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Abstract. – OBJECTIVE: A previous study re-
ported that glucose-regulated protein 94 (GRP94) 
is involved in mechanical stress-induced chon-
drocyte apoptosis; however, the underlying mo-
lecular mechanisms remain unknown. The pres-
ent study aimed to investigate the post-tran-
scriptional regulatory mechanism of microRNAs 
(miRs) in mechanical stress-induced chondro-
cyte apoptosis by targeting GRP94. 

MATERIALS AND METHODS: Annexin V-flu-
orescein isothiocyanate/propidium iodide (PI) 
staining was conducted to evaluate the apoptosis 
of chondrocytes. The mRNA and protein expres-
sion levels were measured by reverse transcrip-
tion-quantitative polymerase chain reaction and 
Western blotting, respectively. The targeted genes 
were predicted using a bioinformatics tool and fur-
ther investigated via a luciferase reporter assay. 

RESULTS: The results demonstrated that 
cyclic loading led to significant increases in 
GRP94 expression in chondrocytes; however, 
the expression levels of miR-150 were down-
regulated. Bioinformatics analysis and a lucif-
erase reporter assay indicated that GRP94 was 
a direct target of miR-150, as the expression of 
GRP94 was dysregulated following transfection 
with miR-150 mimics or inhibitors. In addition, 
mechanical stress-induced chondrocyte apop-
tosis was suppressed by transfection with miR-
150 mimics, while the protective effects of miR-
150 mimics in this process were inhibited by 
GRP94 overexpression.

CONCLUSIONS: MiR-150 upregulation sup-
pressed mechanical stress-induced chondro-
cyte apoptosis; the underlying molecular mech-
anism may be mediated, at least partially, via the 
inhibition of GRP94 expression.
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Introduction

AOsteoarthritis (OA) is one of the most com-
mon diseases of the elderly and is characterized 
by the degradation of articular cartilage, thick-
ening of subchondral bone, and the formation of 
osteophytes1. In the early stages of OA, accelerat-
ed subchondral bone remodeling may occur in le-
sions2. Generally, aging, vitamin and mineral de-
ficiencies, as well as the incidence of drug abuse, 
increase the risk of developing OA3; however, the 
pathogenic mechanisms of OA require further 
investigation. Of note, increasing evidence has 
revealed that mechanical overload leads to the 
activation of anabolic processes in chondrocytes 
involving matrix proteins and matrix-degrading 
enzymes, such as matrix metallopeptidases4. In 
addition, mechanical stimulation-induced chon-
drocyte apoptosis has been associated with the 
progression of OA5. Numerous in vitro and in 
vivo experiments have suggested that mechanical 
stimulation contributes to the development of OA 
by altering specific signaling pathways in chon-
drocyte apoptosis5-7. 

Glucose-regulated protein-94 (GRP94) is 
an abundant glycoprotein in the endoplasmic 
reticulum (ER) and is involved in the main-
tenance of cell survival by protecting against 
stresses associated with Ca2+ depletion from the 
ER8-9. Previous studies10-12 revealed that GRP94, 
as a marker of ER stress (ERS), is activated in 
mechanical stress-mediated chondrocyte apop-
tosis and cartilage degeneration; however, the 
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post-transcriptional regulatory mechanisms of 
microRNAs (miRNAs/miRs) targeting GRP94 in 
mechanical stress-induced chondrocyte apoptosis 
remain unknown. 

MiRNAs are short, noncoding and sin-
gle-stranded RNAs (18-25 nucleotides), which 
have been observed to disrupt protein translation 
via the degradation of transcripts by binding to 
its 3’-untranslated regions (3’-UTRs); miRNAs 
serve as a novel class of post-transcriptional reg-
ulators that participate in a variety of biological 
processes13-15. It has been demonstrated that nu-
merous miRNAs modulate mechanical stress-in-
duced dysfunction in various cell types, such as 
chondrocytes6,16. For example, miR-365 is upreg-
ulated by cyclic loading and contributes to the 
development of OA6,17. MiR-146a expression is 
increased in response to mechanical pressure-in-
duced human chondrocyte apoptosis in vitro5. In 
the present study, the activation of GRP94 sig-
naling in mechanical stress-induced chondrocyte 
apoptosis was investigated. By utilizing an online 
prediction algorithm, GRP94 was reported as a 
potential gene that directly targets miR-150. Fur-
thermore, the function of miR-150 in mechanical 
stress-induced chondrocyte apoptosis via regu-
lating GRP94 signaling was determined in vitro.

Materials and Methods

Cell Culture
Primary human chondrocytes were isolated 

from femoral condyles and the tibial plateau of 
knee cartilage as previously described5. Cells 
were cultured in Dulbecco’s Modified Eagle’s 
Medium-F12 (DMEM-F12; Gibco; Thermo Fish-
er Scientific, Waltham, MA, USA) with 5% fetal 
bovine serum (Beyotime Institute of Biotechnol-
ogy, Haimen, Jiangsu, China), 2 mM L-glutamine, 
100 U/ml penicillin and 100 μg/mL streptomycin 
were cultured in a humidified incubator (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), with 
5% CO2 and 95% air. The present investigation 
was approved by the Ethics Committee of The 
Second Affiliated Hospital of Xi’an Jiaotong Uni-
versity (Xi’an, China). Written informed consent 
was obtained from all patients prior to sample 
collection.

Flow Cytometry for Apoptosis
Human chondrocytes were seeded into 

three-dimensional collagen sponges as de-
scribed previously18 and subjected to differen-

tial elongation (0, 5, 10, and 20%), 1 Hz (60 
cycles/min) cyclic loading or 10% elongation of 
various durations (0, 12, 24 or 48 h), 20 min/h, 
which was monitored by a computer-controlled 
Bio-Stretch device (Bio-Stretch; ICCT Tech-
nologies, Markham, ON, Canada). An Annexin 
V-fluorescein isothiocyanate (FITC)/propidi-
um iodide (PI) kit (BD Biosciences, Franklin 
Lakes, NJ, USA) was used to stain cells for 
15 min; cell apoptosis was analyzed via flow 
cytometry (FACScan, BD Biosciences, Frank-
lin Lakes, NJ, USA) using CELL Quest 3.0 
software (BD Biosciences, Franklin Lakes, NJ, 
USA). 

Cell Transfection and Plasmid Constructs
Pre-miR-control (Con), pre-miR-150, anti-

miR-Con, and anti-miR-150 were synthesized 
by Guangzhou RiboBio Co., Ltd. (Guangzhou, 
Guangdong, China). Chondrocytes were seeded 
in 6-well plates and transfected with pre-miR-
Con, pre-miR-150, anti-miR-Con or anti-miR-150 
using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) for 
48 h at 37°C according to the manufacturer’s 
protocols.

A mammalian expression plasmid (pReceiv-
er-M02-ERBB3) designed to specially express 
the full-length open reading frame of human 
GRP94 without a miR-150 responsive 3’-UTR 
was purchased from GeneCopoeia, Inc. (Rock-
ville, MD, USA). An empty plasmid served as 
negative control. The GRP94-overexpression 
plasmid (vector-GRP94) and control (vector-Con) 
were transfected into chondrocytes using Lipo-
fectamine 2000 for 48 h at 37°C according to the 
manufacturer’s protocols.

Luciferase Reporter Assay
The sequences of miR-150 were obtained using 

miRanda (www.microrna.org) and were synthe-
sized by Guangzhou RiboBio Co., Ltd. (Guang-
zhou, Guangdong, China) The wild-type (WT) 
and mutant-type (MUT) 3’-UTR of GRP94 were 
respectively inserted into the multiple cloning 
sites of the luciferase expressing pMIR-REPORT 
vector (Ambion; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). For the luciferase assay, 
chondrocytes (1x105) were seeded into 24-wells 
and co-transfected with luciferase reporter vec-
tors containing the WT or MUT 3’-UTR of 
GRP94 (0.5 μg), and mimics or inhibitors se-
quences of miR-150 (50 nM) using Lipofectamine 
2000. The luciferase activity was measured using 
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a luciferase reporter assay kit (Promega Corpora-
tion, Madison, WI, USA) according to the manu-
facturer’s protocols.

Reverse Transcription-Quantitative 
Polymerase Chain Reaction (RT-qPCR) 

Total RNA was isolated using RNAiso (Taka-
ra Biotechnology, Ltd., Dalian, Liaoning, China). 
MiRNA was subsequently reverse-transcribed 
to cDNA using the TaqMan  reverse  transcrip-
tion kit (Applied Biosystems, Foster City, CA, 
USA; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), according to the manufacturer’s 
protocols. MiRNA expression was detected us-
ing the TaqMan MicroRNA assay (Applied Bio-
systems, Foster City, CA, USA; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), according 
to the manufacturer’s protocols. The relative 
expression levels of miRNA were calculated 
using the 2-ΔΔCq method19 and normalized to the 
internal control U6. 

cDNA was synthesized by RT of 2 μg to-
tal RNA using Moloney murine leukemia virus 
reverse transcriptase (Invitrogen, Calsbad, CA, 
USA; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) according to the manufacturer’s pro-
tocols. RT-qPCR was performed on Applied 
Biosystems 7300 Real-Time PCR System (Ap-
plied Biosystems; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) with the TaqMan Universal 
PCR Master Mix (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The relative expression 

levels of mRNA were calculated using the 2-ΔΔCq 
method18 and normalized to the expression of 
GAPDH. The primers were synthesized by San-
gon Biotech Co., Ltd. (Shanghai, China). The 
primers were used as shown in Table I. 

Western Blotting
Proteins were extracted with radioimmunopre-

cipitation assay (RIPA) buffer (cat. no. P0013B; 
Beyotime Institute of Biotechnology, Haimen, 
Jiangsu, China); protein concentrations were de-
termined using the Bicinchoninic Acid (BCA) Kit 
for Protein Determination (cat. No. BCA1-1KT; 
Sigma-Aldrich; Merck KGaA, Germany). The 
primary antibody of GRP94 (cat. no. sc-393402; 
dilution: 1:1,000) was purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). An-
tibodies against cleaved-caspase-3 and cleaved-
caspase-8 were purchased from Cell Signaling 
Technology, Inc., (Danvers, MA, USA). Subse-
quently, the membranes were incubated with an 
appropriate horseradish peroxidase (HRP)-conju-
gated secondary antibody (cat. No. sc-516102; di-
lution: 1:10,000; Santa Cruz Biotechnology, Inc., 
(Santa Cruz, CA, USA) at room temperature for 
2 h and visualized with an enhanced chemilu-
minescence kit (ECL; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Signals were ana-
lyzed with Quantity One® software version 4.5 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Anti-β-actin (cat. No. sc-130065; 1: 2,000; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) was 
used to as the control antibody. 

Table I. Primers for RT-qPCR.

	 Gene	 Forward primer (5’-3’)	 Reverse primer (5’-3’)

miR-23a	 ATCACATTGCCAGGGATTTCC	 TGGTGTCGTGGAGTCG
miR-23b	 GGTGCTCTGGCTGCTTGG	 GCCAAGGTCGTGGTTGCG
miR-150	 CTCAACTGGTGTCGTGGAGTCGGCAATTC	 ACACTCCAGCTGGGTCTCCCAACCCTTGTA
	 AGTTGAGCACTGGTA	
miR-152	 CAGAGGTTCTGTGATACACTC	 GGTCCAGTTTTTTTTTTTTTTTAGTC
miR-148a	 ATGCTCAGTGCACTACAGAA	 GTGCAGGGTCCGAGGT
miR-148b	 GGGTCAGTGCATCACAGAA	 CAGTGCGTGTCGTGGAG
miR-181a	 CGCAACATTCAACGCTGTC	 GTGCAGGGTCCGAGGT
miR-181b	 ACACTCCAGCTGGGACTTGGGCACTGAAACA	 GTGCAGGGTCCGAGGT
miR-181c	 TTCTTCAACATTCAACCTGTCG	 TATCGTTGTACTCCAGACCAAGAC
miR-181d	 CTCATAAACATTCATT GTTGTCGG	 CTCATAAACATTCAT TGTTGTCGG
miR-433	 TCGGCAATCATGATGGGCTCCTC	 CTCAACTGGTGTCGTGGAGTC
miR-1	 CGCGGTGGAATGTAAAGAAG	 GTGCAGGGTCCGAGGTATTC
miR-206	 ATCCAGTGCGTGTCGTG	 TGCTTGGAATGTAAGGAAG
miR-613	 GTGAGTGCGTTTCCAAGTGT	 TGAGTGGCAAAGAAGGAACAT
miR-223	 TCGGCAGGTGTCAGTTTGTCAA	 CTCAACTGGTGTCGTGGAGT
miR-425	 TCTACCGGTGTGCCCCTGACC CCCAGACA	 TCTGAATTCAGCAGGGAAACCCAGGGGCA
U6	 CTCGCTTCGGCAGCACATATACT	 ACGCTTCACGAATTTGCGTGTC
GRP94	 GCTTCGGTCAGGGTATCTTT	 AGGCTCTTCTTCCACCTTTG
GAPDH	 GCACCGTCAAGCTGAGAAC	 TGGTGAAGACGCCAGTGGA
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Statistical Analysis
Data were presented as the mean ± standard 

error of the mean. Statistical analysis was per-
formed using SPSS software version 19.0 (IBM 
Corp., Armonk, NY, USA) and GraphPad Prism 
Version 7.0 (GraphPad Software, Inc., La Jolla, 
CA, USA). A Student’s t-test was used to analyze 
the differences between the two groups. Differ-
ences between multiple groups were analyzed by 
one-way analysis of variance (ANOVA), followed 
by a post-hoc Tukey test. p < 0.05 was considered 
a statistically significant difference.

Results

Cyclic Loading Can Induce Apoptosis in 
Chondrocytes

It has been suggested that mechanical stress 
mediates apoptosis in chondrocytes5,11,20. To fur-

ther investigate this, a cyclic loading environ-
ment was generated in vitro to detect chondro-
cyte apoptosis under different degrees of me-
chanical stress. Compared with control group, 
mechanical stress significantly promoted chon-
drocyte apoptosis in an elongation-dependent 
manner (Figure 1A). In addition, chondrocyte 
exposure to 10% elongation and 1 Hz cyclic 
loading for 12, 24, and 48 h resulted in increased 
cell apoptosis in a time-dependent manner (Fig-
ure 1B). Furthermore, chondrocytes stimulated 
with different degrees of mechanical stress for 
24 h led to upregulated protein expression levels 
cleaved-caspase-3 and cleaved-caspase-8 (Fig-
ure 1C), which have been reported as critical 
markers in cell apoptosis21. These findings indi-
cated that mechanical stress could induce chon-
drocyte apoptosis in time- and elongation-de-
pendent manners.

Figure 1. Cyclic loading induces the apoptosis of chondrocytes. Cell apoptosis was analyzed via flow cytometry using 
Annexin V-FITC/PI under different (A) elongation and (B) times. The protein expression of cleaved-caspase-3 and cleaved-
caspase-8 was measured via Western blotting (C). *p < 0.05, ** p <0.01, ***p <0.001. n=3 in each group. FITC, fluorescein 
isothiocyanate; PI, propidium iodide.
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Cyclic Loading Induces the Apoptosis of 
Chondrocytes by Upregulating GRP94

GRP94 is a marker of ERS, which has been 
reported to serve an important role in mechani-
cal stress-induced cell dysfunction11. To further 
investigate whether GRP94 is associated with 
the mechanical stimulation-induced apoptosis 
of chondrocytes, ERS was triggered in chon-
drocytes via treatment with tunicamycin (Tun), 
as well as salubrinal (Sal), an inhibitor of 
Tun-induced ERS. The results indicated that 
Tun and cyclic loading could effectively in-
duce the apoptosis of chondrocytes; treatment 
with Sal significantly reversed Tun or cyclic 

loading-induced apoptosis compared with Tun 
treatment or cyclic loading alone (Figure 2A 
and 2B). These findings suggest that mechan-
ical stress-induced chondrocyte apoptosis may 
be associated with the activation of ERS. Ad-
ditionally, the mRNA (Figure 2C) and protein 
(Figure 2D) expression levels of GRP94 were 
markedly upregulated by Tun and cyclic load-
ing compared with control group. Furthermore, 
treatment with Sal significantly reduced the 
mRNA and protein expression levels of GRP94 
compared with Tun treatment or cyclic loading 
alone (Figure 2C and 2D). These results suggest 
that GRP94, as a mechanical-stress sensitive 

Figure 2. Cyclic loading induces the apoptosis of chondrocytes by activating ERS. A, and B, Following exposure to various 
conditions, chondrocyte apoptosis was analyzed by flow cytometry; the (C) mRNA and (D) protein expression levels of 
GRP94 were measured by reverse transcription-quantitative polymerase chain reaction and Western blotting, respectively. * 
p <0.05 vs. control group; # p <0.05 vs. Tun group; $ p <0.05 vs. load group. n=3 in each group. ERS, endoplasmic reticulum 
stress; GRP94, glucose-regulated protein 94; Tun, tunicamycin.
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gene, may be regulated by cyclic loading and 
is involved in the mechanical stress-induced 
apoptosis of chondrocytes. 

Prediction of Mechanical 
Stress-Regulated MiRNAs 
in Chondrocytes

To further investigate the post-transcrip-
tional mechanism associated with mechanical 
stress-induced chondrocyte apoptosis, miRanda 
was used to identify potential miRNAs that 
could target to GRP94. A total of 16 candidate 

miRNAs were identified. Then, the expression 
levels of the 16 candidate miRNAs in chondro-
cytes were analyzed following cyclic loading. 
The results demonstrated that 6 miRNAs were 
upregulated and 9 miRNAs were downregu-
lated in chondrocytes following cyclic loading. 
Based on the fold change in miRNA expres-
sion, miR-150 was selected for further investi-
gation (Figure 3A). To determine whether the 
expression of miR-150 was associated with me-
chanical stress-induced chondrocyte apoptosis, 
flow cytometry analysis with Annexin V-FITC/

Figure 3. Overexpressed miR-150 suppresses cyclic loading-induced chondrocyte apoptosis. A, miRanda was used to identify 
potential miRs that target GRP94; the expression levels of 16 candidate miRs in mechanical stress-treated chondrocytes were 
measured by reverse transcription-quantitative polymerase chain reaction. B, Following transfection with pre-miR-150 in 
mechanical stress-treated chondrocytes, cell apoptosis was measured by flow cytometry. * p <0.05; ** p <0.01; *** p < 0.001 vs. 
control group; # p <0.05 vs. Load + pre-miR-Con group. n=3 in each group. Con, control; GRP94, glucose-regulated protein 
94; miR, microRNA. 
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PI double staining of chondrocytes was per-
formed. Cyclic loading-induced apoptosis was 
suppressed by overexpression of miR-150 in 
chondrocytes (Figure 3B).

GRP94 is a Direct Target Gene 
of MiR-150

Using miRanda, the 3’-UTR of GRP94 was 
determined to contain one conserved binding 
site of miR-150. The putative binding site for 
miR-150 in the 3’-UTR of GRP94 was present-
ed in Figure 4A. To investigate whether miR-
150 targeted the 3’-UTR of GRP94, the WT 
or MUT sequence of GRP94 inserted into a 
luciferase-reporter plasmid was co-transfected 
with pre-miR-Con, pre-miR-150, anti-miR-Con 
or anti-miR-150. Then, a luciferase reporter 
assay was performed. The results demonstrat-
ed that transfection with miR-150 mimics 
significantly decreased the luciferase activity 
(Figure 4B). MiR-150 inhibitors dramatical-
ly increased the luciferase activity in cells 
transfected plasmids containing the WT 3’-
UTR of GRP94; these effects were not ob-
served in cells transfected with the MUT 
3’-UTR of GRP94 (Figures 4B and 4D). In 
addition, the mRNA and protein expression 
levels of GRP94 were significantly suppressed 
in miR-150 mimics-transfected chondrocytes 
(Figure 4C). Conversely, the mRNA and pro-
tein expression levels of GRP94 were signifi-
cantly upregulated in chondrocytes following 
transfection with miR-150 inhibitors (Figure 
4E). Collectively, these results indicated that 
GRP94 is a direct target gene of miR-150. 

Overexpression of GRP94 Inhibits 
the Protective Effects of MiR-150 
on Mechanical Stress-Induced 
Chondrocyte Apoptosis

The role of GRP94 in miR-150-mediated pro-
tection against mechanical stress-induced chon-
drocyte apoptosis was investigated. MiR-150 
mimics and vector-GRP94 were co-transfected 
into chondrocytes under the conditions of cyclic 
loading. The results revealed that overexpressed 
GRP94 suppressed the protective effects of miR-
150 mimics on mechanical stress-induced chon-
drocyte apoptosis (Figures 5A and 5B). These 
results indicated that miR-150 may serve a pro-
tective role in mechanical stress-induced chon-
drocyte apoptosis, at least partially, via the sup-
pression of GRP94. 

Discussion

Mechanical loading as an important patho-
genic factor contributes to arthralgia, arthrocele, 
articular cartilage deterioration, and chondro-
cyte death11,22; however, the molecular mecha-
nisms underlying these pathological processes 
require further investigation. Emerging evidence 
has suggested that certain miRNAs, including 
miR-92, miR-153, miR-223 miR-374a, and miR-
568, are expressed in response to mechanical 
stress-induced dysfunction in a variety of organs 
and cell types23-25. A comprehensive analysis of 
miRNA expression profiles has demonstrated a 
significant increase in the expression of miR-9-
5p, miR-138-5p, miR-146a-5p, and miR-335-5p in 
the cartilage of patients with OA26. The functional 
analysis of miRNAs has revealed that miR-146a 
and miR-365 are induced by mechanical loading, 
and have deleterious effects on articular cartilage 
and chondrocytes5,6. In the present study, it was 
reported that the expression of miR-150 was in-
hibited by cyclic loading in chondrocytes, while 
overexpression of miR-150 protected against cy-
clic loading-induced chondrocyte apoptosis in 
vitro. Further investigation suggested that miR-
150, as a post-transcriptional regulator, targeted 
the expression of GRP94 suppressed by cyclic 
loading-induced ER dysfunction in chondrocytes.

MiR-150 has been frequently reported in var-
ious types of malignancy, and the majority of 
studies have indicated that miR-150 serves a ben-
eficial role in inhibiting the growth of tumors27,28. 
In addition, miR-150 is a potential regulator in 
pathogenic infection and autoimmune diseases, 
including rheumatoid arthritis, ankylosing spon-
dylitis, and systemic sclerosis29,30. MiR-150 is 
differentially expressed in chondrocytes during 
different stages of maturation, which suggests 
that miR-150 serves a crucial role in the develop-
ment of cartilage and bone31. In the present study, 
the expression of miR-150 was downregulated 
in chondrocytes under conditions of mechanical 
stress and may serve a key role in chondrocyte 
apoptosis via the regulatory mechanism of nega-
tive feedback of GRP94 expression.

Additionally, miR-150 was proposed to direct-
ly target the 3’-UTR of GRP94 to inhibit mechan-
ical stress-induced chondrocyte apoptosis, which 
is a classical post-transcriptional mechanism and 
is associated with ERS-mediated apoptosis in 
chondrocytes. ERS has been reported to serve 
an important role in mechanical stress-induced 
apoptosis32. In addition, mechanical stress induc-
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Figure 4. GRP94 is a direct target of miR-150. A, Putative miR-150 binding sites in the 3’-UTR of GRP94 were predicted 
using miRanda. B, D, Chondrocytes were co-transfected with plasmids containing the WT or MUT 3’-UTR of GRP94, 
and pre-miR-Con, pre-miR-150, anti-miR-Con or anti-miR-150; a luciferase activity assay was performed after 48 h post-
transfection. C, E, Following transfection with pre-miR-Con, pre-miR-150, anti-miR-Con and anti-miR-150, the mRNA and 
protein expression levels of GRP94 in chondrocytes were measured by reverse transcription-quantitative polymerase chain 
reaction, and Western blotting, respectively; (F) cell apoptosis was measured by flow cytometry. * p <0.05. n=3 in each group. 
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es the apoptosis of chondrocytes via the hyper-
activation of ERS, including the upregulation of 
GRP78, GRP94, and caspase 12 expression, in vi-
tro and in vivo11. This is consistent with the find-
ings of our research in which mechanical stress or 
ERS activation increased the mRNA and protein 
expression of GRP94 in chondrocytes, while ERS 
antagonism reduced the expression of GRP94 
induced by mechanical stress or ERS activation. 
Furthermore, the induction of apoptosis was ac-
companied with the upregulation of GRP94, sug-
gesting that mechanical stress-induced apoptosis 
may be modulated by the hyperactivation of ERS. 
Additionally, our data revealed that miR-150 may 
serve as an endogenous inhibitor to suppress 
the expression of GRP94 and protect chondro-
cytes from mechanical stress-induced apoptosis. 
These results also suggested that miR-150 may 
be inhibited by mechanical stress-enhanced ERS. 
Heindryckx et al33 indicated that ERS-induced 
fibrotic diseases via the upregulation of RNase 

activity suppresses miR-150 expression, which 
shows that increased levels of miR-150 may serve 
a protective role in the dysfunction of ERS-in-
duced organs or cells.

The present study demonstrated a critical 
role of miR-150 in mechanical stress-induced 
chondrocyte apoptosis, which may be due to 
the regulation of GRP94 expression; miRNAs 
have been reported to regulate numerous mR-
NAs in a variety of pathologic conditions. For 
example, miR-150 inhibits the progression of 
neuropathic pain by targeting zinc finger E-box 
binding homeobox 134. MiR-150 as a post-tran-
scriptional regulator of perforin-1, regulates 
the cytotoxicity of natural killer cells35. To the 
best of our knowledge, the present investiga-
tion is the first to report GRP94 as a direct 
target of miR-150 in mechanical stress-induced 
chondrocyte apoptosis. Other genes may be 
regulated by miR-150 in this process; however, 
further research is required.

Figure 5. Overexpression of GRP94 neutralizes the protective effect of miR-150 in chondrocytes. Following transfection 
of pre-miR-150, or pre-miR-150 and vector-GRP94 in mechanical stress-treated chondrocytes, cell apoptosis was analyzed 
by flow cytometry (A, B,) * p <0.05 vs. control group; # p <0.05 vs. Load + pre-miR-150 + vector-Con group. n=3 in each 
group. Con, control; GRP94, glucose-regulated protein 94; miR, microRNA; MUT, mutant; UTR, untranslated region; WT, 
wild-type.
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Conclusions

Collectively, these findings suggested that 
miR-150, as a post-transcriptional regulator of 
GRP94, inhibits the mechanical stress-induced 
apoptosis of chondrocytes. Thus, miR-150 and 
GRP94 may serve as potential therapeutic targets 
for the treatment of OA.
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