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Osteoporosis is a common systemic skeletal disorder that leads to increased bone
fragility and increased risk of fracture. Although βII-Spectrin (SPTBN1) has been reported
to be involved in the development of various human cancers, the function and underlying
molecular mechanisms of SPTBN1 in primary osteoporosis remain unclear. In this study,
we first established a primary osteoporosis mouse model of senile osteoporosis and
postmenopausal osteoporosis. The results showed that the expression of SPTBN1
was significantly downregulated in primary osteoporosis mice model compared with
the control group. Furthermore, silencing of SPTBN1 led to a decrease in bone density,
a small number of trabecular bones, wider gap, decreased blood volume fraction and
number of blood vessels, as well as downregulation of runt-related transcription factor
2 (Runx2), Osterix (Osx), Osteocalcin (Ocn), and vascular endothelial growth factor
(VEGF) in primary osteoporosis mice model compared with the control group. Besides,
the silencing of SPTBN1 inhibited the growth and induced apoptosis of mouse pre-
osteoblast MC3T3-E1 cells compared with the negative control group. Moreover, the
silencing of SPTBN1 significantly increased the expression of TGF-β, Cxcl9, and the
phosphorylation level STAT1 and Smad3 in MC3T3-E1 cells compared with the control
group. As expected, overexpression of SPTBN1 reversed the effect of SPTBN1 silencing
in the progression of primary osteoporosis both in vitro and in vivo. Taken together,
these results suggested that SPTBN1 suppressed primary osteoporosis by facilitating
the proliferation, differentiation, and inhibition of apoptosis in osteoblasts via the TGF-
β/Smad3 and STAT1/Cxcl9 pathways. Besides, overexpression of SPTBN1 promoted
the formation of blood vessels in bone by regulating the expression of VEGF. This study,
therefore, provided SPTBN1 as a novel therapeutic target for osteoporosis.
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INTRODUCTION

Osteoporosis is a skeletal disorder characterized by compromised
bone strength and predisposes a person to an increased risk
of fracture, and is becoming an increasingly serious health
challenge worldwide (Aspray and Hill, 2019). Osteoporosis often
occurs in postmenopausal women and the senile population and
is associated with increased mortality and morbidity globally
(Miller, 2016). Generally, patients with osteoporosis are usually
treated with calcium supplements and hormone replacement
therapy (Kling et al., 2014; Khosla and Hofbauer, 2017). Although
fragility fractures cause severe problems, available therapies for
osteoporosis are unsatisfactory as they are associated with adverse
side effects or poor patient compliance (Kerschan-Schindl, 2016).
Therefore, understanding the pathogenesis of osteoporosis can
extend knowledge and even contribute to the identification of
efficient and sensitive therapeutic targets.

Spectrins, are a group of large, flexible, and highly conserved
proteins containing α-β dimers that are connected head-to-
head to form the canonical heterotetrameric spectrin structure
(Marchesi and Steers, 1968; Derbala et al., 2018). βII-spectrin
(SPTBN1), a member of the spectrin family, is an actin cross-
linked molecular skeleton protein, which plays a crucial role
in the arrangement of transmembrane proteins and organelle
tissues (Susuki and Zollinger, 2018). Recently, several studies
have reported that SPTBN1 is involved in the progression
or prognosis of human diseases. For instance, Zhi et al.
(2015) demonstrated that SPTBN1 inhibited the development
of hepatocellular carcinoma via modulating the expression of
Wnt inhibitor Kallistatin to intervene in the Wnt signaling
pathway. Chen et al. (2020) reported that SPTBN1 can prevent
the progression of epithelial ovarian cancer through the SOCS3-
mediated blockade of the JAK/STAT3 signaling pathway. Besides,
SPTBN1 has been implicated in the development of osteoporotic
fracture and bone mineral density (BMD). For example, our
recent system-level study based on genome-wide association
studies of osteoporosis indicated that SPTBN1 associated with
BMD in females (Chen et al., 2016). Wang et al. (2009)
conducted a two-stage case-control association study with 1046
patients with the non-traumatic vertebra, hip, or distal radius
fractures and 2303 healthy controls, and indicated that SPTBN1
was a susceptibility genetic loci for osteoporotic fracture in
postmenopausal Chinese women (Wang et al., 2012). These
reports suggest that SPTBN1 may contribute to the progression
of osteoporosis. However, the specific functions and mechanisms
of SPTBN1 in osteoporosis have not been reported.

Osteoblasts are the major bone-making cells that mature
from mesenchymal progenitor cells and pre-osteoblasts, and
produce the bone matrix during bone development (Ducy
et al., 2000; Long, 2011). Pre-osteoblasts are often characterized
by specific expression of transcription factors such as runt-
related transcription factor 2 (Runx2) and Osterix (Osx) (Li N.
et al., 2015), while osteoblasts are often characterized by
specific expression of Osteocalcin (Ocn) (Zoch et al., 2016).
The bone homeostasis in vivo depends on the balance between
osteoclast absorption and osteoblast formation. Osteoporosis
occurs when there is a decrease in osteoblast formation and

an increase in osteoclast absorption (Chen et al., 2018). To
identify mechanisms of SPTBN1 in osteoporosis, we explored
pathways related to SPTBN1 by STRING website and found that
SPTBN1 may associate with TGF-β/Smad3 and STAT1/Cxcl9
signaling pathways (Supplementary Figures 1A,B). Previous
studies have indicated that TGF-β/Smad3 and STAT1/Cxcl9
signaling pathways are involved in the differentiation and
functions of osteoblasts (Black and Rosen, 2016; Huang et al.,
2016). Thus, SPTBN1 may regulate osteoblast by TGF-β/Smad3
and STAT1/Cxcl9 signaling pathways in osteoporosis.

Besides, bone is a highly vascularized form of connective
tissue and blood vessels are essential for bone development,
regeneration, and remodeling (Kanczler and Oreffo, 2008;
Filipowska et al., 2017). The process of angiogenesis requires
the participation of different growth and differentiation factors.
The explore of pathways related to SPTBN1 by STRING website
also indicated that SPTBN1 may associated with VEGF, which is
very essential for angiogenesis in developing mature bone tissue
(Liu and Olsen, 2014). Therefore, SPTBN1 may contribute to
angiogenesis through regulating VEGF in osteoporosis.

Our results firstly demonstrated that SPTBN1 could efficiently
prevent the progression of primary osteoporosis through
facilitating the proliferation and differentiation of osteoblast,
inhibiting apoptosis of osteoblast via regulating TGF-β/Smad3,
STAT1/Cxcl9 pathways, and promoting the formation of blood
vessels in bone by modulating VEGF expression.

MATERIALS AND METHODS

Animal Model
A total of 120 C57BL-6 mice (60 male and 60 female) were
purchased from the Guangdong Experimental Animal Center
(Foshan, Guangdong, China), and kept at 20 ± 2◦C, 12 h
light/dark cycle and with approximately 50–60% humidity. For
the senile osteoporosis model (n = 12), 9 months old mice were
considered the senile osteoporosis group, and 3 months old
mice were regarded as the young group. For the ovariectomized
mice model (n = 12), mice were divided into the OVX group
(ovariectomized) or sham group (sham surgery) which was
performed as previously described (Li et al., 2019). To explore
the function of SPTBN1, mice in the senile osteoporosis group
and OVX group were intramedullary injected with the adeno-
associated virus (AAV) used to silence SPTBN1 (si-SPTBN1)
or SAM virus utilized to the overexpression of SPTBN1 (OE-
SPTBN1) and corresponding negative controls (si-NC and OE-
NC) into the right side of the femur. All animal experiments
were performed according to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institute of Health and this study was approved by Southern
Medical University.

Detection and Analysis of Micro-CT
One month after the first intramedullary injection, mice were
anesthetized with pentobarbital and subsequently put to death
by dislocation of cervical vertebra, and blood vessels were rinsed
by 20 ml 100 µl/ml heparin from the left ventricle using

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 March 2021 | Volume 9 | Article 653724

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-653724 March 15, 2021 Time: 15:57 # 3

Xu et al. SPTBN1 Prevents Primary Osteoporosis

Intravenous infusion needle. Subsequently, mice were fixed by
4% paraformaldehyde (PFA), perfused with contrast agent and
placed at 4◦C for 1–2 days. Next, bilateral femurs were harvested
from the lower abdomen without fat and muscle and fixed by
4% PFA following decalcification for 3–4 weeks. Then, bilateral
femurs were analyzed by micro-CT. Micro-CT imaging was
performed using LathetaLCT-200 (Hitachi Aloka, Tokyo, Japan)
in vivo. The 360-degree scanning of femurs in vivo was performed
using the following parameters: 160 kV, 500 mA, a resolution
of 10.44, and the Inveon Research Workplace 2.2 software was
used for reconstruction of the 3D images. Micro-CT imaging
in vitro was performed using Skyscan 1176 (Bruker MicrocT,
Kontich, Belgium) in the femurs with the region of interest
(ROI): 1 mm proximal to the epiphyseal plate and 0.5 mm in
length. Finally, trabecular microarchitecture was evaluated by
bone volume fraction (BV/TV), trabecular thickness (Tb. Th),
trabecular number (Tb. N), and trabecular separation (Tb. Sp)
according to published methods (Li et al., 2017).

Immunohistochemistry (IHC) Assay
The IHC assay for the detection of SPTBN1, Ocn, Osx,
and Runx2 was performed. In brief, the femur tissues were
fixed with 10% formalin, embedded in paraffin, and sectioned.
The slides were incubated with antibodies against SPTBN1
(Abcam, Cambridge, MA, United States), Ocn (Abcam), Osx
(Abcam), Runx2 (Abcam), and VEGF (Abcam) at 4◦C overnight,
stained with Diaminobenzidine (DAB) and counterstained with
hematoxylin. The representative images were captured using a
light microscope.

Tissue Alkaline Phosphatase
(ALP)/Tartrate-Resistant Acid
Phosphatase (TRAP) Staining Assay
The femur tissues were harvested and fixed with periodate-lysine-
paraformaldehyde (PLP) fixative containing 0.075 M lysine, 2%
PFA and 0.01 M sodium periodate solution (pH 7.4) at 4◦C
for 24 h. The femur tissues were decalcified according to the
protocol described previously (Mori et al., 1988). Subsequently,
the tissues were dehydrated by a graded series of alcohols and
embedded in paraffin wax. The femurs were cut longitudinally
at 5 µm thickness using a rotary microtome and processed
for ALP and TRAP staining by the TRAP/ALP double staining
kit (WAKO, Chuo-ku, Osaka, Japan) as previously described
(Potu et al., 2009).

H&E Staining Assay
H&E staining was performed as previously described (Liu et al.,
2019). Briefly, the femur tissues were collected and fixed with 4%
PFA at 4◦C, dehydrated with gradient alcohol, cleared in xylene,
embedded, and sliced to 4 µm in thickness. Then the slices were
dyed in hematoxylin, washed away with running water, and dyed
with 1% eosin. The slides were washed again with running water,
dehydrated, cleared, blocked with neutral gum, and dried for
3 days. Finally, the femur tissues were photographed under a
light microscope.

Cell Culture
Mouse pre-osteoblast MC3T3-E1 cells (CRL-2594) were
purchased from the American Type Culture Collection (ATCC)
cell bank and cultured with 1640 medium supplemented
with 10% fetal bovine serum (FBS) (Gibco, Rockville,
MD, United States) at 37◦C with 5% CO2. To induce cell
differentiation, a differentiation medium containing 10% FBS
with 50 µg/ml ascorbic acid and 4 mM β-glycerol phosphate was
added when cells reached 80% confluence.

Cell Transfection
Lentivirus (LV) used to silence SPTBN1 (Si-SPTBN1), SAM virus
utilized to the overexpression of SPTBN1 (OE-SPTBN1),
and their corresponding controls (Si-NC and OE-NC)
were transfected into MC3T3-E1 cells using Lipofectamine
2000 kit (Invitrogen, Thermo Fisher Scientific, Shanghai,
China) according to the manufacturer’s instructions.
After transfection for 48 h, the transfection efficiency
was evaluated by qRT-PCR and the optimal silencing or
overexpressing lentivirus collected for subsequent experiments.
The sequences for si-SPTBN1 were as follows: 200: 5′-
CCGGCCTCGTATTGATGACATCTTTCTCGAGAAAGATGT
CATCAATACGAGGTTTTT-3′; 201: 5′-CCGGGCCAGAAAT
CTGCACAGTAAACTCGAGTTTACTGTGCAGATTTCTGGC
TTTTT-3′; 202: 5′-CCGGCGCTTCCAGATCCAGGATATTCTC
GAGAATATCCTGGATCTGGAAGCGTTTTT-3′.

CCK-8 Assay
To measure cell viability, approximately 5 × 103 cells MC3T3-
E1 cells were seeded into 96-well plates. Hundred µL of CCK-8
solution (Dojindo Molecular Technologies, Japan) was added to
each well and incubated for 24, 48, 72, and 96 h, respectively.
Finally, the optical density (OD) at 450 nm was detected
using a microplate reader (Bio Tek Instruments, Winooski,
VT, United States).

Apoptosis Analysis
Cell apoptosis was evaluated by flow cytometry after treatment
with the Annexin V: FITC Apoptosis Detection Kit II (BD
Biosciences, San Jose, CA, United States) according to the
manufacturer’s instructions. Briefly, cells were centrifuged and
resuspended with binding buffer. Then, cells were incubated with
5 µL of Annexin V-FITC for 15 min followed by 10 µL of
propidium iodide (PI) for 5 min. Subsequently, the apoptosis rate
was evaluated by Flow cytometry (BD Biosciences).

ALP Activity Assay
After transfection with different lentivirus, ALP activity of
MC3T3-E1 cells was measured by an ALP activity kit according
to the manufacturer’s protocol (Beyotime, Shanghai, China). The
absorbance was determined at 405 nm.

Alizarin Red Staining (ARS) Assay
Alizarin red staining assay was performed to detect osteoblast
calcification. Briefly, MC3T3-E1 cells were seeded into 12 well
plates at a density of 5 × 104 cells/well and cultured for 24 h
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for transfection. After transfection for 48, the cells were fixed
with 95% ethanol for 10 min, washed thrice with PBS, covered
and stained using Alizarin Red S staining solution (Cyagen,
Guangzhou, Guangdong, China) for 15 min. Finally, the cells
were rinsed with PBS and photographed under a microscope.

ELISA Assay
The culture supernatant of MC3T3-E1 cells were centrifuged
at 3000 rpm/min at 4◦C for 25 min. The supernatant was
collected and the expression levels of Cxcl9 detected using
ELISA kits (ab203364, Abcam, Shanghai, China) according to the
manufacturer’s instructions.

qRT-PCR
Total RNA of the cultured cells was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA, United States).
Approximately 1.2 µg RNA was reverse-transcribed into cDNA
with the TaqMan MicroRNA Reverse Transcription Kit, and
quantitative RT-PCR was performed using the ABI Prism 5700
Sequence Detection System (Forest City, CA, United States).
The relative expression change of SPTBN1 was analyzed by
the 2−1 1 Ct method with GAPDH as the internal reference.
The primers used were as follows: SPTBN1 forward primer:
5′-GAGTTGCAGAGGACATCCAGC-3′, reverse primer:
5′-ATTGACCCACTTGGTGAAGGTC-3′; GAPDH forward
primer: 5′-ACCACA GTCCATGCCATCAC-3′, reverse primer:
5′-TCCACCACCCTGTTGCTGTA-3′.

Western Blot
Total protein was isolated using RIPA lysis (Trans-Gen Biotech)
according to the manufacturer’s instructions. Approximately, an
equal amount of protein was separated using 12% SDS-PAGE
and transferred onto PVDF membranes. After blocking with
5% non-fat milk for 1h at room temperature, the membranes
were incubated with primary antibodies against CyclinE1
(ab33911, Abcam), Cleaved Caspase 3 (ab13847, Abcam), Runx2
(ab192256, Abcam), Osx (ab209484, Abcam), Ocn (ab133612,
Abcam), SPTBN1 (ab72239, Abcam), TGF-β (ab215715, Abcam),
p-STAT1 (ab109461, Abcam), p-SMAD3 (ab52903, Abcam), and
β-actin (KM9001, Sungene Biotech, Tianjin, China). β-actin
was served as the internal reference of Western Blot in this
study. Subsequently, the membranes were incubated with HRP-
labeled secondary antibody (1:5000) for 1 h. Finally, the
detection of protein bands was performed using an enhanced
chemiluminescence (ECL) kit (Santa Cruz Biotechnology, Dallas,
TX, United States) according to the manufacturer’s instructions,
and the bands of interest were visualized using a Bio-Rad imaging
system (Bio-Rad Laboratories, Mississauga, ON, United States).

RNA Sequencing and Analysis of
Differential Expressed Genes
Total RNA was extracted from Si- SPTBN1 and Si-NC
differentiated MC3T3-E1 cells by TRIzol (Invitrogen). After
enriching mRNA, samples were sequenced by Gene Denovo
Biotechnology Co. (Guangzhou, Guangdong, China) using
Illumina HiSeq2500. Next, the gene abundance was quantified

by StringTie software (v1.3.1) (Pertea et al., 2015). Subsequently,
analysis of differential expressed genes between two different
groups was performed using DESeq2 software (Love et al.,
2014). Genes with false discovery rate (FDR) < 0.05 and an
absolute fold change more than 2 were identified as differential
expressed genes.

Gene Ontology (GO) and KEGG Pathway
Enrichment Analysis
Gene Ontology enrichment for differentially expressed genes
(DEGs) was analyzed by GOseq R package (Young et al., 2010).
For KEGG pathway enrichment of DEGs, the KOBAS software
program was utilized as described previously (Mao et al., 2005).

Statistical Analysis
All data were presented as mean ± standard deviation (SD).
Data analysis was performed by SPSS version 17.0 software. All
experiments were repeated three times. The difference between
the two groups was determined by Student’s t-test. Multiple group
comparisons were analyzed using one-way analysis of variance
(ANOVA). P < 0.05 was considered statistically significant.

RESULTS

The Expression of SPTBN1 Is
Significantly Downregulated in Primary
Osteoporosis Mice
To explore the specific roles and underlying mechanisms of
SPTBN1 in primary osteoporosis, the primary osteoporosis mice
models including spontaneous senile osteoporosis mice model
and ovariectomized (OVX) mice model were established. For the
spontaneous senile osteoporosis mice model, the representative
images of Micro-CT imaging of the metaphyseal trabecular bone
in the distal femur between the young group and senile group
are shown in Figure 1A. The images indicated that the number
of bone trabecula was significantly reduced, and the gap was
widened in the senile group compared with the young group.
The BV/TV (p < 0.01), Tb. N (p < 0.01), Tb. Th (p < 0.01)
in the senile group was significantly decreased compared with
the young group, while Tb. Sp (p < 0.01) was significantly
increased in the senile group (Figure 1B). The representative
photomicrographs of H&E staining in sections of the distal
femur between the senile group and young group are shown
in Figure 1C. The results indicated that there was a significant
increase in adipose tissue and fracture tendency in the senile
group compared with the young group (Figure 1C). For the
osteoporosis mice model, representative images of Micro-CT
imaging are shown in Figure 1D. The results suggested that the
number of bone trabecula was significantly reduced, and the gap
was widened in the OVX group compared with the sham group.
Similarly, after OVX at different times such as 8, 12, or 16 weeks,
the BV/TV (p < 0.05), Tb. N (p < 0.05), Tb. Th (p < 0.05)
were significantly decreased in the OVX group compared with
the sham group, and Tb. Sp was increased (p< 0.05) (Figure 1E).
The representative photomicrographs of H&E staining are shown
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FIGURE 1 | SPTBN1 was significantly downregulated in a primary osteoporosis mouse model. (A–C) The establishment of the senile osteoporosis mice model
(Young group and Senile group). (A) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (B) Morphometry of trabecular
BV/TV, Tb. Th, Tb. N, and Tb. Sp based on Micro-CT imaging (n = 8). (C) Representative photomicrographs of hematoxylin-eosin (HE) staining in sections of the
distal femur (n = 8). (D–F) The establishment of the ovariectomized osteoporosis mice model (Sham group and OVX group). (D) Micro-CT imaging and 3D
reconstruction of metaphyseal trabecular bone of the distal femur. (E) Morphometry of trabecular BV/TV, Tb. Th, Tb. N, and Tb. Sp based on Micro-CT imaging
(n = 8). (F) Representative photomicrographs of HE staining of SPTBN1 in sections of the distal femur (n = 8). The magnification of photomicrographs of HE staining
was 20×. (G) Immunohistochemistry staining for SPTBN1 in sections of the distal femur of the OVX group, Sham group, Senile group, and Young group. The mean
density of the SPTBN1 positive cells was calculated as integrated optical density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of
immunohistochemistry was 40×, and arrows indicated SPTBN1 positive cells stained in brown. Scale bar, 5 µm for all. ∗P < 0.05, ∗∗P < 0.01 vs. control group.

in Figure 1F, indicating that there was a significant increase in
adipose tissue and fracture tendency in the OVX group compared
with the sham group. These results suggested that the two
primary osteoporosis mice models were successfully established
and could be used for subsequent experiments. Further, an
IHC assay was performed to evaluate the relative expression of
SPTBN1 in the distal femur from different groups. The results
showed that the mean density of SPTBN1 positive cells was
significantly decreased both in the OVX group and senile group
compared with the respective control groups (Figure 1G). These
results suggested a potential protective role of SPTBN1 in the
progression of primary osteoporosis.

SPTBN1 Silence Exacerbates the
Progression of Primary Osteoporosis
To further determine the function of SPTBN1 in primary
osteoporosis, the SPTBN1 silencing and overexpression assays
were performed. Here, primary osteoblast MC3T3-E1 cells
were transfected with AAV or SAM carrying three different
silencing sequences or overexpression sequence to optimize
the most effective sequences. The representative transfection
fluorescence after 48 h of transfection with different si-
SPTBN1 sequences including 200, 201, and 202 are shown in

Supplementary Figure 2A. Meanwhile, qRT-PCR and western
blot results indicated that, when transfected with si-SPTBN1
202, both the mRNA and protein expression of SPTBN1
were the lowest compared with transfection with si-SPTBN1
200 and 210 (Supplementary Figures 2B,C). Similarly, the
representative transfection fluorescence after 48 h of transfection
with different OE-SPTBN1 sequences including 6164, 6165,
and 6166 are shown in Supplementary Figure S2D. The
expression of SPTBN1 in the OE-SPTBN1 6166 group was the
highest compared with the other two groups (Supplementary
Figures 2E,F). These results suggested that si-SPTBN1 (202) and
OE-SPTBN1 (6166) achieved the best efficiency and were selected
for subsequent experiments.

To confirm the protective role of SPTBN1 in primary
osteoporosis, the marrow cavity of the left femur of senile
and OVX mice was injected with control lentivirus, and the
marrow cavity of the right femur was injected with si-SPTBN1
lentivirus. The representative images of Micro-CT imaging and
H&E staining in the femur of si-SPTBN1 injected senile mice
are shown in Figures 2A,B. These images indicated that in
the si-SPTBN1 group, the number of trabecula decreased, the
trabecula were thinner, the gap was widened, and osteoporosis
was aggravated compared with the control group (Table 1).
Meanwhile, IHC assay indicated that si-SPTBN1 significantly
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FIGURE 2 | The effect of si-SPTBN1 in primary osteoporosis mice. (A–C) The effect of si-SPTBN1 in senile osteoporosis mice. (A) Micro-CT imaging and 3D
reconstruction of metaphyseal trabecular bone of the distal femur. (B) Representative photomicrographs of HE staining in sections of the distal femur (n = 8).
(C) Immunohistochemistry staining for SPTBN1 in sections of the distal femur. The mean density of the SPTBN1 positive cells was calculated as integrated optical
density (IOD) per area of positive cells (n = 8). (D–F) The effect of si-SPTBN1 in ovariectomized osteoporosis mice. (D) Micro-CT imaging and 3D reconstruction of
metaphyseal trabecular bone of the distal femur. (E) Representative photomicrographs of HE staining in sections of the distal femur (n = 8).
(F) Immunohistochemistry staining for SPTBN1 in sections of the distal femur. The mean density of the SPTBN1 positive cells was calculated as integrated optical
density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of HE staining was 20×, while the magnification of photomicrographs of
immunohistochemistry was 40×. Arrows indicate the SPTBN1 positive cells stained in brown. Scale bar, 5 µm for all. ∗P < 0.05 vs. control group.

decreased the SPTBN1 mean density in the femur of senile mice
compared with the control group (Figure 2C). The representative
images of Micro-CT and H&E staining in the femur of si-
SPTBN1 injected OVX mice are shown in Figures 2D,E. The
images showed that in the si-SPTBN1 group, the number of
trabecula was decreased, the trabecula were thinner, the gap wider
and osteoporosis was aggravated compared with the control
group (Table 2). Besides, the SPTBN1 mean density in the OVX
si-SPTBN1 group was significantly decreased compared with the
OVX control group (Figure 2F). These results indicated that

the downregulation of SPTBN1 could significantly exacerbate
primary osteoporosis.

Upregulation of SPTBN1 Inhibits the
Progression of Primary Osteoporosis
The marrow cavity of the left femur of senile and OVX mice
was injected with the control lentivirus, and the marrow cavity
of the right femur was injected with OE-SPTBN1 lentivirus.
The representative images of Micro-CT and H&E staining in
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the femur of OE-SPTBN1 injected senile mice are shown in
Figures 3A,B. The images showed that the number of trabecula
was increased, the trabecula were thicker, the gap narrowed, and
osteoporosis was attenuated in the OE-SPTBN1 group compared
with the control group (Table 3). Figure 3C indicated that OE-
SPTBN1 significantly increased the SPTBN1 mean density in the
femur of senile mice compared with the control group. Besides,
the representative images of Micro-CT and H&E staining in
the femur of OE-SPTBN1 injected OVX mice are shown in
Figures 3D,E. The images showed that the number of trabecula
was increased, the trabecula were thicker, the gap narrowed, and
osteoporosis was attenuated in the OE-SPTBN1 group compared
with the control group (Table 4). The SPTBN1 mean density
in the OVX OE-SPTBN1 group was significantly increased
compared with the OVX control group (Figure 3F). These results
suggested that the upregulation of SPTBN1 could significantly
inhibit primary osteoporosis.

SPTBN1 Prevents Primary Osteoporosis
by Promoting Osteoblasts Proliferation
and Differentiation
The cellular mechanisms of SPTBN1 induced inhibitory effects
in primary osteoporosis were explored and ALP staining
performed in the metaphysis of the distal femur of mice

TABLE 1 | Micro-CT scanning parameter comparison of cancellous and cortical
bone between senile control and senile si-SPTBN1 mice.

Senile control Senile si-SPTBN1 P-value

CORTICAL.BONE.
BMD(mg HA/ccm)

540.57 ± 62.18 460.07 ± 59.34 0.008

CANCELLOUS.BONE.
BMD(mg HA/ccm)

92.06 ± 16.12 84.70 ± 19.46 0.369

TOTAL.BONE.BMD
(mg HA/ccm)

419.89 ± 61.20 361.95 ± 46.33 0.028

BV.TV/mm 14.31 ± 3.19 10.95 ± 2.60 0.073

TB.N/mm 1.49 ± 0.38 1.00 ± 0.21 0.022

TB.TH/mm 0.13 ± 0.02 0.10 ± 0.01 0.025

TB.SP/mm 0.67 ± 0.16 0.80 ± 0.15 0.178

*P < 0.05 was considered statistically significant.

TABLE 2 | Micro-CT scanning parameter comparison of cancellous and cortical
bone between OVX control and OVX si-SPTBN1 mice.

OVX control OVX si-SPTBN1 P-value

CORTICAL.BONE.
BMD(mg HA/ccm)

650.57 ± 39.89 570.17 ± 47.66 <0.001

CANCELLOUS.BONE.
BMD(mg HA/ccm)

107.26 ± 26.80 92.51 ± 18.82 0.171

TOTAL.BONE.F.BMD
(mg HA/ccm)

519.89 ± 61.20 456.28 ± 44.59 0.016

BV.TV/mm 13.82 ± 2.64 11.14 ± 1.58 0.058

TB.TH/mm 0.14 ± 0.03 0.11 ± 0.02 0.039

TB.N/mm 1.53 ± 0.27 1.05 ± 0.22 0.007

TB.SP/mm 0.64 ± 0.15 0.74 ± 0.14 0.253

*P < 0.05 was considered statistically significant.

with different treatments. The active site of ALP was stained
blue and represented osteoblasts. The representative images of
ALP staining in the senile group and OVX group transfected
with negative, si-SPTBN1, or OE-SPTBN1 are shown in
Supplementary Figures 3A,B. The quantitation data revealed
that si-SPTBN1 significantly decreased the ALP positive cells
(osteoblasts) per bone area both in the senile mice and OVX
mice compared with the control group, while OE-SPTBN1
significantly increased the ALP positive cells (osteoblasts) per
bone area both in the senile mice and OVX mice compared
with the control (Supplementary Figures 3C,D). These results
indicated that SPTBN1 inhibited primary osteoporosis by
promoting osteoblast proliferation.

Immunohistochemistry assay was performed to evaluate
the expression of osteoblast differentiation-related makers
such as Runx2, Osx, and Ocn in the metaphysis of the
distal femur of the mice with different treatments. The
representative images of IHC are shown in Figures 4A–F. The
results indicated that downregulation of SPTBN1 significantly
decreased Runx2 (Figures 4A,B), Osx (Figures 4C,D), and
Ocn (Figures 4E,F) positive cells both in the senile mice and
OVX mice compared with the control group, while upregulation
of SPTBN1 significantly increased Runx2 (Figures 4A,B), Osx
(Figures 4C,D), and Ocn (Figures 4E,F) positive cells in both
the senile mice and OVX mice compared with the control
group. These results suggested that SPTBN1 inhibited primary
osteoporosis by promoting osteoblast differentiation.

Besides, the TRAP staining assay was used to evaluate the
effect of si-SPTBN1 and OE-SPTBN1 in osteoclast proliferation,
and the active site of TRAP was stained purple and represented
osteoclasts. The representative images of TRAP staining in
the senile group and OVX group transfected with negative,
si-SPTBN1, or OE-SPTBN1 are shown in Supplementary
Figures 4A–D. The quantitation data indicated that si-
SPTBN1 significantly increased the TRAP-positive cells both
in the senile mice and OVX mice compared with the
control group (Supplementary Figures 4A,C), while OE-
SPTBN1 decreased the TRAP-positive cells in both the senile
mice and OVX mice compared with the control group
(Supplementary Figures 4B,D). All these results suggested
that SPTBN1 inhibited primary osteoporosis by promoting
proliferation and differentiation of osteoblasts, as well as
inhibiting osteoclast proliferation.

SPTBN1 Inhibits the Proliferation of
MC3T3-E1 Cells by Inducing Apoptosis
To explore the specific role and mechanism of SPTBN1 in
primary osteoporosis, primary osteoblast MC3T3-E1 cells were
transfected with si-SPTBN1, OE-SPTBN1, and corresponding
controls. CCK-8 assay indicated that si-SPTBN1 significantly
decreased the cell viability of MC3T3-E1 cells compared
with the control group (Figure 5A). Besides, OE-SPTBN1
significantly increased the cell viability of MC3T3-E1 cells
(Figure 5B). si-SPTBN1 or OE-SPTBN1 transfected MC3T3-
E1 cells were cultured for 1, 3, 5, 7, and 9 days and the
protein expression of SPTBN1, Cyclin, and Cleaved Caspase
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FIGURE 3 | The effect of OE-SPTBN1 in primary osteoporosis mice. (A–C) The effect of OE-SPTBN1 in senile osteoporosis mice. (A) Micro-CT imaging and 3D
reconstruction of metaphyseal trabecular bone of the distal femur. (B) Representative photomicrographs of HE staining in sections of the distal femur (n = 8).
(C) Immunohistochemistry staining for SPTBN1 in sections of the distal femur (n = 8). (D–F) The effect of OE-SPTBN1 in ovariectomized osteoporosis mice.
(D) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (E) Representative photomicrographs of HE staining in sections of
the distal femur (n = 8). (F) Immunohistochemistry staining for SPTBN1 in sections of the distal femur. The mean density of the SPTBN1 positive cells was calculated
as integrated optical density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of HE staining was 20×, while the magnification of
photomicrographs of immunohistochemistry was 40×. Arrows indicate the SPTBN1 positive cells stained in brown. Scale bar, 5 µm for all. ∗P < 0.05 vs. control
group.
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TABLE 3 | Micro-CT scanning parameter comparison of cancellous and cortical
bone between senile control and senile OE-SPTBN1 mice.

Senile control Senile si-SPTBN1 P-value

CORTICAL.BONE.
BMD(mg HA/ccm)

485.44 ± 51.48 531.84 ± 46.95 0.039

CANCELLOUS.BONE.
BMD(mg HA/ccm)

84.79 ± 9.95 94.00 ± 11.14 0.054

TOTAL.BONE.F.BMD
(mg HA/ccm)

380.15 ± 51.96 436.16 ± 42.48 0.012

BV.TV/mm 22.19 ± 15.77 26.68 ± 16.04 0.497

TB.TH/mm 0.12 ± 0.01 0.10 ± 0.03 0.028

TB.N/mm 2.02 ± 1.64 3.62 ± 3.67 0.182

TB.SP/mm 0.42 ± 0.20 0.39 ± 0.21 0.752

*P < 0.05 was considered statistically significant.

TABLE 4 | Micro-CT scanning parameter comparison of cancellous and cortical
bone between OVX control and OVX OE-SPTBN1 mice.

OVX control OVX OE-SPTBN1 P-value

CORTICAL.BONE.
BMD(mg HA/ccm)

569.98 ± 25.22 626.38 ± 48.58 0.003

CANCELLOUS.BONE.
BMD(mg HA/ccm)

100.25 ± 19.78 116.73 ± 36.60 0.204

TOTAL.BONE.F.BMD
(mg HA/ccm)

443.79 ± 23.37 486.16 ± 53.71 0.026

BV.TV/mm 23.49 ± 16.75 28.41 ± 16.81 0.315

TB.TH/mm 0.13 ± 0.03 0.16 ± 0.08 0.186

TB.N/mm 2.20 ± 1.76 3.82 ± 3.54 0.05

TB.SP/mm 0.36 ± 0.20 0.34 ± 0.20 0.699

*P < 0.05 was considered statistically significant.

3 was evaluated by Western blot. The results indicated that
OE-SPTBN1 significantly increased the protein expression of
SPTBN1 and Cyclin but exhibited no significant change in
Cleaved Caspase 3 expression. Besides, si-SPTBN1 significantly
decreased the protein expression of SPTBN1, Cyclin, and Cleaved
Caspase 3 (Figure 5C). The apoptosis rate of MC3T3-E1 cells
at different treatments was evaluated by flow cytometry and
the results showed that si-SPTBN1 significantly promoted cell
apoptosis, while OE-SPTBN1 exhibited no significant change in
cell apoptosis (Figure 5D). These results suggested that SPTBN1
inhibited the proliferation and induced apoptosis of MC3T3-E1
cells in vitro.

SPTBN1 Promotes the Differentiation of
MC3T3-E1 Cells
To investigate whether SPTBN1 affected the early or later
differentiation of osteoblasts in vitro, MC3T3-E1 cells transfected
with si-SPTBN1, OE-SPTBN1 or corresponding controls were
induced using osteogenic induction medium at different times,
including 7, 14, or 21 days. The representative images of
ALP staining for MC3T3-E1 cells at days 7 and 14 are
shown in Figure 6A. The results indicated that si-SPTBN1
significantly decreased the area of ALP positive expression at day
7 and 14 compared with the control group, while OE-SPTBN1
significantly increased the area of ALP positive expression at
day 7 and 14. Meanwhile, si-SPTBN1 was found to significantly

decrease the protein expression level of Runx2 and Osx during
the early differentiation of MC3T3-E1 cells, while OE-SPTBN1
increased the protein expression of Runx2 and Osx (Figure 6B).
These results suggested that the activity of SPTBN1 was positively
correlated with the early differentiation of pre-osteoblasts.
Besides, the representative images of Alizarin red staining for
MC3T3-E1 cells at day 14 and 21 are shown in Figure 6C,
indicating that si-SPTBN1 significantly decreased the area of
Alizarin red expression at day 14 and 21 compared with the
control group, while SO-SPTBN1 increased the area of Alizarin
red expression at day 14 and 21 compared with the control
group. Meanwhile, the results of Western blot analysis showed
that OE-SPTBN1 significantly increased the protein expression
of Ocn, while si-SPTBN1 decreased the protein expression of
Ocn (Figure 6D). These results suggested that SPTBN1 could
promote the differentiation and mineralization of pre-osteoblasts
MC3T3-E1 cells in vitro.

SPTBN1 Decreases the Activity of
Smad3/TGF-β and STAT1/Cxcl-9
Signaling Pathways in MC3T3-E1 Cells
To further explore downstream target genes and pathways
of SPTBN1, RNA sequencing was utilized. Results showed
that 350 genes were upregulated while 151 genes were
downregulated in SPTBN1-silenced MC3T3-E1 cells compared
those in control cells (Supplementary Table 1). Further
analysis found that silence of SPTBN1 induced the expression
of Cxcl-9 (Supplementary Table 1). STAT1/Cxcl9 signaling
pathway plays vital role in the differentiation and functions
of osteoblasts as well as angiogenesis of the bone marrow
(Huang et al., 2016). Moreover, the GO terms indicated that
differently expressed genes in SPTBN1-silenced MC3T3-E1 cells
enriched in biology processes including negative regulation
of bone mineralization involved in bone maturation, bone
morphogenesis, bone remodeling and so on (Supplementary
Table 2). Further analysis of KEGG pathway enrichment
for differently expressed genes in SPTBN1-silenced MC3T3-
E1 cells demonstrated that enriched pathways were related
to Rheumatoid arthritis, TNF signaling pathway, TGF-beta
signaling pathway et al. (Supplementary Table 3). Previous
studies have revealed that Smad3/TGF-β signaling pathway
are associated with proliferation, invasion, differentiation, and
apoptosis of osteoblasts (Huang et al., 2015). Therefore, SPTBN1
may suppress primary osteoporosis of osteoblasts through
Smad3/TGF-β and STAT1/Cxcl-9 signaling pathways.

Next, we identified the effect of SPTBN1 in the activation
of Smad3/TGF-β and STAT1/Cxcl-9 signaling pathways. Results
of Western blot analysis indicated that si-SPTBN1 significantly
increased the protein level of p-Smad3 and TGF-β, and
decreased Runx2 expression; OE-SPTBN1 significantly decreased
the protein expression level of p-Smad3 and TGF-β but
increased Runx2 expression (Figure 7A). Moreover, si-SPTBN1
significantly increased the protein level of p-STAT1 (Figure 7B)
and the release of Cxcl9 (Figure 7C), while OE-SPTBN1
decreased the protein expression level of p-STAT1 (Figure 7B)
and the secretion of Cxcl9 (Figure 7C). These results suggested
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FIGURE 4 | The effect of si-SPTBN1 and OE-SPTBN1 in osteoblast differentiation in the distal femur of primary osteoporosis mice. (A,B) Immunohistochemistry
staining for Runx2 in the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile (A) and OVX (B) osteoporosis mice. (C,D) Immunohistochemistry staining for
Osx in the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile (C) and OVX (D) osteoporosis mice. (E,F) Immunohistochemistry staining for Ocn in the
distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile (E) and OVX (F) osteoporosis mice. The mean density of the respective positive cells was calculated as
integrated optical density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of immunohistochemistry was 40×. Arrows indicate the
Runx2, Osx, or Ocn positive cells stained in brown. Scale bar, 5 µm for all. *P < 0.05 vs. control group.

that SPTBN1 inhibited the activity of Smad3/TGF-β and
STAT1/Cxcl-9 signaling pathways in vitro.

SPTBN1 Suppresses Primary
Osteoporosis by Inhibiting the Formation
of Bone Microvessels via Reducing the
Expression of VEGF
Further, we explored the effect of si-SPTBN1 or OE-SPTBN1 in
skeletal blood flow during primary osteoporosis. Representative
images of three-dimensional characterization of the femur
vascularization in the senile and OVX mice with or without si-
SPTBN1 injection are shown in Figures 8A,C. The quantitation
data indicated that si-SPTBN1 exhibited no significant effect
in vessel volume fraction and vessel numbers in the senile

mice compared with the control (Figure 8B), and si-SPTBN1
significantly decreased the vessel volume fraction in OVX mice
compared with the control group, but with no significant effect
in vessel numbers (Figure 8D). The representative images of
three-dimensional characterization of the femur vascularization
in the senile and OVX mice with or without OE-SPTBN1
injection are shown in Figures 8E,G. The upregulation of
SPTBN1 showed no significant effect in vessel volume fraction
and vessel numbers in the senile mice compared with the
control (Figure 8F), while upregulation of SPTBN1 significantly
increased the vessel numbers compared with the control group
and showed no significant effect in vessel volume fraction
(Figure 8H). Interestingly, although si-SPTBN1 exhibited no
significant effect in vessel volume fraction and vessel numbers,
there was a significantly decreased trend in the si-SPTBN1 group
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FIGURE 5 | The effect of si-SPTBN1 and OE-SPTBN1 in the proliferation and apoptosis of MC3T3-E1 cells in vitro. (A,B) MC3T3-E1 cells transfected with
si-SPTBN1 (A) or OE-SPTBN1 (B) and cultured at different times (1, 3, 5, and 7 days). The cell viability was evaluated by CCK-8 assay. (C) MC3T3-E1 cells
transfected with OE-SPTBN1 or si-SPTBN1 and cultured at different times (1, 3, 4, 5, 7 and 9 days). The protein expression of SPTBN1, Cyclin, and Cleaved
Caspase 3 was evaluated by Western blot, with β-actin as the internal reference. (D) MC3T3-E1 cells transfected with OE-SPTBN1 or si-SPTBN1 and cultured for
4 days. The apoptosis rate was evaluated by flow cytometry. N = 3, ∗P < 0.05 vs. control group.

FIGURE 6 | The effect of si-SPTBN1 and OE-SPTBN1 in osteoblast differentiation in vitro. (A) ATP staining on the 7th and 14th day of osteogenic induction culture
before transfection of si-SPTBN1 or OE-SPTBN1 into MC3T3-E1 cells. (B) MC3T3-E1 cells transfected with si-SPTBN or OE-SPTBN1 for 1, 3, 5, 7, and 14 days.
Protein expression of SPTBN1, Osx, and Runx2 was evaluated by Western blot analysis. (C) Alizarin red staining on the 14th and 21st days of osteogenic induction
culture before transfection of si-SPTBN1 or OE-SPTBN1 into MC3T3-E1 cells. (D) MC3T3-E1 cells transfected with OE-SPTBN1 or si-SPTBN1 for 1, 3, 7, and
14 days. Protein expression of Ocn and SPTBN1 was evaluated by Western blot analysis, with β-actin as the internal reference. N = 3. ∗P < 0.05 vs. control group.
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FIGURE 7 | The effect of si-SPTBN1 and OE-SPTBN1 in the Smad3/TGF-β and STAT1/Cxcl-9 pathways in vitro. (A) MC3T3-E1 cells were transfected with
si-SPTBN1 or OE-SPTBN1 for 1, 3, 5, 7, and 14 days, then the protein expression of SPTBN1, Runx2, TGF-β and p-Smad3 was evaluated by Western blot.
(B) MC3T3-E1 cells were transfected with si-SPTBN1 or OE-SPTBN1 for 1, 3, 5, 7, and 14 days, then the protein expression of SPTBN1 and p-STAT1 was
evaluated by Western blot. β-actin was considered as the internal reference. (C) The expression of Cxcl-9 was evaluated by ELISA assay. N = 3, ∗P < 0.05,
∗∗P < 0.01 vs. control group.

compared with the control group. Similarly, there was an obvious
increasing trend in vessel volume fraction and vessel numbers in
the OE-SPTBN1 group compared with the control group.

Vascular endothelial growth factor is a crucial regulator for
angiogenesis in developing mature bone tissue (Liu and Olsen,
2014). IHC assay was performed to evaluate the expression of
VEGF in the distal femur of mice with different treatments.
The representative images of IHC in the senile mice are shown
in Supplementary Figure 5A and those of OVX mice are
shown in Supplementary Figure 5B. The quantitation data
revealed that downregulation of SPTBN1 significantly decreased
the VEGF positive cells in both the senile group and OVX
group compared with the negative control, while upregulation
of SPTBN1 significantly increased the VEGF mean density both
in the senile group and OVX group compared with the negative
control (Supplementary Figures 5A,B). These results suggested
that SPTBN1 inhibited primary osteoporosis by suppressing the
skeletal blood flow of bone microvessels and decreasing the
expression of VEGF.

DISCUSSION

The traditional form of treating osteoporosis is by use of
drug interventions to inhibit bone resorption or promote bone
formation, including bisphosphonates, hormone replacement
therapy with estrogen, calcitonin, selective estrogen receptor
modulators, denosumab, strontium ranelate, and teriparatide
(Baccaro et al., 2015). However, due to the limited therapeutic
effects and obvious side effects of these traditional drug
interventions, treatment of osteoporosis remains a major clinical
challenge. For example, the long-term use of bisphosphonates
leads to excessive inhibition of bone remodeling, increased
bone fragility, and increased creatinine levels (Alwahhabi and
Alsuwaine, 2017). Hormone replacement therapy with estrogen
increases the risk of heart disease, venous thrombosis, and breast
cancer (Tella and Gallagher, 2014). It is urgent to explore novel
safer and targeted active drugs against osteoporosis. However,
the development of new molecular diagnostic and therapeutic
targets require an increased understanding of the pathogenesis
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FIGURE 8 | The effect of si-SPTBN1 and OE-SPTBN1 in skeletal blood flow of medullary cavity of primary osteoporosis mice. (A–C) Micro-CT scanning of
si-SPTBN1 in skeletal blood flow of medullary cavity of senile (A) and OVX (C) osteoporosis mice. (B,D) The vessel volume fraction and vessel numbers were
analyzed according to Micro-CT scanning. (E–H) Micro-CT scanning of OE-SPTBN1 in skeletal blood flow of medullary cavity of senile (E) and OVX (G) osteoporosis
mice. (F,G) The vessel volume fraction and vessel numbers were analyzed according to Micro-CT scanning. Scale bar, 5 µm for all. ∗P < 0.05, ∗∗P < 0.01 vs.
control group.

of osteoporosis. Therefore, describing the pathogenesis and
underlying mechanisms of osteoporosis and identification of
novel drug targets are required in the prevention and treatment
of osteoporosis.

Increasing evidences have indicated that bone mass
homeostasis starts failing in midlife, resulting in bone loss,
osteoporosis, and debilitating fractures (Harada and Rodan,
2003). During this process, osteoblast cells play a crucial
role in bone formation and differentiation (Ali et al., 2005).
Meanwhile, more and more studies have revealed that an
effective strategy to protect against osteoporosis is promoting the

proliferation and differentiation of osteoblast (Pan et al.,
2018). SPTBN1 is considered to be associated with the
progression of osteoporosis (Wang et al., 2012), however,
the specific functions and mechanisms remain unclear. In
this study, a primary osteoporosis mice model including
senile osteoporosis and postmenopausal osteoporosis was
established. The expression of SPTBN1 was found to be
significantly downregulated both in the senile osteoporosis
group and postmenopausal osteoporosis group compared
with corresponding control groups. The silencing of SPTBN1
significantly inhibited the proliferation and differentiation
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and induced the apoptosis of mouse pre-osteoblast MC3T3-
E1 cells. However, overexpression of SPTBN1 exhibited an
opposite effect of SPTBN1 silencing. These results indicated that
SPTBN1 potentially acted as a negative effect of SPTBN1 on
osteoporosis progression.

Previous studies have demonstrated that SPTBN1 is a ligand
of the Smad3/Smad4 complex in the TGF-β signaling pathway,
and SPTBN1 inhibits the TGF-β pathway by downregulating the
phosphorylation level of Smad3/Smad4 during the transcription
of nucleus regulatory genes (Zhi et al., 2015). Recently, a series of
studies found that interfering with the TGF-β signaling pathway
can significantly affect the development of osteoporosis. Lin
et al. (2019) indicated that acupoint application therapy (AAT)
using TianGui Powder (TGP) can prevent the progression of
osteoporosis in ovariectomized rats by inhibiting the TGF-
β/Smad2/3 signaling pathway. Song et al. (2015) revealed that
sulfuretin induces osteoblast differentiation by activating the
TGF-β/Smad2/3 pathway. Besides, non-coding RNAs have also
been identified to affect bone metabolism and the development
of osteoporosis. miR-10b has been demonstrated to stimulate
osteogenesis partly by activating the TGF-β/SMAD2 signaling
pathway (Li et al., 2018). Jiang et al. (2010) revealed that
miR-214-5p promote BMSCs differentiation by modulating
the TGF-β/Smad2/COL4A1 pathway, and is a potential target
in the development of novel drugs for postmenopausal
osteoporosis (Yoshioka and Yoshiko, 2017). In this study,
downregulation of SPTBN1 was found to significantly increase
the expression of TGF-β and the phosphorylation level of Smad3,
while overexpression of SPTBN1 significantly decreased the
expression of TGF-β and the phosphorylation level of Smad3.
These results suggested that the function of SPTBN1 in the
differentiation and function of osteoblasts is mediated by the
TGF-β/Smad3 pathway.

As expected for the important roles of TGF-β/Smad3
signaling, the STAT1 molecule played a unique effect in bone
metabolism (Wang et al., 2015). Li J. et al. (2015) revealed
that miR-184 promoted the differentiation of osteoblasts by
downregulating the expression of STAT1. Moreover, Orliæ et al.
(2007) found that the expression of STAT1 was significantly
upregulated approximately 2.16-fold in the ovariectomized rats
when compared with the normal rats. Huang et al. (2016)
identified Cxcl9 as an angiostatic factor secreted by osteoblasts
in the bone marrow microenvironment, and extended the
following mechanisms: Cxcl9 is transcriptionally upregulated
by STAT1 in osteoblasts, interacts with vascular endothelial
growth factor and prevents its binding to endothelial cells
and osteoblasts, thus inhibiting angiogenesis and osteogenesis
both in vivo and in vitro. Our previous study has indicated
that the upregulation of STAT1 in osteoblasts can significantly
lead to increased secretion of chemokine (C-X-C motif) ligand
9 (Cxcl9), and Cxcl9 can competitively bind to VEGF and
block its binding to the receptor on vascular endothelial
cells, thus inhibiting the formation of bone vessels (Huang
et al., 2016). This reveals the mechanism that osteoblasts affect
bone metabolism by regulating bone angiogenesis. Numerous
studies have reported the correlation between the STAT1
pathway and the progression of osteoporosis. For instance,

interleukin-35 has been reported to suppress TNF-α-induced
osteoclastogenesis and induce apoptosis through regulation of
the JAK1/STAT1 signaling pathways (Peng et al., 2018). These
results confirmed the important function of the STAT1/Cxcl9
pathway in bone metabolism, and its dysregulation can
result in the occurrence of osteoporosis. Here, the results
showed that the silencing of SPTBN1 significantly increased
the expression of Cxcl9 and the phosphorylation level of
STAT1, while SPTBN1 overexpression significantly decreased the
expression of Cxcl9 and the phosphorylation level of STAT1.
Besides, these results suggested that the effect of SPTBN1
in osteoporosis also might be mediated by the STAT1/Cxcl9
signaling pathway.

Previous studies have revealed that bone formation is tightly
coupled to angiogenic growth of blood vessels during the
development of the mammalian skeletal system (Wang et al.,
2007). VEGF, a master regulator of angiogenesis, has been
identified to control growth plate morphogenesis, cartilage
remodeling, blood vessel invasion and ossification during skeletal
development (Maes et al., 2010). In this study, we found
that SPTBN1 inhibited primary osteoporosis by suppressing
the skeletal blood flow of bone microvessels and decreasing
the expression of VEGF. The results extended the specific
mechanisms of SPTBN1 in the progression of osteoporosis.
However, there are a few limitations to this study: (1) This study
was carried out in a primary osteoporosis mouse model and
mouse pre-osteoblast MC3T3-E1 cells, and the phenotype and
roles of SPTBN1 need to be confirmed under the conditions
in patients with osteoporosis; (2) The corresponding inhibitors
or antibodies against Smad3 and Cxcl9 should be used to
determine the effect of SPTBN1 in the TGF-β/Smad3 and
STAT1/Cxcl9 signaling pathways, as well as in the progression
of osteoporosis.

CONCLUSION

This study specifically extended the regulatory network
of SPTBN1 I in primary osteoporosis. The results showed
that overexpression of SPTBN1 significantly suppresses
the development of primary osteoporosis by modulating
VEGF, TGF-β/Smad3, and STAT1/Cxcl9 signaling pathways.
This study suggested that SPTBN1 can be considered as
a potential biomarker for the diagnosis and treatment of
primary osteoporosis.
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Supplementary Figure 1 | The relation among SPTBN1, TGF-β, STAT1/Cxcl9
and VEGF. (A) The network among SPTBN1, TGF-β, STAT1/Cxcl9, and VEGF. (B)
Interactions among SPTBN1, TGF-β, STAT1/Cxcl9, and VEGF in tabular form.

Supplementary Figure 2 | The selection of optimal RNAi and overexpressing
sequence for SPTBN1 (si-SPTBN1 and OE-SPTBN1). (A–C) The selection of
optimal RNAi sequence for SPTBN1. Primary osteoblast MC3T3-E1 cells were
transfected with different RNAi sequences for SPTBN1 including 200, 201, and
202. (A) The transfection fluorescence rate after 48 h of transfection observed
using a fluorescence microscope. (B) The mRNA expression of SPTBN1 after
72 h of transfection evaluated by qRT-PCR (N = 3). (C) The protein expression of
SPTBN1 after 2 h of transfection evaluated by Western blot analysis (n = 3). (D–F)
The selection of optimal overexpressing sequence for SPTBN1. Primary
osteoblast MC3T3 cells were transfected with different overexpressing sequences
for SPTBN1 including 6164, 6165, and 6166. (D) The transfection fluorescence
rate after 48 h of transfection observed using a fluorescence microscope. (E) The
mRNA expression of SPTBN1 after 72 h of transfection evaluated by qRT-PCR
(N = 3). (F) The protein expression of SPTBN1 after 2 h of transfection evaluated
by Western blot analysis (n = 3). ∗P < 0.05, ∗∗P < 0.01.

Supplementary Figure 3 | The effect of si-SPTBN1 and OE-SPTBN1 in
osteoblasts proliferation in the distal femur of primary osteoporosis mice. (A) ALP
staining of the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile
osteoporosis mice. (B) ALP staining of the distal femur of si-SPTBN1 or
OE-SPTBN1 transfected OVX osteoporosis mice. (C) Quantification of ALP
positive cells per bone area according to (A). (D) Quantification of ALP positive
cells per bone area according to (B). Arrows indicate the ALP positive cells. Scale
bar, 5 µm for all. ∗P < 0.05, ∗∗P < 0.01.

Supplementary Figure 4 | The effect of si-SPTBN1 and OE-SPTBN1 in
osteoclasts proliferation in the distal femur of primary osteoporosis mice. (A,B)
TRAP staining of the distal femur of si-SPTBN1 (A) and OE-SPTBN1 (B)
transfected senile osteoporosis mice. Quantification of TRAP-positive cells per
bone area. (C,D) TRAP staining of the distal femur of si-SPTBN1 (C) and
OE-SPTBN1 (D) transfected OVX osteoporosis mice. Quantification of
TRAP-positive cells per bone area. Scale bar, 20 µm for all. ∗P < 0.05,
∗∗P < 0.01.

Supplementary Figure 5 | The effect of si-SPTBN1 and OE-SPTBN1 in the
expression of VEGF in distal femur of primary osteoporosis mice.
Immunohistochemistry staining for VEGF in the distal femur of si-SPTBN1 or
OE-SPTBN1 transfected senile (A) and OVX (B) osteoporosis mice. The mean
density of the respective positive cells was calculated as integrated optical density
(IOD) per area of positive cells. The magnification of photomicrographs of
immunohistochemistry was 40×. Arrows indicate the VEGF positive cells stained
in brown. Scale bar, 5 µm for all. N = 8. ∗P < 0.05, ∗∗P < 0.01.
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Niedźwiedzki, T. (2017). The role of vasculature in bone development,
regeneration and proper systemic functioning. Angiogenesis 20, 291–302. doi:
10.1007/s10456-017-9541-1

Harada, S., and Rodan, G. A. (2003). Control of osteoblast function and regulation
of bone mass. Nature 423, 349–355. doi: 10.1038/nature01660

Huang, B., Wang, W., Li, Q., Wang, Z., Yan, B., Zhang, Z., et al. (2016). Osteoblasts
secrete Cxcl9 to regulate angiogenesis in bone. Nat. Commun. 7:13885. doi:
10.1038/ncomms13885

Huang, Y., Zheng, Y., Jia, L., and Li, W. (2015). Long noncoding RNA
H19 promotes osteoblast differentiation Via TGF-β1/Smad3/HDAC signaling
pathway by deriving miR-675. Stem Cells 33, 3481–3492. doi: 10.1002/stem.
2225

Jiang, X., Gillen, S., Esposito, I., Giese, N. A., Michalski, C. W., Friess, H., et al.
(2010). Reduced expression of the membrane skeleton protein beta1-spectrin
(SPTBN1) is associated with worsened prognosis in pancreatic cancer. Histol.
Histopathol. 25, 1497–1506. doi: 10.14670/hh-25.1497

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 March 2021 | Volume 9 | Article 653724

https://www.frontiersin.org/articles/10.3389/fcell.2021.653724/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.653724/full#supplementary-material
https://doi.org/10.1210/en.2004-0735
https://doi.org/10.15537/smj.2017.6.19793
https://doi.org/10.15537/smj.2017.6.19793
https://doi.org/10.1007/978-981-13-3681-2_16
https://doi.org/10.2147/cia.s54614
https://doi.org/10.1056/NEJMc1602599
https://doi.org/10.18632/aging.103303
https://doi.org/10.18632/aging.103303
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1002/jbmr.2781
https://doi.org/10.1002/jbmr.2781
https://doi.org/10.1016/j.lfs.2017.11.009
https://doi.org/10.1016/j.lfs.2017.11.009
https://doi.org/10.1126/science.289.5484.1501
https://doi.org/10.1126/science.289.5484.1501
https://doi.org/10.1007/s10456-017-9541-1
https://doi.org/10.1007/s10456-017-9541-1
https://doi.org/10.1038/nature01660
https://doi.org/10.1038/ncomms13885
https://doi.org/10.1038/ncomms13885
https://doi.org/10.1002/stem.2225
https://doi.org/10.1002/stem.2225
https://doi.org/10.14670/hh-25.1497
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-653724 March 15, 2021 Time: 15:57 # 16

Xu et al. SPTBN1 Prevents Primary Osteoporosis

Kanczler, J. M., and Oreffo, R. O. (2008). Osteogenesis and angiogenesis: the
potential for engineering bone. Eur. Cell. Mater. 15, 100–114. doi: 10.22203/
ecm.v015a08

Kerschan-Schindl, K. (2016). Prevention and rehabilitation of osteoporosis. Wien
Med. Wochenschr. 166, 22–27. doi: 10.1007/s10354-015-0417-y

Khosla, S., and Hofbauer, L. C. (2017). Osteoporosis treatment: recent
developments and ongoing challenges. Lancet Diabetes Endocrinol. 5, 898–907.
doi: 10.1016/s2213-8587(17)30188-2

Kling, J. M., Clarke, B. L., and Sandhu, N. P. (2014). Osteoporosis prevention,
screening, and treatment: a review. J. Womens Health 23, 563–572. doi: 10.1089/
jwh.2013.4611

Li, B., Liu, J., Zhao, J., Ma, J. X., Jia, H. B., Zhang, Y., et al. (2017). LncRNA-H19
modulates Wnt/β-catenin signaling by targeting Dkk4 in hindlimb unloaded
rat. Orthop. Surg. 9, 319–327. doi: 10.1111/os.12321

Li, D., Tian, Y., Yin, C., Huai, Y., Zhao, Y., Su, P., et al. (2019). Silencing of
lncRNA AK045490 promotes osteoblast differentiation and bone formation via
β-Catenin/TCF1/Runx2 signaling axis. Int. J. Mol. Sci. 20:6229. doi: 10.3390/
ijms20246229

Li, H., Fan, J., Fan, L., Li, T., Yang, Y., Xu, H., et al. (2018). MiRNA-10b reciprocally
stimulates osteogenesis and inhibits adipogenesis partly through the TGF-
β/SMAD2 signaling pathway. Aging Dis. 9, 1058–1073. doi: 10.14336/ad.2018.
0214

Li, J., He, X., Wei, W., and Zhou, X. (2015). MicroRNA-194 promotes osteoblast
differentiation via downregulating STAT1. Biochem. Biophys. Res. Commun.
460, 482–488. doi: 10.1016/j.bbrc.2015.03.059

Li, N., Luo, D., Hu, X., Luo, W., Lei, G., Wang, Q., et al. (2015). RUNX2
and osteosarcoma. Anticancer Agents Med. Chem. 15, 881–887. doi: 10.2174/
1871520615666150304151228

Lin, X. S., Wang, H. Y., Zhang, Z., Liu, H. J., Qu, Z., and Wu, K. L. (2019).
Effects of acupoint application therapy with tiangui powder on osteoporosis in
ovariectomized rats through TGF-β1 and Smad2/3 signaling pathway. Orthop.
Surg. 11, 143–150. doi: 10.1111/os.12427

Liu, C., Wang, L., Zhu, R., Liu, H., Ma, R., Chen, B., et al. (2019). Rehmanniae Radix
Preparata suppresses bone loss and increases bone strength through interfering
with canonical Wnt/β-catenin signaling pathway in OVX rats. Osteoporos Int.
30, 491–505. doi: 10.1007/s00198-018-4670-y

Liu, Y., and Olsen, B. R. (2014). Distinct VEGF functions during bone development
and homeostasis. Arch. Immunol. Ther. Exp. 62, 363–368. doi: 10.1007/s00005-
014-0285-y

Long, F. (2011). Building strong bones: molecular regulation of the
osteoblast lineage. Nat. Rev. Mol. Cell Biol. 13, 27–38. doi: 10.1038/nrm
3254

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Maes, C., Goossens, S., Bartunkova, S., Drogat, B., Coenegrachts, L., Stockmans, I.,
et al. (2010). Increased skeletal VEGF enhances beta-catenin activity and results
in excessively ossified bones. EMBO J. 29, 424–441. doi: 10.1038/emboj.2009.
361

Mao, X., Cai, T., Olyarchuk, J. G., and Wei, L. (2005). Automated genome
annotation and pathway identification using the KEGG Orthology (KO)
as a controlled vocabulary. Bioinformatics 21, 3787–3793. doi: 10.1093/
bioinformatics/bti430

Marchesi, V. T., and Steers, E. Jr. (1968). Selective solubilization of a protein
component of the red cell membrane. Science 159, 203–204. doi: 10.1126/
science.159.3811.203

Miller, P. D. (2016). Management of severe osteoporosis. Expert Opin.
Pharmacother. 17, 473–488. doi: 10.1517/14656566.2016.1124856

Mori, S., Sawai, T., Teshima, T., and Kyogoku, M. (1988). A new decalcifying
technique for immunohistochemical studies of calcified tissue, especially
applicable to cell surface marker demonstration. J. Histochem. Cytochem. 36,
111–114. doi: 10.1177/36.1.3275709

Orliæ, I., Borovecki, F., Simiæ, P., and Vukiceviæ, S. (2007). Gene expression
profiling in bone tissue of osteoporotic mice. Arh. Hig. Rada Toksikol. 58, 3–11.
doi: 10.2478/v10004-007-0001-y

Pan, B. L., Tong, Z. W., Li, S. D., and Wu, L. (2018). Decreased microRNA-
182-5p helps alendronate promote osteoblast proliferation and differentiation
in osteoporosis via the Rap1/MAPK pathway. Biosci. Rep. 38:BSR20180696.
doi: 10.1042/bsr20180696

Peng, M., Wang, Y., Qiang, L., Xu, Y., Li, C., Li, T., et al. (2018). Interleukin-35
Inhibits TNF-α-Induced osteoclastogenesis and promotes apoptosis via shifting
the activation from TNF receptor-associated death domain (TRADD)-TRAF2
to TRADD-Fas-associated death domain by JAK1/STAT1. Front. Immunol.
9:1417. doi: 10.3389/fimmu.2018.01417

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T.,
and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a
transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/
nbt.3122

Potu, B. K., Rao, M. S., Nampurath, G. K., Chamallamudi, M. R., Prasad, K.,
Nayak, S. R., et al. (2009). Evidence-based assessment of antiosteoporotic
activity of petroleum-ether extract of Cissus quadrangularis Linn. on
ovariectomy-induced osteoporosis. Ups J. Med. Sci. 114, 140–148. doi: 10.1080/
03009730902891784

Song, N. J., Kwon, S. M., Kim, S., Yoon, H. J., Seo, C. R., Jang, B., et al.
(2015). Sulfuretin induces osteoblast differentiation through activation of
TGF-β signaling. Mol. Cell. Biochem. 410, 55–63. doi: 10.1007/s11010-015-
2537-5

Susuki, K., and Zollinger, D. R. (2018). Glial βII spectrin contributes to paranode
formation and maintenance. J. Neurosci. 38, 6063–6075. doi: 10.1523/jneurosci.
3647-17.2018

Tella, S. H., and Gallagher, J. C. (2014). Prevention and treatment of
postmenopausal osteoporosis. J. Steroid Biochem. Mol. Biol. 142, 155–170. doi:
10.1016/j.jsbmb.2013.09.008

Wang, C., Zhang, Z., Zhang, H., He, J. W., Gu, J. M., Hu, W. W., et al. (2012).
Susceptibility genes for osteoporotic fracture in postmenopausal Chinese
women. J. Bone Miner. Res. 27, 2582–2591. doi: 10.1002/jbmr.1711

Wang, J., De Veirman, K., De Beule, N., Maes, K., De Bruyne, E., Van Valckenborgh,
E., et al. (2015). The bone marrow microenvironment enhances multiple
myeloma progression by exosome-mediated activation of myeloid-derived
suppressor cells. Oncotarget 6, 43992–44004. doi: 10.18632/oncotarget.6083

Wang, Y., Tao, Y., Hyman, M. E., Li, J., and Chen, Y. (2009). Osteoporosis in china.
Osteoporos. Int. 20, 1651–1662. doi: 10.1007/s00198-009-0925-y

Wang, Y., Wan, C., Deng, L., Liu, X., Cao, X., Gilbert, S. R., et al. (2007). The
hypoxia-inducible factor alpha pathway couples angiogenesis to osteogenesis
during skeletal development. J. Clin. Invest. 117, 1616–1626. doi: 10.1172/
jci31581

Yoshioka, H., and Yoshiko, Y. (2017). The roles of long non-protein-coding RNAs
in osteo-adipogenic lineage commitment. Int. J. Mol. Sci. 18:1236. doi: 10.3390/
ijms18061236

Young, M. D., Wakefield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene
ontology analysis for RNA-seq: accounting for selection bias. Genome Biol.
11:R14. doi: 10.1186/gb-2010-11-2-r14

Zhi, X., Lin, L., Yang, S., Bhuvaneshwar, K., Wang, H., Gusev, Y., et al. (2015).
βII-Spectrin (SPTBN1) suppresses progression of hepatocellular carcinoma
and Wnt signaling by regulation of Wnt inhibitor kallistatin. Hepatology 61,
598–612. doi: 10.1002/hep.27558

Zoch, M. L., Clemens, T. L., and Riddle, R. C. (2016). New insights into the biology
of osteocalcin. Bone 82, 42–49. doi: 10.1016/j.bone.2015.05.046

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Xu, Yang, Ye, Chen, Zhang, Wu, Song, Feng, Feng, Chen, Wang,
Lin, Bai and Shen. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 March 2021 | Volume 9 | Article 653724

https://doi.org/10.22203/ecm.v015a08
https://doi.org/10.22203/ecm.v015a08
https://doi.org/10.1007/s10354-015-0417-y
https://doi.org/10.1016/s2213-8587(17)30188-2
https://doi.org/10.1089/jwh.2013.4611
https://doi.org/10.1089/jwh.2013.4611
https://doi.org/10.1111/os.12321
https://doi.org/10.3390/ijms20246229
https://doi.org/10.3390/ijms20246229
https://doi.org/10.14336/ad.2018.0214
https://doi.org/10.14336/ad.2018.0214
https://doi.org/10.1016/j.bbrc.2015.03.059
https://doi.org/10.2174/1871520615666150304151228
https://doi.org/10.2174/1871520615666150304151228
https://doi.org/10.1111/os.12427
https://doi.org/10.1007/s00198-018-4670-y
https://doi.org/10.1007/s00005-014-0285-y
https://doi.org/10.1007/s00005-014-0285-y
https://doi.org/10.1038/nrm3254
https://doi.org/10.1038/nrm3254
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/emboj.2009.361
https://doi.org/10.1038/emboj.2009.361
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1126/science.159.3811.203
https://doi.org/10.1126/science.159.3811.203
https://doi.org/10.1517/14656566.2016.1124856
https://doi.org/10.1177/36.1.3275709
https://doi.org/10.2478/v10004-007-0001-y
https://doi.org/10.1042/bsr20180696
https://doi.org/10.3389/fimmu.2018.01417
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1080/03009730902891784
https://doi.org/10.1080/03009730902891784
https://doi.org/10.1007/s11010-015-2537-5
https://doi.org/10.1007/s11010-015-2537-5
https://doi.org/10.1523/jneurosci.3647-17.2018
https://doi.org/10.1523/jneurosci.3647-17.2018
https://doi.org/10.1016/j.jsbmb.2013.09.008
https://doi.org/10.1016/j.jsbmb.2013.09.008
https://doi.org/10.1002/jbmr.1711
https://doi.org/10.18632/oncotarget.6083
https://doi.org/10.1007/s00198-009-0925-y
https://doi.org/10.1172/jci31581
https://doi.org/10.1172/jci31581
https://doi.org/10.3390/ijms18061236
https://doi.org/10.3390/ijms18061236
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1002/hep.27558
https://doi.org/10.1016/j.bone.2015.05.046
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	SPTBN1 Prevents Primary Osteoporosis by Modulating Osteoblasts Proliferation and Differentiation and Blood Vessels Formation in Bone
	Introduction
	Materials and Methods
	Animal Model
	Detection and Analysis of Micro-CT
	Immunohistochemistry (IHC) Assay
	Tissue Alkaline Phosphatase (ALP)/Tartrate-Resistant Acid Phosphatase (TRAP) Staining Assay
	H&E Staining Assay
	Cell Culture
	Cell Transfection
	CCK-8 Assay
	Apoptosis Analysis
	ALP Activity Assay
	Alizarin Red Staining (ARS) Assay
	ELISA Assay
	qRT-PCR
	Western Blot
	RNA Sequencing and Analysis of Differential Expressed Genes
	Gene Ontology (GO) and KEGG Pathway Enrichment Analysis
	Statistical Analysis

	Results
	The Expression of SPTBN1 Is Significantly Downregulated in Primary Osteoporosis Mice
	SPTBN1 Silence Exacerbates the Progression of Primary Osteoporosis
	Upregulation of SPTBN1 Inhibits the Progression of Primary Osteoporosis
	SPTBN1 Prevents Primary Osteoporosis by Promoting Osteoblasts Proliferation and Differentiation
	SPTBN1 Inhibits the Proliferation of MC3T3-E1 Cells by Inducing Apoptosis
	SPTBN1 Promotes the Differentiation of MC3T3-E1 Cells
	SPTBN1 Decreases the Activity of Smad3/TGF- and STAT1/Cxcl-9 Signaling Pathways in MC3T3-E1 Cells
	SPTBN1 Suppresses Primary Osteoporosis by Inhibiting the Formation of Bone Microvessels via Reducing the Expression of VEGF

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


