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Introduction
Bone and dentin are distinct mineralized tissues that display 
morphologic and functional differences. Despite these differ-
ences, they share similarities in their mineralization process. 
During this process, osteoblasts and odontoblasts first secrete 
unmineralized matrices termed osteoid and predentin, respec-
tively. The organic component of osteoid and predentin con-
sists of extracellular matrix composed of primarily type I 
collagen and several noncollagenous proteins that play essen-
tial roles in the mineralization of collagen fibers during the 
conversion of osteoid and predentin to bone and dentin, 
respectively.

One gene family contributing to the noncollagenous pro-
teins of bone and dentin is the SIBLING family (small integrin-
binding ligand, N-linked glycoprotein; Bellahcene et al. 2008; 
Staines et al. 2012; Bouleftour et al. 2016). SIBLING proteins 
comprise a structurally and phylogenetically homogenous 
group of 5 glycophosphoproteins, named osteopontin, bone 
sialoprotein (BSP), dentin matrix protein 1 (DMP1), dentin 
sialophosphoprotein (DSPP), and matrix extracellular 
phosphoglycoprotein.

SIBLING proteins share many common features (Bellahcene 
et al. 2008; Staines et al. 2012; Bouleftour et al. 2016), including 
their common chromosomal localization as a genetically linked 
cluster covering a 375-kb region on human chromosome 4q21 

and mouse chromosome 5q. Additionally, different genes 
within this family share a similar exon structure and the RGD 
motifs enabling them to propagate biological signals by initiat-
ing integrin-mediated signaling (Bellahcene et al. 2008; Staines 
et al. 2012; Bouleftour et al. 2016).

Despite these similarities, genes within this family display 
differences in their tissue expression and functions. The spe-
cific functions of SIBLING family members in bone and den-
tin have been revealed through various genetic mouse models 
and linkage to human diseases (Bellahcene et al. 2008; Staines 
et al. 2012; Bouleftour et al. 2016).

BSP (integrin binding sialoprotein) is a 70- to 80-kDa extra-
cellular matrix protein with essential roles in skeletogenesis 
(Staines et al. 2012). Unlike other SIBLING proteins, BSP is 
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Abstract
Bone sialoprotein (BSP) is a member of the SIBLING family with essential roles in skeletogenesis. In the developing teeth, although 
the expression and function of BSP in the formation of acellular cementum and periodontal attachment are well documented, there 
are uncertainties regarding the expression and function of BSP by odontoblasts and dentin. Reporter mice are valuable animal models 
for biological research, providing a gene expression readout that can contribute to cellular characterization within the context of a 
developmental process. In the present study, we examined the expression of a BSP-GFPtpz reporter mouse line during odontoblast 
differentiation, reparative dentinogenesis, and bone. In the developing teeth, BSP-GFPtpz was expressed at high levels in cementoblasts 
but not in odontoblasts or dentin. In bones, the transgene was highly expressed in osteoblasts at an early stage of differentiation. 
Interestingly, despite its lack of expression in odontoblasts and dental pulp during tooth development, the BSP-GFPtpz transgene 
was detected during in vitro mineralization of primary pulp cultures and during reparative dentinogenesis following pulp exposures. 
Importantly, under these experimental contexts, the expression of BSP-GFPtpz was still exclusive to DSPP-Cerulean, an odontoblast-
specific reporter gene. This suggests that the combinatorial use of BSP-GFPtpz and DSPP-Cerulean can be a valuable experimental tool 
to distinguish osteogenic from dentinogenic cells, thereby providing an avenue to investigate mechanisms that distinctly regulate the 
lineage progression of progenitors into odontoblasts versus osteoblasts.
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exclusively found in mineralized tissues with essential roles in 
the initial formation of hydroxyapatite (Staines et al. 2012; 
Bouleftour et al. 2016). Abnormalities in the Bsp-null mouse 
revealed the essential roles of BSP in bone growth and miner-
alization (Staines et al. 2012; Bouleftour et al. 2016).

In the developing teeth, although the expression and func-
tion of BSP in the formation of acellular cementum and peri-
odontal attachment are well documented (Bosshardt et al. 
1998; Foster et al. 2013; Foster et al. 2015), there are contro-
versial reports regarding the expression and function of BSP by 
odontoblasts during physiologic dentinogenesis. Several stud-
ies have reported the expression of BSP in odontoblasts and 
physiologic dentin (Butler and Ritchie 1995; Ganss et al. 1999; 
Fisher and Fedarko 2003; Chen et al. 2008), whereas others 
reported BSP expression only in tertiary dentin (James et al. 
2004; Yang et al. 2010; Vidovic et al. 2017). Furthermore, in 
dentin, a relatively low level (Fujisawa et al. 1993; Ganss et al. 
1999; Bouleftour et al. 2016) to levels similar to bone (Qin  
et al. 2001; Bouleftour et al. 2016) has been reported.

By allowing the visualization of gene expression under 
various in vivo and in vitro conditions, fluorescent protein 
reporter mice have provided valuable animal models for bio-
logical studies. Given the uncertainty regarding the expression 
of BSP by odontoblasts and physiologic dentin and the essen-
tial roles of BSP in mineralization, in the present study we 
examined the expression of BSP and BSP-GFPtpz transgene in 
the developing teeth and bones and in reparative dentinogene-
sis with Bsp-GFPtpz transgenic mice (Maye et al. 2009).

Materials and Methods

Animal Models and Analyses of Expression  
of Transgenes In Vivo

BSP-GFPtpz and DSPP-Cerulean/DMP1-Cherry transgenic 
mice have been previously described (Maye et al. 2009; 
Vijaykumar et al. 2019). BSP-GFPtpz/DSPP-Cerulean/DMP1-
Cherry mice were generated by crossing BSP-GFPtpz with 
DSPP-Cerulean/DMP1-Cherry mice. Animal protocols were 
approved by Institutional Animal Care. All mice were main-
tained in the CD1 background.

The expression of transgenes was characterized in serial 
sections. Mandibular arches, long bones, and calvarias were 
fixed overnight in 4% paraformaldehyde, decalcified, and pro-
cessed for cryosectioning (Dyment et al. 2016). Sections were 
mounted with 30% glycerol and examined with a Zeiss Axio 
Observer Z1 inverted microscope with filter cubes optimized 
for the detection of different fluorescent proteins. The full-size 
images were obtained by scanning at high power, followed by 
stitching the scans into a composite. Exposure times were 
adjusted for optimum imaging and kept consistent throughout 
the various time points.

Cell Cultures, Digital Imaging, and Epifluorescence Analysis. 
Primary cultures from dental pulp were prepared from 5- to 
7-d-old hemizygous BSP-GFPtpz, BSP-GFPtpz/DSPP-Ceru-
lean/DMP1-Cherry, and nontransgenic mice (Vijaykumar et al. 

2019). Mineralization in live cultures was examined by xyle-
nol orange staining (20 µM overnight; Balic and Mina 2005). 
Live cultured cells were imaged for detection of various fluo-
rescent proteins at different time points.

Immunocytochemistry.  Mandibular arches, long bones, calvar-
ias, and adult maxillary arches with pulp exposures were pro-
cessed for immunocytochemistry with anti-BSP primary 
antibody (1:100, bs-2668R; Bioss USA) and goat anti-rabbit 
AF488 (1:400, A11001; Invitrogen) or donkey anti-rabbit Cy3 
secondary antibodies (1:200; Jackson ImmunoResearch). Sec-
tions were also processed for staining with 1:1,000 dilution of 
anti-GFP Alexa Fluor 488–conjugated antibody (Molecular 
Probes, Invitrogen).

RNAscope In Situ Hybridization.  In situ hybridization was con-
ducted in frozen sections with the RNAscope 2.5 HD Reagent 
Kit-BROWN (Advanced Cell Diagnostics) for Bsp as described 
previously (Vidovic et al. 2017).

Flow Cytometric Analysis.  Single-cell suspensions from pulp 
cultures were processed for fluorescence-activated cell sorting 
(FACS) analysis at different time points with gating strategies 
shown in Appendix Figures 1 and 3. Pulp cells from nontrans-
genic littermates served as negative control in all experiments. 
Percentages of GFP+ and GFP– cells were determined with BD 
FACSDiva 6.2 software.

RNA Extraction and Analyses.  Total RNA was prepared with 
TRIzol Reagent according to the manufacturer’s instructions. 
After DNase treatment, RNA samples were processed for 
cDNA synthesis and reverse transcription polymerase chain 
reaction analysis with specific primers (Appendix Fig. 2).

Experimental Pulp Exposure/Injury.  Four-week-old transgenic 
mice were anesthetized and prepared for experimental pulp 
exposure on the maxillary first molars (Vidovic et al. 2017; 
Vidovic-Zdrilic et al. 2018). Animals were sacrificed at 0 d, 2 
wk, and 4 wk after injury and then fixed and processed for 
cryosectioning and analyses. The adjacent sections were pro-
cessed for staining with hematoxylin and eosin and anti-BSP 
antibody.

Statistical Analysis.  Data analysis was performed by Graph Pad 
Prism 6 software with unpaired 2-tailed Student’s t test. Values 
in all experiments represented the mean ± SEM of at least 3 to 
5 independent experiments, and a P value ≤0.05 was consid-
ered statistically significant.

Results

Expression of BSP-GFPtpz in the Developing Teeth 
and Alveolar Bones

We examined the expression of BSP-GFPtpz transgene in 
mandibular arches during embryonic development (E15 to 
E20) and postnatal growth (P1, P6, P30). While BSP-GFPtpz 
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was highly expressed in the alveolar bone, transgene expres-
sion was not detected in the developing tooth at the bud-to-bell 
stages of development (Fig. 1A, A′ and data not shown). At the 
secretory stage of crown formation (P1 to P6), BSP-GFPtpz 
transgene was not detected in the undifferentiated or differenti-
ated odontoblasts surrounding dental pulp in the unerupted 
molars (Fig. 1B–D′′′ and data not shown). In the erupted 
molars (1 mo old), BSP-GFPtpz transgene was expressed in 
cementoblasts lining the root cementum but not in the odonto-
blasts lining coronal and radicular pulp chamber (Fig. 1E–G). 
In the developing incisors that display an apical-to-incisal gra-
dient of odontoblast differentiation, BSP-GFPtpz expression 
was not detected in the entire odontoblast layer (Fig. 1B–D′′′). 
BSP-GFPtpz expression was not detected in dental pulp.

To ensure that the lack of transgene detection in odonto-
blasts was not related to loss of signal during the histologic 
processing, we also examined transgene expression by immu-
nostaining for GFP (Fig. 2A, a–d). Immunostaining with anti-
GFP antibody also showed expression in the alveolar bones but 
not in odontoblasts (Fig. 2A, a–d). To determine whether the 
reporter gene accurately represented endogenous gene expres-
sion, we compared the expression of BSP-GFPtpz with the 

expression of endogenous BSP protein (Fig. 2A, e, f) and Bsp 
(Fig. 2A, g, h) by immunohistochemistry and RNAscope, 
respectively. These studies together also confirmed high levels 
of expression of BSP and Bsp in the osteoblasts and in bone 
matrix. BSP and Bsp were not detected in dentin and odonto-
blasts, respectively.

Expression of BSP-GFPtpz Transgene  
in Long Bones and Calvarias In Vivo

For the next step, we examined the expression of the transgene 
in the long bones (Fig. 2B) and calvarias at P1 and P6 (Fig. 
2C). In the developing long bones, BSP-GFPtpz was expressed 
at high intensity in osteoblasts lining the trabecular bone sur-
faces (just below the growth plate) and cortical bone surfaces 
and within the secondary ossification centers (Fig. 2B). BSP-
GFPtpz was also expressed at lower intensity in osteocytes, 
many of which were in close proximity to the bone surfaces but 
embedded within bone tissue.

In the calvarias (P1 and P6), BSP-GFPtpz transgene was 
expressed in osteoblasts lining the periosteum and in some of 
osteocytes embedded within the calvaria bone (Fig. 2C). The 

Figure 1.  Expression of BSP-GFPtpz in the developing teeth and alveolar bone of mice. (A, A′) A cross section of the mandibular first molar at 
E20. Note the expression of BSP-GFPtpz in the alveolar bone surrounding the unerupted molar and the lack of expression in the odontoblast layer 
(arrowheads in A′). (A′) A higher-magnification image of the boxed area in panel A. (B, B′) An H&E-stained sagittal section through the lower jaw at 
P6. (B′) A higher-magnification image of the boxed area in panel B. Odontoblast layer in the first molar and incisor is indicated by arrowheads. (C–D′′′) 
Epifluorescent images of adjacent section to panel B. (D′–D′′′) Images at higher magnification of the boxed areas in panel D. Note the expression of 
BSP-GFPtpz in the alveolar bone surrounding the unerupted molar and incisor and the lack of transgene expression in the odontoblasts in the first 
molar and incisor. (E–G) Epifluorescent images of a section through a mandibular molar at 1 mo of age. (F′) A higher-magnification image of the boxed 
area in panel F. (G) An H&E-stained image of an adjacent section. BSP-GFPtpz is expressed in cementoblasts lining the cementum (arrowheads) and 
osteoblasts in the alveolar bone. In all images, the pulp chambers are denoted by dashed lines. Ab, alveolar bone; d, dentin; H&E, hematoxylin and 
eosin; I, incisor; M1, first molar; p, dental pulp. Scale bar in all images: 100 µm.
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patterns of expression of BSP-GFPtpz in calvaria and long 
bone are consistent with previously reported expression of BSP 
(Foster et al. 2015; Bouleftour et al. 2016) and BSP-GFPtpz 
(Maye et al. 2009; Strecker et al. 2013; Fu and Maye 2015).

Comparison of the Expression of BSP-GFPtpz 
and DMP1-Cherry Transgenes in Long Bones 
and Calvaria In Vivo

The expression of BSP-GFPtpz in osteoblasts and osteocytes is 
similar to the expression of DMP1 (Qin et al. 2007) and DMP1-
Cherry transgene (Vijaykumar et al. 2019). Therefore, we 
decided to compare the expression of BSP-GFPtpz to 

DMP1-Cherry in long bones (Fig. 3A) and calvaria (Fig. 3B) 
with BSP-GFPtpz/DSPP-Cerulean/DMP1-Cherry mice. These 
experiments showed overlapping and nonoverlapping expres-
sion domains for BSP-GFPtpz and DMP1-Cherry in osteo-
blasts and osteocytes.

In the mature bones, BSP-GFPtpz was highly expressed in 
osteoblasts closer to the growth plate, and DMP1-Cherry was 
expressed in more osteoblasts at a further distance from the 
growth plate (Fig. 3A). There were few cells coexpressing both 
transgenes at the interface between BSP-GFPtpz+ and DMP1-
Cherry+ domains (Fig. 3Aa′′). In the cortical bone, DMP1-
Cherry was highly expressed in all osteocytes, whereas 
BSP-GFPtpz was detected in only a small subpopulation of 
osteocytes often closer to bone surfaces (Fig. 3Aa′).

Figure 2.  Expression of BSP-GFPtpz transgene in teeth, long bones, and calvarias. (A) Similarities in the expression of BSP-GFPtpz transgene, 
endogenous BSP, and Bsp. (a–f) Images of cross sections through an incisor (a, b) and a first molar (c–f) in the lower jaw at P6. Sections were stained 
with anti-GFP antibody (a–d) and anti-BSP antibody (e, f). Sections were permeabilized (0.3% TritonX-100 for 20 min), washed and incubated with 
PowerBlock reagent for 20 min at room temperature, incubated overnight at 4 °C with anti-GFP AF488-conjugated antibody (1:1,000; Molecular 
Probes, Invitrogen) or rabbit anti-BSP primary antibody (1:100, bs-2668R; Bioss USA), with the latter followed by goat anti-rabbit AF488 secondary 
antibody (1:400, A11001; Invitrogen) for 1 h at room temperature. Note GFP staining in the osteoblasts in the alveolar bones but not in odontoblasts 
(arrows; a–d). Also note BSP staining in the alveolar bone matrix but not in dentin (e, f). (g, h) Images through a first molar in the lower jaw at P6.  
(h) A higher magnification of the boxed area in panel g. Section was processed for RNAscope in situ hybridization for Bsp, showing the expression 
of Bsp in osteoblasts of the alveolar bone (dashed arrow) but not in odontoblasts (solid arrows). In all images, the pulp chambers are denoted by 
dashed lines. Scale bar in all images in panel A: 100 µm. (B) Expression of BSP-GFPtpz transgene in long bone. (a–a′′) Representative images of sections 
through a long bone at P6 from BSP-GFPtpz mice stained with alcian blue and H&E show the secondary ossification center (SOC) and epiphyseal plate 
(EP). (a′, a′′) Higher magnifications of the dashed and solid boxed areas in panel a. (b, c) Epifluorescent images of an adjacent section to panel a show 
high levels of expression of BSP-GFPtpz in osteoblasts and osteocytes. (b′–c′′) Higher magnification of boxed areas in panels b and c. Scale bars in 
panels a–c: 500 µm. Scale bars in panels a′–c′′: 100 µm. (C) Expression of BSP-GFPtpz transgene in calvaria. Representative images of calvaria at P1 and 
P6 from BSP-GFPtpz mice show high levels of BSP-GFPtpz in osteoblasts in periosteum and some of the osteocytes. Scale bar in all images in panel C: 
100 µm. Ab, alveolar bone; Am, ameloblasts; d, dentin; H&E, hematoxylin and eosin; M1, first molar; Od, odontoblasts; p, dental pulp.
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In the calvaria, there were also very few cells coexpressing 
both transgenes. BSP-GFPtpz was highly expressed in osteo-
blasts lining the periosteum and the bone marrow cavities (Fig. 
3B). However, DMP1-Cherry was highly expressed in osteo-
cytes embedded in bone. As reported previously, DSPP-
Cerulean expression was not detected in long bones and 
calvaria (data not shown and Vijaykumar et al. 2019). Together 
these observations indicated that BSP-GFPtpz is highly 
expressed by osteoblasts in early stages of maturation, whereas 
DMP1-Cherry is expressed in osteoblasts in late stages of 
maturation.

Evaluation of BSP-GFPtpz Transgene Expression 
in Primary Dental Pulp Cultures In Vitro

Previous studies have shown that the primary pulp cultures con-
tained progenitors capable of giving rise to osteoblasts and odon-
toblasts (Zhao et al. 2007; Takamori et al. 2008; Balic and Mina 
2011). Therefore, as the next step, we examined the temporal and 
spatial expression of the BSP-GFPtpz transgene during in vitro 
mineralization in primary pulp cultures by epifluorescence and 
FACS analysis (Fig. 4; Appendix Figs. 1, 3, 4).

FACS analysis showed that freshly isolated pulps did not 
contain BSP-GFPtpz+ cells (Appendix Fig. 1C). When placed 
in culture, a few cells expressing BSP-GFPtpz at low intensity 
appeared at day 4 (Appendix Fig. 1C). With the onset of miner-
alization at day 10, there was an approximately 3-fold increase 
in the percentage of BSP-GFPtpz+ cells, followed by marked 
increases in BSP-GFPtpz+ cells with further mineralization of 
cultures (Fig. 4A; Appendix Figs. 1, 2). BSP-GFPtpz expres-
sion was detected in multilayered areas containing mineralized 
matrices detected by xylenol orange staining (Fig. 4A, q–s).

Reverse transcription polymerase chain reaction showed that 
the expression of transgene during in vitro mineralization was 
well correlated with the expression of endogenous Bsp. Similar 
to Bsp, BSP-GFPtpz was expressed at very low levels at day 7 
with marked increases at days 10 to 21 (Appendix Fig. 2B).

The expression of BSP-GFPtpz was also compared with the 
expression of DSPP-Cerulean and DMP1-Cherry during the in 
vitro mineralization of primary pulp cultures by epifluores-
cence and FACS analysis (Fig. 4B; Appendix Fig. 3). These 
studies showed nonoverlapping and exclusive expression of 
BSP-GFPtpz and DSPP-Cerulean transgenes (Fig. 4B; 
Appendix Fig. 3A–C), confirming the lack of BSP-GFPtpz 
expression in DSPP-Cerulean+ odontoblasts. However, there 

Figure 3.  Expression of BSP-GFPtpz and DMP1-Cherry transgenes in the long bones and calvaria. (A) Representative images of a long bone at P6 
from BSP-GFPtpz/DSPP-Cerulean/DMP1-Cherry mice show the overlapping and nonoverlapping domains of expression of BSP-GFPtpz and DMP1-
Cherry in osteoblasts and osteocytes. (a) Inset shows the scan of a long bone. (a′, a′′) Higher magnification of the boxed areas in panel a shows the 
overlapping expression in yellow. Note that BSP-GFPtpz is expressed at high levels in osteoblasts closer to the growth plate as compared with DMP1-
Cherry+ cells. Also, note the higher-intensity expression of DMP1-Cherry in osteocytes as compared with BSP-GFPtpz. Scale bar inset: 500 µm. Scale 
bar in panels a–a′′: 100 µm. (B) Representative images of a calvaria at P6 from BSP-GFPtpz/DSPP-Cerulean/DMP1-Cherry mice show the overlapping 
and nonoverlapping domains of expression of BSP-GFPtpz and DMP1-Cherry in osteoblasts and osteocytes. Representative epifluorescent images show 
the expression of BSP-GFPtpz (a), DMP1-Cherry+ (b), and overlay (c) of expression. (d) H&E-stained adjacent section. b, bone; EP, epiphyseal plate; 
H&E, hematoxylin and eosin; m, marrow cavity, p, periosteum. Scale bar: 500 µm.
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Figure 4.  Expression of BSP-GFPtpz transgene expression during mineralization in vitro. (A) Representative images of a dental pulp culture from 
BSP-GFPtpz mice at different time points analyzed under phase contrast (BF) and epifluorescent lights for detection of BSP-GFPtpz and xylenol orange 
(XO). Primary cultures from dental pulp were prepared from 5- to 7-d-old hemizygous BSP-GFPtpz (Vijaykumar et al. 2019). Cultures were first 
grown in Dulbecco’s Modified Eagle Medium, containing 10% fetal bovine serum. At day 7, mineralization was induced by addition of Minimum Essential 
Medium Alpha, 10% fetal bovine serum, with 50 μg/mL of fresh ascorbic acid and 4mM β-glycerophosphate. Medium was changed every other day. 
Note the expression of BSP-GFPtpz at days 10 to 21. (q–s) Higher magnification of culture at day 21 shows the expression of BSP-GFPtpz in XO-
stained mineralized nodules (dotted lines). Scale bar: 2,000 µm. (B) Representative images of the same area of a primary dental pulp culture at D14 
derived from BSP-GFPtpz/DSPP-Cerulean/DMP1-Cherry mice. The same area of culture was analyzed under bright (a) and epifluorescent lights for 
the detection of DMP1-Cherry (b), DSPP-Cerulean (c), and BSP-GFPtpz (d). The overlays (e–g) show the subpopulation of cells coexpressing DMP1-
Cherry and DSPP-Cerulean (arrows in panel e) and cells coexpressing DMP1-Cherry and BSP-GFPtpz (arrows in panel f). Also, note lack of overlap 
between cells expressing BSP-GFPtpz and DSPP-Cerulean (g). Scale bar in all images: 200 µm.
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was a small population (approximately 1% to 3%) of cells 
coexpressing BSP-GFPtpz+ and DMP1-Cherry+ cells in these 
cultures at days 10 and 14 (Fig. 4B; Appendix Fig. 3A–C).

Expression of BSP-GFPtpz Transgene  
in Reparative Dentinogenesis In Vivo

Several studies have shown BSP and Bsp expression in tertiary 
dentin (James et al. 2004; Yang et al. 2010; Vidovic et al. 2017). 
We next examined the expression of BSP-GFPtpz during repar-
ative dentinogenesis using experimental pulp exposures estab-
lished in our laboratory (Vidovic et al. 2017; Vidovic-Zdrilic  
et al. 2018). In these studies, experimental pulp exposure lead-
ing to adequate removal of dentin and destruction of odonto-
blasts (Vidovic et al. 2017; Vidovic-Zdrilic et al. 2018), which 

are essential for the initiation of reparative dentinogenesis, was 
created in 4-wk-old BSP-GFPtpz animals (Vidovic et al. 2017; 
Vidovic-Zdrilic et al. 2018).

Examination of teeth at 2 wk after pulp exposure showed 
the appearance of BSP-GFPtpz+ cells in dental pulp in close 
vicinity to the site of pulp exposure (Fig. 5B–b′). After 4 wk, 
BSP-GFPtpz+ cells were lining the reparative dentin that formed 
underneath the exposure site (Fig. 5C–c′). Immunocytochemical 
analysis of a section after 4 wk showed expression of BSP in 
the reparative dentin (Fig. 5D–e′).

Discussion
In the present study, we examined the expression of BSP-
GFPtpz transgene in the teeth and bones and during reparative 

Figure 5.  BSP-GFPtpz expression during reparative dentinogenesis. Representative epifluorescent images of sagittal sections of maxillary first molars 
with pulp exposure at day 0 (A, A′), 2 wk (B, B′), and 4 wk (C, C′, D, E) after pulp exposure. In all images, the dental pulp is denoted by dashed lines, 
the site of pulp exposure by an asterisk, and the control side without pulp exposure by a plus sign. Note the expression of BSP-GFPtpz by cementoblasts 
(arrows) and osteoblasts and osteocytes in alveolar bones (Ab). Also note the lack of expression of BSP-GFPtpz in the odontoblast layer lining the intact 
pulp in all images. (a, a′) Higher magnification of boxed area in panel A shows the site of exposure and the lack of BSP-GFPtpz+ in odontoblast layer and 
in pulp cells at the exposure site at day 0. (b, b′) Higher magnification of boxed area in panel B shows the appearance of BSP-GFPtpz in pulp cells below 
the site of exposure at 2 wk. (c) Higher magnification of boxed area in panel C shows BSP-GFPtpz+ cells lining the reparative dentin after 4 wk. (c′) A 
representative H&E-stained image of an adjacent section shows the reparative dentin at the site of pulp exposure. (c, c′) Reparative dentin is denoted 
by dotted lines. (D, e′) Images at 4 wk after pulp exposure stained with anti-BSP antibody shown in panel E. (E) A representative image at 4 wk after 
pulp exposure stained with anti-BSP antibody. Sections were permeabilized and stained with rabbit anti-BSP primary antibody, followed by donkey anti-
rabbit Cy3 secondary antibody (1:200; Jackson ImmunoResearch) for 1 h at room temperature. Note that the reparative dentin tissue, alveolar bone, 
and cementum (arrows) but not dentin stain positive for anti-BSP antibody. (e′) A representative H&E-stained image of an adjacent section shows the 
reparative dentin at the site of pulp exposure. Reparative dentin is denoted by dotted lines. Scale bars in all images: 100 µm. H&E, hematoxylin and eosin.
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dentinogenesis. The result showed that BSP-GFPtpz, Bsp, and 
BSP were not expressed in odontoblasts and dentin throughout 
various stages of tooth development. Following root forma-
tion, BSP-GFPtpz was expressed at high levels in cemento-
blasts. The lack of BSP-GFPtpz, Bsp, and BSP expression in 
odontoblasts during tooth development is consistent with 
observations in Bsp−/− mice. Despite substantial mineralization 
defects in the alveolar bone and cementum, Bsp−/− mice showed 
no abnormalities in odontoblasts, odontoblast markers, or 
physiologic dentinogenesis (Foster et al. 2015).

In bones, BSP-GFPtpz transgene was highly expressed by 
osteoblasts and some (but not all) osteocytes. Comparison of 
BSP-GFPtpz and DMP1-Cherry expression in long bones 
showed that BSP-GFPtpz was highly expressed in less mature 
osteoblasts whereas DMP1-Cherry was highly expressed in 
more mature osteoblasts and osteocytes.

Despite its lack of expression in dental pulp, odontoblasts, 
and physiologic dentin, BSP-GFPtpz+ cells appeared and 
expanded during in vitro mineralization of pulp cultures and 
during reparative dentinogenesis. The exclusive and nonover-
lapping expression of BSP-GFPtpz+ and DSPP-Cerulean+ in 
cultured cells indicated that, similar to endogenous BSP, BSP-
GFPtpz+ is activated and expressed by cells in the osteogenic 
lineages but not in the cells of the dentinogenic lineage.

BSP is expressed in tertiary dentin (Moses et al. 2006; 
Goldberg et al. 2008; Smith et al. 2012; Sangwan et al. 2013; 
Vidovic et al. 2017; da Rosa et al. 2018; Vidovic-Zdrilic et al. 
2018) and can induce tertiary dentinogenesis (Decup et al. 
2000; Six et al. 2002). Our study also showed the activation 
and expression of BSP-GFPtpz during reparative dentinogen-
esis. BSP-GFPtpz+ cells were detected underneath the BSP+ 
reparative dentin.

The expression of BSP-GFPtpz transgene during in vitro 
mineralization of dental pulp and during reparative dentino-
genesis, which is consistent with the expression of BSP and 
Bsp reported by others, suggests that trauma and/or inflamma-
tion in dental pulp results in activation of the osteogenic pro-
gram in resident progenitors in dental pulp. Reimplantation of 
the tooth and molar crowns resulted in formation of calcified 
tissue in pulp cavity composed of dentin-like tissue expressing 
Dspp and bone-like tissues expressing high levels of osteopon-
tin and BSP (Takamori et al. 2008; Zhao et al. 2007). Pulp cul-
tures derived from pulp 48 h after exposure showed enhanced 
osteogenic potential (Wang et al. 2013).

Although the underlying mechanisms of activation of the 
osteogenic program in dental pulp progenitors are not fully 
understood, the available evidence suggests possible involve-
ment of Runx2, a master regulator of skeletal development. 
RUNX2 regulates the expression of members of the SIBLING 
family, including Bsp, Dspp, and Dmp1, through multiple 
Runx2-binding sites, and it is a target for several signaling 
pathways that regulate its phosphorylation, activation, and sta-
bilization (Mevel et al. 2019).

Through the regulation of osterix (Sp7), Runx2 regulates 
the formation of preosteoblasts and immature osteoblasts, and 
Runx2 expression decreases with maturation of osteoblasts 
(Mevel et al. 2019). Transgenic mice that overexpressed Runx2 

in osteoblasts with 2.3-kb Col1a1 promoter developed osteo-
penia caused by the inhibition of osteoblast maturation and 
accumulation of immature osteoblasts, indicating that Runx2 
inhibits the late stage of osteoblast maturation while promoting 
early stages of osteoblast development (Kanatani et al. 2006; 
Li et al. 2011).

In teeth, Runx2 is expressed in preodontoblasts but not in 
more differentiated odontoblasts (Camilleri and McDonald 
2006). In vivo and in vitro studies have shown that overexpres-
sion of Runx2 increased expression of DSPP in preodonto-
blasts but reduced its expression in mature odontoblasts (Chen 
et al. 2005; Miyazaki et al. 2008; Li et al. 2011). Transgenic 
mice overexpressing Runx2 in odontoblasts at early and late 
stages of differentiation with 2.3-kb Col1a1 and Dspp pro-
moter fragments displayed abnormalities in odontoblasts and 
dentin. In these animals, the sustained expression of Runx2 in 
odontoblasts inhibited terminal differentiation of odontoblasts 
and induced transdifferentiation of odontoblasts to bone-form-
ing cells expressing osteocalcin and osteopontin (Miyazaki  
et al. 2008; Li et al. 2011). These findings suggest that Runx2 
is involved in the cell fate determination (osteogenic vs. den-
tinogenic lineage) of pulpal mesenchymal progenitors. These 
observations suggest that growth factors and signaling mole-
cules released during traumatic injury to dental pulp result in 
the sustained activation of Runx2, leading to activation of the 
osteogenic program in pulp progenitors.

Our previous observations showed that perivascular cells 
expressing alpha–smooth muscle actin (αSMA) constitute a 
population of mesenchymal progenitors in dental pulp capable 
of giving rise to Dspp+ odontoblasts and Bsp+ osteoblasts in 
reparative dentin (Vidovic et al. 2017). However, currently it is 
not known if αSMA+ populations contain distinct osteogenic 
and dentinogenic populations or individual αSMA+ cells that 
are multi- or bipotent.

By allowing the visualization of gene expression under 
various conditions, fluorescent protein reporter mice have pro-
vided valuable animal models for biological studies. One of the 
significant advantages of these animal models is that they pro-
vide investigators with the means to isolate and study intrinsi-
cally labeled cell populations. The temporal and spatial 
expression of BSP-GFPtpz transgene in the developing teeth, 
bone, and reparative dentin in vivo indicates that the 145-kb 
transgene contains many of the cis-regulatory elements neces-
sary for regulating BSP gene expression in bone, cementum, 
and reparative dentin. The activation and expression of BSP-
GFPtpz transgene in the osteogenic lineage in damaged dental 
pulp in vivo and in vitro provide an excellent experimental tool 
for further studies toward better understanding the differential 
activation of the osteogenic program in dental pulp and the 
effects of various growth factors and reagents on dentinogenic 
versus osteogenic differentiation of dental pulp stem/progeni-
tors cells.
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