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Abstract
Background/Aims: There have been many studies on the etiology of osteoarthritis (OA) with 
regard to the function of inflammatory cytokines, the process of cartilage degradation, the 
function of miR-146a, hypoxia stimulation and autophagy in OA chondrocytes, but there have 
been no reports on the relationship between miR-146a and autophagy in cartilage, especially 
under hypoxia. This study aimed to confirm the relationship of miR-146a and autophagy in 
cartilage under hypoxia. Methods: Chondrocytes were treated by hypoxia gradients, and the 
main factors including HIF-1α, HIF-2α, miR-146a and Bcl-2 and autophagy markers ULK-
1, ATG-5 were detected by quantitative PCR (Q-PCR) and western blotting. The autophagy 
marker LC-3 was detected by immunofluorescence. The reciprocal effects between miR-146a 
and Bcl-2 were confirmed by several combinations of shRNAs and adenovirus-gene systems 
followed by Q-PCR and western blot detection. Results: Hypoxia maintained the chondrocytes 
phenotype and promoted autophagy and miR-146a expression via HIF-1α, but not HIF-2α, 
while miR-146a did not reversely affect HIF-1α. The autophagy induced by hypoxia through 
HIF-1α, miR-146a and Bcl-2. Simply, hypoxia induced HIF-1α, and HIF-1α increased miR-146a, 
but miR-146a suppressed Bcl-2, an autophagy inhibitor. While Bcl-2 affected neither HIF-1α 
nor miR-146a. The absence of both HIF-1α and miR-146a or Bcl-2 over-expression inhibited 
hypoxia-induced autophagy. Conclusion: HIF-1α, miR-146a and Bcl-2 play crucial roles 
during hypoxia-induced autophagy, Hypoxia, HIF-1α and miR-146a promote chondrocytes 
autophagy via depressing Bcl-2. We conclude that miR-146a may serve as a novel therapeutic 
target for protecting cartilage from degeneration in OA.

F. Zhang, J. Wang and J. Chu contributed equally to this work.
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Introduction

Osteoarthritis (OA) is the most common chronic degenerative disorder of the joint and 
is a rheumatic disease that affects the majority of individuals over the age of 65 [1]. It is 
characterized by articular cartilage degeneration, limited intra-articular inflammation such 
as synovitis, calcification of the subchondral bone and changes in the peri-articular tissue. 
The etiology of OA is very complex and poorly elucidated. Its pathogenesis includes genetic 
factors, aging of the cartilage, changes in the cartilage matrix structure, obesity, trauma and 
mechanical factors [2, 3]. 

The disruption of cartilage homeostasis and the initiation of the catabolic pathway 
are the most important hallmarks of OA. Articular cartilage mainly exists in a low-oxygen 
environment due to the existence of an air-poof joint capsule, so chondrocytes are adapted 
to this hypoxic condition. It has been reported that hypoxia triggers essential positive 
signals for the chondrocytes phenotype and that hypoxia-inducible factor HIF-1α plays a 
crucial role during this process. HIF-1α is mainly localized in the early differentiation stage 
chondrocytes and is up-regulated in dedifferentiated chondrocytes. HIF-1α shows a capacity 
for inducing chondrogenesis in the setting of cartilage engineering. HIF-1α effectively 
induced the chondrocyte phenotype of human bone marrow cells without exogenous 
growth factors [4]. In the hypoxia growth plate, HIF-1α maintains chondrocytes function as 
professional secretory cells by regulating collagen production [5]. HIF-1α not only inhibits 
the expression of COL1A1, COL1A2 and COL3A1 [6] but also simultaneously induces the 
expression of SOX9, COL2A1 and aggrecan [7]. HIF-1α inhibits cell proliferation [8] and 
is a survival factor for hypoxic chondrocytes [9]. HIF-1α also plays an important role in 
extracellular matrix synthesis by maintaining anaerobic glycolysis [10]. It was also shown 
that HIF-1α serves to regulate both apoptosis and autophagy by modulating the autophagic 
proteins and caspase-8 [11]. In addition, the HIF-1α-dependent AMPK activation and mTOR 
suppression are key factors for chondrocytes autophagy during the micro-environmental 
changes experienced by the chondrocytes [12]. 

Autophagy is defined as an ordered cell response to various types of stress, whereby 
macromolecules and cellular organelles are engulfed and recycled to sustain cellular 
metabolism [13]. Autophagy has been shown to be important for lifespan extension in 
various organisms, and the longevity pathways significantly regulate numerous autophagy 
related proteins [14]. The reported diseases in which autophagy has a preventative, 
ameliorative or even rescue function include infections, cancer, neurodegeneration, aging, 
and heart disease [15]. Autophagy also exists in normal adult articular cartilage to maintain 
cellular homeostasis. Therefore, autophagy proteins such as ATG-5 (autophagy-related gene 
5), BECN1 (Beclin 1, autophagy-related), and MAP1LC3 (microtubule-associated protein 
1 light chain 3) are expressed in the superficial zone of the articular cartilage, and few 
chondrocytes in the deep cartilage zone express MAP1LC3 [16]. Autophagy significantly 
decreases during the aging process in mouse and human knee articular cartilage, as shown 
by the down-regulation of BECN1, MAP1LC3 and ULK-1 (unc-51-like autophagy activating 
kinase 1), and this phenomenon is accompanied by increased apoptosis [17]. Noticeably, a 
time-dependent reduction in autophagy was reported in a rapidly progressing experimental 
mouse model of OA [16]. Furthermore, cell death was increased in both surgically and 
mechanically injured OA, suggesting that autophagy may contribute to survival mechanisms 
[18]. Increased autophagy is believed reflect an adaptive stress response to the development 
of OA, and moreover, the failure of autophagy may lead to further cartilage degeneration.

Autophagy is regulated by many factors through different signaling pathways, including 
HIF-1, AMPK, mTOR, PI3K [19], and Beclin 1 [20]. Epigenetic control of autophagy is also 
the subject of attention in many fields. Histone acetylation activation and negative feedback 
[21], DNA methylation [22], and microRNAs (miRs) [23] have been reported to participate 
in epigenetic regulation. Most of these epigenetic regulation mechanisms occur through 
the reported factors or pathways, such as HDAC through P53 [24], FoxO3 [25], and ATG7 
[26]; DNA methylation through mTOR and ATG1 [27]; miR-30A through beclin-1 [28]; miR-
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101 through RAB5A, ATG4D, and STMN1 [29]; and miR-503 through p53 [30]. In particular, 
research on the relationship between miRs and autophagy has wildly and rapidly expanded 
in a relatively short time (less than 20 years from the discovery and definition of miRs). More 
than 50 miRs have been found to regulate autophagy through various target genes, and these 
studies suggest a close relationship between miRs and autophagy. 

A miR is a small non-coding RNA molecule (containing approximately 22 nucleotides) 
found in plants, animals, and some viruses, which functions in RNA silencing and the post-
transcriptional regulation of gene expression [31]. The miRs have been shown in various 
research fields to have a crucial regulatory role [31-33], and unsurprisingly, several miRs 
are involved in hypoxia regulation [34]. HIF-1α, as a crucial molecule in the hypoxic micro-
environment, is an important link between miRs and hypoxia. More interestingly, the effect 
between miRs and HIF-1α is reciprocal: some miRs regulate HIF-1α expression [34], while 
HIF-1α affects the levels of other miRs [35].

Thus, there are complex relationships among hypoxia, HIF-1α, miRs, autophagy and 
OA, or simply a three-way relationship among HIF-1α, miRs, and autophagy, because the 
connections between hypoxia and HIF [36], autophagy and OA [37], HIF-1α and OA [5] are 
quite clear, as shown by many studies. However, each two of the three factors, HIF-1α, miRs, 
and autophagy, may have reciprocal effect to each other.

In the OA and miRs research field, miR-146a has received much attention since 2008, 
but its function in OA pathology is still controversial. Two opposite conclusions exist about 
miR-146a in OA, and each has been supported by multiple studies. However, to the best of 
our knowledge, there have been no reports on miR-146a and autophagy in OA pathology, 
especially under hypoxic conditions. Considering the important functions of hypoxia and 
autophagy in OA, the exploration of the position of miR-146a in the complex network is 
necessary to understand and confirm its function in OA pathology. 

Materials and Methods

Cell culture and oxygen deprivation
Cartilage slices were harvested from the articular cartilage of C57BL/6J mouse hip and knee joints 

and then cut into small pieces. The pieces were subsequently washed with sterile phosphate-buffered 
saline (PBS, pH 7.4) and digested in trypsin-EDTA (0.25% w/v; Invitrogen, Carlsbad, CA) for 10 min and 
collagenase type II (0.02% w/v; Sigma–Aldrich, St. Louis, MO) for 5 h. The isolated cells were seeded into 
10 cm dishes (Corning, Corning, NY) and cultured in 1:1 DMEM/F12 with 10% fetal bovine serum (FBS), 
50 U/ml penicillin, and 50 mg/ml streptomycin. For hypoxic conditions, cells were cultured in a modular 
incubator chamber (Billups-Rothenburg, Del Mar, CA) that had been flushed with a mixture of O2, N2 (the 
ratio was depended by the deigned proposal separately) and 5% CO2 for 24h. Hypoxic conditions within the 
chamber were monitored by the YSI model 55 dissolved oxygen meter (YSI Inc., Yellow Springs, OH). 

Real-time quantitative PCR
Total RNA was extracted from chondrocytes (each experiment contained three repeats per group) 

after the cells were homogenized and lysed by a high-speed homogenizer in TriPure reagent (Roche 
Applied Science, Mannheim, Germany). The concentration and purity of mRNA were detected using a 
Nano-Drop 2000 spectrophotometer (Thermo Fisher Scientific, MA, U.S.). Real-time PCR was performed 
after reverse transcription using a Roche LC 480 real-time PCR system with SYBR® Premix (TaKaRa, Inc., 
Dalian, China). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. Data 
were analyzed by the Ct (2-ΔΔCt) method and are expressed as the fold change compared with GAPDH. 
miR-146a expression was measured using TaqMan miRNA Assays (Applied Biosystems) according to the 
manufacturer’s instructions using a 7300 Real-time PCR thermocycler (Azco Biotech) with respect to U6 
RNA (internal control). The primer sequences are shown in Table 1. Each sample was analyzed in triplicate.

Western Blotting
Cells were lysed on ice for 30 min in lysis buffer containing 50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 

1% Nonidet P-40, and 0.1% SDS supplemented with protease inhibitors (10 m g/ml leupeptin, 10 m g/ml 
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pepstatin A, and 10 m g/ml aprotinin). For western analysis, 15μg of sample was resolved by 12% SDS–
PAGE and electro-transferred onto nitrocellulose membranes (Whatman, Piscataway, NJ). The primary 
antibodies used were anti-ULK-1 (NBP2-24738, Novus Biologicals); anti-ATG-5 (NB110-53818, Novus 
Biologicals); anti-Bcl-2 (2876S, Cell Signaling Technology); LC3 (SAB1306673, Sigma-Aldrich); Beclin-1 
(ab55878, Abcam) at a dilution of 1:500. To normalize protein loading, a GAPDH (2118L, Cell Signaling 
Technology) antibody was used at 1:2,000 dilution. HRP-conjugated secondary antibodies were used at a 
1:2,000 dilution. The antigen-antibody complexes were visualized using an enhanced chemiluminescence 
detection system (Millipore, Billerica, MA) as recommended by the manufacturer. 

Construction of recombinant adenoviruses
Recombinant adenoviruses expressing mouse HIF1α and HIF2α, and short hairpin RNAs of HIF1α 

and HIF2α were prepared as described previously using the pAdEasyTM vector system (Qbiogene, USA). 
Briefly, HIF1α, HIF2α and the LacZ sequence were cloned into pShuttle-CMV (Qbiogene, USA), and the short 
hairpin HIF1α (shHIF1α) sequence 5'-GGAGGACGATGAACATCAAGT-3' and short hairpin HIF2α (shHIF2α) 
5'-GGGACTTACTCAGGTAGAACT-3' were each cloned into reconstituted pShuttle-U6 (Qbiogene, USA) and 
homologously recombined in bacteria BJ5183 with pAdEasy-1. The recombinant plasmids were propagated 
separately in HEK 293 cells.

Indirect immunofluorescence and confocal laser microscopy 
Chondrocytes were grown on glass cover slips and cultured in normoxia or hypoxia situation as 

descripted above. The cells were then fixed with 4% PBS–paraformaldehyde for 15 min and processed 
for immunofluorescence by LC-3 antibody (ab62720, Abcam, Cambridge, MA) at a dilution of 1:300 as 
previously described [38].

Table 1. Real time Polymerase Chain Reaction primers for mouse-specific gene expression analysis.  Abbre-
viations: F, forward primer; R, reverse primer
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Statistical analysis 
Results were expressed as mean ± standard deviation. Statistical analysis was carried out using one-

way ANOVA with Tukey's multiple comparisons test or two-way ANOVA with Sidak's multiple comparisons 
test. P values of less than 0.05, 0.01 or 0.001 was considered statistically significant, very significant or 
extremely significant respectively. 

Results

Hypoxia maintained the chondrocytes phenotype and promoted autophagy and miR-146a 
expression
To explore the chondrocytes’ reaction in hypoxic conditions, primary chondrocytes were 

cultured as monolayers under 21% oxygen tension or gradual hypoxia with 3%, 2%, 1% and 
0.5% O2. The crucial markers for hypoxia effect, HIF-1α and HIF-2α, and crucial markers 
for chondrocytes, SOX9 and Col II, were all upregulated, as detected by Q-PCR (Fig. 1A, 1B, 
1C and 1D, respectively). However, two of the most common cartilage proteinases, MMP-
13 and ADAMTS-5, were significantly down-regulated (Fig. 1E, 1F). Meanwhile, autophagy 
was intensely promoted, as demonstrated by the expression of ULK-1 (most upstream 
autophagy inducer, Fig. 1G) and ATG-5 (an autophagy regulator Fig. 1H). Finally, miR-146a 
was significantly induced by the gradual hypoxia (Fig. 1I). 

Hypoxia induced miR-146a through HIF-1α
To explore the mediator between hypoxia and miR-146a, we tested the effect of HIF-

1α and HIF-1α on miR-146a expression. Similar to the 0.5% hypoxia situation, additional 

Fig. 1. Hypoxia maintained the chondrocyte phenotype and promoted autophagy and miR-146a expression. 
(A, B) Two crucial factors, HIF-1α and HIF-2α, were promoted during hypoxia. (C, D) The cartilage pheno-
type was maintained in the hypoxic environment, as shown by SOX9 and Collagen II expression. (E, F) The 
expression of the principal cartilage proteases MMP-13 and ADAMTS-5 was significantly reduced by hypo-
xia. (G, H) Autophagy was activated in hypoxia, as shown by ULK-1 and ATG-5, two markers of autophagy. 
(I) Hypoxia significantly increased the miR-146a level.* = P < 0.05; ** = P < 0.01; *** = P < 0.001 between 
two groups.
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HIF-1α induced miR-146a in a normal 21% oxygen tension, as detected by Q-PCR (Fig. 2A). 
Notably, siHIF-1α depressed 0.5% hypoxia induced miR-146a (Fig. 2B), and the luciferase 
result confirmed the trend discovered by Q-PCR (Fig. 2C). The potential effect of miR-146a 
on HIF-1α was also detected considering that some miRs and HIF-1α may have a reciprocal 
relationship with each other. Our results showed that miR-146a did not influence HIF-1α 
significantly (Fig. 2D). The same methods were followed to study HIF-2α, but HIF-2α did 
not influence miR-146a (Fig. 2E, 2F, 2G), and no reciprocal effect (Fig. 2H) was observed, 
thereby suggesting no connection between HIF-2α and miR-146a. These results suggested 
that hypoxia up-regulates miR-146a through HIF-1α instead of HIF-2α. 

Hypoxia promotes autophagy via HIF-1α and miR-146a
The autophagy markers ULK-1, ATG-5 and LC-3 were detected under the intervention 

of HIF-1α and miR-146a. Similar to the 0.5% hypoxia situation, additional HIF-1α and miR-
146a induced ULK-1 and ATG-5 expression in a normal 21% oxygen tension, as detected by 
Q-PCR (Fig. 3A, 3B). Notably, siHIF-1α and antagomiR reduced the 0.5% hypoxia-induced 
expression of ULK-1 and ATG-5 (Fig. 3C, 3D). Western blotting results of ULK-1, ATG-5, LC3-I 
and LC3-II (Fig. 3E) and confocal IF data (Fig. 3F) confirmed the trend discovered by Q-PCR 
(Fig. 3E). Together with the data shown in Fig. 2, we primarily speculated that hypoxia 
promoted autophagy by inducing HIF-1α and miR-146a in the proper order. 

Bcl-2, an autophagy mediator, is regulated by HIF-1α and miR-146a 
According to a previous report, Bcl-2 is a possible target of miR-146a during autophagy 

[39], so we explored the function of Bcl-2 during hypoxia-induced autophagy. Bcl-2 expression 
was significantly reduced by 0.5% hypoxia, whereas both additional siHIF-1α and antagomiR 
increased Bcl-2 expression, and similar to the 0.5% hypoxia situation, additional HIF-1α 
and miR-146a reduced Bcl-2 expression in a normal 21% oxygen tension as detected by 
Q-PCR (Fig. 4A). The Q-PCR result was confirmed by the western blotting data and Beclin-1 

Fig. 2. Hypoxia induced miR-146a through HIF-1α. (A) HIF-1α induced miR-146a in normoxic condition in 
a manner similar to that observed during hypoxia (0.5% oxygen). (B) Hypoxia did not induce miR-146a in 
the absence of HIF-1α. (C) The luciferase results confirmed the induction of miR-146a by HIF-1α and the 
crucial mediator role of HIF-1α during hypoxia by inducing miR-146a. (D) miR-146a did not affect the HIF-
1α level. (E-H) No reciprocal effect was found between HIF-2α and miR-146a. * = P < 0.05; ** = P < 0.01; 
*** = P < 0.001 between two groups.
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showed a reverse trend compare with Bcl-2(Fig. 4B). The respective counteractions of Bcl-2 
in normoxia and hypoxia did not affect HIF-1α and miR-146a. 

HIF-1α and miR-146a regulated autophagy through Bcl-2 
Additional Bcl-2 inhibited autophagy in the 0.5% hypoxia situation, whereas down-

regulation of Bcl-2 by siBcl-2 promoted autophagy in the normal 21% oxygen tension, as 
shown by the Q-PCR results for ULK-1 and ATG-5 and the confocal IF data for LC-3 (Fig. 
5A-5C). Furthermore, additional Bcl-2 decreased the autophagy caused by HIF-1α and miR-
146a in normoxia (Fig. 5D-5F), and this phenomenon suggested that Bcl-2 is the downstream 
factor of miR-146a for autophagy regulation. 

Fig. 3. Hypoxia promoted autophagy via HIF-1α and miR-146a. (A, B) Both additional HIF-1α and miR-146a 
led to autophagy in normoxic conditions. (C, D) The hypoxia-induced autophagy disappeared in the absence 
of HIF-1α and miR-146a. (E, F) Western blotting results and confocal IF data each separately confirmed the 
autophagy trend discovered by Q-PCR.* = P < 0.05; ** = P < 0.01; *** = P < 0.001 between two groups.
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Discussion

The function of miR-146a in arthritis (both osteoarthritis and rheumatoid arthritis) 
pathology is still controversial despite having been studied for 6 years. Tomoyuki Nakasa 
et al. discovered that miR-146 is expressed in rheumatoid arthritis (RA) in 2008 and is 
induced by TNFα and IL-1β [40]. These results were confirmed by Kaleb Pauley et al. the 
same year. They reported between 1.8-fold and 2.6-fold increases in miR-146a, miR-155, 
miR-132 and miR-16 expression in RA and suggested a possible mechanism contributing 
to RA pathogenesis whereby miR-146a expression is increased but unable to properly 
function, leading to prolonged TNFα production in patients with RA [41]. However, the 
function of miR-146a in arthritis still needed further exploration. Jing Li et al. and Jin Lei et 
al. each demonstrated the function of miR-146a in OA, and their results are quite similar to 
each other. Briefly, IL-1β induced miR-146a over-expression in an experimental OA model, 
accompanied by up-regulation of VEGF and down-regulation of Smad4 in vivo. miR-146a 
may be involved in the pathogenesis of OA by promoting VEGF expression and impairing 
the TGF-β signaling pathway through targeted inhibition of Smad4 in cartilage [42]. MiR-
146a was over-expressed in the chondrocytes model of experimentally induced human 
mechanical injury, accompanied by the up-regulation of VEGF and the down-regulation 
of Smad4 in vitro. miR-146a is involved in human chondrocytes apoptosis in response to 

Fig. 4. Bcl-2 was regulated by HIF-1α and miR-146a. (A, B) Bcl-2 expression was significantly reduced by hy-
poxia, whereas the absence of both HIF-1α and miR-146a rescued Bcl-2 expression. Additional HIF-1α and 
miR-146a in normoxic conditions decreased Bcl-2 expression significantly. Beclin-1 showed a reverse trend 
compare with Bcl-2. (C, D) Bcl-2 did not regulate HIF-1α or miR-146a, as shown by the respective counter-
actions of Bcl-2 in normoxia and hypoxia.* = P < 0.05; ** = P < 0.01; *** = P < 0.001 between two groups.
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mechanical injury and may contribute to the mechanical injury of chondrocytes as well as to 
OA pathogenesis by promoting VEGF expression and impairing the TGF-β signaling pathway 
through inhibiting Smad4 in cartilage [43]. Both of these studies confirmed the participation 
of the VEGF, Smad4 and TGF-β signaling pathway during the miR-146a-mediated OA 
pathology and discovered that Smad4 is the target of miR-146a in this process. However, 

Fig. 5. HIF-1α and miR-146a regulated autophagy through Bcl-2. (A-C) Additional Bcl-2 in hypoxic condi-
tions significantly reduced the hypoxia-induced autophagy. (D-F) The autophagy induced by HIF-1α and 
miR-146a in normoxia was significantly reduced by Bcl-2. (G) Brief flow chart of the ordered molecular 
mechanism discovered by this study. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 between two groups.
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different functions of miR-146a were demonstrated in the immune system versus tumor 
research, which reported that miR-146a inhibits the expression of IRAK1 and TRAF6, impairs 
NF-κB activity and suppresses the expression of NF-κB target genes such as IL-1β, IL-6, IL-8 
and TNF-α [44]. Tomoyuki Nakasa et al. clearly reported that miR-146a expression inhibited 
osteoclastogenesis and that the administration of double-stranded miR-146a prevented 
joint destruction in arthritic mice. This result suggested a negative feedback between miR-
146a and inflammatory factors, considering that miR-146a was up-regulated in the RA 
pathology, and the administration of miR-146a may serve as a novel therapeutic target for 
bone destruction in RA [45]. The negative feedback of miR-146a with inflammatory factors 
was further confirmed in osteoarthritis fibroblast-like synoviocytes [46], osteoarthritis pain 
in knee joints [47], and intervertebral disc [48]. Apparently, there is still a great controversy 
on the role of miR-146a with two opposite conclusions, and one study reported a down-
regulation of miR-146 in OA cartilage, further mystifying the issue [49]. 

Many studies have been conducted on the role of miR-146a in OA pathology, but none 
have studied the molecule during hypoxia and autophagy considering the crucial effect 
of these two factors in the OA process. In this study, we have shown that miR-146a was 
induced during hypoxia by HIF-1α, and miR-146a promoted autophagy by decreasing 
Bcl-2 expression, an autophagy inhibitor. The crucial roles of each factor during hypoxia-
induced autophagy were also confirmed separately. Therefore, according to our results, 
we can primarily speculate that the miR-146a can preserve cartilage from degeneration in 
OA considering the protective function of autophagy to the cartilage during OA pathology. 
This ordered process, shown in Fig. 5G, represents a potential molecular mechanism for the 
connection between hypoxia, miR-146a and autophagy and provides a possible therapeutic 
strategy for OA as the intra-articular injection of synthetic microRNAs as a novel therapeutic 
strategy.

This study is a primary study of the role of miR-146a in hypoxia and autophagy and of 
the detailed molecular mechanism among HIF-1α, miR-146a and Bcl-2, especially the direct 
target. The complicated network involving other factors such as TRAF6, mTOR, and others 
still needs further exploration, and we provide a new angle by which to investigate the role 
of miR-146a in cartilage degeneration during OA. This research area involving hypoxia, miRs 
and autophagy may provide a wealth of knowledge in the future.
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