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A B S T R A C T   

Background: Zinc finger-containing transcription factor Osterix/Specificity protein-7 (Sp7) is an essential tran-
scription factor for osteoblast differentiation. However, its functions in differentiated osteoblasts remain unclear 
and the effects of osteoblast-specific Sp7 deletion on osteocytes have not been sufficiently studied. 
Methods: Sp7floxneo/floxneo mice, in which Sp7 expression was 30 % of that in wild-type mice because of disturbed 
splicing by neo gene insertion, and osteoblast-specific knockout (Sp7fl/fl;Col1a1− Cre) mice using 2.3-kb Col1a1 
enhanced green fluorescent protein (EGFP)-Cre were examined by micro-computed tomography (micro-CT), 
bone histomorphometry, serum markers, and histological analyses. The expression of osteoblast and osteocyte 
marker genes was examined by real-time reverse transcription (RT)-PCR analysis. Osteoblastogenesis, osteo-
clastogenesis, and regulation of the expression of collagen type I alpha 1 chain (Col1a1) were examined in 
primary osteoblasts. 
Results: Femoral trabecular bone volume was higher in female Sp7floxneo/floxneo and Sp7fl/fl;Col1a1− Cre mice than in 
the respective controls, but not in males. Bromodeoxyuridine (BrdU)-positive osteoblastic cells were increased in 
male Sp7fl/fl;Col1a1− Cre mice, and osteoblast number and the bone formation rate were increased in tibial 
trabecular bone in female Sp7fl/fl;Col1a1− Cre mice, although osteoblast maturation was inhibited in female Sp7fl/fl; 

Col1a1− Cre mice as shown by the increased expression of an immature osteoblast marker gene, secreted phos-
phoprotein 1 (Spp1), and reduced expression of a mature osteoblast marker gene, bone gamma-carboxyglutamate 
protein/bone gamma-carboxyglutamate protein 2 (Bglap/Bglap2). Furthermore, alkaline phosphatase activity 
was increased but mineralization was reduced in the culture of primary osteoblasts from Sp7fl/fl;Col1a1− Cre mice. 
Therefore, the accumulated immature osteoblasts in Sp7fl/fl;Col1a1− Cre mice was likely compensated for the in-
hibition of osteoblast maturation at different levels in males and females. Vertebral trabecular bone volume was 
lower in both male and female Sp7fl/fl;Col1a1− Cre mice than in the controls and the osteoblast parameters and bone 
formation rate in females were lower in Sp7fl/fl;Col1a1− Cre mice than in Sp7fl/fl mice, suggesting differential reg-
ulatory mechanisms in long bones and vertebrae. The femoral cortical bone was thin and porous in Sp7floxneo/ 

floxneo and Sp7fl/fl;Col1a1− Cre mice of both sexes, the number of canaliculi was reduced, and terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labelling (TUNEL)-positive lacunae and the osteoclasts were 
increased, whereas the bone formation rate was similar in Sp7fl/fl;Col1a1− Cre and Sp7fl/fl mice. The serum levels of 
total procollagen type 1 N-terminal propeptide (P1NP), a marker for bone formation, were similar, while those of 
tartrate-resistant acid phosphatase 5b (TRAP5b), a marker for bone resorption, were higher in Sp7fl/fl;Col1a1− Cre 
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mice. Osteoblasts were less cuboidal, the expression of Col1a1 and Col1a1-EGFP-Cre was lower in Sp7fl/fl; 

Col1a1− Cre mice, and overexpression of Sp7 induced Col1a1 expression. 
Conclusions: Our studies indicated that Sp7 inhibits the proliferation of immature osteoblasts, induces osteoblast 
maturation and Col1a1 expression, and is required for osteocytes to acquire a sufficient number of processes for 
their survival, which prevents cortical porosity. 
The translational potential of this article: This study clarified the roles of Sp7 in differentiated osteoblasts in 
proliferarion, maturation, Col1a1 expression, and osteocyte process formation, which are required for targeting 
SP7 in the development of therapies for osteoporosis.   

1. Introduction 

Runt related transcription factor 2 (Runx2), a member of the Runx 
family of transcription factors, induces the commitment of multipotent 
mesenchymal cells to osteoblast lineage cells and induces the prolifer-
ation of osteoblast progenitors. Sp7, which has three zinc finger motifs 
and belongs to the SP family of transcription factors, and Wnt signaling, 
together with Runx2 are required for osteoblast differentiation. After 
differentiation into immature osteoblasts, Runx2 regulates the expres-
sion of major bone matrix protein genes, including Col1a1, collagen type 
I alpha 2 chain (Col1a2), Spp1, integrin binding sialoprotein (Ibsp), 
Bglap/Bglap2 [1]. Although the SP family of transcription factors bind 
GC-rich target sequences through the zinc finger domain, Sp7 interacts 
with distal-less homeobox (Dlx) and binds to the AT-rich motifs of Dlx 
target genes [2]. 

The germline deletion of Sp7 (Sp7− /− ) results in death just after birth, 
and Sp7− /− mice completely lack osteoblasts and bone [3]. Furthermore, 
Sp7fl/–;CAG− CreER mice treated with tamoxifen, which causes the ubiq-
uitous deletion of Sp7 after birth, markedly reduced both bone forma-
tion and trabecular and cortical bone volumes [4]. Therefore, Sp7 is 
essential for osteoblast differentiation and bone formation during the 
embryonic stage and after birth. Moreover, SP7 is a locus associated with 
osteoporosis and a rare pathogenetic locus of osteogenesis imperfecta 
[5]. Sp7 is expressed in both osteoblasts and hypertrophic chondrocytes, 
and is required for matrix metallopeptidase 13 (Mmp13) expression in 
terminal hypertrophic chondrocytes [6]. 

To investigate the functions of Sp7 in differentiated osteoblasts, Baek 
et al. generated Sp7fl/–;Col1a1− Cre mice, in which one Sp7 allele was 
deleted in germline and the other Sp7 allele was conditionally deleted in 
osteoblasts using 2.3-kb Col1a1 Cre. In femurs, the trabecular bone 
volume increased, while cortical bone volume was normal. In vertebrae, 
the trabecular bone volume and the bone formation were reduced. The 
expression of Bglap/Bglap2, but not Col1a1, was reduced [7]. The same 
group also generated Sp7fl/–;Col1a1− CreERT2 mice and 4-hydroxytamoxifen 
(4-OHT) was injected after birth. The numbers of osteoblasts, osteo-
clasts, and BrdU-positive cells were similar in 4-OHT treated and control 
mice, while the expression of Col1a1 and Bglap/Bglap2 was lower in 
4-OHT treated mice [8]. Osteocyte anomalies were not examined in 
either of the mouse models. Although the sexes of the mice examined 
were not specified, the two mouse models indicated that the deletion of 
Sp7 in osteoblasts in the Sp7 haplodeficient state decreased vertebral 
trabecular bone by inhibiting osteoblast maturation, increased femoral 
trabecular bone via unknown mechanisms, and did not affect cortical 
bone volume, osteoblast proliferation, and bone resorption. Another 
group generated Sp7OcyKO mice using Dmp1 Cre, which directs Cre 
expression in mature osteoblasts and osteocytes. Sp7OcyKO mice had 
porous cortical bone, fewer osteocyte processes and canaliculi, and more 
TUNEL-positive lacunae in the cortical bone, indicating the need for Sp7 
to acquire a sufficient number of osteocyte processes [9]. 

Osteocytes form a dense network through their processes and 
canaliculi throughout bone. Reductions in the numbers of osteocyte 
processes and canaliculi induce osteocyte apoptosis through decreases in 
the supply of oxygen and nutrients to osteocytes via these processes and 
canaliculi [9–12]. Apoptotic osteocytes have been shown to increase the 
expression of TNF superfamily member 11 (Tnfsf11, also known as 

Rankl), which encodes a ligand for TNF receptor superfamily member 11 
(Tnfrsf11a/Rank), in neighboring osteocytes and osteoblasts through 
the release of adenosine triphosphate (ATP), thereby promoting osteo-
clastogenesis and bone resorption [13–16]. Furthermore, secondary 
necrosis occurs in the majority of apoptotic osteocytes because scaven-
gers cannot reach the apoptotic osteocytes imbedded in the bone matrix. 
Inflammatory molecules, including damage-associated molecular pat-
terns, are released through the canaliculi to the bone surface and 
vascular canals in bone, leading to the production of proinflammatory 
cytokines that induce Tnfsf11 expression [16–18]. 

Although Sp7 is essential for osteoblast differentiation, the functions 
of Sp7 in bone formation, bone resorption, and bone matrix protein gene 
expression remain unclear, and the effects of the deletion of Sp7 on os-
teocytes have not been examined in previous osteoblast-specific Sp7 
knockout mice using 2.3-kb Col1a1 Cre. Therefore, we examined 
Sp7floxneo/floxneo mice, in which Sp7 expression was reduced to 30 % of 
that in wild-type mice through disturbed splicing by neo gene insertion, 
and osteoblast-specific knockout (Sp7fl/fl;Col1a1− Cre) mice generated 
using 2.3-kb Col1a1 EGFP-Cre transgenic mice [19]. Although the 
knockdown or deletion of Sp7 in osteoblasts exerted differential effects 
in males and females, in long bones and vertebrae, and in trabecular and 
cortical bone, the results demonstrated that Sp7 inhibits the prolifera-
tion of immature osteoblasts and induces their differentiation, and that 
Sp7 is required for Col1a1 expression and for acquiring a sufficient 
number of osteocyte processes. The reduction in the number of osteocyte 
processes resulted in severe cortical porosity due to the osteocyte death, 
which enhanced osteoclastogenesis. 

2. Results 

2.1. Reduced Sp7 expression in neo-inserted Sp7 floxed mice 

The Sp7 gene comprises two exons, and two major mRNAs (Types I 
and II) were transcribed from different transcription start sites (Sup-
plementary Fig. 1A) [20]. This was confirmed by Cap Analysis of Gene 
Expression (CAGE) using RNA from wild-type calvariae (Supplementary 
Fig. 1B). The neo gene interposed between frts was inserted into the 
intron and loxp sequences in the 5’ of neo and the untranslated region of 
exon 2 (Supplementary Fig. 1A) [6]. We initially examined neo-inserted 
Sp7 floxed mice (Sp7floxneo/+ and Sp7floxneo/floxneo). Real-time RT-PCR 
analyses using the primer sets F1 and R1 in exon 1 of Type I mRNA or F2 
and R2 in exon 1 of Type II mRNA showed no reduction in Sp7 mRNA in 
Sp7floxneo/+ and Sp7floxneo/floxneo mice compared to those in Sp7+/+ mice, 
indicating that the transcriptional activities for Type I and Type II mRNA 
were not affected by neo gene insertion. However, real-time RT-PCR 
analyses using the primer sets F3 (exon 1 in Type I mRNA) and R3 (exon 
2) or F4 (exon 1 in Type II) and R3 (exon 2) revealed a decrease in Sp7 
mRNA in Sp7floxneo/+ and Sp7floxneo/floxneo mice compared to Sp7+/+

mice (Supplementary Fig. 1C). Furthermore, real-time RT-PCR using the 
primers in exon 2 (F5 and R3) also showed a reduction in Sp7 mRNA in 
Sp7floxneo/floxneo mice compared to Sp7+/+ mice (Supplementary 
Fig. 1C). These results indicated that neo gene insertion in the intron 
disturbed splicing and reduced Type I and Type II Sp7 mRNAs. Type I 
and Type II Sp7 mRNAs in Sp7floxneo/+ mice and Sp7floxneo/floxneo mice 
were approximately 60 and 30 %, respectively, of those in Sp7+/+ mice. 
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Similar results were obtained in western blot analyses of Sp7+/+, 
Sp7floxneo/+, and Sp7floxneo/floxneo newborn limbs using the Sp7 antibody 
(Supplementary Figs. 1D and E). Therefore, Sp7floxneo/floxneo mice, in 
which Sp7 mRNA is less than one-third of that in wild-type mice, are a 
useful model for examining the role of Sp7. 

2.2. Micro-CT and gene expression analyses in Sp7floxneo/floxneo and 
Sp7floxneo/floxneo;Col1a1− Cre mice at 9 weeks of age 

We generated Sp7floxneo/floxneo;Col1a1− Cre mice using 2.3-kb Col1a1 
EGFP-Cre transgenic mice [19], and compared the body weights and 
trabecular and cortical bone of femurs among male Sp7+/+, Sp7floxneo/+, 
Sp7floxneo/floxneo, and Sp7floxneo/floxneo;Col1a1− Cre mice and between female 
Sp7+/+ and Sp7floxneo/floxneo mice. Body weights were lower in male 
Sp7floxneo/floxneo;Col1a1− Cre mice and female Sp7floxneo/floxneo mice than in 
the respective Sp7+/+ mice (Fig. 1A). In micro-CT analyses of males, no 
significant differences were observed in trabecular bone volume 
(BV/TV) or trabecular thickness (Tb.Th) among the four groups, while 
the trabecular number (Tb.N) was increased in Sp7floxneo/floxneo;Col1a1− Cre 

mice and trabecular bone mineral density (Tb.BMD) was reduced in 
Sp7floxneo/floxneo and Sp7floxneo/floxneo;Col1a1− Cre mice (Fig. 1B–F). In fe-
males, BV/TV and Tb.N were higher in Sp7floxneo/floxneo mice than in 
Sp7+/+ mice, while Tb.Th and Tb.BMD were similar (Fig. 1C–G). 
Cortical area (CtAr/TtAr), cortical thickness (Ct.Th), and cortical (Ct) 
BMD were lower in male Sp7floxneo/floxneo and Sp7floxneo/floxneo;Col1a1− Cre 

mice and female Sp7floxneo/floxneo mice than in the respective Sp7+/+

mice (Fig. 1D, E, H, I). The periosteal perimeter (Ps.Pm) of cortical bone 
in male Sp7floxneo/floxneo;Col1a1− Cre mice and the endosteal perimeter (Es. 
Pm) in male Sp7floxneo/floxneo;Col1a1− Cre mice and female Sp7floxneo/floxneo 

mice were higher than those in the respective Sp7+/+ mice (Fig. 1H and 
I). Body weights and all parameters in the micro-CT analysis were 
similar in Sp7floxneo/+ and Sp7+/+ male mice (Fig. 1). 

The expression of the osteoblast marker genes, Tnfsf11, and TNF 
receptor superfamily member 11b (Tnfrsf11b, also known as Opg), which 
is a decoy receptor for Tnfsf11, was compared using RNA from the 
osteoblast-enriched fraction in male Sp7floxneo/+, Sp7floxneo/floxneo, and 
Sp7neo/neo;Col1a1− Cre mice (Supplementary Fig. 2A). The expression of 
Sp7 was lower in Sp7floxneo/floxneo mice and Sp7floxneo/floxneo;Col1a1− Cre 

mice, but the expression of Spp1 and Tnfsf11 was higher in Sp7floxneo/ 

floxneo;Col1a1− Cre mice than in Sp7floxneo/+ mice, Tnfsf11 expression in 
Sp7floxneo/floxneo;Col1a1− Cre mice was higher than in Sp7floxneo/floxneo mice, 
and the expression of the other genes examined was similar among the 
three groups (Supplementary Fig. 2A). The expression of osteocyte 
marker genes, including dentin matrix acidic phosphoprotein 1 (Dmp1) 
and sclerostin (Sost), using the osteocyte-enriched fraction in male mice 
was markedly lower in Sp7floxneo/floxneo and Sp7floxneo/floxneo;Col1a1− Cre 

mice than in Sp7floxneo/+ mice (Supplementary Fig. 2B). 

2.3. Micro-CT analysis and the serum markers for bone formation and 
resorption in Sp7fl/fl;Col1a1− Cre mice at 10 weeks of age 

The neo gene was deleted by mating Sp7floxneo/+ mice with CAG-Flp 
transgenic mice to generate and Sp7fl/+ and Sp7fl/fl mice. The body 
weights and all trabecular and cortical bone parameters on micro-CT 
were similar between the Sp7fl/+ and Sp7fl/fl mice (Supplementary 
Figs. 3A–E). Furthermore, the expression of Sp7, the osteoblast marker 
genes, Tnfsf11, and Tnfrsf11b in the osteoblast-enriched fraction, and 
osteocyte marker genes in the osteocyte-enriched fraction were similar 
(Supplementary Figs. 3F and G). 

To examine Sp7 functions specifically in differentiated osteoblasts, 
Sp7fl/+ and Sp7fl/fl mice were mated with 2.3-kb Col1a1 EGFP-Cre 
transgenic mice to generate Sp7fl/fl;Col1a1− Cre mice. Sp7fl/fl;Col1a1− Cre 

mice were compared with the Sp7fl/+ and Sp7fl/fl littermates as the 
control, because there were no differences between the Sp7fl/+ and Sp7fl/ 

fl littermates (Supplementary Fig. 3). Body weights were similar in Sp7fl/ 

fl;Col1a1− Cre mice and the control in both sexes (Fig. 2A). In micro-CT 

analyses of femoral trabecular bone, BV/TV and Tb.N were higher and 
Tb.BMD was lower in female Sp7fl/fl;Col1a1− Cre mice than in the control, 
while these parameters in male Sp7fl/fl;Col1a1− Cre mice were similar to 
those in the control (Fig. 2B, C, F, G). CtAr/TtAr, Ct.Th, and Ct.BMD 
were lower and Ps.Pm was higher in both male and female Sp7fl/fl;Co-

l1a1− Cre mice and Es.Pm was higher in female Sp7fl/fl;Col1a1− Cre mice than 
in the respective controls (Fig. 2D, E, H, I). As the cortical bone was 
porous in Sp7floxneo/floxneo, Sp7floxneo/flox neo;Col1a1− Cre, and Sp7fl/fl; 

Col1a1− Cre mice (Fig. 1D, E, 2D, E), the level of the cortical pososity was 
compared at the mid-diaphysis of male femurs using high-resolution 
micro-CT. The cortical pososity in Sp7floxneo/floxneo mice was more se-
vere than in Sp7floxneo/+ mice, that in Sp7floxneo/floxneo;Col1a1− Cre mice was 
more severe than in Sp7floxneo/floxneo mice, and that in Sp7fl/fl;Col1a1− Cre 

mice was more severe than in Sp7fl/fl mice (Fig. 2J–M). 
Because the male and female vertebrae were examined using 

different micro-CT systems (Skyscan1176 for males and R_mCT for fe-
males), the data could not be compared between males and females. In 
male lumbar vertebrae, BV/TV and Tb.BMD in Sp7fl/fl;Col1a1− Cre mice 
were lower than those in the control (Sp7fl/+ and Sp7fl/fl) (Fig. 3A and B). 
In females, BV/TV, Tb.Th, and Tb.N in lumbar vertebrae were lower in 
Sp7fl/fl;Col1a1− Cre mice than in the control (Sp7fl/fl), whereas Tb.BMD was 
similar (Fig. 3C and D). 

The serum marker for bone formation, total procollagen type 1 N- 
terminal propeptide (P1NP), was similar in female Sp7fl/fl;Col1a1− Cre mice 
and controls, whereas that for bone resorption, tartrate-resistant acid 
phosphatase 5b (TRAP5b), was higher in the former (Fig. 3E). 

2.4. Bone histomorphometric analyses in female Sp7fl/fl;Col1a1− Cre mice at 
10 weeks of age 

Bone histomorphometric analyses were performed using tibiae, 
vertebrae, and femoral cortical bone from female Sp7fl/fl and Sp7fl/fl; 

Col1a1− Cre mice at 10 weeks of age. In tibiae, osteoblast parameters, 
including the osteoid surface, osteoblast surface, and osteoblast number, 
and the mineral apposition and bone formation rate were higher in Sp7fl/ 

fl;Col1a1− Cre mice than in Sp7fl/fl mice (Fig. 4B). In contrast, these pa-
rameters and osteoid thickness in vertebrae were lower in Sp7fl/fl; 

Col1a1− Cre mice than in Sp7fl/fl mice (Fig. 4D). Osteoclast parameters, 
including the osteoclast surface, osteoclast number, and eroded surface, 
in trabecular bone in tibiae and vertebrae were similar between Sp7fl/fl; 

Col1a1− Cre and Sp7fl/fl mice (Fig. 4B and D). In femoral cortical bone, the 
mineral apposition rate and bone formation rate in the periosteum and 
endosteum were similar between Sp7fl/fl;Col1a1− Cre mice and Sp7fl/fl mice, 
while the mineralizing surface in the periosteum, but not in the endos-
teum, was higher in Sp7fl/fl;Col1a1− Cre mice than in Sp7fl/fl mice 
(Fig. 4E–K). 

2.5. Histological analyses of the femurs in male Sp7fl/fl;Col1a1− Cre mice by 
BrdU labeling and the staining with TUNEL, Safranin O, and TRAP 

The proliferation of osteoblastic cells was examined by BrdU labeling 
at three weeks of age. The frequency of BrdU-positive osteoblastic cells 
was higher in Sp7fl/fl;Col1a1− Cre mice than in Sp7fl/fl mice (Fig. 5A–E). 
Furthermore, the frequencies of BrdU-positive osteoblastic cells in the 
two female Sp7fl/fl;Col1a1− Cre mice (19.7 % and 20.0 %) were similar to 
those in male Sp7fl/fl;Col1a1− Cre mice. The apoptosis of osteoblasts and 
osteocytes was examined using the TUNEL assay. The frequency of 
TUNEL-positive osteoblastic cells in the endosteum at the metaphysis 
was similar between Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice, whereas that of 
TUNEL-positive lacunae increased in both trabecular and cortical bones 
and was higher in cortical bone than in trabecular bone (Fig. 5F–R). 
Since calcified cartilage accumulated below the growth plate in Sp7fl/–; 

CAG− CreER mice treated with tamoxifen [4], the cartilage matrix was 
stained with safranin O. The safranin O-positive area below the growth 
plate was similar between Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice, indicating 
that the resorption of bone and cartilage similarly occurred in the 
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Figure 1. Micro-CT analyses of Sp7+/+, Sp7floxneo/+, Sp7floxneo/floxneo, and Sp7floxneo/floxneo;Col1a1− Cre mice at 9 weeks of age (A) Body weights of male Sp7+/+, 
Sp7floxneo/+, Sp7floxneo/floxneo, and Sp7floxneo/floxneo;Col1a1− Cre mice and female Sp7+/+ and Sp7floxneo/floxneo mice (B–E) Three-dimensional trabecular bone architecture 
of the distal femoral metaphysis (B, C) and images of cortical bone at the mid-diaphysis of the femur (D, E) in male (B, D) and female (C, E) mice. Scale bars: 1 mm. 
(F–I) Quantification of trabecular bone (F, G) and cortical bone (H, I) parameters in male Sp7+/+, Sp7floxneo/+, Sp7floxneo/floxneo, and Sp7floxneo/floxneo;Col1a1− Cre mice (F, 
H) and female Sp7+/+ and Sp7floxneo/floxneo mice (G, I). These parameters include trabecular bone volume (bone volume/tissue volume, BV/TV), trabecular thickness 
(Tb.Th), trabecular number (Tb.N), trabecular bone mineral density (Tb.BMD), cortical area (CtAr/TtAr), cortical thickness (Ct.Th), periosteal perimeter (Ps.Pm), 
endosteal perimeter (Es.Pm), and cortical bone mineral density (Ct.BMD). n = 3 (male Sp7+/+), n = 14 (male Sp7floxneo/+), n = 12 (male Sp7floxneo/floxneo), n = 13 
(male Sp7floxneo/floxneo;Col1a1− Cre), n = 12 (female Sp7+/+), and n = 6 (female Sp7floxneo/floxneo). 
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Figure 2. Micro-CT analyses of femurs in Sp7fl/fl;Col1a1− Cre mice without neo at 10 weeks of age (A) Body weight of male and female Sp7fl/fl;Col1a1− Cre and the control 
(Sp7fl/+ and Sp7fl/fl) mice. (B–E) Three-dimensional trabecular bone architecture of the distal femoral metaphysis (B, C) and images of the cortical bone at the mid- 
diaphysis in the femurs (D, E) of male (B, D) and female (C, E) Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice. Scale bars: 1 mm. (F–I) Quantification of trabecular bone (F, G) and 
cortical bone (H, I) parameters in male (F, H) and female (G, I) Sp7fl/fl;Col1a1− Cre and the control (Sp7fl/+ and Sp7fl/fl) mice. n = 8 (4 male Sp7fl/+ and 4 Sp7fl/fl), n = 7 
(male Sp7fl/fl;Col1a1− Cre), n = 17 (7 female Sp7fl/+ and 10 Sp7fl/fl), and n = 10 (female Sp7fl/fl;Col1a1− Cre). (J–M) High resolution micro-CT images of cortical bone at the 
mid-diaphysis in male femurs (J, K) and the quantification of cortical porosity (L, M). The percentage of the pore area in the cortical area is shown. n = 14 (Sp7floxneo/ 

+), n = 11 (Sp7floxneo/floxneo), n = 12 (Sp7floxneo/floxneo;Col1a1− Cre), n = 4 (Sp7fl/fl), and n = 5 (Sp7fl/fl;Col1a1− Cre). 
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primary spongiosa (Fig. 5S–U). The accumulation of calcified cartilage 
in Sp7fl/–;CAG− CreER mice treated with tamoxifen is likely due to the 
impaired degradation of the cartilage matrix by Mmp13 [4,6]. As oste-
ocyte apoptosis has been shown to enhance bone resorption [16], 
TRAP-positive osteoclasts were counted. The number of TRAP-positive 
osteoclasts was similar between Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice in 
the trabecular bone, whereas it was markedly higher in Sp7fl/fl;Col1a1− Cre 

mice than in Sp7fl/fl mice in the cortical bone (Fig. 5V–Z″). 

2.6. Histological analysis of canaliculi and Sost expression and gene 
expression analysis in Sp7fl/fl;Col1a1− Cre mice at 10 weeks of age 

The number of canaliculi per osteocyte in both femoral trabecular 
and cortical bone was lower in male Sp7fl/fl;Col1a1− Cre mice than in Sp7fl/fl 

mice and the lacunocanalicular network was severely disorganized 
(Fig. 6A–H, Q). Sost is expressed in osteocytes and antagonizes canonical 
Wnt signaling through binding to Wnt co-receptor low density lipopro-
tein receptor-related ptotein (Lrp) 5 and Lrp6 [11,21,22]. The number of 
Sost-positive osteocytes in both femoral trabecular and cortical bone 
was lower in male Sp7fl/fl;Col1a1− Cre mice than in Sp7fl/fl mice (Fig. 6I–P, 
R). 

Since male mice were histologically analyzed by perfusion fixation, 
RNA samples of the osteoblast and osteocyte fractions were collected 
from female tibiae and the mRNA expression in Sp7fl/fl;Col1a1− Cre mice 
was compared with that in Sp7fl/+ and Sp7fl/fl mice. The expression of 

Sp7, Col1a1, and Bglap/Bglap2 was lower, whereas that of Spp1 and 
Tnfsf11 and the ratio of Tnfrsf11/Tnfrsf11b in the osteoblast fraction 
were higher in Sp7fl/fl;Col1a1− Cre mice than in the controls (Fig. 7A). The 
expression of all osteocyte marker genes in the osteocyte fraction, 
including Dmp1, Sost, phosphate regulating endopeptidase X-linked 
(Phex), fibroblast growth factor 23 (Fgf23), and matrix extracellular 
phosphoglycoprotein (Mepe), was markedly lower in Sp7fl/fl;Col1a1− Cre 

mice than in the controls (Fig. 7B). Although Ostn was previously re-
ported to be responsible for the reduction in osteocyte processes [9], 
Ostn expression in the osteoblast fraction was higher in Sp7fl/fl;Col1a1− Cre 

mice than in the control (Fig. 7A). Ostn expression in the osteocyte 
fraction was similar in Sp7fl/fl;Col1a1− Cre mice and control mice (Fig. 7B). 
Ostn expression was also examined in osteoblast-specific Sp7 
(Col1a1-Sp7) transgenic mice under the control of the 2.3-kb Col1a1 
promoter. Ostn expression in both the osteoblast and osteocyte fractions 
was similar in male Col1a1-Sp7 transgenic mice and the male wild-type 
littermates (Fig. 7C). Moreover, Sp7 overexpression in osteoblastic 
MC3T3-E1 cells failed to induce Ostn (Fig. 7D). 

2.7. Histological analysis of osteoblasts in the morphology and Col1a1 
expression in Sp7fl/fl;Col1a1− Cre mice at 3 weeks of age 

As Col1a1 expression was reduced in Sp7fl/fl;Col1a1− Cre mice (Fig. 7A), 
the protein expression of Sp7, Runx2, and Col1a1 and the morphology of 
osteoblasts were compared between Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice 

Figure 3. Micro-CT analysis of vertebrae and the serum markers for bone formation and resorption in Sp7fl/fl;Col1a1− Cre mice at 10 weeks of age (A–D) Three- 
dimensional trabecular bone architecture of the first lumbar vertebra (A, C) and the quantification of BV/TV, Tb.Th, Tb.N, and Tb.BMD (B, D) in male (A, B) 
and female (C, D) Sp7fl/fl;Col1a1− Cre and the control (male Sp7fl/+ and Sp7fl/fl and female Sp7fl/fl) mice. Scale bars: 1 mm. n = 8 (male 4 Sp7fl/+ and 4 Sp7fl/fl), n = 5 
(male Sp7fl/fl;Col1a1− Cre), n = 10 (female Sp7fl/fl), and n = 10 (female Sp7fl/fl;Col1a1− Cre). Vertebrae from males and females were analyzed using different micro-CT 
systems. (E) Serum levels of P1NP and TRAP5b in female Sp7fl/fl;Col1a1− Cre and the control (Sp7fl/+ and Sp7fl/fl) mice. n = 17 (7 Sp7fl/+ and 10 Sp7fl/fl) and n = 8 
(Sp7fl/fl;Col1a1− Cre). 
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Figure 4. Bone histomorphometric analyses of trabecular bone in tibiae, vertebrae, and femoral cortical bone in female Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice at 10 weeks 
of age (A–D) von Kossa staining of tibiae (A) and lumber vertebrae (C), and trabecular bone parameters, including the osteoid surface (OS/BS), osteoid thickness (O. 
Th), osteoblast surface (Ob.S/BS), osteoblast number (Ob.N/BS), osteoclast surface (Oc.S/BS), osteoclast number (Oc.N/BS), eroded surface (ES/BS), mineral 
apposition rate (MAR), mineralizing surface (MS/BS), and bone formation rate (BFR/BS) in tibiae (B) and vertebrae (D). BS, bone surface. Scale bars: 0.2 mm. (E–K) 
Dynamic bone histomorphometric analyses of cortical bone. Cross-sections of the mid-diaphyses of femurs were analyzed. G and H show the endosteum and I and J 
show the periosteum. The boxed regions in E and F are magnified in G and I and in H and J, respectively. Scale bars: 0.5 mm (E, F) and 0.1 mm (G–J). MAR, MS/BS, 
and BFR/BS in the endosteum and periosteum are shown in K. n = 10 (Sp7fl/fl) and n = 10 (Sp7fl/fl;Col1a1− Cre). 
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(Fig. 8). Two types of Sp7-positive cells were observed in Sp7fl/fl mice. 
Sp7-positive cuboidal osteoblasts with a large amount of cytoplasm, 
located on the surface of the bone, strongly reacted with the Col1a1 
antibody in the trabecular bone (Fig. 8B’, F′, N′) and cortical bone 
(Fig. 8Q’, S′, W′). Sp7-positive flattened preosteoblasts with a small 
amount of cytoplasm, which were located on the bone marrow side of 
osteoblasts, were clealy discriminated from the osteoblasts on the 
cortical bone and weakly reacted with the Col1a1 antibody (Fig. 8Q’, S′, 
W′). Osteoblasts in Sp7fl/fl;Col1a1− Cre mice were negative for Sp7, less 

cuboidal than those in Sp7fl/fl mice, and strongly reacted with the Col1a1 
antibody in the trabecular bone (Fig. 8D’, H′, P′) and cortical bone 
(Fig. 8R’, T′, X′). Flattened preosteoblasts in Sp7fl/fl and Sp7fl/fl;Col1a1− Cre 

mice reacted similarly to anti-Sp7 antibody (Fig. 8S’, T′). Since Runx2 is 
an upstream transcription factor of Sp7 [1], deletion of Sp7 in osteo-
blasts did not affect its expression in the trabecular bone (Fig. 8J’, L′) and 
cortical bone (Fig. 8U’, V’). Therefore, deletion of Sp7 in osteoblasts 
reduced the amount of Col1a1 in osteoblasts. 

Figure 5. Proliferation of osteoblastic cells, apoptosis of osteoblasts and osteocytes, and bone resorption in the femurs of male Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice 
(A–E) Proliferation of osteoblastic cells in trabecular bone of Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice at 3 weeks of age. A and B, H-E staining. C and D, BrdU staining, which 
was counterstained with hematoxylin. E, Frequency of BrdU-positive cells in the region shown in C′ and D’. n = 3 (Sp7fl/fl mice) and n = 3 (Sp7fl/fl;Col1a1− Cre mice). 
(F–R) Apoptosis of osteoblasts and osteocytes in Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice at 10 weeks of age. F–J, H-E (F, G), and TUNEL (H, I) staining of metaphyseal 
cortical bone and the frequency of TUNEL-positive osteoblasts in the endosteum (J). K–O, H-E (K, L), and TUNEL (M, N) staining of cortical bone at the mid-diaphysis 
and the frequency of TUNEL-positive lacunae in cortical bone (O). P–R, TUNEL staining of trabecular bone (P, Q) and the frequency of TUNEL-positive lacunae in 
trabecular bone (R). Arrows show TUNEL-positive lacunae and arrowheads show TUNEL-negative osteocytes in M′, N′, P′, and Q’. The number of TUNEL-positive 
lacunae and TUNEL-negative osteocytes were counted, and the frequency of TUNEL-positive lacunae was calculated. TUNEL stained sections were counterstained 
with methyl green. (S–Z) Safranin O staining of trabecular bone (S, T) and TRAP staining of trabecular bone (V, W) and cortical bone (Y, Z) in Sp7fl/fl and Sp7fl/fl; 

Col1a1− Cre mice at 10 weeks of age. The ratio of the safranin O-positive area to the total bone area is shown in U, and the number of TRAP-positive cells in the 
trabecular and cortical bones is shown in X and Z″, respectively. n = 4 (Sp7fl/fl) and n = 5 (Sp7fl/fl;Col1a1− Cre). Boxed regions in A–D, F, G, H, I, K, L, M, N, P, Q, S, T, V, 
W, Y and Z were magnified in A’ –D′, F′, G′, H′, I′, K′, L′, M′, N′, P′, Q′, S′, T′, V′, W′, Y’and Z′, respectively. Scale bars: 200 μm (A–D, F, G, H, I, K, L, M, N, P, Q, S, T, V, W, 
Y and Z), 20 μm (A′–D′, F′, G′, H′, I′, K′, L′, M′, N′, P′, Q′, S′, T′, V′, W′, Y’and Z′). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Figure 6. Canalicular staining and immunohistochemical analysis of Sost in femoral bone of male Sp7fl/fl and Sp7fl/fl;Col1a1-Cre mice at 10 weeks of age. (A–P) 
Canalicular staining (A–H) and immunostaining using an anti-Sost antibody (I–P) in trabecular bone (A–D, I–L) and cortical bone (E–H, M− P) of Sp7fl/fl (A, B, E, F, I, 
J, M, N) and Sp7fl/fl;Col1a1− Cre (C, D, G, H, K, L, O, P) mice. The boxed regions in A, C, E, G, I, K, M, and O are magnified in B, D, F, H, J, L, N, and P, respectively. The 
average number of canaliculi in one osteocyte was counted (Q), and the percentage of Sost-positive osteocytes was counted (R) in the trabecular and cortical bone.. n 
= 4 (Sp7fl/fl) and n = 5 (Sp7fl/fl;Col1a1− Cre). Arrows show Sost-positive osteocytes and arrowheads show Sost-negative osteocytes in J and L. The sections were then 
counterstained with methyl green. Scale bars: 200 μm (A, C, E, G, I, K, M, and O); 50 μm (B, D, F, H, J, L, N, and P). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Q. Jiang et al.                                                                                                                                                                                                                                   



Journal of Orthopaedic Translation 47 (2024) 161–175

170

Figure 7. Real-time RT-PCR analyses of osteoblast and osteocyte marker genes, Tnfsf11, Tnfrsf11b, and Ostn (A, B) Real-time RT-PCR analysis of the osteoblast 
marker genes, Tnfsf11, Tnfrsf11b, and Ostn (A) and osteocyte marker genes and Ostn (B). RNA was extracted from the osteoblast fraction (A) and osteocyte fraction (B) 
of tibiae in female Sp7fl/fl;Col1a1-Cre and the control (Sp7fl/+ and Sp7fl/fl) mice at 10 weeks of age. The values of Sp7fl/+ and Sp7fl/fl mice were defined as 1 and 
relative levels are shown. n = 17 (7 Sp7fl/+ and 10 Sp7fl/fl) and n = 10 (Sp7fl/fl;Col1a1− Cre). (C) Sp7 and Ostn expression in osteoblast and osteocyte fractions from the 
tibiae in male wild-type and Col1a1-Sp7 transgenic (tg) mice at 14 weeks of age. The values of wild-type mice were defined as 1 and relative levels are shown. n = 11 
(wild-type) and n = 11 (Sp7 tg). (D) MC3T3-E1 cells were transfected with either pME18-EGFP or pME18-Sp7. The values of pME18-EGFP were defined as 1 and 
relative levels are shown. n = 4 (pME18-EGFP) and n = 4 (pME18-Sp7). Similar results were obtained in three independent experiments, and representative data 
are shown. 
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Figure 8. Histological analyses of femurs in Sp7fl/fl and Sp7fl/fl;Col1a1− Cre mice at three weeks of age H-E staining (A–D, Q, R) and immunohistochemical analyses 
using anti-Sp7 (E–H, S, T), anti-Runx2 (I–L, U, V), and anti-Col1a1 (M− P, W, X) antibodies in the femoral trabecular (A–P) and cortical bone (Q–X) of Sp7fl/fl (A, B, E, 
F, I, J, M, N, Q, S, U, and W) and Sp7fl/fl;Col1a1− Cre (C, D, G, H, K, L, O, P, R, T, V, and X) mice. Sections were counterstained with methyl green. The boxed regions in A, 
C, E, G, I, K, M, and O are magnified in B and Q, D and R, F and S, H and T, J and U, L and V, N and W, and P and X, respectively. B, D, F, H, J, L, N, and P–X are 
magnified in B′, D′, F′, H′, J′, L′, N′, and P′–X′, respectively. The pictures in Q–X were rotated 90◦. Arrows show preosteoblasts, and arrowheads show osteoblasts 
(Q′–X′). Six male Sp7fl/fl mice and three male and two female Sp7fl/fl;Col1a1− Cre mice were analyzed and similar results were obtained. Representative data are pre-
sented here. Scale bars: 200 μm (A, C, E, G, I, K, M, and O), 20 μm (B, D, F, H, J, L, N, and P–X), and 5 μm (B′, D′, F′, H′, J′, L′, N′, and P′–X′). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.8. Regulation of Col1a1 expression, osteoblastogenesis, and 
osteoclastogenesis by Sp7 

Because EGFP expression in 2.3-kb Col1a1 promoter EGFP-Cre 
transgenic mice reflects endogenous Col1a1 expression [19], it was 
compared between Sp7fl/+;Col1a1− Cre and Sp7fl/fl;Col1a1− Cre newborn fe-
murs. EGFP intensity was weaker in Sp7fl/fl;Col1a1− Cre mice than in 
Sp7fl/+;Col1a1− Cre mice (Supplementary Figs. 4A–D). Real-time RT-PCR 
analysis showed that the expression of Sp7 and EGFP in newborn limbs 
was lower in Sp7fl/fl;Col1a1− Cre mice than in Sp7fl/+;Col1a1− Cre mice (Sup-
plementary Fig. 4E). Furthermore, overexpression of Sp7 in primary 
osteoblasts induced Col1a1 expression (Supplementary Fig. 4F). These 
results suggest that Sp7 controls Col1a1 expression, at least in part, 
through regulation of the 2.3-kb Col1a1 promoter. Alkaline phosphatase 
(ALP) and von Kossa staining represent osteoblast differentiation at the 
early and late stages, respectively. ALP staining was stronger and von 
Kossa staining was weaker in Sp7fl/fl;Col1a1− Cre mice than in Sp7fl/fl mice, 
indicating that the number of immature osteoblasts increased among 
Sp7fl/fl;Col1a1− Cre primary osteoblasts and osteoblast maturation was 
inhibited (Supplementary Figs. 4G–J). In a co-culture of bone 
marrow-derived monocyte/macrophage lineage cells (BMMs) from 
wild-type mice with primary osteoblasts from Sp7fl/fl or Sp7fl/fl;Col1a1− Cre 

mice, the number of multinucleated osteoclasts was higher and the bone 
resorption area (pit area) was larger in Sp7fl/fl;Col1a1− Cre mice than in 
Sp7fl/fl mice (Supplementary Fig. 4K–N). These results suggest that 
deletion of Sp7 in osteoblasts increases the number of immature osteo-
blasts, inhibits osteoblast maturation, and promotes osteoclastogenesis 
in vitro. 

3. Discussion 

Knockdown of Sp7 (Sp7floxneo/floxneo) in germline or osteoblast- 
specific Sp7 deletion (Sp7fl/fl;Col1a1− Cre) affected the trabecular bone 
volume differentially in males and females and in long bones and 
vertebrae, probably through differential levels in the accumulation of 
immature osteoblasts. In contrast, the femoral cortical bone was thin 
and porous in Sp7floxneo/floxneo and Sp7fl/fl;Col1a1− Cre mice of both sexes 
compared with the respective controls, which was caused by the 
increased bone resorption due to osteocyte apoptosis through the 
reduction in the number of osteocyte processes and canaliculi. These 
findings demonstrated that Sp7 inhibits the proliferation of immature 
osteoblasts and induces their differentiation, and that Sp7 regulates the 
process formation of osteoblasts, which is finally essential for the sur-
vival of embedded osteocytes and the development and maintenance of 
cortical bone. 

Female Sp7floxneo/floxneo and Sp7fl/fl;Col1a1− Cre mice showed similar 
phenotypes and the femoral trabecular bone volume was increased, 
while femoral trabecular bone volume in male Sp7floxneo/floxneo, Sp7flox-

neo/floxneo;Col1a1− Cre, and Sp7fl/fl;Col1a1− Cre mice was similar to the 
respective controls. Although we could not perform all experiments in 
both sexes, BrdU-positive osteoblastic cells were increased in the 
trabecular bone of male Sp7fl/fl;Col1a1− Cre mice, and osteoblast parame-
ters and bone formation rate increased in the trabecular bone of female 
Sp7fl/fl;Col1a1− Cre mice. These findings suggest that immature osteoblasts 
accumulated in the trabecular bone in both male and female Sp7fl/fl; 

Col1a1− Cre mice, but at different levels, compensating for the inhibited 
osteoblast maturation, as shown by the increased expression of the 
immature osteoblast marker gene Spp1 and the reduced expression of 
the mature osteoblast marker gene Bglap/Bglap2. The increase in an 
early osteoblast differention marker, ALP, and the reduction of a late 
marker, mineralization, in the culture of primary osteoblasts from Sp7fl/ 

fl;Col1a1− Cre mice were also compatible with the phenotypes. Thus, Sp7 
was considered to inhibit the proliferation of osteoblast lineage cells and 
induces their differentiation. Estrogen and progesterone may be posi-
tively involved in the accumulation of immature osteoblasts in female 
Sp7fl/fl;Col1a1− Cre mice because they were previously shown to induce 

osteoblast proliferation and differentiation [23,24]. In contrast, the 
proliferation of osteoblastic cells was reduced in Runx2fl/fl;Col1a1− Cre 

mice, which were generated using the same 2.3-kb Col1a1 promoter 
EGFP-Cre transgenic mice. Bone volume, osteoblast parameters, and 
bone formation in the femoral trabecular bone decreased in both males 
and females, clarifying the opposite functions of Sp7 and Runx2 in the 
proliferation of immature osteoblasts [19,25,26]. The decrease in the 
number of Sost-expressing osteocytes appeared to have contributed to 
the accumulation of immature osteoblasts in Sp7fl/fl;Col1a1− Cre mice by 
enhancing canonical Wnt signaling pathway [11]. 

Differential changes in femoral and vertebral trabecular bone vol-
umes were observed in both male and female Sp7fl/fl;Col1a1− Cre mice. The 
differences in the femoral and vertebral trabecular bone were due to the 
number of osteoblasts and the bone formation rate (Fig. 4A–D). 
Recently, skeletal stem cells in vertebrae were shown to be different 
from those in limb bones, with a different gene expression profile [27]. 
Thus, the proliferation of osteoblast lineage cells and their differentia-
tion in vertebrae and limb bones are likely to be regulated by different 
transcription factors and signaling pathways. 

Bone formation in the femoral cortical bone of Sp7fl/fl;Col1a1− Cre mice 
was similar to that in Sp7fl/fl mice, but the number of osteoclasts in the 
cortical bone increased. Thus, the thin and porous cortical bone was 
attributed to enhanced bone resorption, likely owing to osteocyte 
apoptosis and necrosis. Among SP7 mutations in humans, a homozygous 
mutation (R316C) and a heterozygous mutation in zinc finger 2 (E340A) 
cause osteogenesis imperfecta with high bone turnover and low bone 
turnover, respectively, and both patients have porous cortical bone [28, 
29]. Furthermover, the number and length of canaliculi are reduced in 
patients with the R316C mutation [9]. Although the lacunocanalicular 
structure was not examined in patients with the E340A mutation, the 
porous cortical bone in patients with the R316C or E340A mutation may 
have been caused by osteocyte death due to reductions in osteocyte 
processes and canaliculi. 

The number of TRAP-positive cells increased in the cortical bone but 
not in the trabecular bone of Sp7fl/fl;Col1a1− Cre mice, probably because 
the frequency of TUNEL-positive lacunae in the cortical bone was much 
higher than that in the trabecular bone in Sp7fl/fl;Col1a1− Cre mice. This 
could be explained by two factors. Most osteocytes in the trabecular 
bone are close to the bone surface and easily obtain oxygen and nutrients 
for survival, even with a reduced number of processes. Furthermore, 
trabecular bone is remodeled faster than cortical bone, and apoptotic/ 
necrotic osteocytes in trabecular bone are removed faster than those in 
cortical bone. The former reduces the number of apoptotic/necrotic 
osteocytes, while the latter reduces osteoclastogenesis induced by 
apoptotic/necrotic osteocytes. As osteoclastogenesis was enhanced in 
the co-culture of Sp7fl/fl;Col1a1− Cre primary osteoblasts and wild-type 
BMMs, however, the bone quality of Sp7fl/fl;Col1a1− Cre mice may have 
negatively affected osteoclastogenesis. 

The frequency of Sost-positive osteocytes was lower in Sp7fl/fl; 

Col1a1− Cre mice than that in Sp7fl/fl mice (Fig. 6R). Direct regulation of the 
Sost gene by Sp7 was previously reported [4]. However, the frequency of 
Sost-positive osteocytes in the femur and the serum level of Sost in 
Col1a1-Sp7 transgenic mice, which have fewer osteocyte processes and 
canaliculi, were also lower than those in wild-type mice [12]. Therefore, 
the impaired lacunocanalicular system in Sp7fl/fl;Col1a1− Cre mice and 
Col1a1-Sp7 transgenic mice may also be responsible for the reduction in 
the frequency of Sost-positive osteocytes because the lacunocanalicular 
system is responsible for mechano-sensing and mechano-transduction, 
and Sost expression changes by mechanical loading [11,12,30–32]. 

Previous studies demonstrated that Sp7fl/–;CAG− CreER mice treated 
with tamoxifen and Sp7 deletion by Dmp1 Cre (Sp7OcyKO) reduced the 
number of osteocyte processes and canaliculi [4,9]. Canalicular number 
was also reduced in Sp7fl/fl;Col1a1− Cre mice (Fig. 6Q). However, the 
number of osteocyte processes and canaliculi was also decreased in 
Col1a1-Sp7 transgenic mice, and these reductions were larger than those 
in Sp7fl/fl;Col1a1− Cre mice (Fig. 6A–H, Q) [12,33]. As it is difficult for 
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osteocytes to form canaliculi after mineralization, the number of 
canaliculi will be determined by the number of cell processes at the 
transitional stage from osteoblasts to osteocytes. Based on these find-
ings, therefore, an appropriate Sp7 level appears to be required for the 
final stage of osteoblasts to acquire a sufficient number of processes. It 
has been shown that the knockdown of Sp7 reduces the number of 
processes in MC3T3-E1 cells, infection with an Ostn-expressing lenti-
virus restores this decrease, and AAV8-Ostn infection in Sp7OcyKO mice 
increases the number of canaliculi [9]. However, the expression of Ostn 
was not reduced in Sp7OcyKO femurs [9]; it was increased in the 
osteoblast-enriched fraction of Sp7fl/fl;Col1a1− Cre mice, and its expression 
in the osteocyte fraction of Sp7fl/fl;Col1a1− Cre mice and in the osteoblast 
and osteocyte fractions of Col1a1-Sp7 transgenic mice were similar to 
those in the respective controls. Moreover, Sp7 overexpression in 
MC3T3-E1 cells failed to induce Ostn (Fig. 7B–D). Therefore, the 
mechanisms underlying the regulation of osteoblast and osteocyte pro-
cess formation warrant further investigation. 

In conclusion, Sp7 is involved in osteoblast proliferation, osteoblast 
maturation, Col1a1 expression, and process formation in committed 
osteoblasts. The compensatory mechanisms for impaired osteoblast 
maturation differed between femurs and vertebrae and between males 
and females and need to be clarified in the future. To maintain bone 
volume and quality, it is important to elucidate the mechanisms by 
which mature osteoblasts/osteocytes acquire a sufficient number of 
processes for osteocyte survival as well as mechano-sensing and me-
chano-transduction. 

4. Materials and methods 

4.1. Mice 

Generation of Sp7floxneo/floxneo mice, 2.3-kb Col1a1 EGFP-Cre trans-
genic mice, CAG-Flp transgenic mice, and osteoblast specific Sp7 
transgenic mice under the control of 2.3-kb Col1a1 promoter has been 
previously described [6,19,33,34]. Sp7floxneo/floxneo mice contain a 
neomycin resistance gene (neo) in the Sp7 intron. Sp7floxneo/floxneo mice 
were crossed with 2.3-kb Col1a1 EGFP-Cre transgenic mice to generate 
Sp7floxneo/floxneo;Col1a1− Cre mice. Sp7floxneo/floxneo mice were crossed with 
CAG-Flp transgenic mice to remove neo, and Sp7fl/fl mice were gener-
ated. Sp7fl/fl mice were crossed with 2.3-kb Col1a1 EGFP-Cre transgenic 
mice to generate Sp7fl/fl;Col1a1− Cre mice. The backgrounds of Sp7floxneo/-

floxneo, Sp7fl/fl, and CAG-Flp transgenic mice were C57BL/6. 2.3-kb 
Col1a1 EGFP-Cre transgenic mice were generated in the B6C3H F1 
background and backcrossed with C57BL/6 mice more than 14 times. 
Prior to the initiation of the study, all experimental protocols were 
reviewed and approved by the Animal Care and Use Committee of 
Nagasaki University Graduate School of Biomedical Sciences (No. 
1903131520–9). Animals were housed three per cage in a pathogen-free 
environment on a 12-h light cycle at 22 ◦C ± 2 ◦C, with standard chow 
(CLEA Japan, Tokyo, Japan) and free access to tap water. All relevant 
guidelines for working with animals were adhered to in this study. 

4.2. Real-time RT-PCR and western blot analysis 

The osteoblast fraction was collected using a micro-intertooth brush 
(Kobayashi Pharmaceutical Co., Ltd., Osaka, Japan) from the endosteum 
of tibiae after bone marrow was flushed out by PBS, and the remaining 
bone was used for the osteocyte fraction, as previously reported [10]. 
Total RNA was extracted using ISOGEN (Wako, Osaka, Japan). 
Real-time RT-PCR was performed using THUNDERBIRD SYBR quanti-
tative PCR (qPCR) Mix (Toyobo, Osaka, Japan) and Light Cycler 480 
Real-Time PCR system (Roche Diagnostics, Tokyo, Japan). Primer se-
quences are shown in Supplemental Table 1. The primer set for 
Bglap/Bglap2 detected both Bglap and Bglap2. The values obtained were 
normalized to those of actin beta (Actb) using the 2(− delta delta C(t)) 

method. Western blotting was performed using rabbit polyclonal 

anti-Sp7 (Abcam, Cambridge, UK) and anti-β-actin (Santa Cruz 
Biotechnology, Dallas, TX, USA) antibodies. 

4.3. Micro-CT analysis 

Micro-CT analysis was performed using a μCT system (R_mCT; 
Rigaku Corporation, Tokyo, Japan), except for the analysis of the first 
lumbar vertebra in male mice. Data from scanned slices were used in a 
three-dimensional analysis to calculate femoral morphometric parame-
ters. Trabecular bone parameters were measured on the distal femoral 
metaphysis. Approximately 2 mm (0.2 mm from the growth plate) was 
cranio-caudally scanned and 200 slices at 10-μm increments were taken. 
In femoral cortical bone, 20 slices in 10-μm increments were taken. To 
analyze the first lumbar vertebra in female mice, 100 slices were ob-
tained. The threshold of mineral density was 500 mg/cm3. The first 
lumbar vertebra in male mice were scanned using a micro-CT system 
(Skyscan1176, Bruker, Aartselaar, Belgium), and 150 slices in 9-μm in-
crements were obtained. The pore area in femoral cortical bone at the 
mid-diaphysis was measured by Skyscan 1272 (Bruker) at a resolution of 
10 μm/voxel. 

4.4. Bone histomorphometric analysis 

Mice were intraperitoneally injected with calcein 7 and 2 days before 
sacrifice at a dose of 20 mg/kg body weight, and were examined at 10 
weeks of age. Mice were euthanized and their tibiae, femurs, and lumbar 
vertebrae (L3–L5) were harvested and fixed in 70 % ethanol for three 
days. The fixed bones were dehydrated with graded ethanol, infiltrated 
and embedded in a mixture of methyl methacrylate and 2-hydroxyethyl 
methacrylate (Fujifilm Wako Pure Chemical, Osaka, Japan). Bone his-
tomorphometric analysis of the proximal tibiae and lumbar vertebrae 
was performed using undecalcified 4-μm-thick sections, as previously 
described [35]. Bone histomorphometric analysis of cortical bone was 
conducted using approximately 50-μm-thick cross-sections from the 
mid-diaphyses of femurs. Structural, dynamic, and cellular parameters 
were calculated and expressed according to the standard nomenclature 
[36]. 

4.5. Serum testing 

Blood was collected from the heart and left to stand at room tem-
perature for at least 30 min. Serum was collected after centrifugation at 
3000 rpm/min at room temperature for 10 min. Serum levels of P1NP 
and TRAP5b were measured using a Rat/Mouse P1NP enzyme-linked 
immunosorbent assay (Immunodiagnostic Systems, Boldon Business 
Park, UK) and Mouse TRAP Assay (Immunodiagnostic Systems), 
respectively. 

4.6. Histological analysis 

Mice were anesthetized and perfusion fixed in 4 % para-
formaldehyde/0.1 M phosphate buffer (PFA), and femurs were sepa-
rated and subjected to further oscillatory fixation with 4 % PFA at 4 ◦C 
overnight. After decalcification in 10 % EDTA, the bone samples were 
embedded in paraffin. Four-micrometer-thick sections were stained with 
hematoxylin and eosin (H-E), safranin O (Solarbio, Beijing, China), or 
fast red violet LB salt for TRAP (Absin, Shanghai, China). TUNEL 
staining was performed using an ApopTag Peroxidase In Situ Apoptosis 
Detection Kit (Sigma Aldrich, St. Louis, MO, USA) and counterstained 
with methyl green. To analyze BrdU incorporation, we injected BrdU 
intraperitoneally into 3-week-old mice at 100 μg/g body weight 1 h 
before sacrifice, and BrdU incorporation was detected using a BrdU 
staining kit (Invitrogen, Carlsbad, CA, USA). The sections were coun-
terstained with hematoxylin. Bone canalicular staining (silver impreg-
nation staining) was performed using Silver Protein (198–18101: 
FUJIFILM-Wako) according to a previously reported method [37]. 
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BrdU-positive osteoblastic cells, TUNEL-positive lacunae, Sost-positive 
osteocytes, canalicular number, and Safranin O-positive area in trabec-
ular bone were counted or measured in three enlarged trabecular areas 
and then averaged. TUNEL-positive lacunae, Sost-positive osteocytes, 
and the canalicular number in cortical bone were counted in four areas: 
anterior metaphyseal, posterior metaphyseal, anterior diaphyseal, and 
posterior diaphyseal cortical bones. TUNEL-positive osteoblasts were 
counted in three areas of the endosteum at the metaphysis. In the 
analysis of the canalicular number, at least 10 lacunae with live osteo-
cytes were randomly selected, the number of canaliculi in each osteocyte 
was counted, and counts were averaged. In each experiment, one section 
was analyzed for each mouse. Immunohistochemistry was performed 
using polyclonal goat anti-Sost (R&D, Minneapolis, MN, USA), poly-
clonal rabbit anti-Sp7 (Abcam, Cambridge, UK), monoclonal rabbit 
anti-Runx2 (Cell Signaling, Danvers, MA, USA), and polyclonal rabbit 
anti-Col1a1 (Rockland, Limerick, PA, USA) antibodies. Secondary anti-
bodies were Histofine Stain MAXPO (R) (Nichirei, Tokyo, Japan) for 
anti-Sp7, anti-Runx2, and anti-Col1a1 antibodies, and a goat two-step 
test kit (ZSGB-BIO, Beijing, China) for the anti-Sost antibody. Immu-
nohistochemistry without the first antibodies resulted in no significant 
signals. To obtain frozen sections, newborn mice were euthanized and 
fixed in PFA at 4 ◦C for 2 h, washed with PBS at 4 ◦C for 1 h, immersed in 
20 % sucrose at 4 ◦C overnight, embedded in optimum cutting tem-
perature (O.C.T.) compound (Sakura Finetek, Tokyo, Japan), and 
sectioned at a thickness of 7 μm using a Leica CM3050S research cryostat 
(Leica Biosystems, Wetzlar, Germany). 

4.7. Cell culture and Sp7 overexpression 

Primary osteoblasts and osteoblast progenitors were isolated from 
the wild-type calvariae of newborn mice. The calvariae were cut into 
small pieces and cultured for 10–14 days in a three-dimensional collagen 
gel (Cell matrix, Nitta Gelatin, Co., Osaka, Japan) with α-modified 
Minimum Essential Medium (α-MEM) containing 10 % fetal bovine 
serum (FBS). Cells outgrowing from explants were retrieved by an in-
cubation at 37 ◦C for 30 min with 0.2 % collagenase (Wako Pure 
Chemical Industries, Osaka, Japan) in PBS (− ). In this method, the main 
cell types isolated were osteoblast progenitors and osteoblasts at an 
early differentiation stage with low ALP activity and virtually no Bglap/ 
Bglap2 production [38]. Cells were plated in 24-well plates at a density 
of 1.9 × 104 cells/cm2 in αMEM supplemented with 10 % FBS. Cells were 
transfected with EGFP-expressing (pME18-EGFP) or type I Sp7-ex-
pressing (pME18-Sp7) vector using X-tremeGENE9 (Roche Diagnostics). 
Transfected cells were cultured for 48 h before RNA extraction. 

4.8. In vitro osteoblastogenesis 

Primary osteoblasts were isolated from the calvariae of Sp7fl/fl and 
Sp7fl/fl;Col1a1− Cre newborns by sequential digestion with 0.1 % collage-
nase A and 0.2 % dispase. Osteoblastic cells from the third to fifth 
fractions were pooled and used for osteoblast differentiation. Cells were 
seeded on 48-well plates at a density of 1.3 × 105 cells/cm2, and medium 
was changed to osteogenic medium containing 50 μg/ml of ascorbic acid 
and 10 mM β-glycerophosphate at confluence. Staining for ALP and 
mineralization (von Kossa) was performed 5 and 13 days after conflu-
ence, respectively, as previously described [19]. 

4.9. In vitro osteoclastogenesis 

BMMs were isolated by density gradient centrifugation using 
Ficoll–Paque™ (GE Healthcare, Tokyo, Japan) from the bone marrow of 
10-week-old wild-type mice. BMMs at 2.5 × 105 cells/cm2 were co- 
cultured with primary osteoblasts, which were prepared from the cal-
variae of Sp7fl/fl and Sp7fl/fl;Col1a1− Cre newborn mice using a three- 
dimensional collagen gel, at 1.3 × 104 cells/cm2 in α-MEM containing 
10 % FBS in the presence of 50 μg/ml of ascorbic acid and 10− 8 M 1α,25 

(OH)2D3 in 24-well plates for 8 days. TRAP staining was performed as 
previously described [39]. To assess bone resorption, BMMs at 5 × 104 

cells/cm2 were co-cultured with primary osteoblasts at 2.6 × 104 

cells/cm2 in α-MEM containing 10 % FBS in the presence of 50 μg/ml of 
ascorbic acid and 10− 8 M 1α,25 (OH)2D3 on dentin slices (Wako) in 
96-well plates for 13 days, and the resorbed area was measured by 
scanning electron microscopy (H-7100; Hitachi, Tokyo, Japan). 

4.10. Graphical abstract 

Gaphical abstract was drawed by Figdraw. 

4.11. Statistical analysis 

Values are shown as the mean ± SD. Statistical analyses were per-
formed using the Student’s t-test, and those of more than three groups 
were conducted by ANOVA and the Tukey–Kramer post-hoc test. 
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