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ABSTRACT

Progenitor cells are crucial in controlling organ morphogenesis. Tooth development is a well-established model for
investigating the molecular and cellular mechanisms that regulate organogenesis. Despite advances in our understanding
of how tooth crown formation is regulated, we have limited understanding of tooth root development. Runt-related transcrip-
tion factor 2 (RUNX2) is a well-known transcription factor in osteogenic differentiation and early tooth development. How-
ever, the function of RUNX2 during tooth root formation remains unknown. We revealed in this study that RUNX2 is
expressed in a subpopulation of GLI1+ root progenitor cells, and that loss of Runx2 in these GLI1+ progenitor cells and their
progeny results in root developmental defects. Our results provide in vivo evidence that Runx2 plays a crucial role in tooth
root development and in regulating the differentiation of root progenitor cells. Furthermore, we identified that Gli1, Pcp4,
NOTUM, and Sfrp2 are downstream targets of Runx2 by integrating bulk and single-cell RNA sequencing analyses. Specifically,
ablation of Runx2 results in downregulation of WNT inhibitor NOTUM and upregulation of canonical WNT signaling in the
odontoblastic site, which disturbs normal odontoblastic differentiation. Significantly, exogenous NOTUM partially rescues
the impaired root development in Runx2 mutant molars. Collectively, our studies elucidate how Runx2 achieves functional
specificity in regulating the development of diverse organs and yields new insights into the network that regulates tooth root
development. © 2020 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of Amer-
ican Society for Bone and Mineral Research (ASBMR).
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Introduction extensively studied,®™ but the regulatory mechanism of root

development remains largely unknown. Studies have shown that

eeth perform extensive functions in our daily lives, not only
by participating in crucial physiological processes such as
mastication, but also by contributing significantly to the aes-
thetics of the craniofacial complex. Teeth are composed of two
major parts, the crown and the root. The crown is the visible
component in the oral cavity, whereas the root extends into
the jawbone and integrates our dentition with mandible and
maxilla. Similar to how most ectodermal organs develop, tooth
morphogenesis involves a sequence of reciprocal inductive
molecular interactions between dental epithelium and underly-
ing cranial neural crest-derived ectomesenchymal cells."?
It has long been recognized that the tooth provides an excellent
model for studying the regulation of organogenesis. The regulatory
network that governs tooth crown development has been

major signaling pathways, such as TGF-f, BMP, FGF, WNT, sonic
hedgehog (SHH), and PTHrP/parathyroid hormone 1 receptor
(PTH1R) participate in root development,®” but it is not yet known
how these signals achieve their functional specificity in root devel-
opment. It is plausible that a network of transcription factors may
play a crucial role in this process.®

Runt-related transcription factor 2 (RUNX2) is well known for its
regulatory role in osteogenesis and tooth development. It is indis-
pensable for mesenchymal progenitor cells’ commitment to the
osteoblastic lineage and also modulates their proliferation, differen-
tiation, and maintenance.” In humans, RUNX2 mutations can cause
an autosomal dominant syndrome, cleidocranial dysplasia (CCD),
which affects the bones and teeth and is characterized by short
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stature, delayed cranial suture closure, abnormal clavicle formation,
and dental anomalies, including delayed tooth eruption and super-
numerary teeth."® The dental anomalies in CCD patients suggest
the importance of RUNX2 in tooth formation and eruption, but no
root defect has been reported in these patients. Several studies
using animal models have revealed that Runx2 is required for early
tooth development. Runx2-deficient mice exhibit arrested molar
and incisor development at the early cap stage"" Ablation of
Runx2 in dental epithelium using K74-cre suppresses enamel matu-
ration.'? Together, these studies lead to the conclusion that Runx2
is essential for normal crown formation. However, to date, it
remains unknown whether and how Runx2 regulates tooth root
development.

Previously,® we have identified that GLI1+ cells are progenitor
cells in mouse molar root development: they show classic mesen-
chymal stem cell (MSC) characteristics in vitro and support root
formation in vivo. To test the functional significance of Runx2 in
the regulation of tooth root development, we first analyzed
RUNX2 expression during root development. Our data show that
RUNX2 is expressed in a subpopulation of GLI1+ cells and that loss
of Runx2 in these GLI1+ cells results in root developmental defects.
Furthermore, we identified several Runx2 downstream target
genes, shedding light on the molecular regulatory mechanism
that controls tooth root development. Notably, we found that
Runx2 is required for WNT inhibitor NOTUM expression and regu-
lates canonical WNT signaling to activate the odontoblastic line-
age commitment of root progenitor cells during root
development. This discovery highlights the specific signaling
mechanism by which Runx2 may exert its regulatory role during
tooth root development.

Materials and Methods

Animal information

Mice used in this study included Gli1-Cre®™ ™ knockin
(JAX#007913; The Jackson Laboratory, Bar Harbor, ME, USA),‘'®
tdTomato conditional reporter (JAX#007905; The Jackson
Laboratory)," conditional Runx2 floxed (a gift from Dr. Yukio
Yoneda, Kanazawa, Japan),“s) Gli1-LacZ knockin/knockout
reporter (JAX#008211; The Jackson Laboratory),"'® Runx2-rtTA
(a gift from Dr. Fanxin Long, Washington University, St. Louis,
MO, USA),""”) tetO-Cre (JAX#006234; The Jackson Laboratory),'®
and Dmp1-Cre."® Mice were housed in pathogen-free conditions
in the animal facility of the University of Southern California
(USQ). Mice were used for analysis irrespective of sex. Ear tissue
was collected and lysed in DirectPCR reagent (Viagen Biotech,
Inc, Los Angeles, CA, USA; #102-T) with Proteinase K (Viagen;
#501-PK) at 85°C for 1 hour, followed by PCR-based genotyping.
All the animal studies followed protocols approved by the
Department of Animal Resources and the Institutional Animal
Care and Use Committee of the University of Southern California.

Tamoxifen and doxycycline administration

Tamoxifen (Sigma-Aldrich, St. Louis, MO, USA; T5648) was dis-
solved in corn oil (Sigma-Aldrich; C8267) at 20 mg/mL and
injected intraperitoneally once at postnatal day 3.5 (PN3.5) at a
dose of 1.5mg/10 g body weight. Doxycycline rodent diet
(Envigo, Placentia, CA, USA; TD.08541) was administered every
day from PN3.5 to PN7.5; meanwhile, doxycycline (Sigma-
Aldrich; D9891) was dissolved in normal saline (NS) at 5 mg/mL

and injected intraperitoneally (i.p.) at PN3.5 and PN5.5 at a dose
of 50 pg/g of body weight.

Histological analysis

Dissected mandibles were fixed in 4% paraformaldehyde for
24 hours and then decalcified in 10% EDTA (pH 7.4) for 1 to
4 weeks, depending on the age of the mice. For paraffin section-
ing, decalcified samples were dehydrated in a Spin Tissue Pro-
cessor (Thermo Fisher Scientificc Waltham, MA, USA), then
embedded in paraffin and sectioned at 5 pm using a microtome
(Leica Biosystems Inc,, Buffalo Grove, IL, USA; RM2255). Hematoxylin
and eosin (H&E) staining was performed using standard procedures.
For frozen sectioning, decalcified samples were dehydrated in 15%
sucrose/PBS solution followed by 30% sucrose/PBS solution, then
embedded in 22-oxa-1,25-dihydroxyvitamin D; (OCT) compound
(Tissue-Tek; Sakura Finetek USA, Inc,, Torrance, CA, USA) and cryo-
sectioned at 8 um using a cryostat (Leica Biosystems Inc;
CM3050S). All the images were captured by an All-in-one Fluores-
cence Microscope (Keyence, Osaka, Japan; BZ-X710).

Immunostaining

Frozen sections were washed in PBS solution plus Tween-20
(PBST), blocked with TNB Blocking Buffer (PerkinElmer, Waltham,
MA, USA; FP1020) for 1 hour, and incubated with primary anti-
body at 4°C overnight. After washing in PBST, sections were incu-
bated with Alexa-conjugated secondary antibody for 1 hours at
room temperature; 4,6-diamidino-2-phenylindole (DAPI) (Abcam,
Cambridge, MA, USA; ab104139) was used for nuclear staining.

Antibodies used in our study were as follows: RUNX2 (Cell Signal-
ing Technology, Beverly, MA, USA; 125565, 1:200), f-Galactosidase
(Abcam; ab9361, 1:500), Ki67 (Abcam; ab15580, 1:500), Goat anti-
Rabbit 1gG Alexa Fluor 488/568 (Invitrogen, Carlsbad, CA, USA;
A11034, A11011, 1:200), and Goat anti-chicken IgY Alexa Fluor
568 (Invitrogen; A11041, 1:200).

RNAscope in situ hybridization

RNAscope 2.5 HD Reagent Kit-RED (Advanced Cell Diagnostics,
Newark, CA, USA; 322350) and RNAscope Multiplex Fluorescent
v2 (Advanced Cell Diagnostics; 323110) were used in our study
to detect gene expression in situ on frozen sections, according
to the manufacturer’s instructions. All the probes were pur-
chased from Advanced Cell Diagnostics, including Dspp
(448301), Gli1 (311001), Pcp4 (402311), Sfrp2 (400381), NOTUM
(428981), Axin2 (400331), Wnt3a (405041), and Wnt4 (401101).

Micro-CT analysis

Fixed samples were scanned using a micro-CT (uCT) SCANCO
pCT50 scanner (SCANCO Medical AG, Brittisellen, Switzerland;
V1.28) at the University of Southern California Molecular Imaging
Center. The pCT images were captured at a resolution of 10 pm
under an X-ray source of 90 kVp and 78 pA. Three-dimensional
reconstruction was done using AVIZO 9.5 software (Thermo Fisher
Scientific).

Quantitative RT-PCR

Mandibular first molars of PN7.5 or PN21.5 mice were carefully
dissected on ice. Four mice were used for each group. The apical
half of each molar was used for RNA extraction using RNeasy Plus
Micro Kit (QIAGEN, Valencia, CA, USA; 74034). Quantitative RT-
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PCR analysis was performed using iScript cDNA Synthesis kit
(Bio-Rad Laboratories, Hercules, CA, USA), SsoFast EvaGreen
Supermix (Bio-Rad Laboratories), and Bio-Rad CFX96 Real-Time
Systems. Data analysis was following the 27247 method.?”
The primer sequences were obtained from PrimerBank (https://
pga.mgh.harvard.edu/primerbank/) and are listed in Supple-
mental Table 1.2V

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed
using the apical halves of mandibular first molars of control
PN7.5 mice, and tissues from approximately 20 mice were com-
bined to comprise one sample. Chromatrap ChlP kit (Porvair Sci-
ences, Norfolk, UK; 500191) was used in our experiment. After
immunoprecipitation with anti-RUNX2 antibody (Cell Signaling;
12556S), or rabbit IgG (Chromatrap, Porvair Sciences), real-time
gPCR was performed using the primers in Supplemental Table 1.

Bulk RNA sequencing analysis

Gli1-Cre®f%:Runx2™" and Runx2™" littermate control mice
received injection of tamoxifen at PN3.5 and were euthanized
4 days later. The apical halves of the mandibular first molars were
dissected for RNA extraction. Each sample contained tissues
from four mice. cDNA library preparation and sequencing were
carried out by the Technology Center for Genomics & Bioinfor-
matics at the University of California, Los Angeles (UCLA). A total
of 200 million pair-end reads were obtained on NovaSeq 6000 S2
(Ilumina, San Diego, CA, USA) for four pairs of samples. The raw
data was analyzed using Partek® Flow® software (Partek Incor-
porated, St. Louis, MO, USA). Briefly, raw reads were trimmed,
aligned by STAR (2.6.1d; https://github.com/alexdobin/STAR/
releases) with the mm10 genome, and normalized using the
fragments per kilobase of transcript per million mapped reads
(FPKM) method. Differential analysis was performed using the
gene set analysis (GSA) method. Value of p < 0.05 and fold
change < —1.8 or>1.8 across groups were considered
significant.

Single-cell RNA sequencing analysis isolation of cells and
sequencing

Gli1-Cre™f™2:Runx2™™ and Runx2™? littermate control mice were
injected with tamoxifen at PN3.5 and euthanized 4 days later.
Whole mandibular first molars were collected in PBS on ice, with
each sample containing eight molars total from four mice. Then
the molars were cut into small pieces and transferred into diges-
tion solution (2 mg/mL Collagenase | + 2 mg/mL Dispase, dis-
solved in Hank’s balanced salt solution [HBSS]). Samples were
incubated at 37°C with rotation in a Hybaid Oven (Thermo Scien-
tific, Waltham, MA, USA) for 25 min, with occasional pipetting.
Then the samples were passed through a Flowmi® cell strainer
(porosity 40 pm) (SP Scienceware, Warminster, PA, USA) to
obtain a single-cell suspension. The Chromium Single Cell 3’
Reagent Kits v3 (10X Genomics, San Francisco, CA, USA) was used
for gel bead-in emulsions (GEM) generation and library construc-
tion, according to the protocols provided by the manufacturer.
The cDNA sequencing was conducted by the Technology Center
for Genomics & Bioinformatics at UCLA. Quality control, map-
ping, and count table assembly of the library were performed
using the CellRanger pipeline version 3.1.0 (10X Genomics).

Integration analysis of control and mutant samples

Raw read counts from the control and Gli1-Cre®f"%Runx2™"" sam-
ple were analyzed using the Seurat v3 R package (R Foundation
for Statistical Computing, Vienna, Austria; https://www.r-
project.org/).***) Data were first filtered and normalized, then
the FindVariableGenes function was used to select variable
genes. The FindIntegrationAnchors function was used to identify
“anchors” across the two datasets, which were then used to inte-
grate the two datasets with the IntegrateData function.
Scaledata, principal component analysis (PCA) and uniform
manifold approximation and projection (UMAP) visualization
were then performed for downstream analysis and visualization.

Assay for transposase-accessible chromatin sequencing
analysis

The transposase-accessible chromatin sequencing (ATAC-seq)
analysis was performed following standard protocols.** Briefly,
the apical halves of eight mandibular first molars of PN7.5
Runx2™" control mice were collected in PBS on ice. Then the tis-
sues were treated with the same method described in the
Single-cell RNA sequencing (scRNA-seq) section to obtain a
single-cell suspension. A total of 50,000 cells were lysed, and fol-
lowed by transposition reaction and purification, and PCR amplifi-
cation. The library construction and sequencing were performed
by the Molecular Genomics Core at the University of Southern Cal-
ifornia, Los Angeles (USC). The raw data was analyzed using
Partek® Flow® software. Briefly, raw reads were aligned using
Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml)
with the mm10 genome; Model-based Analysis of ChiIP-Seq
(MACS2) was used for detecting genomic enrichment regions;
RUNX2 binding motifs were analyzed using Hypergeometric Opti-
mization of Motif EnRichment (HOMER; http://homer.ucsd.edu/
homer/).*> Output files were uploaded to the UCSC genome
browser (https://genome.ucsc.edu/) for visualization.

Cell culture and odontoblastic differentiation

Dental pulp tissue from the mandibular first molars of 10 PN7.5
mice was obtained, minced into small pieces, and seeded on a
6-cm cell-culture dish (Corning, Corning, NY, USA) with a-MEM
+ 10% FBS (Gibco, Grand Island, NY, USA) at 37°C in a 5% CO,
incubator. When the primary cells reached 80% confluent, the
cells were passed for odontoblastic differentiation. The odonto-
blastic differentiation medium contained 1% FBS, 5mM
B-glycerophosphate (Sigma-Aldrich; G9422), 50 pg/mL ascorbic
acid (Sigma-Aldrich; A4403), and 1 x 107’M dexamethasone
(Sigma-Aldrich; D4902).%®

Kidney capsule transplantation

Gli1-Cre®™2:Runx2™™ and Runx2™? littermate control mice were
injected with tamoxifen at PN3.5 and euthanized 2 days later.
Whole mandibular first molars were carefully dissected and placed
in PBS on ice. Host mice were anesthetized using isoflurane, then
fur on the back was shaved and the kidney on the left side was
exposed through a skin incision. The kidney capsule was opened
using fine-tip forceps. Two explants were transplanted under the
kidney capsule of one host. Three weeks later, the explants were
harvested for histological analysis. For the rescue experiment, Affi-
Gel blue agarose beads (Bio-Rad Laboratories; 1537301) were
washed in PBS and then incubated in recombinant mouse NOTUM
protein (100 pg/mL; R&D Systems, Minneapolis, MN, USA; 9150-NO)
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or bovine serum albumin (BSA) (100 pg/mL) for 1 hour at 37°C
before transplantation. NOTUM beads or BSA beads were then
applied to the explants from GliT-Cre®fRunx2"" mice and trans-
planted under the kidney capsule.

Statistical analysis

GraphPad Prism 8 (GraphPad Software, Inc.,, La Jolla, CA, USA)
and Microsoft Office 2016 (Microsoft Corp., Redmond, WA,
USA) were used for statistical analysis. Results are represented
as box-plots showing each data point, the median and the
interquartile range. Significance was assessed by independent
two-tailed Student’s t tests; p < .05 was considered statisti-
cally significant. n = 3 for sample size; all experiments were
repeated in triplicate or more to confirm the results unless
otherwise stated.

Results

RUNX2 expression overlaps with a subpopulation of GLI1+
cells during root development

RUNX2 is expressed throughout tooth crown development,
which occurs mainly at embryonic stages in mice.?” Shortly after
tooth development initiates, RUNX2 expression is already detect-
able in the odontogenic mesenchyme, and remains strong dur-
ing the bud and cap stages, but is downregulated at the bell
and postnatal stages."" To determine whether Runx2 is associ-
ated with root development, we examined the expression pat-
tern of RUNX2 at different stages of root development and
compared the pattern to that of GLIT+ cells and their progeny.
At PN3.5, prior to root formation, RUNX2 is expressed in the api-
cal dental papilla, dental follicle, and surrounding bones, and its
expression overlaps with a subset of the GLI1+ cells in the apical
region of the dental mesenchyme (Fig. 1A-D). We also per-
formed lineage tracing of GLI1+ cells to label their progeny from
PN3.5. Four days later, upon the initiation of root formation, GLI1
+ cells were present in the root-forming apical mesenchyme and
dental epithelium, whereas RUNX2 expression colocalized with
them in a more restricted area around Hertwig’s epithelial root
sheath (HERS), an epithelial structure that guides root formation,
as well as in the preodontoblast region (Fig. 1E-H). At PN21.5,
when root development is complete, progeny of these GLI1+
cells contributed to the entire root structure, including odonto-
blasts, pulp cells, periodontal ligament, alveolar bone, and the
remaining dental epithelium; they colocalized with RUNX2 in
the periodontal ligament, alveolar bone, and some odontoblasts
(Fig. 1/-L, Supplemental Fig. 2A-C). These results suggest RUNX2
expression overlaps with a subpopulation of GLI1+ cells during
root development, and RUNX2 may be essential for GLI1+ pro-
genitor cells to differentiate into odontoblasts and other root
structures.

To test whether RUNX2+ cells are progenitor cells, we ana-
lyzed their contribution to the dental mesenchyme during
tooth root development. RUNX2+ cells in Runx2-rtTA;Teto-
Cre;Tdt”* mice were labeled by doxycycline administration
from PN3.5 to PN7.5. After labeling at PN7.5, we located
RUNX2+ cells (tdTomato+) in the most apical region of the
dental papilla, in the dental follicle and in odontoblasts
(Supplemental Fig. 1A,B). Eighteen days later, only a few
odontoblasts and pulp cells were labeled (Supplemental
Fig. 1C,D), indicating that RUNX2+ cells do not contribute to
root growth, and therefore are not root progenitor cells. As a

technical matter, we note that Runx2-rtTA is a BAC transgenic
line with the cDNA for rtTA2°-M2 replacing the first exon of
the Runx2 gene. Previously published work suggests that
Runx2-rtTA targets osteoblast-lineage cells."” RUNX2 has
two major N-terminal isoforms: RUNX2-I is encoded by exons
2 to 8, whereas RUNX2-Il is encoded by exons 1 to 8, which
means Runx2-rtTA may only target the RUNX2-ll-expressing
cells.

Loss of Runx2 results in tooth root development defects

Although RUNX2+ cells have limited contribution to the root
growth, they are located in the region of GLIT1+ progenitor cells.
To test the significance of Runx2’s function for tooth root devel-
opment, we generated GliT-Cre*™:Runx2™" mice and adminis-
tered tamoxifen at PN3.5 to specifically delete Runx2 in GLI1+
root progenitor cells and their progeny before the initiation of
root formation. We confirmed that Runx2 was efficiently deleted
by tamoxifen induction, with no RUNX2 expression detectable in
the dental mesenchyme of Glil-Cre™%Runx2™"  mice
(Supplemental Fig. 2A-F). Ablation of Runx2 resulted in severe
root development defects (Fig. 2A-J). At PN21.5, the molar roots
in control mice were well developed and had erupted, and the
odontoblasts, pulp cells, periodontal ligament, and alveolar bone
were properly formed (Fig. 2A,B,E-G). In contrast, the roots in
Gli1-Creff?:Runx2™" mice were much shorter and the teeth had
not yet erupted, although the crowns appeared to be normal
(Fig. 2C,D,H, and Supplemental Fig. 2G). In addition, the root den-
tin was much thinner, and the root odontoblasts lost their colum-
nar structure, although the nuclei were not polarized (Fig. 2H-J).
Consistent with impaired odontoblast differentiation, the
expression of dentin sialophosphoprotein (Dspp), a marker of
odontoblast differentiation, was absent in the root region
(Fig. 2K,N, and Supplemental Fig. 2H), suggesting Runx2 is
required for the odontoblastic lineage commitment of GLI1+
root progenitor cells. The formation of the periodontal ligament,
cementoblasts, and alveolar bone was also deficient in GliT--
CrefF2:Runx2™" mice (Fig. 2H-J). Moreover, we found that there
were more proliferating cells in the apical dental mesenchyme
around HERS (Fig. 2L,M,0,P, and Supplemental Fig. 2I), probably
due to these cells failing to differentiate in Gli1-Cre™®"%,Runx2™"
mice. This was further confirmed by lineage tracing of GLI1+ cells
after deletion of Runx2 in Gli1-Cret*™:Runx2""-tdTomato™* mice.
The progeny of GLIT+ cells remained in the apical area, failing to
contribute to root elongation and the formation of periodontium
and alveolar bone as observed in control mice (Supplemental
Fig. 2A-F).

The Gli1-Cre®™;Runx2™" mice also developed a severe CCD-
like phenotype, characterized by smaller body size and impaired
skeletal development, including delayed cranial suture closure,
hypoplastic clavicles, and micrognathia (Supplemental Fig. 3A-
I). Heterozygous mutation of RUNX2 in humans and mice can
cause CCD,"%?® put we failed to detect any bone formation
defects (data not shown) or root formation defects in GliT--
Creff2:Runx2™* mice (Supplemental Fig. 4D-F). These results
may indicate that Runx2 also plays an important role at earlier
stages in GLIT+ cells, and/or that it is important in GLIT- cells
as well as in GLIT+ cells. Because Runx2 is also expressed in
mature odontoblasts, to investigate whether loss of Runx2 in
these cells has an effect on root development, we generated
Dmp1-Cre;Runx2™" mice but did not identify any obvious defect
in dentinogenesis (Supplemental Fig. 4G-I), suggesting that loss
of Runx2 in mature odontoblasts does not affect odontoblast
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Gli1-LacZ

PN3.5

PN7.5

PN21.5

Fig 1. Colocalization of RUNX2 and GLI1+ MSCs and their progeny in developing roots. (A-D) RUNX2 (green) and GLI1 (stained by p-gal in red) co-
immunofluorescence of sagittal sections of mandibular molars from PN3.5 heterozygous GliT-LacZ mice. (E-L) RUNX2 immunofluorescence (green) and
visualization of tdT (red) of sagittal sections of mandibular molars from Gli1-CrefF™:tdTomato™* mice at PN7.5 (E-H) and PN21.5 (I-L) after induction at
PN3.5. The progeny of the GLI1+ lineage are presented in red. Boxes in A, E, and / are enlarged in B-D, F-H, and J-L, respectively. White dashed lines outline
HERS; arrows indicate colocalization. Scale bars = 100 um. p-gal = f-galactosidase; tdT = tdTomato.

differentiation or root elongation. Taken together, our studies
suggest that Runx2 is indispensable for the differentiation of
GLI1+ root progenitor cells to support root formation.

Identification of Runx2 downstream target genes during
root development

To identify downstream targets of Runx2 that may regulate GLI1
+ MSC differentiation, we collected the apical halves of molars at
PN7.5—4 days after Tamoxifen induction from both control and
Gli1-Cre™f™2:Runx2™" mice for bulk RNA sequencing. In total,
427 genes were differentially expressed between these two
groups, among them 219 upregulated and 208 downregulated
in Gli1-Cre® ™%, Runx2™" mice, and the heat map displays a dis-
tinct separation between the groups (Fig. 3A).

To map the differentially expressed genes back to their ana-
tomic location at single-cell resolution, we conducted scRNA-
seq of whole PN7.5 molars from control and Gli1-Creff™%;
Runx2™™ mice to distinguish the expression patterns of these dif-
ferentially expressed genes. A total of 4394 cells from control
mice and 4764 cells from Gli1-Cre®R™%:Runx2™" mice were
sequenced, and a median of 1615 genes were read out per cell,

suggesting the two samples were quite comparable. We

performed integration analysis of the control and Gli1-Cre®f"%;

Runx2™? sequencing data using Seurat v3. The cells were divided
into 19 clusters based on their distinct gene expression profiles
(Fig. 3B). Cells color-coded by sample suggested there was not
a major shift in the cell distribution between control and Gli1--
Cret™™2; Runx2™" mice (Supplemental Fig. 5B). Cells in clusters
0, 1, 3, and 4 were identified as dental papilla cells by marker
genes Slc20a2 and Msx2 (Fig. 3B),?°>% whereas cluster 15 repre-
sented odontoblasts marked by Dspp (Supplemental Fig. 5C).
Cluster 2 was identified as dental follicle cells by marker genes
Bmp3 and Spon1 (Fig. 3B).%" The other clusters represented den-
tal epithelium (clusters 9, 11, 12, 13, 14), endothelial cells (cluster
8), immune cells (clusters 5, 6, 7, 10, and 17), and glia (clusters
16, 18) (Supplemental Fig. 5C).

The most enriched genes of each cluster within the dental
papilla were used to map the clusters to their anatomic locations.
Two marker genes of cluster 1, Dio3 and Itga4, were found to be
expressed in the apical dental mesenchyme (Fig. 3C,D), where root
formation initiates, suggesting cells in cluster 1 are associated with
root formation. We integrated the differentially expressed genes
identified in the bulk RNA-seq analysis with their expression pro-
files revealed by scRNA-seq to verify specific downstream targets
of Runx2. We identified a number of genes that were enriched in
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Fig 2. Loss of Runx2 in GLI1+ MSCs results in root development defects. (A-D) pCT images of Runx2™" control (A,B) and Gli1-Cre*2:Runx2™" (C,D) man-
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situ hybridization (red) at PN21.5 (K,N), and Ki67 immunofluorescence (red) indicating proliferating cells at PN7.5 (L,M,0,P) in sagittal sections of mandib-
ular molars in Runx2™" control and Gli1-Cre¥™2:Runx2™" mice. Arrows in K, M, and P indicate positive signals; arrowheads in N indicate absence of signal.
Boxes in L and O are enlarged in M and P, respectively. Dashed white lines outline HERS. Scale bars in A-D = 400 pm; scale bars in all others = 100 pm.
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cluster 1 that had significant differences in signal quantity and
intensity, namely Gli1, Pcp4, NOTUM, and Sfrp2 (Fig. 3E, Supplemen-
tal Fig. 6A-D). The differences in the expression levels of these can-
didate genes were validated by RNAscope in situ hybridization
(Fig. 4E-T) and gPCR (Supplemental Fig. 6E-H), and their expres-
sion was assessed for overlap with RUNX2 in developing molars
(Fig. 4A-D). Gli1 and Pcp4 were expressed in the apical region of

the dental mesenchyme in control mice, especially close to HERS,
whereas their expression was sharply decreased in Gli1-Cre™"%
Runx2™ mice (Fig. 4E-L). NOTUM was expressed solely in the pro-
genitors of odontoblast next to HERS in control mice, whereas its
expression almost vanished in  Gli1-Cre™%Runx2™"  mice
(Fig. 4M-P). Sfrp2 expression was found predominantly in the den-

tal follicle in control mice, and its expression was also significantly
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Fig 4. In vivo validation of putative downstream targets upon deletion of Runx2 in the dental mesenchyme. RUNX2 immunofluorescence (A-D) and RNA-
scope in situ hybridization (red) of Gli1 (E-H), Pcp4 (I-L), NOTUM (M-P), and Sfrp2 (Q-T) of sagittal sections of mandibular molars from PN7.5 Runx2™" control
and Gli1-Cref*™%:Runx2™" mice. The boxed area is enlarged on the right. Dashed lines outline HERS. Arrowhead indicates positive signals; asterisks indicate
altered staining in targeted region of mutant samples. n = 3 sections were examined from multiple littermate mice per group. Scale bars = 100 pm.

decreased in Gli1-Cre™"%:Runx2™" mice (Fig. 4Q-T); therefore, it was
most likely to be associated with periodontal tissue development.
These findings suggest that integration of data on differentially
expressed genes from complementary bulk and scRNA-seq ana-
lyses can help to verify downstream targets efficiently. It was inter-
esting to find that NOTUM expression concentrated in the
preodontoblast region, which indicates that NOTUM may play an
important role in the odontoblastic lineage commitment of the
GLI1+ progenitor cells.

Runx2 determines odontoblastic differentiation of GLIT+
MSCs via inhibition of WNT signaling through a WNT
inhibitor, NOTUM

NOTUM is a recently identified WNT antagonist that acts via
inactivation of WNT ligands.®*** Because NOTUM expression

was almost undetectable in the Runx2 mutant molars
(Fig. 4M-P), we further examined WNT signaling activity using
Axin2 as a readout. We found that Axin2 expression was
increased in the apical region of the mesenchyme around HERS,
especially in the preodontoblast region of Gli1-Cre™®"%Runx2™"
mice, where NOTUM signals vanished (Supplemental Fig. 7A-D,
), suggesting that loss of NOTUM resulted in upregulation of
WNT signaling in the apical dental mesenchyme. We also found
that WNT ligands Wnt3a and Wnt4 were expressed in the
nearby dental epithelial structure of HERS (Supplemental
Fig. 7E-H). Considering these findings, we hypothesized that
the WNT inhibitor NOTUM protein inactivates WNT ligands
WNT3a and WNT4, which are secreted by dental epithelium,
thereby mediating the level of WNT activity in the dental mes-
enchyme that is essential for the odontoblastic lineage commit-
ment of GLIT+ MSCs.
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To examine the interaction between Runx2 and NOTUM, we
collected the apical dental mesenchymal tissue from control
mandibular first molars at PN7.5 for ATAC-seq. The chromosome
view showed there was an open chromatin signal and a MACS2
peak at the promoter region of NOTUM (Fig. 5A) and promoter
prediction identified a RUNX2 binding site in the same region,
suggesting that NOTUM was actively transcribed and that RUNX2
may regulate its transcription. ChIP analysis revealed that endog-
enous RUNX2 binds to the genomic loci of NOTUM (Fig. 5B). Our
results therefore indicate that RUNX2 directly regulates NOTUM
expression to control root development.

Exogenous NOTUM partially rescues the root defects in

Gli1-Cre®F?:Runx2™" mice

Because NOTUM expression is centralized in the preodontoblast
region and may guide odontoblastic differentiation, we sought

to determine whether NOTUM could rescue the odontoblast dif-
ferentiation defects we observed in Gli1-Cref*™%:Runx2™" mice.
First we cultured the dental pulp cells from control mouse
molars, then added NOTUM protein to the odontoblast differen-
tiation medium. As expected, exogenous NOTUM significantly
promoted odontoblast differentiation by activating the
odontoblast-specific marker Dspp (Fig. 5C-F). Moreover, exoge-
nous NOTUM could rescue the impaired odontoblast differentia-
tion after Runx2 siRNA-mediated knockdown in vitro (Fig. 5G-J,
Supplemental Fig. 8).

We further tested whether ectopic NOTUM protein could res-
cue the root defects in Gli1-Cre®®"2Runx2™" mice using kidney
capsule transplantation. In control explants, the teeth developed
two normal roots. The newly formed root dentin was thick and
predentin was detectable, indicating that active dentinogenesis
occurred, and the odontoblasts were polarized and columnar
(Fig. 6AD,G). In the Gli1-CreF2Runx2™" molar explants with
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sagittal sections of tooth germs from Runx2™" control and Gli1-Cre®"%Runx2™" mice cultured for 3 weeks under kidney capsules with BSA or NOTUM
beads. The control explants developed well; two roots with columnar odontoblasts, thick dentin, and predentin are identifiable (A,D,G). In Gli1-Cre™;
Runx2™ molars treated with BSA beads (B,E,H), the root dentin is irregular, and predentin is unseen, arrowheads indicate there are few odontoblast-like
cells along with the dentin, some cells are embedded into the dentin. After treatment with NOTUM beads (C,F,/), the root dentin became more regular with
detectable predentin, and many odontoblast-like cells accumulated at the surface of the dentin (indicated by black arrows). Dspp expression is strong in
control samples (J,M), whereas in Gli1-CrefF2:Runx2™" molars treated with BSA beads (K,N), there are only a few positive signals. Following treatment with
NOTUM beads, Dspp is detectable in the apical region (L) and furcation region (O). Insets in J, K, and L are lower magnification images of the same sample.
White arrows indicate positive signal; asterisks indicate absence of signal. B = bead; D = dentin; PD = predentin; DP = dental pulp; OD = odontoblast. n = 4

samples were collected and analyzed for each group. Scale bars = 100 pm.

BSA beads, the roots were shorter and irregular with thinner den-
tin, predentin was absent, and odontoblasts were undetectable
along with the dentin (Fig. 6B,E,H). In contrast, after treatment
with NOTUM beads, the root dentin of Gli1-CreR"2:Runx2™"
molar explants became more regular, predentin was present,
and odontoblast-like cells accumulated at the surface of the
dentin, although they were not columnar in shape (Fig. 6C,F,

/). Furthermore, there was almost no expression of odonto-
blast marker Dspp in the roots of Gli1-Creff™%;Runx2™" molar
explants with BSA beads (Fig. 6K,N), compared to the control
group (Fig. 6J,M); in contrast, in the Gli1-Cref"2Runx2™"
molar explants with NOTUM beads, Dspp expression became
detectable in the root apical region near the beads, as well
as the furcation region (Fig. 6L,0), suggesting that there were
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some differentiated odontoblasts. However, the root length
was not restored after treatment with NOTUM beads
(Supplemental Fig. 9). These results suggest that NOTUM
can activate Dspp expression in vitro and partially rescue the
root defects in Gli1-Cref*™2;Runx2™" mice.

Discussion

During development, progenitor cells play crucial roles in organ-
ogenesis. It is therefore important to improve our understanding
of the fate control of progenitor cells to advance developmental
biology and regenerative medicine. Tooth root development has
emerged as an excellent model to study how progenitor cells
contribute to organogenesis at late developmental stages. In this
study, we discovered that Runx2, a transcription factor well
known for its role in the fate determination of pluripotent mes-
enchymal cells committing to the osteoblastic lineage,
also defines the stem cell niche and regulates the fate of GLI1+
progenitor cells during tooth root development, partially
through activating WNT inhibitor NOTUM expression in the pre-
odontoblast region to trigger the odontoblastic lineage commit-
ment of root progenitor cells. Our results suggest that Runx2 is
important in the cell fate determination of progenitor cells of dif-
ferent origins.

The Runx2-mediated regulatory network in controlling tooth
development is complex. In early embryonic tooth development,
FGF derived from the epithelium induces expression of Runx2 in
the dental mesenchyme, which in turn regulates the expression
of mesenchymal Fgf3 and other downstream targets. These
downstream targets then induce Shh expression in the epithelial
enamel knot to support crown formation.®# Runx2-deficient
mice exhibit arrested tooth development at the cap stage."" In
postnatal stages of crown formation, Runx2 expression is detect-
able in ameloblasts during the late secretory and maturation
stages, and Runx2 deficiency in ameloblasts results in enamel
hypomineralization, a phenotype seen in CCD patients."? Runx2
expression is not present in HERS (see Fig. 1B,F), and loss of epi-
thelial Runx2 does not affect root elongation and dentin
formation,'? suggesting that epithelial Runx2 has little impact
on the dental mesenchyme. Our study discovered that in tooth
root development, Runx2 expression overlaps with a subpopula-
tion of GLI1+ cells in the dental mesenchyme, but they are not
progenitor cells. Loss of Runx2 in these GLI1+ cells and their
progeny results in severe root developmental defects. We dem-
onstrated that Runx2 regulates odontoblast differentiation
through a key downstream target, NOTUM, in the preodonto-
blast region of mouse molars, together with other downstream
target genes, Gli1, Pcp4, and Sfrp2, to control the fate of root pro-
genitor cells, thus supporting root formation. Our findings
expand the understanding of the function of Runx2 in regulating
tooth development and help to elucidate how Runx2 achieves
functional specificity in regulating the development of diverse
tissues and organs.

NOTUM deacylates WNTs to suppress signaling activity.®? As
a secreted WNT antagonist, it is crucial in several developmental
processes, including vertebrate neural and head induction, bone
formation, and tracheal cartilage patterning.®*3**% NOTUM null
mice develop dentin dysplasia and short tooth roots,®” indicat-
ing that NOTUM functions in tooth root formation. Here, we first
illustrated the expression pattern of NOTUM in the preodonto-
blast region during tooth root development and demonstrated
that Runx2 is an upstream regulator of NOTUM. NOTUM

deacylates WNT3a to attenuate WNT/B-catenin signaling, and
its expression overlaps with that of Ainx2 in the developing
trachea,®® which is consistent with our findings that ablation
of Runx2 in developing mouse molars results in diminished
NOTUM expression and enhanced WNT/B-catenin signaling,
which disturbs the balance between proliferation and differenti-
ation in the apical dental mesenchyme, resulting in root defects.
We also propose that NOTUM influences odontoblast differenti-
ation by inactivating of WNT ligands WNT3a and WNT4, which
are secreted by the dental epithelial structure HERS, thus acting
as an important mediator in the epithelial-mesenchymal interac-
tion during root development. Moreover, we found that NOTUM
could activate expression of the odontoblast marker Dspp
in vitro and partially rescue the root defects in Gli1-Cre™"%;
Runx2™ mice. These findings suggest that NOTUM is a key regu-
lator of odontoblast differentiation.

The interaction between Runx2 and WNT signaling pathways
has long been studied. Runx2 regulates osteogenic lineage com-
mitment of suture mesenchymal cells through directly stimulat-
ing the expression of WNT signaling genes Tcf7, Wnt10b, and
Wnt1.%® Canonical WNT signaling enhances Runx2 expression
to promote osteogenesis through direct binding to the promoter
of Runx2 by TCF1/LEF1 high-mobility group transcription factors,
downstream of f-catenin.®¥*® WNT signaling must be properly
regulated during odontogenesis. Inactivating 3-catenin in odon-
toblasts produces molars with a complete absence of roots, due
to the disruption of odontoblast differentiation.“'*? Overex-
pression of f-catenin in OC-Cre mice leads to shortened roots
and excessive formation of dentin and cementum.“*** How-
ever, it has remained unknown how WNT/B-catenin signaling is
regulated during odontoblast differentiation. Here for the first
time we revealed the important function of the WNT inhibitor
NOTUM in this process. We identified that Runx2 regulates
canonical WNT signaling through activating NOTUM in tooth root
development, providing insight into the regulatory network that
links Runx2 and the WNT/p-catenin signaling pathway.

Runx2 is also detectable in the periodontal ligament and alve-
olar bone (see Supplemental Fig. 2A-C), and we observed severe
defects in periodontal tissue in our mutant mice as well, indicat-
ing that Runx2 also regulates other downstream targets to sup-
port root development. Sfrp2 is also a secreted WNT repressor
that inhibits canonical WNT signaling by enhancing phosphory-
lation of B-catenin and downregulating Axin2.) It also enhances
osteogenic differentiation of dental MSCs and helps maintain
their survival in vitro. Here we found that Sfrp2 was expressed
in the most apical region of the dental papilla and follicle, but
not in the preodontoblast region, suggesting that Sfrp2 may
not be a key regulator of odontoblast commitment in vivo, but
it may still be crucial for the survival of dental MSCs, as well as
for the formation of periodontal tissue. PCP4 is a calmodulin
(CaM) regulator protein, and we found that it was expressed in
the apical dental mesenchyme, suggesting it may be involved
in cell fate determination within this tissue. CaM regulates vari-
ous cellular functions, including the cell cycle, cell death, ion
transport, and neurotransmission.“® The exact functions of Sfrp2
and Pcp4 in regulating tooth root development require further
investigation.

GLI1+ cells are a well-established MSC population in many
murine tissues, including bone marrow,*” molar and incisor
teeth,®#® and cranial sutures.“” Nevertheless, they are hetero-
geneous. In our scRNA-seq data, we have shown that GLI1+ cells
are distributed in different clusters, and we identified that RUNX2
+ cells are a subpopulation of GLI1+ cells within the dental
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mesenchyme. However, these cells do not contribute to root
growth. Instead, these RUNX2+ cells appear to play an important
role for the differentiation of preodontoblasts during root devel-
opment. Moreover, loss of Runx2 in GLIT+ MSCs results in a
decrease of GLI1 signaling, suggesting that Runx2 may be impor-
tant for maintaining the stem cell niche in developing molars. It
will be interesting to learn how these RUNX2+ cells provide feed-
back to regulate the stem cells. It also remains important for
future research to define a more specific in vivo marker for MSCs
in the developing tooth.

In summary, our study provides in vivo evidence of the crucial
role of Runx2 in regulating tooth root formation in a mouse
model. This study improves our understanding of how Runx2
regulates the development of diverse organs in a functionally
specific manner. Moreover, we identified several unique down-
stream targets of Runx2 in regulating root development, and
we highlighted the function of a WNT inhibitor, NOTUM, in odon-
toblast differentiation. Our discovery yields new insights into the
signaling network that regulates tooth root development and
may have important implications for approaches to tooth
regeneration.
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