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Abstract
Background. Osteoporosis is damaging the health of women worldwide. Osteoporosis results from the im-
balance between bone resorption and formation, which may be regulated by homeobox A2 (Hoxa2). However, 
the specific role and mechanism of Hoxa2 in osteogenesis and dexamethasone (Dex)-induced osteoporosis 
remain unknown.

Objectives. The present study investigated the effect of Hoxa2 on differentiation and osteoblastogenesis.

Materials and methods. Alkaline phosphatase staining and immunofluorescence staining were performed 
to evaluate the differentiation of MC3T3-E1 cells. Runt-related transcription factor 2 (Runx2), osteoprote-
gerin (OPG) and receptor activator of nuclear factor-kappa B ligand (RANKL) in Dex stimulated osteoblastic 
MC3T3-E1 cells, and Dex-induced osteoporotic rats were estimated using western blot and quantitative 
polymerase chain reaction (qPCR). Serum markers of bone turnover were determined using enzyme-linked 
immunosorbent assay (ELISA). Trabecular bones of femur tissues were observed using hematoxylin and 
eosin (H&E) staining.

Results. Hoxa2 short hairpin RNA significantly promoted the differentiation of MC3T3-E1 cells and expression 
of Runx2 and OPG in Dex-treated MC3T3-E1 cells and osteoporotic rats but inhibited the expression of RANKL. 
Furthermore, silencing Hoxa2 resulted in the upregulation of bone alkaline phosphatase but suppressed the ex-
pression of tartrate-resistant acid phosphatase and C-terminal cross-linked telopeptides of type I collagen.

Conclusions. Silencing Hoxa2 reversed the Dex-induced inhibition of osteoblastogenesis by modulating 
Runx2 and RANK–RANKL–OPG axis.
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Background

The precise balance of bone turnover depends on the ho-
meostasis of osteoblast-mediated bone formation and os-
teoclast-mediated bone resorption, which are mediated 
by a multitude of critical molecules working through vari-
ous signaling pathways.1 Osteoporosis occurs due to the im-
balance of bone formation and resorption, with excess re-
sorption leading to reduced bone mass and increased bone 
fragility. The proliferation and differentiation of osteoblasts 
from undifferentiated mesenchymal cells play important 
roles in bone formation.2 Glucocorticoid-induced osteopo-
rosis is regarded as the most common form of secondary os-
teoporosis and involves a reduction in osteoblastogenesis3; 
thus, Dex-treated osteoblast and animal models have been 
widely accepted as in vitro and in vivo models of osteoporo-
sis.4,5 Although osteoporosis treatments based on the inhi-
bition of bone resorption and promotion of bone formation 
are widely used, prolonged administration of these agents, 
such as bisphosphonates or estrogen receptor modulator, 
can lead to several adverse effects such as mandibular ne-
crosis, venous thrombosis, cardiac arrhythmia, and renal 
inadequacy.6 Thus, more effective therapeutic strategies 
with fewer adverse reactions are urgently needed. To date, 
there is still considerable need for illustrating the effects 
of critical regulatory factors of osteoblastogenesis and for 
therapeutic targets associated with osteoporosis.

Currently, several signaling pathways and factors in-
volved in osteoporosis have been determined.7 For in-
stance, Runx2, which can act as a transcriptional regula-
tor of bone metabolism, participates in the differentiation 
and formation of osteoblasts as well as signal transduc-
tion of specific pathways, including the osteoprotegerin 
(OPG)/receptor activator of  nuclear factor κB ligand 
(RANKL) pathway.8,9 Notably, a combination treatment 
with RANKL and receptor activator of nuclear factor κB 
(RANK) promotes the differentiation and proliferation 
of osteoclasts, and OPG has been found to inhibit osteo-
clast activation by competitively combining with RANK. 
Thus, both OPG and RANK are key molecules in bone 
formation and reconstruction.10 Bone formation is largely 
dependent on the proliferation and differentiation of osteo-
blasts.11–13 The ALP production is regarded as an indicator 
of osteogenesis, to a certain extent, reflecting the degree 
of osteoblast differentiation.14 MC3T3-E1 cells display 
developmental, sequential gene expression similar to that 
of osteoblasts during bone formation in vivo, which are 
considered a well-established model for studying osteo-
blast proliferation and differentiation.15,16

Homeobox A2 (Hoxa2), a unique transcription factor 
of the homeobox family, regulates many growth and de-
velopment processes. Knockout of Hoxa2 in mice has been 
found to promote expression of the cartilage and bone-spe-
cific gene Runx2, which regulates the expression of bone-
specific markers.17 Previous research has shown that Hoxa2 
inhibits osteoblast differentiation by negatively regulating 

the osteogenic transcription factor Runx2.18 Moreover, 
downregulation of Hoxa2 via miR-135 facilitates the differ-
entiation of adipose-derived stem cells (ADSCs) into osteo-
blasts via the Runx2 pathway.19 Osteoblast formation per se 
upregulates the Hoxa gene cluster expression, particularly 
of mid-cluster genes, and downregulates the expression 
of Hoxa7 and Hoxa10, differences of which in expression 
appear related to promoter methylation. Hoxa expression 
is profoundly regulated during osteoblast differentiation 
through canonical methylation-dependent mechanisms.20 
However, the molecular mechanisms by which Hoxa2 in-
fluences differentiation and regeneration of osteoblasts, 
especially in glucocorticoid-induced osteoporosis, require 
further investigation to clarify whether Hoxa2 is essential 
for these processes and whether it is a suitable target for 
a gene therapy-based approach to osteoporosis.

Objectives

The aim of this study was to  identify the precise role 
of Hoxa2 in glucocorticoid-induced suppression of osteogen-
esis. Dex-induced MC3T3-E1 osteoblasts and osteoporotic 
rats were respectively transfected and administrated with 
adenovirus-packaged Hoxa2 short hairpin RNA (shRNA) 
in vitro and in vivo to observe the effect of Hoxa2 on the dif-
ferentiation of osteoblasts, as well as osteoporosis in rats.

Materials and methods

Construction of recombinant adenovirus-
delivered Hoxa2 shRNA

Two shRNA sequences targeting Hoxa2 (Hoxa2 
shRNA#1: 5’-CCCACTGTTCCTAACTGCTTGTCAA-3’ 
and Hoxa2 shRNA#2: 5’-GCTCCCTGGACAGTCCTGTA-
GATA-3’) were designed according to GenBank accession 
number (SEQ ID: nM_010451.2). The scrambled shRNA 
(5’-GCTGCTGGATTTGACCGAGAGACAA-3’) was used 
as a negative control (Sangon Biotechnology, Shanghai, 
China). These shRNAs were packaged with adenovirus 
vector pHBAd-U6-GFP. The fluorescent intensity of cells 
was analyzed using a fluorescence microscope (Carl Zeiss, 
Jena, Germany) or a flow cytometer (FACS Calibur; Becton 
Dickinson, Franklin Lakes, USA).

Cell culture and transfection

The mouse osteoblastic cell line MC3T3-E1 was pur-
chased from American Type Cell Culture (ATCC, Manas-
sas, USA) and maintained in α-Minimal Essential Medium 
(Gibco BRL, Rockville, USA) supplemented with 10% fe-
tal bovine serum (FBS), 100 U/mL of penicillin (Hyclone, 
Logan, USA) and 100 U/mL of  streptomycin at  37°C 
in a 5% CO2 atmosphere. The cells were passaged upon 
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reaching 70% fusion using 0.25% trypsin, and cells of pas-
sages 2 through 4 were used for experiments.

MC3T3-E1 cells were divided into 5 groups and 
seeded at a density of 2 × 105 cells/well in six-well plates. 
The  Dex group was pretreated with 100  nM Dex for 
72 h  (Sigma-Aldrich, St. Louis, USA). MC3T3-E1 cells 
in the blank group were cultured with normal saline, and 
the Dex+scrambled shRNA group was treated with 100 nM 
Dex for 24 h  followed by  transfection with scrambled 
shRNA for 48 h. The Dex+Hoxa2 shRNA#1 group and 
Dex+Hoxa2 shRNA#2 groups were treated with 100 nM 
Dex for 24 h followed by transfection with Hoxa2 shRNA#1 
or Hoxa2 shRNA#2 for 48 h, respectively.

Cell viability assay

The commercially available Cell Counting Kit-8 (CCK-8) 
assay (Sigma-Aldrich) was used to  assess cell viabil-
ity according to the manufacturer’s instructions. Cells 
in the logarithmic growth phase were seeded in 96-well 
culture plates at 3 × 103 cells/well. Then, 10 μL 0f CCK-8 
solution was added to each well for 2 h at 5 h, 24 h, 48 h, and 
72 h after cultivation. The absorbance at 450 nm in each 
well was measured using a microplate reader (BioTek, Win-
ooski, USA), and experiments were performed in triplicate.

ALP staining

MC3T3-E1 cells were washed twice with phosphate-
buffered saline (PBS) and fixed with 4% paraformalde-
hyde for 15 min, followed by washing with 25 mM Tris-Cl 
(pH 9.0). Then, cells were stained with ALP dye solution 
containing 8 mM MgCl2, 0.4 mg/mL of α-naphthyl phos-
phate, and 1 mg/mL of Fast Red TR (Sigma-Aldrich) for 
30 min and rinsed with PBS to terminate the reaction. 
The ALP-positive cells (stained red) were counted under 
a fluorescence microscope (Carl Zeiss).

Immunofluorescence staining

MC3T3-E1 cells were seeded in Petri dishes and washed 
with PBS, and then cells were fixed in 4% formaldehyde 
for 30 min at room temperature. MC3T3-E1 cells were 
subsequently permeabilized with 0.5% Triton X-100 so-
lution for 10 min and sealed with FBS for 30 min. After 
that, the cells were incubated with the following primary 
antibodies: mouse anti-bone alkaline phosphatase (BALP) 
monoclonal antibody (1 : 100; Abcam, Cambridge, USA), 
and mouse anti-PICP monoclonal antibody (1 : 50; Abcam) 
at 4°C overnight. After washed with PBS, the secondary 
goat-anti-mouse IgG-fluorescein isothiocyanate (FITC; 
1 : 500; Abcam) was added to incubate cells for 1 h, and 
nuclei were counterstained with DAPI (4′, 6-diamidino-
2-phenylindole dihydrochloride). Finally, fluorescence 
staining was observed using a laser confocal fluorescence 
microscope (Carl Zeiss).

Animal administration

A total of 30 male Wistar rats (body weight 250–300 g, 
12 weeks old) were maintained under a standard patho-
gen-free environment at 22–25°C and 45–55% humid-
ity with a 12 h light/dark cycle. The rats had free access 
to water and a standard rodent diet. After acclimatization 
for 1 week, rats were randomly divided into 5 groups: con-
trol group (administered with normal saline); Dex group 
(daily subcutaneous injection with 0.1 mg/kg Dex for 
6  weeks); Dex+scramble shRNA group; Dex+Hoxa2 
shRNA#1 group; and Dex+Hoxa2 shRNA#2 group 
(6 weeks of subcutaneous injection of 0.1 mg/kg of Dex 
plus an intravenous injection of 1 × 109 pfu/mL of scram-
ble shRNA or Hoxa2 shRNA#1 or Hoxa2 shRNA#2 once 
every 2 days for 4 weeks). The serum and right femurs 
were collected from the sacrificed animals at the end-
point. The animal experiment was performed in accor-
dance with the protocol approved by the Ethics Commit-
tee of Liuzhou People’s Hospital 2020 (China; approval 
No. KY-E-14-d).

RT-qPCR

Gene expression in MC3T3-E1 cells and proximal femo-
ral tissues was assessed using quantitative polymerase 
chain reaction (qPCR). Total RNA extraction was per-
formed using TRIzol® reagent (Invitrogen, Carlsbad, USA) 
according to the manufacturer’s instructions. The RNA 
concentration and purity were verified using the Nano-
drop 2000 (Thermo Fisher Scientific, Rockford, USA). For 
reverse transcription, cDNA was synthesized chemically 
with 2 μg of total RNA using the RevertAid First Strand 
cDNA Synthesis Kit (MBI Fermentas, Vilnius, Lithu-
ania). The qPCR was performed with the SYBR Green 
PCR kit (Qiagen, Crawley, UK) using an ABI quantita-
tive PCR 7300 system (Applied Biosystems, Foster City, 
USA). The amplification conditions for PCR were 95°C 
for 5 min followed by 40 cycles of 10 s of denaturation 
at 95°C, 20 s of annealing at 60°C and 30 s of extension 
at 72°C. The following primers were used: Hoxa2, for-
ward: 5’-CTGTGGAGCTGGCCTAAACA-3’ and re-
verse: 5’-GCAAAGCCACCTGGTCAAAG-3’; Runx2, 
forward: 5’-GACTGTGGTTACCGTCATGGC-3’ and 
reverse:5’-ACTTGGTTTTTCATAACAGCGGA-3’; OPG, 
forward: 5’-AAAGCACCCTGTAGAAAACA-3’ and re-
verse: 5’-CCGTTTTATCCTCTCTA CACTC-3’; RANKL, 
forward: 5’-TATGATGGAAGGCTCATGGT-3’ and re-
verse: 5’-TGTCCTGAACTTTGAAAGCC-3’; GAPDH, 
forward: 5’-TGGCCTTCCGTGTTCCTAC-3’ and reverse: 
5’-GAGTTGCTGTTGAAGTCGCA-3’. Upon completion 
of the reaction, the amplification curve and melting curve 
were assessed. The relative expression of each mRNA 
was compared to that of GAPDH and calculated using 
the 2−ΔΔCt method.
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Western blot

Protein was extracted using lysis buffer containing 
1 mM phenylmethane sulfonyl fluoride (PMSF; Apply-
gen, Beijing, China), and the total protein concentration 
was measured using a BCA assay kit (Sigma-Aldrich). Pro-
tein samples were separated with 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to nitrocellulose membranes (Applygen). 
Non-specific binding was blocked by adding 5% fat-free 
milk in Tris-buffered saline containing 0.1% Tween-20 
(TBST). Membranes were then incubated at 4°C overnight 
with primary antibodies against GAPDH (1 : 500; Santa 
Cruz Biotechnology, Santa Cruz, USA), rabbit anti-Hoxa2 
polyclonal antibodies (1 : 300; Abcam), mouse anti-RANKL 
monoclonal antibody (1 : 500; Abcam), rabbit anti-Runx2 
monoclonal antibody (1 : 500; Cell Signaling Technology, 
Danvers, USA), and rabbit anti-OPG polyclonal antibody 
(1 : 800; Abcam). The membranes were washed with TBST 
and then incubated with goat anti-mouse/rabbit secondary 
antibodies (1 : 1000; Santa Cruz Biotechnology) at room 
temperature for 1 h. Protein bands were visualized us-
ing enhanced chemiluminescence (ECL) reagent (Thermo 
Fisher Scientific), and GAPDH was used as an endogenous 
protein for normalization.

Histopathological analysis

The femur was fixed with 4% neutral buffered formalin 
for 7 days at 4°C and decalcified in 5% ethylenediamine-
tetraacetic acid (EDTA) for 3 weeks. The tissues then were 
embedded in paraffin wax and cut into 5 μm sections, 
which were stained with hematoxylin and eosin (H&E). 
The histopathological changes of bone cortex and tra-
becula were observed under a  light microscope (model 
IX53; Olympus Corp., Tokyo, Japan).

ELISA

Serum biomarkers for bone turnover, including BALP, 
tartrate-resistant acid phosphatase 5b (TRAP5b) and 
carboxy-terminal of type I collagen cross-links (CTX-I), 
were assessed using enzyme-linked immunosorbent assay 
(ELISA) kits (Immunodiagnostic Systems, Fountain Hills, 
USA) according to the manufacturer’s instructions.

Statistical analysis

Data are presented as mean ± standard error of the mean 
(SEM). One-way analysis of variance (ANOVA) was used 
to  assess the  differences in  variables among multiple 
groups, and comparisons within groups were made using 
post hoc tests. In addition, data obtained from multiple 
measurements of the same dependent variable at differ-
ent time points were compared using repeated-measures 
ANOVA. The statistical significance was defined by a value 

of p < 0.05. All statistical comparisons were performed us-
ing SPSS v. 17.0 (SPSS Inc., Chicago, USA).

Results

The upregulated Hoxa2 induced by Dex 
in MC3T3-E1 cells was overturned 
by Hoxa2 shRNA

The sequences of Hoxa2 shRNA and scrambled shRNA 
are presented in Fig. 1A. MC3T3-E1 cells were transfected 
with scrambled shRNA, Hoxa2 shRNA#1 and Hoxa2 
shRNA#2, respectively. Green fluorescence was observed 
post-transfection, indicating that shRNAs were trans-
fected into cells successfully (Fig. 1B,C). The silencing ef-
fects of Hoxa2 shRNAs were evaluated using RT-PCR and 
western blot analysis. Results showed that Dex promoted 
the level of Hoxa2 at both mRNA and protein levels. How-
ever, the mRNA expression of Hoxa2 in MC3T3-E1 cells 
transfected with Hoxa2 shRNA#1 or Hoxa2 shRNA#2 was 
significantly decreased, consistent with the downregulation 
of Hoxa2 protein level. The scrambled shRNA did not af-
fect Hoxa2 expression (Fig. 1D,E). These findings demon-
strated that the level of Hoxa2 was increased in Dex-induced 
MC3T3-E1 cells, and the Hoxa2 shRNAs were effective.

Knockdown of Hoxa2 attenuated 
the inhibitory effect of Dex on osteoblast 
differentiation in MC3T3-E1 cells

The cell viability was determined using the CCK-8 as-
say. The viability of MC3T3-E1 cells exposed to Dex was 
drastically weakened compared to the blank group at 24 h, 
48  h  and 72  h, whereas Hoxa2 shRNA#1 and Hoxa2 
shRNA#2 elevated the cell viability, hinting that the im-
portant role of Hoxa2 in MC3T3-E1 cell viability (Fig. 2A). 
BALP and PICP, which reflect activity of the osteoblasts,21,22 
were selected to determine the differentiation and function 
of osteoblasts. The enrichment of BALP and PICP expres-
sions was observed in untreated MC3T3-E1 cells, and their 
levels were greatly reduced following treatment with Dex. 
Moreover, Hoxa2 shRNAs rescued the expressions of BALP 
and PICP partly compared with the Dex+scrambled shRNA 
group (Fig. 2B,C). Collectively, these results suggested that 
Hoxa2 affected the viability of MC3T3-E1 cells, and the in-
hibitory effect of Dex on osteoblast differentiation was re-
versed by silencing Hoxa2.

Hoxa2 knockdown alleviated  
the inhibitory effect of Dex 
on osteogenesis in MC3T3-E1 cells

The ALP is regarded as an indicator of osteogenesis, 
to a certain extent, reflecting the degree of osteoblast dif-
ferentiation.23 Results showed that the number of positive 
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ALP-positive cells (red staining) was reduced after Dex 
stimulation. In  contrast, numerous ALP-positive cells 
were observed following transfection of Hoxa2 shRNA#1 
or Hoxa2 shRNA#2 (Fig. 3A). To further confirm the role 
of Hoxa2 in Dex-induced osteogenesis dysfunction, we an-
alyzed the  expression levels of  several transcriptional 
factors and signaling molecules known to be involved 
in the regulation of osteogenesis, including Runx2, OPG, 
and RANKL.23–25 Dex treatment decreased the mRNA 
expressions of  osteoblastogenic molecules Runx2 and 
OPG in MC3T3-E1 cells compared with the blank group 
(Fig. 3B,C). In contrast, the mRNA expression of the neg-
ative osteogenesis regulator RANKL was significantly 
higher in the Dex group than in the blank group (Fig. 3D). 
Similar results were observed in the protein expression 
of these molecules (Fig. 3E). Furthermore, Hoxa2 shRNA 
resulted in an increase of Runx2 and OPG at both mRNA 
and protein expression, but also in a decrease of RANKL 
expression compared with the Dex+scrambled shRNA 
group (Fig.  3B–E). The  above findings suggested that 
Hoxa2 shRNA counteracted the inhibitory effects of Dex 
on osteogenesis.

Hoxa2 shRNA inhibited Dex-induced  
bone loss

Adenovirus-packaged Hoxa2 shRNA#1 was selected for 
in vivo experiments. As shown in Fig. 4A, strong green 

fluorescence in  femur tissues was observed after ad-
ministration of scramble shRNA and Hoxa2 shRNA#1, 
suggesting that the adenovirus-packaged shRNAs were 
successfully injected into rats. The mRNA level of Hoxa2 
in rat right femurs was significantly increased following 
Dex treatment, while Hoxa2 shRNA#1 markedly inhibited 
the expression of Hoxa2 (Fig. 4B). Given the potential role 
of Hoxa2 in Dex-induced osteoporosis, we further evalu-
ated the histological changes of femur tissues in response 
to Hoxa2 knockdown. As shown in Fig. 4D, trabecular 
bones of femur tissues appeared rupture and reduction 
in Dex-induced osteoporotic rats compared to the control 
group, indicating the validity of the osteoporotic rat model. 
However, Hoxa2 shRNA administration increased bone 
mass and improved structure to a comparable level with 
the normal group.

Hoxa2 was required for the osteogenesis 
and bone resorption regulated by Dex

In addition, the mRNA levels of Runx2 and OPG in fe-
mur tissues were both reduced following Dex treatment. 
However, Hoxa2 shRNA#1 reversed the downregulation 
of Runx2 and OPG induced by Dex (Fig. 4A,B). Dex pro-
moted the expression of RANKL in femur tissues, while 
it was significantly decreased after administration of Hoxa2 
shRNA#1 (Fig. 4C). The protein levels of Runx2, OPG 
and RANKL in each group were consistent with mRNA 

Fig. 1. The upregulated Hoxa2 induced by dexamethasone (Dex) in MC3T3-E1 cells was overturned by Hoxa2 shRNA. A. Gene sequencing was used 
to identify recombinant adenoviruses for Hoxa2 shRNA1 and shRNA2; B. Fluorescence microscopy was used to examine the expression of green 
fluorescence in MC3T3-E1 cells after transfection with the control shRNA and 2 Hoxa2 shRNAs. Scale bar: 50 μm; C. The transfection efficiency of Hoxa2 
shRNA in MC3T3-E1 cells was determined with flow cytometry after the treatment of cells with Dex; D and E. Silence effect of Hoxa2 shRNA in MC3T3-E1 
cells was confirmed with real-time PCR (RT-PCR) and western blot

*p < 0.05; **p < 0.01; ***p < 0.001; ns – not significant.
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levels (Fig.  4D). These results indicated that silencing 
Hoxa2 rescued the expressions of osteogenetic molecules 
in vivo. Compared with the control group, serum markers 
of bone resorption, including TRAP5b and C-terminal 
cross-linked telopeptides of type I collagen (CTX-1), were 

significantly increased in the Dex groups. However, Dex 
reduced the levels of bone formation marker BALP in com-
parison with the control group (Fig. 4E–G). Consistent 
with the beneficial effects on histological changes, Hoxa2 
shRNA administration resulted in a reduction of serum 

Fig. 2. Knockdown of Hoxa2 attenuated the inhibitory effect of Dex on osteoblast differentiation in MC3T3-E1 cells. A. MC3T3-E1 cells viability after 
stimulation with Dex and Hoxa2 shRNA; B and C. The expressions BALP and PICP in osteoblasts were determined with immunofluorescence staining. DAPI 
(blue) was used as a nuclear stain, and the expression of bone turnover markers is represented by green staining. Scale bar: 10 μm. Immunofluorescence 
staining of BALP and PICP was quantified using Image Pro Plus 4.5 software (Media Cybernetics, Silver Spring, USA)
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TRAP5b and CTX-1, and an increase of BALP expression 
compared to the Dex group (Fig. 4E–G). The comprehen-
sive results suggested that silencing Hoxa2 could reverse 
the Dex-mediated bone resorption and trabecular bone 
reduction.

Discussion

The normal process of bone metabolism is maintained 
by collaboration between osteoblasts and osteoclasts. Prolif-
eration and differentiation of osteoblasts are responsible for 

Fig. 3. Hoxa2 knockdown alleviated the inhibitory effect of Dex on osteogenesis in MC3T3-E1 cells. A. Differentiation of MC3T3-E1 cells was evaluated with 
ALP staining. The degree of red staining represented the number of ALP-positive cells and the extent of differentiation. Scale bar: 100 μm; B–D. RT-qPCR 
results show the effect of Hoxa2 shRNA on mRNA levels of Runx2, OPG and RANKL; E. Western blot showing the effect of Hoxa2 shRNA on protein levels 
of Runx2, OPG and RANKL

*p < 0.05; **p < 0.01; ***p < 0.001; ns – not significant.
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bone formation.26,27 To the best of our knowledge, MC3T3-E1 
cells are a commonly used model for studying the function 
of osteoblasts.15,16 Hoxa2 is one of the Hox homeodomain 
family transcription factors and has been found to regu-
late bone metabolism and skeletal morphogenesis.17 Gersch 
et al. demonstrated that Hoxa-2 was upregulated in active 
osteoblasts during bone regeneration, and Dobreva et al. 
also reported higher expression of Hoxa2 in SATB2–/– osteo
blasts.28,29 In view of the previous study, in which Hoxa2 was 
shown to play a separate role in antagonizing bone forma-
tion,30 we sought to explore the potential effect of Hoxa2 
on Dex-induced osteoporosis. Osteoporosis animal models 
were successfully developed in Dex-induced rats, with dis-
ease manifesting itself in pathological changes of the femur.31 
Consistent with previous findings, we confirmed that Hoxa2 
was overexpressed in mouse osteoblast-like MC3T3-E1 cells 
and bone tissue of rats. Besides, Dex promoted Hoxa2 mRNA 
and protein expression. The above results promoted the hy-
pothesis that Hoxa2 could be involved in the Dex-induced 
osteoblasts dysfunction and osteoporosis.

Another study has provided evidence that osteoblasts 
exposed to Dex display significant reductions in Col-I ex-
pression and ALP activity.32 Dex suppressed the osteogenic 
differentiation of bone marrow-derived mesenchymal stem 
cells and let-7f-5p expression, which could be reversed 
by the downregulation of TGFBR1.33 This data was consis-
tent with our findings showing that the expression of BALP 
and PICP was decreased in Dex-treated MC3T3-E1 cells. 
Notably, the expression of BALP and PICP was restored 
partially after Hoxa2 knockdown. The homeostasis be-
tween osteoblasts and osteoclasts is mediated by various 

signaling molecules, including Runx234,35 and the RANK–
RANKL–OPG axis, imbalance of which leads to bone 
metabolism dysfunction.1 Franceschetti et al. found that 
RANKL effects on bone differentiation required PI3 ki-
nase using computational analyses of several pathways 
in RANKL-driven differentiation of murine bone marrow 
osteoclast precursors.36 PI3K was shown to mediate BMP2 
induction of osteogenic differentiation.37 PI3K is involved 
in osteoblast adhesion to extracellular matrix and tita-
nium.38 In our study, silencing Hoxa2 in Dex-induced os-
teoblasts and osteoporotic rats resulted in the upregulation 
of Runx2 and OPG as well as downregulation of RANKL. 
In line with its promotional effect on osteoblasts differ-
entiation, Hoxa2 regulating osteogenesis may be related 
to the Runx2 and RANK–RANKL–OPG axis. Thus, these 
findings revealed the underlying mechanism of Hoxa2 
in  osteoporosis. In  addition, RANKL effects on  bone 
differentiation were regulated by PI3K, and Hoxa2 af-
fected the osteoblasts differentiation by downregulating 
the RANKL. Whether Hoxa2 requires modulation of PI3 
kinase activity warrants further investigation.

In Dex-induced osteoporotic rats, bone turnover bio-
markers BALP, TRAP5b and CTX-1 have been identified 
to predict the activity and function of osteoblasts dur-
ing the metabolic process.39 However, bone turnover bio-
marker expression varies throughout different metabolic 
statuses.12 The serum TRAP5b and CTX-1 were mark-
edly reduced by  the  administration of  Hoxa2 shRNA, 
while the BALP showed a significant increase compared 
to the Dex group, indicating that Hoxa2 shRNA inhibited 
osteoclasts activity and bone resorption.

Fig. 4. Hoxa2 shRNA inhibited 
Dex-induced bone loss. A. Tissue 
targeting of Hoxa2 shRNA#1 in rats. 
Scale bar: 100 μm; B. Silence effect 
of Hoxa2 shRNA#1 in bone tissue 
was confirmed with RT-qPCR; 
C. Histopathological changes of femur 
tissue in rats from a different group 
at the endpoint of the experiment; 
scale bar 100 μm.

*p < 0.05; **p < 0.01; ns – not 
significant.
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Conclusions

These findings provided evidence that Hoxa2 was in-
volved in the differentiation and osteogenesis of MC3T3-
E1 osteoblasts. Hoxa2 knockdown relieved Dex-regulated 

osteoporosis via modulating the Runx2 and the RANK–
RANKL–OPG axis. Our research provided an experimen-
tal basis for investigating a potential mechanism of bone 
metabolism in glucocorticoid-induced osteoporosis. Fur-
ther studies are expected to reveal the complete regulatory 

Fig. 5. Hoxa2 was required for the osteogenesis and bone resorption regulated by Dex. A–D. RT-qPCR and western blot showing the effect of Hoxa2 
shRNA#1 on mRNA and protein levels of Runx2, OPG and RANKL in Dex-induced osteoporotic rats; E–G. Bone turnover markers, including BALP, TRAP5b and 
CTX-1, in the serum of rats were evaluated using ELISA

*p < 0.05; **p < 0.01; ***p < 0.001; ns – not significant.
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mechanisms of Hoxa2 in the pathogenesis of osteoporosis 
and its potential as a gene therapy target for the treatment 
of osteoporosis.
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