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axis
Guang Chen

, Tao Liu, Bofan Yu, Bingyi Wang, and Qiang Peng

Department of Orthopedics, Henan Provincial People’s Hospital, People’s Hospital of Zhengzhou University, Zhengzhou, China

ABSTRACT

Osteoarthritis (OA) is a very common chronic and degenerative joint disease characterized by
persistent destruction of articular cartilage. Recently, increasing evidence showed that circular
RNAs (circRNAs) play critical roles in OA progression. However, the functions of circRNAs in OA
and their underlying mechanisms of action remain unclear. In the present study, the expression
levels of circRNA-UBE2G1 and HIF-1a were significantly increased in OA tissues, whereas miR-373
expression was downregulated. Function assays showed that circRNA-UBE2G1 inhibition reduced
the effects of LPS on C28/12 cells viability and apoptosis. In terms of mechanism, we revealed that
circRNA-UBE2G1 binds to miR-373 as competing endogenous RNAs (ceRNAs). HIF-1a might act as
a target of miR-373. Moreover, miR-373 suppression or HIF-1a overexpression restored the effects
of circRNA-UBE2G1 downregulation on LPS-induced chondrocytes injury. Collectively, our data
suggest that circRNA-UBE2G1 facilitates the progression in the LPS-induced OA cell model via
regulating the miR-373/HIF-1a axis.
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Introduction

Osteoarthritis (OA) is a chronic degenerative
disease of the articular cartilage, characterized
by synovitis and osteophyte formation at the
joint edges [1,2]. Currently, drug treatment can
only relieve the clinical symptoms of OA, and
surgery is still the only treatment [3,4].
Abnormal metabolism of chondrocytes is the
main factor leading to articular cartilage degen-
eration [5]. Therefore, it is of critical signifi-
cance to explore the molecular mechanism of
chondrocyte proliferation for OA treatment.
Circular RNAs (circRNAs) are a novel type
of ncRNAs derived from exons, introns, or
intergenic regions that have a covalently closed
continuous loop, display cell or tissue specific
expression, and are conserved across species
due to resistance to RNase R [6,7]. Recently,
increasing evidence has shown that circRNAs
play key regulatory roles in diverse cellular
processes, such as cell proliferation, apoptosis,
differentiation, and invasion [8,9]. For example,

Ge et al. found that circMTO1 reduced color-
ectal cancer cell proliferation and invasion
through the Wnt/beta-catenin axis [10]. Wei
et al. established that circLMO7 regulated myo-
blasts differentiation and survival by sponging
miR-378a-3p [11]. Xu et al suggested that
hsa_circ_0081143 promoted cisplatin resistance
in gastric cancer by targeting miR-646/CDK6
axis [12]. However, the roles and underlying
mechanisms of circRNA remain largely
unknown.

In the present study, we found that the expres-
sion levels of circRNA-UBE2G1 and HIF-1a in OA
tissues were upregulated, whereas miR-373 expres-
sion was downregulated. Subsequently, our func-
tion experiments showed that circRNA-UBE2G1
facilitated the cell proliferation and apoptosis in
LPS-induced chondrocyte cells through regulating
the miR-373/HIF-1a axis. These findings suggest
that circRNA-UBE2G1 might be
a promising therapeutic target for OA treatment.
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Materials and methods
Clinical specimens

This study was performed with the approval of the
Ethics Committee of the Henan Provincial
People’s Hospital (Zhengzhou, Henan Province,
China). A number of 53 patients diagnosed with
OA and undergoing total knee arthroplasty were
identified, along with 13 healthy tissue donors who
were deceased or had suffered a trauma. After
preoperative signing of informed consent by all
patients, OA and normal tissues were acquired
and immediately saved at —80°C until use.

Cell culture and transfections

A human normal chondrocyte C28/12 cell line was
purchased from the Cell Bank of the Chinese
Academy of Science (Shanghai, China). The C28/
12 cells were incubated in RPMI-1640 containing
10% FBS at 37°C with 5% CO,

Small interfering RNA (siRNA) targeting
circRNA-UBE2G1 (si-circRNA), miR-373 mimics,
HIF-1a overexpression vector (HIF-1a), and nega-
tive controls were bought from GenePharma
(Shanghai, China). All plasmids were transfected
into cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA).

Quantitative real-time reverse transcription PCR
(qQRT-PCR)

Total RNA was purified from the tissue and cells
by TRIzol reagents (Invitrogen). Then, RNA was
retrieved into cDNA by the PrimeScript RT
reagent kit (Takara, Dalian, China) as a template
of the following amplification experiment by using
the SYBR Premix ExTaqll kit (Takara).
Amplification conditions: 95°C for 10 min (45
cycles), 95°C for 15 s, 60°C for 20 s, and 72°C
for 20 s. GAPDH was used as an internal reference
of circRNA-UBE2G1 and mRNA and U6 as an
internal reference of miRNAs. The gene expres-
sion levels were calculated by the 2 “**“T method.

Cell proliferation assay

Cell proliferation was detected by CCK-8 assay. In
brief, 2 x 10> cells were seeded into a 96-well plate
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and cultured for different time. Subsequently,
CCK-8 solution (Dojindo, Japan) was added to
each well, followed by incubation at 37°C for
another 2 h. The absorbance was measured at
a wavelength of 450 nm using a microplate reader
(Bio-Rad, Benicia, CA, USA).

Alternatively, cell proliferation was assessed
using 5-ethynyl-2'-deoxyuridine (EdU) assay
(Beyotime, Shanghai, China). In brief, cells were
treated with EAU (50 uM) for 2 h and fixed in 4%
formaldehyde for 15 min. After rinsing with PBS,
cells were permeated 143 with P0097 solution,
stained with Hoechst 33,342, and visualized by
fluorescence microscopy.

Cell apoptosis assay

Cell apoptosis was analyzed using a FITC Annexin
V apoptosis detection kit (BD Biosciences,
Franklin, NJ, USA). Cells (1 x 10°) were collected
and incubated with Annexin V-FITC and PI for
15 min at 4°C. Then, the cells were washed by
precooled PBS three times and suspended in buffer
for the next analysis. The Caliber system
(Beckman) was utilized to detect the percentage
of apoptosis.

Luciferase reporter assay

Fragment sequences of circRNA-UBE2G1 and HIF-
la 3'UTR containing the wide-type or mutant-type
miR-373 binding sites were cloned into the pGL3-
Basic luciferase vector (Promega, Madison, WI,
USA) to generate circRNA-UBE2G1-WT, circRNA-
UBE2G1-Mut, HIF-1a-WT, and HIF-la-Mut.
Further, the luciferase vectors were transfected into
cells along with miR-373 mimics or miR-NC. The
relative luciferase activity was assessed 48 h after the
transfection using the dual-luciferase assay system
(Promega) [13].

RIP assay

Magna RIP kit (Millipore) was used to perform the
RIP assay, with specific steps in strict accordance
with the instructions of the kit and of previous
studies [14,15].
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Western blot

Cells were harvested and extracted using lysis buf-
fer. Protein concentration was then determined by
the BCA method. Protein (50 ug) was separated by
10% of SDS-PAGE gels, which were transferred to
the PVDF membranes. The membranes were
blocked in 5% milk for 1 h and then incubated
with primary antibodies overnight at 4°C. Next,
the membranes were washed with TBST three
times and incubated with secondary antibody at
room temperature for 1 h. Finally, an enhanced
chemiluminescence solution (Pierce; Thermo
Fisher Scientific) was used for protein signal
detection.

Statistical analysis

Data are expressed as mean + standard deviation
(SD). Statistical analysis was performed by SPSS
version 21.0 (Chicago, IL, USA). Student’s t-test
and one-way ANOVA analyzes were employed. P
< 0.05 was considered statistically significant.

Results

CircRNA-UBE2G1 and HIF-la expression was
upregulated in OA tissues, whereas miR-373 expres-
sion was downregulated

The microarray data of a previous study showed
that lots ofmore circRNAs were upregulated in OA
tissues than in normal tissues [16]. To explore the
roles of circRNAs in OA, we determined the five
most upregulated circRNAs expression in OA tis-
sues, of which hsa _circ_0008956 was chosen for
a further study (Figure 1(a-e)). Hsa_circ_0008956
(CircRNA-UBE2G]1) is spliced from the UBE2G1
gene and has an ultimate length of 396 nt
(Figure S1).

Next, we explored circRNA-UBE2G1 expres-
sion in 13 healthy tissue donors and 53 OA
patients. QRT-PCR showed that the expression
levels of circRNA-UBE2G1 and HIF-1a were sig-
nificantly more increased in OA tissues than in
normal tissues (Figure 2(a,c)). Conversely,
miR-373 expression was decreased in OA tissues
(Figure 2(b)). Subsequently, modified Mankin

grading was used to evaluate OA severity.
Correlation analysis revealed that high circRNA-
UBE2GI1 and HIF-1la expression was positively
associated with modified Mankin scores in OA
patients (Figure 2(d,f)), whereas miR-373 expres-
sion was negatively associated with modified
Mankin scores (Figure 2(e)).

CircRNA-UBE2G1 regulates LPS-induced
chondrocytes injury

To determine the biological functions of circRNA-
UBE2G1 in OA, we used LPS-treated C28/12 cells
as a cellular model of OA [17,18]. QRT-PCR data
showed that circRNA-UBE2G1 expression was
considerably higher in C28/I2 cells treated with
LPS in a concentration-dependent manner; 5 ug/
mL LPS was chosen for the following studies
(Figure 3(a)). Next, we transfected si-circRNA
into C28/12 cells and determined the transfection
efficiency by qRT-PCR (Figure 3(b,c)). CCK-8 and
EdU assays showed that LPS significantly reduced
C28/12 cells viability, while circRNA-UBE2G1 sup-
pression abolished the effects (Figure 3(d-f)). Cell
apoptosis assay revealed that LPS significantly
increased C28/I2 cells apoptosis, while circRNA-
UBE2G1 inhibition reversed the effects (Figure 3
(gh)). Moreover, we explored the roles of
circRNA-UBE2G1 on pro-inflammatory cytokines
levels. Using ELISA assay, we established that
circRNA-UBE2G1 inhibition significantly reduced
the expression of pro-inflammatory cytokines (IL-
1B, IL-6, and TNF-a) in C28/12 cells treated with
LPS (Figure 4(a-c)).

MiR-373 is a target of circRNA-UBE2G1

To further uncover the mechanisms of action of
circRNA-UBE2G1 in OA, we initially explored
the localization of circRNA-UBE2G1 in C28/12
cells. Subcellular fractionation assay showed
circRNA-UBE2G1 was mostly distributed in the
cytoplasm in C28/12 cells (Figure 5(a)). The
results implied that circRNA-UBE2G1 might
function as a competing endogenous RNA
(ceRNA) in OA. Next, through the bioinfor-
matics prediction, miR-373 was discovered to
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Figure 1. Expression of the five most upregulated circRNAs in OA tissues. (a) Relative hsa_circ_0007457 expression in OA tissues; (b)
Relative hsa_circ_0008956 expression in OA tissues; (c) Relative hsa_circ_0003800 expression in OA tissues; (d) Relative hsa_-
circ_0002635 expression in OA tissues; (e) Relative hsa_circ_0010024 expression in OA tissues. *P < 0.05.

harbor a binding site for circRNA-UBE2G1
(Figure S2A-S2B and Figure 5(b)). Luciferase
reporter assay showed that miR-373 mimics
reduced the relative luciferase activity of
circRNA-WT group (Figure 5(C)). Additionally,
RIP assay revealed that circRNA-UBE2G1 and
miR-373 were preferentially enriched in the
Ago2 pellet (Figure 5(d)). QRT-PCR detected
markedly increased si-circRNA miR-373 expres-
sion in C28/I12 cells (Figure 5(e)). Next, our
correlation analysis showed that the expression
of circRNA-UBE2G1 was negatively associated
with miR-373 expression in OA tissues (Figure

5(F)). Moreover, by qRT-PCR, we found that si-
circRNA increased miR-373 expression in LPS-
treated C28/I2 cells, which was restored by
miR-373 inhibitors (Figure 5(g)).

MiR-373is targeted by HIF-1a

Next, we explored the potential targets of miR-373
via bioinformatics analysis. Our results indicated
that miR-373 might be targeted by HIF-1a (Figure
6(a,b)). Luciferase reporter assay results showed
that miR-373 mimics significantly suppressed the
luciferase activity of HIF-1a-WT group (Figure 6
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Figure 2. Expression of circRNA-UBE2G1, miR-373, and HIF-1a in OA. (a—c) Relative circRNA-UBE2G1, miR-373, and HIF-1a expression
in OA tissues and normal tissues; (d, f) CircRNA-UBE2G1 and HIF-1a expression were positively associated with high modified Mankin
scores; (e) MiR-373 expression was negatively associated with modified Mankin scores. *P < 0.05.

(c)). Subsequently, qRT-PCR and Western blot
assays revealed that miR-373 mimics significantly
reduced HIF-la expression in C28/12 cells,
whereas miR-373 inhibitors increased HIF-1a
expression (Figure 6(d,e)). Moreover, correlation
analysis detected a negative association between
the expression of miR-373 and HIF-1a expression
in OA tissues (Figure 6(f)).

CircRNA-UBE2G1 regulates LPS-induced
chondrocytes injury by the miR-373/HIF-1a axis

To further confirm the circRNA-UBE2G1/miR-373/
HIF-1a axis in OA, we determined HIF-1a expres-
sion in C28/I2 cells transfected with si-circRNA.
QRT-PCR showed that si-circRNA reduced HIF-1a
expression in LPS-treated C28/I2 cells, whereas
miR-373 suppression (or HIF-la overexpression)
reversed these effects (Figure 7(a)). Correlation ana-
lysis revealed the presence of positive correlation
between circRNA-UBE2G1 expression and HIF-1a
expression in OA tissues (Figure 7(b)). Additionally,
using CCK-8 assay, we established that the effects of
si-circRNA on LPS-treated C28/I2 cells viability

were mitigated by miR-373 inhibitors (or HIF-1la
overexpression) (Figure 7(c)). Moreover, si-
circRNA reduced the expression of IL-1p, IL-6, and
TNF-a in LPS-treated C28/I2 cells, which was abol-
ished by miR-373 inhibitors (or HIF-1a overexpres-
sion) (Figure 7(d-f)).

Discussion

OA is a joint disease commonly occurring in mid-
dle-aged and elderly people, often accompanied by
joint pain and bone hyperplasia as the main patho-
logical manifestation [19,20]. Recently, increasing
evidence has been accumulated that circRNAs are
involved in OA progression. For example, Li et al.
revealed that hsa_circ_0045714 regulated chon-
drocyte proliferation, apoptosis, and extracellular
matrix synthesis through the miR-193b/IGF1 R
axis [21]. In addition, Shen et al. found that
circSERPINE2 protected against OA by targeting
miR-1271 and an ETS-related gene [22]. However,
the roles and underlying mechanisms of action of
circRNA in OA remain unelucidated.
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Figure 3. Effects of circRNA-UBE2G1 on LPS-treated C28/12 cells. (a) LPS increased circRNA-UBE2G1 expression in C28/12 cells; (b, c)
Transfection effects of si-circRNA in LPS-treated C28/12 cells; (d—f) CircRNA-UBE2G1 suppression abolished the effects of LPS on C28/
12 cells viability; (g, h) CircRNA-UBE2G1 suppression reversed the effects of LPS on C28/12 cells apoptosis. *P < 0.05.
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inhibition reduced IL-1B, IL-6, and TNF-a expression in LPS-treated C28/12 cells. * P < 0.05.
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In the present study, we identified circRNA-
UBE2G1 as a key upregulated circRNA involved
in OA and associated with high modified
Mankin scores. Subsequently, we explored the
roles of circRNA-UBE2G1 in a cellular model
of OA. QRT-PCR showed that LPS increased
circRNA-UBE2G1 expression in C28/12 cells.
Loss-of-function assays revealed that circRNA-
UBE2G1 suppression increased the viability of
LPS-treated C28/12 cells and reduced their cell
apoptosis. In addition, using ELISA assay, we
established that circRNA-UBE2G1 inhibition
significantly reduced the expression of pro-
inflammatory cytokines (IL-1f, IL-6, and TNF-
a) in LPS-treated C28/12 cells. Thus, these data
suggested that circRNA-UBE2G1 might play
critical roles in LPS-induced chondrocytes
injury.

A growing number of recent studies have
shown that circRNA binds to miRNA as
a ceRNA, thus inhibiting the binding of miRNA
to target gene mRNA and acting as a sponge of
miRNA [23,24]. In this investigation, we revealed
that circRNA-UBE2G1 has a binding site of mR-
373. Subsequently, the interaction between
circRNA-UBE2G1 and miR-373 was confirmed
by luciferase reporter and RIP assays.
Correlation analysis established a negative asso-
ciation between circRNA-UBE2G1 expression
and miR-373 expression in OA tissues.
Interestingly, rescue experiments showed that
miR-373 suppression reversed the effects (cell
proliferation and pro-inflammatory cytokines)
of si-circRNA in LPS-treated C28/12 cells. These
findings suggest that circRNA-UBE2G1 might
act as a sponge of miR-373 in OA.
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To further explore the mechanism underlying
circRNA-UBE2G1/miR-373 axis, we identified
HIF-1a as a potential target of miR-373. Besides,
we demonstrated that circRNA-UBE2G1 regulated
HIF-1a expression through miR-373 sponging.
Previous studies reported that HIF-la served as
an important regular in OA. For example, Yudoh
et al and Pfander et al showed that HIF-1a was
associated with the progression of articular carti-
lage degeneration in OA [25,26]. Additionally,
Zhang et al. found that increased HIF-1la expres-
sion in knee OA aggravated synovial fibrosis via
fibroblast-like synoviocyte pyroptosis [27]. In the

present study, we established that HIF-la was
overexpressed in OA tissues and HIF-1a, which
attenuated the effects of si-circRNA on LPS-trea-
ted C28/12 cells proliferation. Based on these
results, we suggest that circRNA-UBE2G1 med-
iates OA progression via regulating the miR-373/
HIF-1a axis.

In conclusion, our study for the first time
demonstrated the role of circRNA-UBE2G1 in
OA. We showed that circRNA-UBE2G1 regulated
the injury of LPS-treated chondrocytes through
the miR-373/HIF-1a axis, which provides
a potential target for OA treatment.
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Highlight

(1) circRNA-UBE2G1 was upregulated in OA.
(2) circRNA-UBE2GI1 inhibition reduced the
effects of LPS on C28/12 cells viability.

(3) circRNA-UBE2G1/miR-373/HIF-1a axis in

OA.
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