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Abstract. Osteoporosis is a common complication of 
long‑term use of glucocorticoids (GCs) characterized by the 
loss of bone mass and damage of the microarchitecture as 
well as osteoblast dysfunction. Previous studies have demon‑
strated that microRNA‑22 (miR‑22) is the negative modulator 
of osteogenesis that may target caveolin‑3 (CAV3), which 
has been reported to enhance bone formation and inhibit the 
progression of osteoporosis as well as apoptosis. The present 
study aimed to investigate whether miR‑22 may be involved 
in dexamethasone  (DEX)‑induced inhibition of osteoblast 
differentiation and dysfunction by regulating CAV3 expres‑
sion. Reverse transcription‑quantitative PCR (RT‑qPCR) was 
performed to measure the expression of miR‑22 and western 
blotting was performed to determine protein levels. The 
results demonstrated that miR‑22 expression was upregulated 
in DEX‑treated osteoblastic cells compared with the control 
group. In addition, miR‑22 mimic aggravated, whereas 
miR‑22 inhibitor mitigated DEX‑induced damage in osteo‑
blastic cells compared with the control groups. Additionally, 
CAV3 was identified as the target of miR‑22 in osteoblasts 
using RT‑qPCR, western blotting and dual‑luciferase reporter 
gene assay analysis. The results also demonstrated that 
silencing of CAV3 blocked the beneficial effects of miR‑22 
inhibitor against DEX‑induced cell damage and apoptosis in 
osteoblasts, as evidenced by the increased expression levels of 
cleaved caspase‑3, Bax and alkaline phosphatase activity as 
well as decreased cell viability and Bcl‑2 levels. Collectively, 
these results indicate a novel molecular mechanism by which 
miR‑22 contributes to DEX‑induced osteoblast dysfunction 
and apoptosis via the miR‑22/CAV3 pathway.

Introduction

Glucocorticoids (GCs) are one of the most widely used 
classes of drugs due to their remarkable anti‑inflammation 
and immunosuppressive function and it is estimated that 
1‑2% of the population is undergoing long‑term GC therapy 
worldwide  (1‑4). However, extensive GC therapy leads to 
various adverse effects, and one of the most severe of them 
is GC‑induced osteoporosis (GIO), characterized by systemic 
damage of the bone mass and the microarchitecture that 
induces fragility fractures (5). Previous studies have demon‑
strated that the lack of balance between bone formation and 
resorption induced by osteoblast dysfunction, such as inhibited 
proliferation and differentiation and enhanced apoptosis of 
osteoblasts, is involved in GIO (5‑7). However, the underlying 
mechanism of GIO has not been fully elucidated.

MicroRNAs (miRs) are a class of small (~22 nucleotides), 
highly conserved noncoding RNAs that post‑transcrip‑
tionally regulate the expression of their target genes and 
exert pivotal roles in multiple diseases, including chronic 
lymphocytic leukemia, Huntington's disease and myocardial 
ischemia‑reperfusion injury (8‑10). An increasing number of 
studies have demonstrated that miRs are involved in the patho‑
genesis and development of osteoporosis (11‑13). Shi et al (11) 
reported that miR‑17/20a suppressed GC‑induced osteoclast 
differentiation and dysfunction by targeting the expression of 
receptor activator of NFκΒ ligand (RANKL) in osteoblastic 
cells. In addition, Zhang et al (12) demonstrated that miR‑221 
participated in the process of osteoporosis by regulating 
the protein expression of runt‑related transcription factor 2 
and osteoblast differentiation. Notably, a previous study 
demonstrated that miR‑22 is a negative modulator of osteogen‑
esis (13). Additionally, oxidative stress triggered by excessive 
reactive oxygen species  (ROS) production was reported 
to contribute to dexamethasone (DEX)‑induced osteopo‑
rosis  (7,14,15), and miR‑22 facilitated myocardial damage 
following ischemia/reperfusion insult and hypoxia/reoxy‑
genation‑induced dysfunction in cultured cardiomyocytes by 
inducing mitochondrial oxidative stress (9). However, whether 
miR‑22 is involved in the development of DEX‑induced 
osteoporosis by targeting the oxidative stress process remains 
to be determined. Notably, Zhang et al (16) demonstrated that 
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caveolin‑3 (CAV3) is a direct target of miR‑22, containing 
two seed binding sites in its 3'‑untranslated region (3'‑UTR). 
As a member of the caveolin proteins (CAV1, 2 and 3) with 
six subsets, CAV3 is involved not only in the formation of 
caveolae, but also bone formation and osteoporosis progres‑
sion (14,17). Yang et al (14) demonstrated that upregulation of 
CAV3 enhances bone formation and inhibits the progression 
of osteoporosis by activating the Wnt signaling pathway in a 
rat model initially induced by means of ovariotomy, which 
suggested that CAV3 may be a potential biomarker and osteo‑
porosis treatment target. Therefore, the present hypothesized 
that miR‑22 may also be involved in osteoporosis progression 
by regulating the expression of CAV3.

Previous studies have demonstrated that GC‑induced osteo‑
blast apoptosis contributed to the development and progression 
of osteoporosis (7,15). For instance, Gohel et al (18) reported 
that GC treatment resulted in osteoblast apoptosis in vivo and 
in vitro. In addition, upregulation of CAV3 prevented hypoxia 
or TNF‑α treatment‑induced cardiomyocyte apoptosis (19,20).

The present study aimed to examine the expression of 
miR‑22 in DEX‑treated MC3T3‑E1 cells and the effects 
of miR‑22 mimic on DEX‑induced osteoblast damage and 
apoptosis, and to investigate the effects of miR‑22 on CAV3 
expression in osteoblasts to determine whether miR‑22 may be 
involved in DEX‑induced osteoblast dysfunction and apoptosis 
through the regulation of CAV3 expression.

Materials and methods

Cell culture and drug treatments. The murine osteoblastic 
MC3T3‑E1 cell line was purchased from the American 
Type Culture Collection and cultured in α‑MEM (Gibco; 
Thermo Fisher Scientific, Inc.) containing 10% FBS (Thermo 
Fisher Scientific, Inc.) and 1%  penicillin‑streptomycin 
(cat. no. 10378016; Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C with 5% CO2 and 95% air. DEX (cat. no. D4902; 
Sigma‑Aldrich; Merck  KGaA) was dissolved in absolute 
ethanol and the cells were incubated with 1 µM DEX in the 
culture medium for 72 h  (21). N‑acetyl L‑cysteine (NAC; 
cat. no. A9165; Sigma‑Aldrich; Merck KGaA) and p53 inhib‑
itor pifithrin‑α (cat. no. P4359; Sigma‑Aldrich; Merck KGaA) 
were dissolved in saline and DMSO, respectively. Cells were 
incubated with 1 mM NAC or 20 µM pifithrin‑α for 48 h (10).

miR‑22 mimic, inhibitor and small interfering RNA (siRNA) 
transfection. miR‑22 mimic, inhibitor and siRNA (200 µM) 
transfections were performed using Xfect™ RNA transfection 
reagent (cat. no. 631450; Takara Bio,  Inc.). At 37˚C, osteo‑
blastic MC3T3‑E1 cells were firstly transfected with control or 
CAV3 siRNA for 24 h and then transfected with miR control 
or miR‑22 inhibitor for another 24 h. Immediately after miR 
control or miR‑22 inhibitor transfection, cells were treated with 
DEX for 72 h. The sequences were as follows: miR‑22 mimic 
sense, 5'‑AAG​CUG​CCA​GUU​GAA​GAA​CUG​U‑3' and anti‑
sense, 5'‑AGU​UCU​UCA​ACU​GGC​AGC​UUU​U‑3'; miR mimic 
control sense, 5'‑UUC​UUC​GAA​CGU​GUC​ACG​UTT‑3' and 
antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'; miR‑22 
inhibitor, 5'‑ACA​GUU​CUU​CAA​CUG​GCA​GCU​U‑3' miR 
inhibitor control, 5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3', 
CAV3 siRNA sense, 5'‑GCA​GCA​ACA​UUA​AGG​UGG​UTT‑3' 

and antisense, 5'‑ACC​ACC​UUA​AUG​UUG​CUG​CTT‑3' and 
control siRNA sense, 5'‑UUC​UUC​GAA​CGU​GUC​ACG​UTT‑3' 
and antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'.

MTT assay. Cell viability was evaluated by an MTT assay (10). 
Briefly, 250  mg MTT (cat.  no.  M5655; Sigma‑Aldrich; 
Merck KGaA) was dissolved in 50 ml PBS to produce a 5 g/l 
solution and filtered through a 0.22‑µm filter. A 48‑well plate 
was used to incubate cells at a density of 2x105 cells/ml in 
200 µl culture media, and the cells were exposed to MTT 
(0.5 g/l) for 2‑4 h following drug treatments. The generated 
formazan crystals were dissolved in DMSO, and the absor‑
bance at a wavelength of 550 nm was measured by a microplate 
reader (Tecan Group, Ltd.).

Alkaline phosphatase (ALP) activity assay. Osteoblastic 
MC3T3‑E1 cells were cultured in a 96‑well plate at a density of 
1x106 cells/ml in 100 µl α‑MEM with 10% FBS. Subsequently, 
1% Triton X‑100 was added to the medium and centrifuged for 
20 min (14,000 x g, 4˚C) to recover the supernatant. The change 
in absorbance at a wavelength of 405 nm was measured by the 
method previously described by Bowers and McComb (22).

Dual luciferase reporter assay. The wild‑type 3'‑UTR and the 
miR‑22 ‘seed’ mutant 3'‑UTR of CAV3 were synthesized in vitro 
and cloned into the psiCHECK2 luciferase reporter plasmid 
(cat. no. C8021; Promega Corporation). Osteoblastic MC3T3‑E1 
cells were co‑transfected with the psiCHECK‑2 plasmid 
containing the wild‑type or mutant CAV3 3'‑UTR and miRNA 
control or miR‑22 mimic using Xfect™ Transfection Reagent 
(cat. no. 631317; Takara Bio, Inc.) and Xfect™ RNA transfec‑
tion reagent (cat. no. 631450; Takara Bio, Inc.) respectively. 
Cell lysates were collected 24 h after transfection, and reporter 
activity was determined by measuring firefly luciferase activity 
by a dual luciferase reporter system (Dual‑Luciferase Reporter 
Assay System; cat.  no.  E1910; Promega Corporation) and 
normalized to Renilla luciferase activity.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
was used to extract total RNA from osteoblasts, which was 
reverse‑transcribed to generate cDNA using SuperScript™ II 
reverse transcriptase (Thermo Fisher Scientific, Inc.) with a 
specific stem‑loop primer for miR‑22 and miR‑16 and oligo‑
deoxythymidine for mRNAs. The temperature protocol used 
was 25˚C for 10 min, 42˚C for 1 h and finally 72˚C 10 min. 
qPCR was performed using a MiniOpticon Real‑Time PCR 
Detection system (Bio‑Rad Laboratories, Inc.). The following 
primer pairs were used for the qPCR: CAV3 (GenBank acces‑
sion no. NM_007617) sense, 5'‑TCA​ACG​ATA​CCA​GCC​ACA​
AG‑3' and antisense, 5'‑ACA​CCG​TCG​AAG​CTG​TAG​GT‑3'; 
GAPDH (GenBank accession no. NM_017008) sense, 5'‑TCT​
ACA​TGT​TCC​AGT​ATG​ACT​C‑3' and antisense, 5'‑ACT​CCA​
CGA​CAT​ACT​CAG​CAC​C‑3'  (16); miR‑22 sense, 5'‑GGG​
GGA​GCT​GCC​AGT​TGA​AG‑3' and antisense, 5'‑GTG​CAG​
GGT​CCG​AGG​T‑3' (10) and miR‑16 sense, 5'‑GCC​CCT​TCG​
TCG​TTA​GA‑3' and antisense, 5'‑GTG​CAG​GGT​CCG​AGG​
T‑3'  (10). The reaction solution consisted of 5.0 µl diluted 
cDNA, 0.2  µM/l of each paired primer, 1X SYBR‑Green 
qPCR Mix buffer (Toyobo Life Science) and 4.9 µl diethyl 
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pyrocarbonate‑treated water. The annealing temperature was 
set at 58‑62˚C and amplification was set at 40 cycles. The 
temperature range to detect the melting temperature of the PCR 
product was set between 60‑95˚C. To determine the relative 
quantitation of gene expression, the comparative Ct (threshold 
cycle) method with arithmetic formula (2‑ΔΔCq) was used (23). 
mRNA levels and miRNA levels were normalized relative to 
the housekeeping gene GAPDH and miR‑16, respectively.

Western blot analysis. Osteoblastic MC3T3‑E1 cells proteins 
were lysed using cold RIPA buffer (Beyotime Institute of 
Biotechnology) containing 1% Protease Inhibitor Cocktail 
(Thermo Fisher Scientific, Inc.) and BCA assays were used 
to calculate the protein concentrations. Subsequently, 30 µg 
proteins per lane were separated using 10% SDS‑PAGE and 
transferred to PVDF membranes. Following blocking with 
non‑fat dry milk dissolved in TBS containing 0.05% Tween‑20 
for 1‑2 h at room temperature, the membranes were incubated 
with diluted primary antibodies against CAV3 (cat. no. sc‑5310; 
Santa  Cruz Biotechnology, Inc.), Bax (cat.  no.  ab32503; 
Abcam), Bcl‑2 (cat. no. ab182858; Abcam), pro‑ and cleaved 
caspase‑3 (cat.  no.  sc‑56053; Santa Cruz Biotechnology, 
Inc.), p53 (cat. no. 10422‑1‑AP; ProteinTech Group, Inc.), p21 
(cat.  no.  27296‑1‑AP; ProteinTech Group, Inc.) or β‑actin 
(cat. no. sc‑81178; Santa Cruz Biotechnology, Inc.) in primary 
antibody dilution buffer (Beyotime Institute of Biotechnology) 
at 4˚C overnight, all at a dilution of 1:1,000. Following 
washing with TBST buffer (0.05% Tween‑20, 0.15 M NaCl, 
50 mM Tris‑HCI, pH 7.5), the membranes were incubated 
with a horseradish peroxidase‑conjugated secondary antibody 
(cat. nos. SA00001‑1 and SA00001‑2; ProteinTech Group, Inc.) 
for 1‑2 h at room temperature at a dilution of 1:2,000. The 
Enhanced Chemiluminescence Western Blotting Detection 
system (Santa Cruz Biotechnology, Inc.) and a GeneGnome HR 
scanner (SynGene Europe) were used to visualize the immuno‑
reactive proteins and detect chemiluminescent signals from the 
membranes using GeneSnap software version 7.12 (Syngene).

Bioinformatics analysis. TargetScan (http://www.targetscan.
org/) and miRanda (http://www.microrna.org/microrna/home.
do) were used to perform target prediction. The target genes 
predicted by TargetScan and miRanda were screened based 
on their scoring criteria. In the TargetScan algorithm, target 
genes with a context percentile <50 were excluded. In the 
miRanda algorithm, target genes with Max‑Energy >‑10 were 
excluded. The overlapping prediction results were selected as 
the candidate target genes of miR‑22 (24,25).

Statistical analysis. The data are presented as the mean ± SEM. 
Statistical analysis was performed using SPSS 16.0 (SPSS, 
Inc.). Statistical comparisons between two groups were deter‑
mined by two‑tailed Student's t‑test. One‑way or two‑way 
ANOVA with Bonferroni's post hoc test was performed for 
comparisons among multiple groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

miR‑22 is upregulated in osteoblasts treated with DEX. 
To confirm whether miR‑22 is involved in DEX‑induced 

osteoblast dysfunction, miR‑22 expression in DEX‑treated 
MC3T3‑E1 cells was measured by qPCR. As presented 
in  Fig.  1A, miR‑22 expression levels in DEX‑treated 
MC3T3‑E1 cells were significantly higher compared with 
the control group, suggesting that miR‑22 may serve a role in 
DEX‑induced osteoblast dysfunction.

Transfection of miR‑22 mimic aggravates, whereas miR‑22 
inhibitor attenuates DEX‑induced dysfunction and apop‑
tosis in osteoblastic MC3T3‑E1 cells. The effects of miR‑22 
on DEX‑induced osteoblast damage were further deter‑
mined, and MC3T3‑E1 cells were transfected with miR‑22 
mimic or inhibitor. As demonstrated in Fig. S1A and B, 
miR‑22 levels significantly increased in the cells transfected 
miR‑22 mimic compared with those transfected with control 
mimic; meanwhile, miR‑22 levels significantly decreased 
in cells transfected with miR‑22 inhibitor compared with 
those transfected with the miR‑22 inhibitor control. As 
presented in Fig. 1B‑E, DEX treatment and transfection 
with miR‑22 mimic resulted in cell damage and apoptosis, 
as evidenced by significantly decreased cell viability and 
Bcl‑2 protein levels as well as decreased ALP activity and 
the expression levels of apoptosis‑related proteins cleaved 
caspase‑3 and Bax when compared with control groups. 
In addition, transfection with miR‑22 mimic aggravated 
the DEX‑induced osteoblast damage as the cell viability 
was significantly decreased, whereas ALP activity was 
significantly decreased in the cells transfected with miR‑22 
mimic compared with those transfected with the control 
group (Fig. 1B and C). miR‑22 mimic also induced a signifi‑
cant increase in the expression levels of cleaved caspase‑3 
and Bax and decreased expression of Bcl‑2  (Fig. 1D‑F). 
By contrast, transfection with miR‑22 inhibitor mitigated 
the osteoblast damage and apoptosis induced by DEX as 
evidenced by significantly increased cell viability, Bcl‑2 
levels and ALP activity as well as decreased expression 
levels of cleaved caspase‑3 and Bax.

A previous study demonstrated that p53 exerts a crucial 
role in inducing miR‑22 transcription by binding to the 
promoter region of the miR‑22 gene (26). In addition, p53 was 
reported to be associated with oxidative stress (27). Therefore, 
the present study determined whether the p53 signaling 
pathway was involved in the DEX‑induced increased expres‑
sion of miR‑22. As presented in Fig. 2A and B, compared 
with controls, treatment with DEX resulted in significant 
increases in the protein expression levels of p53 in and its 
target p21, which were abrogated by the ROS scavenger 
NAC. Additionally, the DEX‑induced increase in the expres‑
sion levels of miR‑22 was abolished by NAC and pifithrin‑α 
(Fig. 2C). Collectively, these results suggested that the high 
expression levels of miR‑22 in osteoblasts treated with DEX 
may be at least partly attributed to the ROS‑induced the acti‑
vation of the p53 signaling pathway.

miR‑22 suppresses CAV3 expression in osteoblastic MC3T3‑E1 
cells. The present bioinformatics analysis identified one 
evolutionarily conserved miRNA recognition element that is 
partially complementary to miR‑22 in the 3'‑UTR of the CAV3 
gene (Fig. 3C). As demonstrated in Fig. 3A and B, transfection 
with miR‑22 mimic significantly decreased CAV3 expression 
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at the mRNA and protein levels compared with controls. In 
order to determine whether miR‑22 directly affected CAV3 
expression, CAV3 3'‑UTR luciferase reporter constructs and 
miR‑22 mimic were transfected into osteoblasts. The results 
revealed significantly lower luciferase activity in the group 
co‑transfected with miR‑22 mimic compared with the miR 
control group (Fig. 3D). By contrast, no decrease in luciferase 
activity was observed following co‑transfection of miR‑22 
when the putative miR‑22 binding sequence in the CAV3 
3'‑UTR luciferase reporter construct was mutated. These 
results demonstrated that CAV3 expression was repressed in 
osteoblasts by the binding of miR‑22 to response elements in 
its 3'‑UTR.

Silencing of CAV3 abolishes the protective effects of miR‑22 
inhibitor against DEX‑induced cell dysfunction and apop‑
tosis in osteoblastic MC3T3‑E1 cells. Next, the effects of 
miR‑22 on CAV3 protein expression levels were determined in 
osteoblasts treated with DEX. As presented in Fig. 4A, CAV3 
protein expression levels were reduced in osteoblasts treated 
with DEX, and miR‑22 inhibitor reversed DEX‑suppressed 
CAV3 expression. In addition, as shown in Fig. S1C and D, 
an 80% reduction in CAV3 expression levels was induced by 
CAV3 siRNA in osteoblasts compared with the control siRNA 
group. The results also demonstrated that the upregulation of 
CAV3 expression induced by miR‑22 inhibitor in osteoblasts 
subjected to DEX was abolished by CAV3 siRNA. Further 

Figure 1. Upregulation of miR‑22 contributes to DEX‑induced osteoblastic MC3T3‑E1 cell dysfunction and apoptosis. (A) Osteoblastic MC3T3‑E1 cells were 
treated with 1 µM DEX for 72 h; cells treated with an equivalent volume of vehicle served as the control. Osteoblastic MC3T3‑E1 cells were transfected with 
miR mimic and inhibitor control, miR‑22 mimic or inhibitor for 24 h, followed by DEX administration for 72 h; (B) cell viability, (C) ALP activity and the 
protein levels of (D) caspase‑3, Cleaved caspase‑3, (E) Bcl‑2 and (F) Bax were measured. Data are presented as the mean ± standard error of the mean (n=4). 
**P<0.01 vs. control; ##P<0.01 vs. DEX. miR, microRNA; DEX, dexamethasone; ALP, alkaline phosphatase.

Figure 2. DEX‑induced upregulation of miR‑22 is abrogated by NAC and PFN‑α. Osteoblastic MC3T3‑E1 cells were administrated with vehicle or DEX 
for 24 h, followed by vehicle or 1 mM NAC for another 48 h. Western blot analysis was performed to determine the protein expression levels of (A) p53 and 
(B) p21. (C) Osteoblastic MC3T3‑E1 cells were administrated with vehicle or DEX for 24 h, followed by 1 mM NAC or 20 µM PFN‑α for another 48 h. Reverse 
transcription‑quantitative PCR was performed to assess the expression levels of miR‑22. Data are presented as the mean ± standard error of the mean (n=4). 
**P<0.01 vs. control + vehicle; ##P<0.01 vs. DEX + vehicle. miR, microRNA; DEX, dexamethasone; NAC, N‑acetyl L‑cysteine; PFN‑α, pifithrin‑α.
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experiments were performed to confirm whether CAV3 was 
involved in the protective role of miR‑22 inhibitor against 
DEX‑induced osteoblast apoptosis. As presented in Fig. 4B‑D, 
CAV3 siRNA abrogated the positive effects of miR‑22 inhib‑
itor against DEX‑induced osteoblast apoptosis, as evidenced 
by significantly increased expression levels of cleaved 
caspase‑3 and Bax and the decreased expression levels of 
Bcl‑2. In addition, CAV3 siRNA abrogated the positive effects 
of miR‑22 inhibitor against DEX‑induced osteoblast damage 
by significantly decreasing cell viability and increasing ALP 
activity (Fig. 4E and F).

Discussion

Osteoporosis is a common complication of long‑term use 
of GCs and one of its characteristics is osteoblast dysfunc‑
tion  (5). A previous study has shown that miR‑22 is a 
negative modulator of osteogenesis (13). The results of the 
present study also demonstrated that the levels of miR‑22 
expression were significantly upregulated in DEX‑treated 
osteoblasts, and that upregulation of miR‑22 may contribute 
to DEX‑induced osteoblast dysfunction and apoptosis, as 
evidenced by decreased cell viability, Bcl‑2 expression 
and ALP activity. In addition, the expression levels of 
apoptosis‑related proteins cleaved caspase‑3 and Bax in cells 

transfected with the miR‑22 mimic were increased compared 
with control cells, which were reversed by the miR‑22 inhib‑
itor. In addition, CAV3 was identified to be a target of miR‑22 
in osteoblasts, and CAV3 siRNA attenuated the protective 
effects of the miR‑22 inhibitor on DEX‑induced osteoblast 
damage and apoptosis.

The crucial roles of miRs, such as miR‑2861, miR‑17/20a, 
miR‑221, miR‑133a and miR‑338‑3p, in GIO have been vali‑
dated in a number of studies (11,12,28‑31). Li et al (28) reported 
that miR‑2861 exerts a physiological effect on osteoblast differ‑
entiation by targeting histone deacetylase 5 and contributes to 
primary osteoporosis in two related adolescents. Shi et al (11) 
demonstrated that miR‑17/20a represses GC‑induced osteoclast 
differentiation and function by targeting RANKL expression 
in osteoblastic cells. miR‑22 is a widely expressed microRNA 
that is present at high levels in striated muscle tissues (31); thus, 
previous studies on miR‑22 have focused on the cardiovascular 
system. Among them, Liang  et  al  (13) demonstrated that 
miR‑22 is involved in the negative regulation of osteogenesis 
by inhibiting the Wnt/β‑catenin pathway and osteoblast differ‑
entiation. Consistent with this, the results of the present study 
demonstrated that transfection with miR‑22 mimic not only 
resulted in the damage, inhibition of differentiation and apop‑
tosis in osteoblastic cells, but further aggravated DEX‑induced 
osteoblast dysfunction and apoptosis.

Figure 3. miR‑22 represses CAV3 expression in osteoblastic MC3T3‑E1 cells. Osteoblastic MC3T3‑E1 cells were transfected with miR mimic control or 
miR‑22 mimic for 24 h. The (A) mRNA and (B) protein expression levels of CAV3 were measured by reverse transcription‑quantitative PCR and western 
blot analysis, respectively, in osteoblastic MC3T3‑E1 cells. (C) CAV3 was identified to contain highly conserved miR‑22‑mRNA interaction motifs within 
its 3'‑UTR; the sequences of the WT and mutant 3'‑UTR of CAV3 used for the luciferase reporter assay are presented. (D) Osteoblastic MC3T3‑E1 cells 
co‑transfected with WT or mutant CAV3 3'‑UTR reporter plasmids and miR control or miR‑22 mimic. Luciferase activity was measured using a dual luciferase 
assay after 24 h. Data are presented as the mean ± standard error of the mean (n=4). **P<0.01 vs. control; ##P<0.01 vs. miR‑22 + CAV3‑WT. miR, microRNA; 
CAV3, caveolin‑3; UTR, untranslated region; WT, wild‑type.
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A previous study demonstrated that p53 exerts a crucial 
role in inducing miR‑22 transcription by binding to the 
promoter region of the miR‑22 gene (26). In addition, p53 
was reported to be associated with oxidative stress  (27). 
Li et al (32) demonstrated that DEX treatment induces p53 
activation and inhibits the proliferation of MC3T3‑E1 cells. 
Crochemore et al  (33) also revealed that GC administra‑
tion leads to rapid p53 nuclear translocation and promotes 
its transcriptional activity. The results of the present study 
demonstrated that the DEX‑induced upregulation of p53 and 
p21 were mitigated by the ROS scavenger NAC. In addi‑
tion, the DEX‑induced increase in the expression levels of 
miR‑22 was abolished by the ROS scavenger and pifithrin‑α. 
Collectively, these results demonstrated that high expression 
of miR‑22 in osteoblasts treated with DEX may be at least 
partly attributed to the ROS‑induced activation of the p53 
signaling pathway.

CAV3, as a primary structural protein of the caveolae 
membrane domains, has been reported to be involved in 
maintaining the normal physiological cell structure and 
cell signaling; CAV3 is predominantly expressed in skeletal 
muscle, the diaphragm and the heart, and is selectively induced 
during the differentiation of skeletal C2C12 myoblasts (14,34). 
Previous studies have demonstrated that CAV3 exerts a 
critical role in the progression of osteoporosis. Among them, 
Yang et al  (14) reported that CAV3 upregulation enhances 
bone formation and inhibits the progression of osteoporosis by 

activating the Wnt signaling pathway in a rat model initially 
induced by means of ovariotomy, which suggested that CAV3 
may be a potential target biomarker in osteoporosis treatment. 
Additionally, CAV3 has been reported to prevent apoptosis 
mediated by hypoxia or TNF‑α treatment (20,21). Consistent 
with these results, the results of the present study demon‑
strated that silencing of CAV3 by siRNA induced osteoblast 
cells damage and apoptosis, which were further exacerbated 
in DEX‑treated osteoblasts.

Further experiments in the present study identified that 
CAV3 was a target of miR‑22 in osteoblasts, which was 
consistent with the prediction of the bioinformatics analysis, 
as evidenced by the suppressed mRNA and protein expression 
levels as well as decreased luciferase activity of CAV3 3'‑UTR 
luciferase reporter constructs following transfection with 
miR‑22 mimic. Although Chen et al (35) did not report that 
CAV3 was a target of miR‑22, they revealed that miR‑22 was 
involved in myocardial ischemia and reperfusion by disrupting 
CAV‑3/endothelial nitric oxide synthase signaling. In agree‑
ment with this, in the present study, the protective effects of 
miR‑22 inhibitor against DEX‑induced osteoblast damage and 
apoptosis was also reversed by CAV3 siRNA.

In conclusion, the results of the present study prelimi‑
nary clarified that miR‑22 may contribute to DEX‑induced 
osteoblast differentiation inhibition and dysfunction as well 
as apoptosis by targeting CAV3 expression in osteoblastic 
cells.

Figure 4. Silencing of CAV3 abolishes the protective effects of miR‑22 inhibitor against DEX‑induced cell damage and apoptosis in osteoblastic MC3T3‑E1 
cells. Osteoblastic MC3T3‑E1 cells were transfected with control or CAV3 siRNA for 24 h, followed by transfection with miR control or miR‑22 inhibitor for 
24 h and subsequent DEX treatment for the following 72 h. Protein levels of (A) CAV3, (B) caspase‑3, (C) Bcl‑2, (D) Bax, (E) cell viability and (F) ALP activity 
were assessed. Data are presented as the mean ± standard error of the mean (n=4). **P<0.01 vs. control; ##P<0.01 vs. DEX; $$P<0.01 vs. DEX + miR‑22 inhibitor. 
miR, microRNA; CAV3, caveolin‑3; DEX, dexamethasone; siRNA, small interfering RNA; ALP, alkaline phosphatase.
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