor marker, was widely expressed by odontoblasts,

cementoblasts, and osteoblasts and therefore is not specific

enough (Lohi et al., 2010; Lim et al., 2014).
Gli1+ cells within the PDL are negative for markers of endothe-

lium (GS-IB4), neural or glial cells (b3-tubulin, S100), pericyte

(NG2, LepR), or smooth muscle cells (aSMA) and surround the

vasculature exclusively. This is similar to Gli1+ stem cells within

the incisor mesenchyme (Zhao et al., 2014). We believe the Gli1+

PDLSCs are located within the tunica adventitia of large blood

vessels accompanying the NVB and possess fibroblast-like

cellular properties. Deep imaging revealed that nerves and blood

vessels from the PDL and dental pulp converged at in the apical

region. This explains why Gli1+ cells are more enriched near the

apical region. SHH was known to be the hedgehog ligand in ro-

dent teeth (Seidel et al., 2010). During embryonic and early post-

natal development, SHH is mainly secreted by dental epithelium,

which gradually disappears in molars after P21 (Li et al., 2015).

Nerves as another source of SHH ligand maintain its expression

in adulthood. SHH ligand secreted from the trigeminal ganglion

neurons was transported along the IAN to the incisor to regulate

stem cell differentiation (Zhao et al., 2014). Here, we confirmed

theShh expression within the trigeminal ganglion, IAN, and nerve

axons within the apical PDL. SHH may have similar regulating

functions to Gli1+ PDLSCs as in the incisor. Indeed, denervation

has been shown to cause altered occlusal height, dental-alveolar

ankylosis, and alveolar bone loss, and these phenotypes were

unrelated to vasculature damage (Kim et al., 2009; Fujiyama

et al., 2004; Zhang et al., 2003), suggesting roles of nerves on

regulating periodontium tissue.

Canonical Wnt signaling plays critical regulating roles in

various stem cell populations including periodontium Axin2+

PDL cells (An et al., 2018; Lim et al., 2014). Our loss-of-function

and gain-of-function experiments indicated that Wnt signal is

essential for Gli1+ PDLSCs activation. In the absence of Wnt

signal, Gli1+ PDLSCs failed to activate which finally led to severe

periodontium tissue loss. Wnt activity was only detected within a

small portion of Gli1+ cells. This may be attributed to the fact that

Gli1+ PDLSCs are overall quiescent and only a few cells need to

be activated under physiological conditions. Injury can activate

these quiescent Gli1+ stem cells into proliferation.

Wnt signaling was rarely regulated in an on or off fashion under

physiological conditions. More often, the signal intensity was

modulated by other signaling pathways or Wnt inhibitors

including DKK1, DKK3, WIF1, and sclerostin (Kosinski et al.,

2010; Planas-Paz et al., 2016; Lim et al., 2013; Sem€enov et al.,

2005). Sclerostin is a canonical Wnt inhibitor, which binds to

LRP4 and interrupt the binding of low-density lipoprotein recep-

tor-related protein 5 or 6 with Wnt ligands (Sem€enov et al., 2005;

Xiong et al., 2015). It remains unknown if sclerostin regulates

stem cells activities in vivo. Our study revealed a role played by

sclerostin within the stem cell niche. We showed that sclerostin

ligand negatively regulates both Wnt and Gli1+ PDLSCs activ-

ities. Knockout of Sost upregulated the Wnt activity level and

accelerated the Gli1+ PDLSCs lineage contribution rate toward

PDL and osteocyte. Sclerostin was known to inhibit osteoblast

differentiation (Koide and Kobayashi, 2019; Robling et al.,

2008; Tu et al., 2012). The increased bone formation in the

Sost�/� mouse mandible can be attributed to its combinatorial

actions upon both osteoblast and PDLSCs. Sost was expressed

by both alveolar bone and cementoblast on the root surface. We

speculate regulation roles of cementoblast are relatively minor

due to the low cementoblast number.
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Mechanical force regulates many stem cell populations. Un-

loadedmolar is an excellentmodel on studyingmechanical regu-

lation because non-treated contra-lateral molars provides an in-

ternal control (Morey et al., 1979; Hinton et al., 2018). With this

model, we showed that mechanical force is essential for the acti-

vation of Gli1+ PDLSCs. Removal of occlusal force downregu-

lated Wnt activity and arrested Gli1+ cells activation. We further

demonstrated that the mechano-response was indirectly medi-

ated by sclerostin ligand secreted from the osteocytes because

blockage of sclerostin completely eliminated the mechano-

response behavior of Gli1+ cells. Our results are consistent

with previous studies, which showed association between Scle-

rostin, osteogenesis, and mechanical loading within long bones

(Robling et al., 2008; Koide and Kobayashi, 2019; Tu et al., 2012)

or within alveolar bone (Shu et al., 2017; Odagaki et al., 2018;

Ueda et al., 2016). Tissue loss phenotypes after unloading

were much less severe than in the b-catenin inducible knockout

mutant mice, suggesting other signaling pathways may also be

affected by unloading and counteracted Wnt signaling change.

In summary, our study identified Gli1+ cells as multipotential

stem cells for the periodontium tissue. Canonical Wnt signaling

is critical for their activation. Sclerostin from the osteocyte is a

negative feedback regulator for Gli1+ PDLSCs activity. Further-

more, occlusal force indirectly regulates Gli1+ stem cells by

fine-tuning the feedback loop.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-CD44 BD Biosciences Cat# 561859, RRID:AB_10894581

Rat monoclonal anti-CD73 BD Biosciences Cat# 561545, RRID:AB_10714516

Rat monoclonal anti-CD146 BD Biosciences Cat# 562229, RRID:AB_11153320

Rabbit polyclonal anti-Periostin Abcam Cat# ab14041, RRID:AB_372585

Rabbit polyclonal anti-Collagen I Abcam Cat# ab21286, RRID:AB_446161

Rabbit polyclonal anti-Sp7/Osterix Abcam Cat# ab22552, RRID:AB_2194492

Mouse monoclonal anti-Neuron-specific

beta-III Tubulin

R&D system Cat# MAB1195, RRID:AB_357520

Mouse monoclonal anti-Actin a-Smooth

Muscle, FITC Conjugated

Sigma-Aldrich Cat# F3777, RRID:AB_476977

Goat polyclonal anti-Mouse Leptin R R&D system Cat# AF497, RRID:AB_2281270

Chicken polyclonal anti-beta Galactosidase Immunology Consultants Laboratory Cat# CGAL-45A-Z, RRID:AB_2756355

Goat polyclonal anti-Mouse SOST/

Sclerostin

R&D system Cat# AF1589, RRID:AB_2195345

Rabbit polyclonal anti-Perilipin A Abcam Cat# ab3526, RRID:AB_2167274

Rabbit polyclonal anti-CD31 Abcam Cat# ab28364, RRID:AB_726362

Rat monoclonal anti-CD34 BD Biosciences Cat# 560238, RRID:AB_1645242

Mouse monoclonal anti-Nestin Millipore Cat# MAB353, RRID:AB_94911

Anti-NG2 Chondroitin Sulfate Proteoglycan

Antibody

Millipore Cat# AB5320, RRID:AB_91789

PDGFRa eBioscience Cat# 14-1401-82, RRID:AB_467491

Anti-Sonic Hedgehog antibody Abcam Cat# ab50515, RRID:AB_882647

Mouse IgG1 Isotype Control R&D system Cat# MAB002, RRID:AB_357344

Mouse IgG2A Isotype Control R&D system Cat# MAB003, RRID:AB_357345

FITC Rat IgG2b, k Isotype Control BD Biosciences Cat# 553988, RRID:AB_479619

Rat IgG2a, k Isotype Control BD Biosciences Cat# 562302, RRID:AB_11154396

Rabbit IgG, polyclonal - Isotype Control Abcam Cat# ab37415, RRID:AB_2631996

Normal Goat IgG Control R&D system Cat# AB-108-C, RRID:AB_354267

Normal Chicken IgY Control R&D system Cat# AB-101-C, RRID:AB_354263

Goat polyclonal anti-Mouse IgG(H+L) Alexa

Fluor 488

Invitrogen Cat# A-11029, RRID:AB_138404

Goat polyclonal anti-Rat IgG(H+L) Alexa

Fluor 488

Invitrogen Cat# A-11006, RRID:AB_141373

Goat polyclonal anti-Rabbit IgG(H+L) Alexa

Fluor 488

Invitrogen Cat# A-11008, RRID:AB_143165

Goat polyclonal anti-Chicken IgY(H+L)

Alexa Fluor 488

Abcam Cat# ab150169, RRID:AB_2636803

Chemicals, Peptides, and Recombinant Proteins

DMEM low glucose Gibco Cat# 11885084

Fetal Bovine Serum (FBS) Gibco Cat# 16140071

L-Glutamine (200 mM) Gibco Cat# 25030081

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat# 15140122

TrypLE� Express Enzyme (1X), phenol red Gibco Cat# 12605010

Tamoxifen Sigma-Aldrich Cat# T5648

Corn oil Sigma-Aldrich Cat# C8267

(Continued on next page)
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Ethylenediaminetetraacetic acid disodium

salt dihydrate (EDTA)

Sigma-Aldrich Cat# E5134

Paraformaldehyde (PFA) Sigma-Aldrich Cat# P6148

OCT VWR Cat# 411243

Isolectin B4 (GS-IB4) Alex488 Conjugated Invitrogen Cat# I21411, RRID:AB_2314662

Glutaraldehyde Sigma-Aldrich Cat# G6257

Sodium deoxycholate Sigma-Aldrich Cat# D6750

IGEPAL� CA-630 Sigma-Aldrich Cat# I8896

Potassium ferrocyanide(II) Sigma-Aldrich Cat# P3289

Potassium ferricyanide(III) Sigma-Aldrich Cat# 702587

5-Bromo-4-chloro-3-indolyl b-D-

galactopyranoside (X-gal)

Sigma-Aldrich Cat# B6024

2’-Deoxy-5-ethynyluridine (EdU) Carbosynth Cat# NE08701

Nuclear fast red Sigma-Aldrich Cat# N8002

Aluminum sulfate Sigma-Aldrich Cat# 202614

Eosin Y disodium salt Sigma-Aldrich Cat# E6003

Quardol Sigma-Aldrich Cat# 122262

tert-Butanol Sigma-Aldrich Cat# 360538

PEGMMA500 Sigma-Aldrich Cat# 409529

Benzyl benzoate Sigma-Aldrich Cat# 409529

StemPro� Osteogenesis Differentiation Kit Gibco Cat# A1007201

StemPro� Chondrogenesis

Differentiation Kit

Gibco Cat# A1007101

StemPro� Adipogenesis Differentiation Kit Gibco Cat# A1007001

Alizarin Red Sigma-Aldrich Cat# A5533

Oil Red O Sigma-Aldrich Cat# O0625

Alcian Blue Sigma-Aldrich Cat# A3157

Sodium Nitrite Sigma-Aldrich Cat# 237213

Naphthol AS-BI Phosphate Sigma-Aldrich Cat# N2125

Pararosaniline hydrochloride Sigma-Aldrich Cat# P3750

Critical Commercial Assays

Click-iT� EdU Alexa Fluor� 488

Imaging Kit

Invitrogen Cat# C10337

RNeasy Mini Kit Qiagen Cat# 79656

5xAll-in-one 1st Strand cDNASynthesisMix Bioland Cat# FS01

2xqPCR Master Mix Bioland Cat# QP01

Experimental Models: Organisms/Strains

Mouse: C57/B6J The Jackson Laboratory Stock No: 000664

Mouse: Gli1tm3(cre/ERT2)Alj/J The Jackson Laboratory Stock No: 007913

Mouse: B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J

The Jackson Laboratory Stock No: 007914

Mouse: B6.129-Ctnnb1tm2Kem/KnwJ The Jackson Laboratory Stock No: 004152

Mouse: B6.Cg-Tg(Syn1-cre)671Jxm/J The Jackson Laboratory Stock No: 003966

Mouse: B6N.129P2-Axin2tm1Wbm/J The Jackson Laboratory Stock No: 009120

Mouse: B6.129(Cg)-Leprtm2(cre)Rck/J The Jackson Laboratory Stock No: 008320

Mouse: B6.Cg-Tg(Cspg4-cre/Esr1*)

BAkik/J

The Jackson Laboratory Stock No: 008538

Mouse: B6N.Cg-Tg(Pdgfra-cre/ER)

467Dbe/J

The Jackson Laboratory Stock No:018280

Mouse: aSMA-CreERT2 (Wendling et al., 2009) N/A

(Continued on next page)
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Mouse: Cdh5-CreERT2 (Sörensen et al., 2009) N/A

Mouse: Ctnnb1flx(ex3) (Harada et al., 1999) N/A

Mouse: SOST-Lacz (Collette et al., 2012) N/A

Oligonucleotides

Genotyping primers (see Table S1 for

primers sequence information)

This paper N/A

RT-PCR primers (see Table S1 for primers

sequence information)

This paper N/A

Software and Algorithms

Imaris 9.0 Bitplane https://imaris.oxinst.com/

ImageJ 1.52k NIH https://imagej.nih.gov/ij/

GraphPad Prism 8 GraphPad Spftware Inc https://www.graphpad.com/scientific-

software/prism/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Hu Zhao (huzhao@

tamu.edu, huzhaolab@gmail.com)

Materials Availability
Reagents generated in this study will be available upon request.

Data and Code Availability
This study did not generate dataset associated with the paper.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Gli1-LacZ (JAX#008211),Gli1-CreERT2 (JAX#007913), Ai14 tdTomato reporter (JAX#007908), b-Cateninflox/flox (JAX#004152), Synap-

sin1-Cre (JAX#003966), Axin2-LacZ (JAX#009120), LepR-Cre (JAX#008320), NG2-CreERT (JAX #008538), and Pdgfra-CreER (JAX

#018280) mice were purchased from the Jackson Laboratory. Samples of aSMA-CreERT2 mice (Wendling et al., 2009)were kindly

provided by Dr. Woo-Ping Ge at UT SouthwesternMedical Center.Cdh5-CreERT 2 (Sörensen et al., 2009) mice were kindly provided

by Dr. Ralph Adams at theMax Planck Institute for Molecular Biomedicine.Ctnnb1flx(ex3) (Harada et al., 1999) and Sost-LacZ (Collette

et al., 2012) mice were housed at Texas A&MUniversity, College of Dentistry. For all in vivo studies, sex- and age-matched littermate

micewere used in control and experimental groups. No significant differences were detected betweenmale and femalemice. Inmost

of our experiments, unless being specified, mice of 5-8 weeks of age were indicated as adult.

Animal Care and Use
Mice were housed in a temperature-controlled animal facility with a 12-hour light cycle. All mouse experiments were performed in

accordance with the regulatory standards and all procedures were approved by the Animal Care and Use Committee of Texas

A&M University, College of Dentistry.

METHODS DETAILS

Periodontium Cell Culture
Primary periodontium cells were isolated and cultured based on outgrowth method as previously described (Tran et al., 2014). Man-

dibles and maxilla of either male or female mice were dissected immediately after the mice were euthanized. Gingival tissue was

removed to avoid gingival cell contamination. Intact molars were isolated under microscopy. Teeth explants were placed on culture

dish for explant culture in DMEM low glucose supplemented with 10% FBS 2mM glutamate, 50U/mL penicillin and 50U/mL strep-

tomycin, at 37�C in regular atmospheric conditions.
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Tamoxifen Administration
Tamoxifen was dissolved in corn oil at 20mg/ml as working solution. Unless being specified, mice were injected intraperitoneally at a

dosage of 1.5mg/10g body weight for two consecutive days. This dosage was defined as the full dosage. The day of the first tamox-

ifen injection is defined as day 1.

For tamoxifen titer assay, titers of 1/16th n, 1/32th, 1/64th or 1/128th of the full dosage was injected to the mice intraperitonially

once. Mice were euthanized on day 3 after the injection and lower first molars were collected and sectioned for imaging.

For in vivo colony tracing assay, 1/128th of full dosage (12mg/10g body weight) was injected to mice once. Mice were euthanized at

indicated time points after induction and lower first molars were collected and sectioned for imaging.

Mice Perfusion and Sample Harvest
After anesthesia with Xylazine (110-12.5 mg/kg) and Ketamine (80–100mg/kg), mice were injected transcardially with 50mL 0.05M

EDTA. Then 30mL 4%PFA was infused transcardially. Samples were dissected and fixed in 4%PFA overnight.

Mice PDL injury assay
Under anesthesia, maxillary or mandibular first molars on the experimental side of the mouth were punched with 28G needle at the

furcation region. After surgery, mice were housed individually and provided with soft food. Tamoxifen was injected on day one and

day two after surgery.

Immunofluorescent and GS-IB4 Staining
After fixation, samples were decalcified in 20%EDTA at 4�C for 1 week. Samples were embedded in OCT for frozen sectioning. 10mm

sections were obtained. Sections were incubated with primary antibody at 4�C O/N. The following primary antibodies were used in

this study: Anti-CD44, Anti-CD73, Anti-CD146, Anti-Periostin, Anti-Col I, Anti-Sp7, Anti-ß3-tublin, Anti-aSMA, Anti-LepR, Anti-ß-gal,

Anti-SOST, Anti-Perilipin-1, Anti-CD31, Anti-CD34, and Anti-Nestin, Anti-NG2, Anti-PDGFRa, Anti-SHH. The secondary antibodies

included goat anti-mouse (Invitrogen A11029, 1:100), anti-rat (Invitrogen A11006), anti-rabbit (Invitrogen A11034) IgG conjugated to

Alexa 488, and goat anti-chicken IgY conjugated to AlexaFluo 488 (Abcam ab150169).

GS-IB4 (Isolectin GS-IB4 fromGriffonia Simplicifolia) has been widely used for labeling endothelial cells in various organs including

long bone marrow, lung, heart and retina (Epah et al., 2018; Hooper et al., 2009; Xu et al., 2018; Ohle et al., 2012; Arnold et al., 2012).

For periodontium vasculature staining, mouse samples were fixedwith 4%PFA overnight and decalcified in 20%EDTA for oneweek.

Samples were embedded in OCT and 20mm sections were obtained. Sections were incubated with GS-IB4 conjugated with Alexa-

Fluo488 (Invitrogen) at 1:100 dilution at 4�CC O/N. Sections were then briefly washed with PBS and counterstained with DAPI for

imaging.

X-gal Staining
Samples were fixed in 0.2% glutaraldehyde at 4�C O/N and decalcified in 10% EDTA with 2 mMMgCl2 at 4

�C for 2 weeks. Samples

were embedded in OCT for frozen sectioning. 10mm sections were obtained. After washing in ice-cold PBS with 2mM MgCl2, sec-

tions were pre-fixed in ice-cold 4% PFA for 10min, then incubated in X-gal staining buffer (PBS with 2mM MgCl2, 0.01% Sodium

deoxycholate, 0.02% Igepal, 6mM Potassium ferrocyanide(II), 6mM Potassium ferricyanide(III), 20nM Tris (PH 7.3)1mg/ml X-gal)

at 37�C for 30 min - 8 hour until the blue pattern became clear. 0.1% Nuclear fast red solution and 0.05% Eosin Y solution were

applied for counterstaining.

Long Duration EdU Incorporation Assay
Turnover of the PDL tissue is much slower than mouse hair follicle or incisor, which made it difficult to demonstrate dividing cells with

conventional single-dose EdU incorporation assay within a 2- or 4- hour duration. Therefore, we gave multiple EdU injections (12hr

interval) formice in longer durations of 24hr, 48hr, 96hr or oneweek.Within each 24-hour cycle, three shots of EdUwere given at 9am,

9pm and 9am/next day. Mice were euthanized two hours after the last injection.

In Figures S3 and S7, both tamoxifen induction and long term EdU incorporation assays were performed to label Gli1+ cells and

dividing cells. Experiments were carefully scheduled to coordinate tamoxifen and EdU injection time.

For the 24hr EdU assays in Figures S3A, S7A, and S7D, tamoxifen was injected on day1 and day2. EdU was injected at 12-hr in-

tervals on day 2 and day 3. On day 3, samples were collected twohours after the last EdU injection.

For the 48hr EdU assay in Figure S3B, tamoxifen was injected on day 1 and 2. EdUwas injected at 12-hr intervals on day 1, 2 and 3.

Samples were collected twohours after the last EdU injection.

For the 96hr and 1wk EdU assays in Figures S3C and S3D, EdU injections were first initiated at 12-hr intervals for 96hr or one week.

Tamoxifen was injected at two days and one day (once per day) prior to the sample collection day to label Gli1+ cells. Samples were

collected twohours after the last EdU injection.

In Figure S3E, adult micewere first inducedwith tamoxifen. Three weeks after induction, EdUwas injected at 12-hr intervals for one

week. Samples were collected twohours after the last EdU injection on day 30 after induction.

In Figures S3G and S3H, the injection schedule was displayed above the figure panel.
e4 Developmental Cell 54, 639–654.e1–e6, September 14, 2020
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For each injection, EdU was given intraperitoneally at a dosage of 2 mg/10 g body weight. Horizontal sections of the mousemolars

at mid-root position were acquired after processing. Invitrogen EdU detection kit was used to detect EdU following the manufac-

turer’s protocol.

PEGASOS Tissue Clearing and 3D Image Acquisition
Tissue clearing with the PEGASOSmethod was performed as previously described (Jing et al., 2018). In brief, after perfusion, mouse

mandibles were dissected and fixed in 4%PFA. Decalcification was carried out in 10% EDTA at 37�C for 1 week. Decolorization was

carried out by shaking samples in 25% Quadrol (Sigma-Aldrich 122262) at 37�C for 2 days. Delipidation was performed in gradient

30%, 50% and 70% tert-butanol aqueous solutions (Sigma-Aldrich 360538) at 37�C. Dehydration treatment was performed with tB-

PEG solution composed of 72% tert-butanol, 25% PEGMMA500 (Sigma-Aldrich 409529) and 3% Quadrol. For clearing, samples

were immersed the BB-PEG clearing solution composed of 72% benzyl benzoate (Sigma-Aldrich 409529), 25% PEGMMA500

and 3% until complete transparency was achieved in about 24 hours. Samples were stored in the BB-PEG solution at room temper-

ature for imaging. 3-D imaging was performed with a Zeiss upright LSM780 2-photonmicroscope. 3D image reconstruction was per-

formed with Imaris 9.0.

Occlusal Force Unloading Experiment
One-month-old mice were used in a split-mouth design. In the Sost-/- mouse rescue experiment, one-month-old littermate mice of

the same sex with different genotypes were assigned to the control and experimental groups. Under anesthesia, three maxillary or

mandibular molars on the experimental side of the mouth were removed with fine needle and forceps. After surgery, mice were

housed individually and soft food was provided. Tamoxifen induction was performed on day one and day two after the surgery.

The unloading procedure had no significant impact on the food or water intake of the mice.

Real Time-PCR and Analysis
Qiagen RNeasy Mini Kit was used for total RNA extraction. Intact mouse molars were extracted immediately after sacrificing and

placed in lysis buffer on ice immediately. Any broken teeth were discarded in order to prevent contamination with dental pulp. Ex-

tracted teeth were repeatedly pipetted with a 28 g syringe needle in lysis buffer on ice 20 times. Supernatant was used for the

RNA extraction process based on the manufacturer’s protocol. 5xAll-in-one 1st Strand cDNA Synthesis Mix was used to carry

out reverse transcription. 2xqPCR Master Mix was used for real time PCR.

Gapdh was used as the internal control. DDCt method was used for expression calculation. Relative expression was calculated by

nomadized with mean of control group. A parametric unpaired two-tailed Student’s test was carried out.

Periodontium Cells Differentiation Assay
Trilineage differentiation experiments were performed as previously described (Zhao et al., 2015). Osteogenic, chondrogenic and

adipogenic differentiation induction media were prepared according to the manufacturer’s protocols. For osteogenic differentiation,

cells were seeded at 3 x 104 cells/well in a 24-well plate and differentiated in induction medium for 28 days, then fixed in 4%PFA and

stained in 2%Alizarin Red solution. For adipogenic differentiation, cells were seeded at 3 x 104 cells/well in a 24-well plate and differ-

entiated in inductionmedium for 28 days, then fixed in 4%PFA and stained in 0.5%Oil RedO solution. For adipogenic differentiation,

20 mL cell suspension was seeded in the center of wells of a 12-well culture plate at a density of 1 x 106 cells/ml. Four hours after cell

attachment, induction medium was added. Cells were cultured for 28 days, then fixed in 4% PFA and stained in 1% Alcian Blue

solution.

MicroCT Scanning and Analysis
After fixation, CT scans were performed with the mCT-35 system (Scanco Medical; 70-kV voltage, 7.0 mm, high resolution). ImageJ

was used for format conversion from .ISO to .TIF. Imaris was used for 3D reconstruction and quantification.

Cementum Enamel Junction-Alveolar Bone Crest (CEJ-ABC) distance was measured at multiple sites per tooth (6 for 1st and 2nd

molar, 4 for 3rd molar) in Imaris by calculating the distance between the CEJ and ABC in 3D view. Bone density was measured in

Imaris by calculating the signal intensity in the ROI.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed at least three times and representative image were chosen for publication. Where appropriate, the

number of experiments (individual mice or biological replicates) is given in figure or legend. All values are represented as mean ± SD.

GraphPad Prism 8 was used for statistical analysis. NEJM formatting for P values was used (ns when no significance, * when p<0.05,

** when p<0.01, *** when p<0.001).

In the split-mouth design (Figures 6M, 6P, and S3I), paired control and experiment groups were from the samemouse. Values from

sites of experimental side were normalized by dividing the values of corresponding sites from the control side. Then a parametric two-

tailed Student’s test was carried out.

When control and experiment groups were from different mice (Figures 4S, 4T, 5F, 5K, S4O, S7G, S7H, and S7I), multiple values

from different sites were normalized by dividing the mean value of the same site from the control group. Then the average of values
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from eachmousewas used as the final result of that mouse and a parametric unpaired two-tailedStudent’s testwas carried out. One-

way ANOVA was carried out when more than two groups were compared (Figure S3F).

For quantification based on tissue slides, one slide permicewere used. In the region of interest (ROI), cells with tdTomato and DAPI

co-staining were defined as positive cells, while cells with only DAPI signal were defined as negative cells. For quantification based on

3D tissue image, one 3D image stack (200mmX 200mmX 200mmvoxel size) per mousewas used. Second harmonic generation (SHG)

signal was used to outline the structure in 3D. In the ROI, the volume filled with tdTomato signal was defined as positive, while the

volume without tdTomato was defined as negative. The volume size was measured with the Surface function within the Imaris 9.0

(Bitplane). The ratio of volume size was used to represent the percentage of positive cells.
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