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Long non-coding RNA ZNFX1 antisense 1 (ZFAS1) suppresses anti-oxidative
stress in chondrocytes during osteoarthritis by sponging microRNA-1323
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ABSTRACT ARTICLE HISTORY
LncRNAs play a regulatory role in osteoarthritis (OA); however, the detailed mechanism remains to Received 22 February 2022
be elucidated. This study aimed to investigate the role of IncRNA zinc finger NFX1-type containing Revised 20 April 2022
1 (ZNFX1) antisense 1 (ZFAS1) in OA progression and explore its possible mechanismsagainst Accepted 2 May 2022
oxidative stress. Human cartilage specimens were obtained from 10 patients without OA who  keywoRrbps
underwent traumatic amputation and 25 patients with OA who underwent total knee replace- OA: oxidative; ZFAST: miR-
ment surgery. Chondrocytes were prepared from harvested articular cartilage. ZFAS1, nuclear 1323; Nrf2

factor erythroid 2-related factor 2 (Nrf2), and heme oxygenase 1 (HO-1) expression levels were

analyzed using quantitative reverse transcription PCR and WB. The chondrocyte growth was

indicated by MTT and colony formation assays. Chondrocyte apoptosis, reactive oxygen species

generation, and anti-oxidative enzymes activities were also measured. ZFAS1 expression was

reduced in OA samples and lipopolysaccharide (LPS)-treated chondrocytes used as an OA cell

model mimic. ZFAST overexpression facilitated proliferation and repressed oxidative stress, inflam-

mation, and apoptosis in LPS-induced chondrocytes. ZFAS1 also activated the anti-oxidative Nrf2-

HO-1 pathway. ZFAS1 directly targeted miR-1323, which partially reversed the effects of ZFAS1 on

chondrocyte proliferation, oxidative stress, inflammation, and apoptosis. Furthermore, Nrf2 was

negatively regulated by miR-1323. The effect of miR-1323 inhibition was partly abrogated by the

administration of brusatol, an Nrf2 inhibitor. Collectively, the results showed that ZFAS1 promoted

chondrocyte proliferation and repressed oxidative stress, possibly by regulating the novel miR-

1323-Nrf2 axis of the inflammation and apoptosis triggered by LPS, indicating that ZFAS1 is

a promising therapeutic target for OA.
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Introduction

Osteoarthritis (OA) is a complicated disease with
an unclear etiology that can negatively influence
various joints and hampers daily life activities. It is
characterized by molecular, biomechanical, bio-
chemical, and morphological alterations in the
extracellular matrix (ECM) and cells. This results
in softening, ulceration, fibrillation, synovial
inflammation, articular cartilage loss, subchondral
bone sclerosis, cysts, and osteophyte formation.
OA is a polygenic and multifactorial disease. Its
pathogenesis is influenced by environmental and
genetic factors related to the activation of molecu-
lar pathways relevant to articular injury develop-
ment [1]. In order to discover novel approaches
for OA prevention and treatment, it is necessary to
further investigate these pathways and their corre-
sponding phenotypes in joint tissues.

Previous studies have demonstrated that OA
development is closely associated with reactive
oxygen species (ROS) and oxidative stress [2,3].
Cellular processes that lead to OA can be initiated
by pro-inflammatory mediators such as cytokines,
ROS, and lipid mediators [4,5]. Oxidative stress is
a disorder in the pro-oxidant/antioxidant balance,
which is conducive to OA [6], indicating that
adding appropriate antioxidants can correct this
disturbance. Redox mechanisms can affect intra-
cellular signaling, and cells appear to be sensitive
to the deletion of the redox control and regulatory
systems [7].

Several studies have shown the essential role of
long non-coding RNAs (IncRNAs), transcripts
over 200 nucleotides in length, in the inflamma-
tory response and their relation to tumors and
other diseases [8-10]. The therapeutic value of
the IncRNA zinc finger NFX1-type containing 1
antisense 1 (ZFAS1) has been shown in many
diseases. ZFAS1 is transcribed from the antisense
strand near the 5’-terminus of the protein-
encoding gene zinc finger NFX1-type containing
1 (ZNFX1) [11]. Low ZFAS1 expression in breast
cancer suggests the tumor suppressor role of this
transcript [11]. However, other studies have
revealed an oncogenic role of ZFAS1 in cancer
progression [12-14]. Apart from its role in neo-
plasia pathogenesis, ZFASI participates in molecu-
lar cascades resulting in a series of disorders, such
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as OA [10,15], epilepsy [16], rheumatoid arthritis
[17,18], and atherosclerosis [19]. MicroRNAs
(miRs) are conservative small RNAs consisting of
20-22 nucleotides, capable of regulating gene
expression in a post-transcriptional manner by
combining with mRNA 3’-UTR, which then leads
to mRNA degradation and translation suppression
[20-22]. Mounting evidence has confirmed that
miRs might impact different biological disorders,
including osteoporosis [23]. miR-1323 has been
associated with various diseases, such as lung can-
cer, breast cancer, adenocarcinoma, hepatocellular
cancer, and diabetes [24-28]. However, the mole-
cular mechanisms of action of ZFAS1 and miR-
1323 in oxidative stress regulation, including the
antioxidant nuclear factor-erythroid 2-related fac-
tor 2 (Nrf2) and response to OA progression,
remained unclear.

In this study, we explored lipopolysaccharide
(LPS) treatment on chondrocytes to mimic an
OA cell model, according to previous reports
[29-31]. We hypothesized that ZFAS1 might play
a role in OA progression. Therefore, we attempted
to verify the function of ZFASI in oxidative
response, inflammation, and apoptosis during
OA development and explore the interaction
between ZFAS1, miR-1323, and Nrf2 using bioin-
formatics analysis and mechanistic experiments.
Our findings revealed that low ZFAS1 expression
alleviates oxidative stress in chondrocytes via reg-
ulation of the miR-1323-Nrf2 axis, thus making it
a promising new therapeutic target for OA.

Material and methods
Patient samples

We obtained human cartilage specimens from 10
patients without OA who underwent traumatic
amputation and 25 patients with OA who under-
went total knee replacement surgery. Using the
American College of Rheumatology criteria, we
diagnosed the OA cases. The samples were
obtained from the Affiliated Wuxi No. 2 People’s
Hospital from the department of Orthopedics of
the Nanjing Medical University. All patients pro-
vided informed consent, and the Ethics Committee
of the Affiliated Wuxi No. 2 People’s Hospital of
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the Nanjing Medical University approved the
study.

Cell culture

Chondrocytes were prepared from harvested
articular cartilage using Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Grand Island,
NY, USA), supplemented with 0.2% collagenase
IT (Solarbio, Beijing, China). The obtained chon-
drocytes were incubated in DMEM with 10% fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA,
USA) for one day at 37°C. After filtering with
a cell strainer (0.075 mm), the chondrocytes were
washed using phosphate-buffered saline (PBS;
Invitrogen), and treated chondrocytes were cul-
tured for another two weeks. Next, cultured chon-
drocytes (experimental materials) were kept damp
with 5% CO, at 37°C. For the LPS stimulation
group, the chondrocytes were treated with
0.5 uM LPS for 24 h. For the brusatol treatment
group, chondrocytes were treated with 1 uM bru-
satol for 48 h.

Transfections

For overexpression of ZFASI1, full-length ZFAS1
sequences were cloned into a pcDNA3.1 vector
(pcDNA, Invitrogen), named pcDNA3.1-ZFASI.
Ribobio (Guangzhou, China) provided the miR-
1323 mimic (5- UCA AAA CUG AGG GGC
AUU UUC U-3’), miR-1323 inhibitor (5-AGA
AAA UGC CCC UCA GUU UUG A-3’), and the
negative controls (NC) mimic and inhibitor (5’-
UUC UCC GAA CGU GUC ACG U-3’ and 5'-
CAG UAC UUU UGU GUA CAA-3).
Chondrocytes were transfected with all plasmids
and oligonucleotides using the Lipofectamine 2000
(Invitrogen), as per the manual.

Dual-luciferase reporter assay (DLRA)

Sequences of ZFAS1 and Nrf2 3’-UTR, including
mutant-type (Mut) or wild-type (WT) putative miR-
1323 targeting sites, were amplified and cloned into
the luciferase reporter pisCHECK-2 vector, constitut-
ing the constructs ZFAS1 WT, ZFAS1 Mut, Nrf2 WT
3’-UTR, and Nrf2 Mut 3’-UTR. Subsequently, the
constructed reporter plasmids were treated with NC

mimic or miR-1323 mimic co-transfection using the
Lipofectamine 2000 reagents (Invitrogen) and incu-
bated for 48 h. Luciferase activities were determined
in chondrocyte lysates using a dual-luciferase reporter
assay kit (Promega), as per the manual.

Quantitative reverse transcription PCR

We extracted total RNA from tissues (50 mg) and
cells using TRIzol, and assessed its concentration
using a NanoDrop2000 (ODyep). The complemen-
tary DNA (cDNA) was obtained for quantitative
(Q)PCR via reverse transcription (RT) using the
MMLYV First-Strand Kit and Oligo (dT) 20 primer.
We detected the mRNAs by qRT-PCR using the
relevant kits, following the manufacturer’s instruc-
tions. The gqRT-PCR cycles followed an initial
denaturation at 95°C for 10 min; 40 denaturation
cycles at 95°C for 15s; and extension at 60°C for
40s. We quantified the target mRNA expression
using the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) gene as the internal reference
and the 272" method. We performed the steps
above in triplicate.

Western blot (WB)

We lysed the cells using a protease inhibitor cock-
tail and radioimmunoprecipitation assay buffer
(pH 8.0). Protein concentrations were determined
using a bicinchoninic acid assay (BCA) kit. The
proteins were subjected to SDS-PAGE and subse-
quently transferred to a polyvinylidene fluoride
membrane (Millipore, MA, USA). The vacant
sites were blocked by overnight incubation with
the primary antibodies at 4°C; this step was fol-
lowed by a rinse with Tris-buffered saline with
0.1% Tween® 20 detergent (TBST). Next, we
observed the immunoblots by incubation with
the secondary antibodies at room temperature for
60 min. After rinsing with TBST a few times, we
observed the bands using the maximum sensitivity
substrate kit (Thermo, MA, USA).

Enzyme-linked immunosorbent assay (ELISA)

Chondrocytes were homogenized and kept on ice.
The levels of inflaimmatory factors were deter-
mined using specific ELISA kits (Thermo Fisher



Scientific, USA), following the manufacturer’s
instructions.

MTT assay

The MTT (Sigma-Aldrich Corp, St. Louis, MO,
USA) assay was used to detect cell proliferation.
Generally, transfected chondrocytes (7 x 10> cells/
well) were inoculated into 96-well plates at differ-
ent time points (0, 1, 2, and 3 days) at 37°C.
Chondrocytes were then added to 20 pL of 5 mg/
mL MTT solution (Sigma-Aldrich) and incubated
for 4 h. After removing the supernatant, 150 uL of
DMSO (Sigma-Aldrich) was added to dissolve the
formazan precipitate. Finally, absorbance values at
490 nm were obtained using a microplate reader.

Colony formation assay (CFA)

After cultivation in 6-well plates for seven days,
chondrocytes were fixed in 4% formaldehyde for
20 min and stained with 1% crystal violet.

Flow cytometry (FC)

We evaluated apoptosis using an apoptosis detec-
tion kit. After being suspended in 20 pL of binding
buffer, 10 pL of cell suspension was treated with
5 puL of Annexin V-FITC/PI. The apoptosis rate
was measured using a flow cytometer.

Measurement of ROS levels

ROS generation was determined using a dichloro-
dihydro-fluorescein diacetate (DCFH-DA) fluores-
cence probe. Cells were incubated with 10 uM
DCFH-DA in the dark for 30 min at 37°C. The
fluorescence intensity (excitation at 488 nm and
emission at 525 nm) [32,33] was determined using
a fluorescence microscope (Tokyo, Japan).

Anti-oxidative enzymes activities measurement

The protein concentration in the cell lysates was
measured using a standardized BCA protein assay
kit (Beyotime Institute of Biotechnology,
Shanghai, China). Activities of the anti-oxidative
enzymes superoxide dismutase (SOD) and catalase
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were determined using the relevant assay kits and
displayed as U/mg [Ye 34].

Data analysis

All data are shown as the mean + standard devia-
tion (SD). Moreover, we used the one-way analysis
of variance (ANOVA) to compare different
groups; Student’s t-test was used to assess differ-
ences between two groups. Statistical significance
was set at P < 0.05.

Results

ZFAS1 expression is downregulated in OA
cartilage and LPS-treated chondrocytes

In this study, we hypothesized that ZFAS1 might
play a role in OA progression. Therefore, we first
evaluated the ZFAS1 expression in OA samples
and LPS-treated chondrocytes. We analyzed OA
samples (n = 25) and non-OA samples (n = 10)
using qRT-PCR to elucidate the role of ZFASI in
OA progression. The results revealed that ZFAS1
expression in OA cartilage samples was dramati-
cally downregulated relative to that in the health
samples used as control (Figure 1(a)). To confirm
this, we examined the levels of ZFAS1 in LPS-
treated chondrocytes. Chondrocytes were exposed
to 0.5 uM LPS for 1 day, after which ZFAS1 levels
were detected. Compared to its levels in the
untreated control group, LPS dramatically
decreased ZFAS1 expression (Figure 1(b)). These
data suggest that ZFAS1 expression is downregu-
lated during OA progression.
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Figure 1. ZFAST levels in OA cartilage and LPS-induced chon-
drocytes. (a) Relative ZFAST1 expression in non-OA samples
(n = 10) and OA cartilage samples (n = 25) was detected
through gRT-PCR. (b) Chondrocytes were exposed to 0.5 uM
LPS for 1 day. * P < 0.05, ** P < 0.01.
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Figure 2. Influence of ZFAS1 overexpression on growth, oxidative stress, inflammation, and apoptosis of LPS-treated chondrocytes.
Chondrocytes were exposed to pcDNA3.1-empty (NC) or pcDNA3.1-ZFAST (ZFAS1) transfection for one day and then exposed to
0.5 uM LPS for another day. (a) ZFAS1 level was analyzed through qRT-PCR. (b) The cell growth rate on days 1, 2, and 3 was
determined after transfection through MTT assay. (c) Soft agar CFA of LPS-treated chondrocytes. The colony number is displayed in
the right panel. (d) DCFH-DA staining was conducted to evaluate ROS production. (e, f) Activity levels of the anti-oxidative enzymes
SOD and catalase were determined via corresponding assay kits. (g) WB was used to detect HO-1 and Nrf2 protein levels in the
chondrocytes. (h) FC was used for evaluating the number of apoptotic cells. The apoptosis rate of LPS-treated chondrocytes is shown
in the lower right panel. (i) ELISA was used for analyzing the production of pro-inflammatory cytokines in LPS-treated chondrocytes
vs. control group (* P < 0.05, ** P < 0.01, *** P < 0.001), and LPS-treated chondrocytes vs. LPS+OE-NC group (* P < 0.05, ** P < 0.01).



ZFAS1 overexpression increases viability and
represses oxidative stress, inflammation, and
apoptosis of LPS-treated chondrocytes

We exposed the chondrocytes to the
pcDNA3.1-ZFAS1 vector for 24 h to analyze
the influence of ZFAS1 on the LPS-treated
chondrocytes’ properties. qRT-PCR  data
showed that transfection of the ZFAS1 overex-
pression vector increased ZFAS1 transcript
levels (Figure 2(a)). The MTT assay indicated
that the chondrocyte growth rate was repressed
on 1, 2, and 3 days after LPS stimulation, while
ZFAS1 overexpression recovered the growth
rate of LPS-treated cells to control values
(Figure 2(b)). Furthermore, ZFASI treatment
led to a noticeable increase in colony numbers
formed by LPS-treated chondrocytes, based on
the data from the soft agar CFA (Figure 2(c)).
These results suggest a cytoprotective role of
ZFASI1 in LPS-treated chondrocytes.

To evaluate the effect of ZFASI on the oxidative
response of LPS-treated chondrocytes, we examined
ROS production, SOD and catalase activities, and
Nrf2-heme oxygenase 1 (HO-1) pathway activation
in these cells. We found that ROS generation was
increased in the cells treated with LPS, and ZFASI
overexpression rescued the ROS production to control
levels (Figure 2(d)). We next assessed the activity of
two anti-oxidative enzymes, SOD and catalase. The
data indicated a significant reduction of activity fol-
lowing LPS stimulation. The downregulation of SOD
and catalase activities was restored by ZFAS1 over-
expression (Figure 2e, 2f). The Nrf2-HO-1 pathway is
a well-documented anti-oxidative signal transduction
pathway. LPS treatment contributed to reduce Nrf2
and HO-1 protein levels. However, following ZFAS1
overexpression, Nrf2 and HO-1 expression was
increased (Figure 2(g)). These data demonstrated
that LPS stimulation induced oxidative stress in chon-
drocytes, which was alleviated by ZFAS]1.

Considering the reports that oxidative disorders
generally result in inflammation and apoptosis
[35-37], we next assessed the inflammation and
apoptosis of LPS-treated chondrocytes. First,
Annexin V-FITC/PI FC showed evident cell apop-
tosis in chondrocytes treated with LPS, while the
apoptotic cell number was significantly reduced
after transfection with the ZFASI overexpressing
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vector (Figure 2(h)). Next, ELISA was used to
detect the release of pro-inflammatory cytokines,
including IL-1p, IL-6, and TNF-aq, in the chondro-
cytes. The data showed that LPS induced these
three cytokines, but this increment was abolished
by ZFAS1 (Figure 2(i)).

ZFAS1 acts as competing endogenous RNA of
miR-1323

Our bioinformatic prediction results suggested that
ZFAS1 might target miR-1323 (Figure 3(a)). A direct
interaction between miR-1323 and ZFAS1 was
detected using DLRA. The results revealed that luci-
ferase function was inhibited following transfection
with the miR-1323 mimic, which interacted with 50%
of the ZFAS1 molecules at its binding motif compared
to the control groups (Figure 3(b)). We also analyzed
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Figure 3. ZFAS1 acts as a ceRNA of miR-1323. (a) Graphical
representation of the conserved ZFAS1 binding motif at miR-
1323. (b) DLRA was conducted using the luciferase reporter
constructs that contained either the ZFAS1 Mut or WT
sequences after miR-1323/NC mimic transfection. The firefly
luciferase activity was standardized to Renilla luciferase activity.
(c) Chondrocytes were exposed to pcDNA3.1-empty (NC) or
pcDNA3.1-ZFAS1 (ZFAST) transfection for one day and then
treated with 0.5 uM LPS for another day. The miR-1323 level
was assessed using qRT-PCR. LPS-treated chondrocytes vs. indi-
cated or control group (¥, P < 0.05, **, P < 0.01); LPS-treated
chondrocytes vs. LPS+OE-NC group (%, P < 0.05).
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the effect of LPS induction and ZFAS1 overexpression
on miR-1323 expression in chondrocytes using qRT-
PCR. The miR-1323 expression was upregulated in
response to LPS stimulation, while ZFAS1 overex-
pression reduced the miR-1323 levels (Figure 3(c)).
These results demonstrated that miR-1323 expression
decreased following the ZFAS1 overexpression and
that ZFAS1 acts as competing endogenous RNA
(ceRNA) of miR-1323.

MiR-1323 upregulation counteracted the effect of
ZFAS1 overexpression on cell viability and
repressed oxidative stress, inflammation, and
apoptosis of LPS-treated chondrocytes

To determine whether miR-1323 may reverse the
influence of ZFAS1 on the viability of LPS-treated
chondrocytes, the miR-1323 mimic was trans-
fected into chondrocytes that were also co-
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Figure 4. Influence of miR-1323 upregulation on cell growth, oxidative stress, inflammation, and apoptosis of ZFAS1-overexpressing
LPS-treated chondrocytes. Chondrocytes were exposed to pcDNA3.1-ZFAST (ZFAS1), NC/miR-1323 mimic co-transfection for one day
and then exposed to 0.5 uM LPS for another day. (a) The miR-1323 level was analyzed through gRT-PCR. (b) The cell growth rate on
days 1, 2, and 3 was determined after transfection through MTT assay. (c) Soft agar CFA of LPS-treated chondrocytes. The colony
number is displayed in the right panel. (d) DCFH-DA staining was conducted to evaluate ROS production. (e, f) Activity levels of the
anti-oxidative enzymes SOD and catalase were determined via the corresponding assay kits. (g) WB was used to detect the HO-1 and
Nrf2 protein levels in the chondrocytes. (h) FC was used for evaluating the apoptotic cell number. The apoptosis rate of LPS-treated
chondrocytes is shown in the lower right panel. (i) ELISA was used to analyze the production of pro-inflammatory cytokines in

chondrocytes. * P < 0.05.



transfected with ZFAS1 overexpression vector.
qRT-PCR analyses confirmed that the miR-1323
level was upregulated in these cells (Figure 4(a)).
MTT and colony formation assays showed that
miR-1323 upregulation impaired cell viability and
growth rate of chondrocytes (Figure 4(b,c)).

Next, we assessed the effect of miR-1323 on the
oxidative stress in H,O,-treated cells overexpres-
sing ZFAS1, in which ROS production, SOD and
catalase activities, and Nrf2-HO-1 pathways were
analyzed. We found that miR-1323 induced ROS
production (Figure 4(d)) but reduced SOD and
catalase activities in cells with LPS stimulation
and ZFAS1 overexpression (Figure 4(e,f)). We
also observed that Nrf2 and HO-1 protein levels
were reduced after transfection with the miR-1323
mimic (Figure 4(g)). These data suggest that miR-
1323 abolished the inhibitory role of ZFASI on
oxidative stress in LPS-treated chondrocytes.

To evaluate the role of miR-1323 mimic in cell
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chondrocyte, Annexin V-FITC/PI FC and ELISA
assays were performed. Noticeable apoptotic cell
recovery was found in miR-1323 inhibitor trans-
fected cells (Figure 4(h)). Data from ELISA dis-
played that the accumulation of cytokines, which
were reduced by ZFASI, was promoted by miR-
1323 mimic transfection (Figure 4(i)). These data
suggest that miR-1323 reverses the inhibitory role
of ZFAS1 on apoptosis and inflammation in LPS-
treated chondrocytes.

Nrf2 is a target of miR-1323

Considering that miR-1323 could negatively reg-
ulate the expression of Nrf2, we evaluated
whether Nrf2 could be targeted by miR-1323 at
the transcriptional level. First, bioinformatic
analysis was performed to predict the targets of
miR-1323. We found that miR-1323 targeted the
3’-UTR of Nrf2 (Figure 5(a)). We then per-
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Figure 5. miR-1323 targets the 3"-UTR of Nrf2. (a) Graphical depiction of the conserved miR-1323 binding motif at the Nrf2 3’-UTR.
(b) DLRA was conducted using the luciferase reporter constructs, which contained either the Mut or WT of Nrf2 after miR-1323/NC
mimic transfection. The firefly luciferase activity was standardized to Renilla luciferase activity. (c) Chondrocytes were exposed to
pcDNA3.1-empty (NC) or pcDNA3.1-ZFAS1 (ZFAS1) transfection for one day and then treated with 0.5 uM LPS for another day. qRT-
PCR was conducted to assess the Nrf2 mRNA level. (d) Chondrocytes were exposed to pcDNA3.1-ZFAST (ZFAS1), NC/miR-1323 mimic
co-transfection for one day and then treated with 0.5 uM LPS for another day. qRT-PCR was conducted to evaluate the level of Nrf2
mRNA. LPS-treated chondrocytes vs. indicated or control or LPS+OE-ZFAS1+ NC mimic group (* P < 0.05, ** P < 0.01); LPS-treated
chondrocytes vs. LPS+OE-ZFAST + 1323 mimic group (** P < 0.01).
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connections following miR-1323-Nrf2 interaction
(Figure 5(b)). In cells transfected with the miR-
1323 mimic fused to the WT Nrf2 3’-UTR, the
luciferase activity was inhibited by 65% com-
pared with control cells, confirming that miR-
1323 interacts with Nrf2 (Figure 5(b)). We next
evaluated the expression of Nrf2 in LPS-treated
chondrocytes transfected with the ZFAS1 over-
expression vector and/or miR-1323 mimic using
qRT-PCR. The results confirmed that the Nrf2
mRNA level was initially downregulated in the
LPS-treated chondrocytes and then upregulated
after ZFAS1 overexpression (Figure 5(c)).
However, following miR-1323 upregulation, the
Nrf2 mRNA level was reduced (Figure 5(d)).
These data suggest that ZFAS1 modulates Nrf2
expression via controlling miR-1323 expression.

Role of miR-1323-Nrf2 crosstalk on LPS-induced
oxidative stress, inflammation, and apoptosis of
chondrocytes

To elucidate the effect of miR-1323-Nrf2 crosstalk
on LPS-induced oxidative stress, inflammation, and
apoptosis of chondrocytes, LPS-treated cells were
transfected with the miR-1323 inhibitor and/or chal-
lenged with the Nrf2 inhibitor brusatol. Transfection
with the miR-1323 inhibitor caused a prominent
miR-1323 downregulation and upregulation of
Nrf2 in LPS-exposed cells, while brusatol adminis-
tration markedly repressed the Nrf2 upregulation
(Figure 6(a)). Results from the MTT assay and CFA
indicated that cell growth rate and viability were
promoted by miR-1323 inhibition; however, brusa-
tol treatment depleted the beneficial effect of the
miR-1323 inhibitor on cell growth (Figure 6(b,c)).

The next step was to probe the cellular oxidative
stress following the miR-1323 inhibition and bru-
satol treatment. Similar to ZFAS1 overexpression,
inhibition of miR-1323 resulted in alleviated ROS
levels (Figure 6(d)), upregulated SOD and catalase
activities (Figure 6(e,f)), and activated the Nrf2-
HO-1 pathway (Figure 6(g)), as expected. Notably,
brusatol administration abolished the effect of
miR-1323 inhibition on oxidative response to
LPS stimulation (Figure 6(d-g)).

We further evaluated the role of miR-1323-Nrf2
crosstalk in cell apoptosis and inflammation of
LPS-treated chondrocytes. Annexin V-FITC/PI

FC indicated that miR-1323 inhibition led to
a noticeable reduction in apoptotic cells, while
brusatol administration reversed this reduction
and caused a high rate of apoptosis (Figure 6(h)).
Moreover, the expression of LPS-induced pro-
inflammatory cytokines was found to be down-
regulated by miR-1323 inhibition. Nevertheless,
in miR-1323-inhibited and LPS-treated cells, bru-
satol incubation contributed to cytokine accumu-
lation (Figure 6(i)).

Collectively, these data indicate that miR-1323
is required for LPS-induced oxidative stress, apop-
tosis, and inflammation in chondrocytes by med-
iating Nrf2 expression.

Discussion

This study explored the role of the IncRNA ZFASI in
regulating oxidative stress-associated inflammation
and apoptosis during OA progression by using LPS-
induced chondrocytes. Previous studies have shown
that LPS is an initial factor for inflammatory
response regulation during OA pathogenesis; there-
fore, we used LPS to build a well-established cell-
based model for in vitro investigation of OA [29,38].
Our study confirmed that ZFAS1 expression levels
were reduced during OA and LPS-induced chondro-
cytes compared with non-OA and non-treated chon-
drocytes. ZFAS1 overexpression ameliorated LPS-
induced oxidative stress. This was confirmed by
reduced cellular ROS levels, elevated SOD and cata-
lase activities, and activation of the Nrf2-HO-1 path-
way. ELISA and FC assays indicated that
inflammation and apoptosis triggered by LPS were
also alleviated through overexpression of ZFASI,
which showed that ZFAS1 might play a regulatory
role in LPS-induced chondrocyte disorders. Further
experiments demonstrated that ZFAS1 exerted its
effect by activating the miR-1323-Nrf2 pathway.
The role of ZFAS1 in miR-1323-Nrf2 pathway acti-
vation is a novel regulatory axis of the inflammation
and apoptosis triggered by LPS.

Recently, Ye et al. [focused on the influence of
ZFAS1 on chondrocyte apoptosis during OA.
ZFAS1 levels were decreased in OA chondrocytes
relative to that in healthy chondrocytes. ZFAS1
upregulation increased the chondrocyte viability,
proliferation, and migration potential and
repressed apoptosis and matrix generation.
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Figure 6. Effect of miR-1323 downregulation and Nrf2 inhibition on growth, oxidative stress, inflammation, and apoptosis of LPS-
treated chondrocytes. Chondrocytes were exposed to NC/miR-1323 inhibitor transfection for 24 h, followed by 0.5 pM LPS treatment
and 1 pM brusatol treatment for 24 h. (a) The level of miR-1323 and Nrf2 mRNA was analyzed through qRT-PCR. (b) The cell growth
rate on days 1, 2, and 3 was determined after transfection through MTT assay. (c) Soft agar CFA of LPS-treated chondrocytes. The
colony number is displayed in the right panel. (d) DCFH-DA staining was conducted to evaluate ROS production. (e, f) Activities of
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Previously, ZFAS1 upregulation was shown to
decrease WNT family member 3a (Wnt3a) levels.
The protective effect of ZFAS1 against OA was
indicated by this modulation of the Wnt3a signal-
ing [10]. Li et al. also found that ZFAS1 expression
was lower, proliferation was expedited, and apop-
tosis was repressed in chondrocytes. These effects
were found to be mediated by regulation of the
miR-302d-3p-SMAD?2 axis [15]. Both studies did
not use LPS to stimulate the generation of the OA
cell model; therefore, other properties of OA,
including oxidative stress and inflammation, were
not investigated. Here, we confirmed the inhibi-
tory role of ZFAS1 in OA-related oxidative stress,
inflammation, and apoptosis.

LncRNAs can be utilized as ceRNAs of miRNAs
[39]. Hence, we further investigated whether the
mechanism of ZFASI1 was driven by interacting
with miR-1323. miR-1323 upregulation has been
detected in radiochemotherapy-resistant esopha-
geal squamous cell carcinoma and radiation-
resistant lung cancer cells and serves as
a prognostic marker for pre-radiochemotherapy
patient selection [24,40]. miR-1323 overexpression
in hepatocellular carcinoma has also been also
detected and was found to be related to unfavor-
able disease-free and overall survival in patients
with hepatocellular carcinoma [41]. However, its
biological roles in other diseases (i.e., OA) have
not been explored. First, bioinformatic analysis
and dual-luciferase reporter results showed that
miR-1323 was a possible target of ZFASI.
Meanwhile, miR-1323 expression was upregulated
and negatively correlated with ZFAS1 expression
in LPS-induced chondrocytes. Moreover, the upre-
gulation of miR-1323 expression could suppress
the repressive function of ZFAS1 on oxidative
stress, inflammation, and apoptosis of chondro-
cytes. This implies that miR-1323 acts as
a positive modulator in OA, indicating that
ZFAS1 plays a cytoprotective effect on LPS-
treated chondrocytes by targeting miR-1323.

We performed loss and gain of function study
to investigate whether miR-1323 affects prolifera-
tion, oxidative stress, inflammation, and apoptosis
in chondrocytes. As expected, miR-1323 inhibition
promoted proliferation and reduced oxidative dis-
order, inflammation, and apoptosis of LPS-treated
chondrocytes. These effects were attenuated after
administering the Nrf2 inhibitor brusatol, agreeing
with our hypothesis.

Significant evidence has suggested that IncRNAs
function as sponges of miRNAs to affect mRNA
expression [42,43]. In the current study, we confirmed
binding between the ZFAS1, miR-1323, and Nrf2,
forming a regulatory axis. Furthermore, the OA cell
model confirmed inverse correlations between the
ZFAS1-miR-1323 pair and the miR-1323-Nrf2 pair.
Hence, we observed a positive correlation between
ZFAS1 and Nrf2. Importantly, ZFAS1 upregulated
Nrf2 expression, and miR-1323 reintroduction partly
mitigated the action of ZFAS1 in chondrocytes. In
other words, ZFASI positively regulates Nrf2 by inter-
acting with miR-1323.

Conclusion

In summary, this is the first report demonstrating
that ZFAS1 could facilitate LPS-exposed chondro-
cyte proliferation and reduce oxidative disorder,
inflammation, and apoptosis during OA, possibly
by targeting the miR-1323-Nrf2 signaling axis.
Thus, both ZFAS1 and miR-1323 may play
a pivotal role in OA pathogenesis, providing
a promising target for OA treatment. In future
investigations, it would be interesting to use an
OA animal model to confirm the effect of ZFASI
on OA pathogenesis.

Abbreviation

ANOVA  Analysis of variance
BCA Bicinchoninic acid assay
CFA Colony formation assay

the anti-oxidative enzymes SOD and catalase were determined via the corresponding assay kits. (g) WB was used to detect the HO-1
and Nrf2 protein levels in chondrocytes. (h) FC was used for evaluating the apoptotic cell number. The apoptosis rate of LPS-treated
chondrocytes is shown in the lower right panel. (i) ELISA was used to analyze the production of pro-inflammatory cytokines in
chondrocytes. LPS-treated chondrocytes vs. control group (* P < 0.05, ** P < 0.01, *** P < 0.001); LPS-treated chondrocytes vs. LPS
+NC inhibitor group (* P < 0.05, ** P < 0.01); LPS-treated chondrocytes vs. LPS+miR-1323 inhibitor group (¢ P < 0.05, % P < 0.01, %&&

P < 0.001).



ceRNA Competing endogenous RNA
DCFH-DA Dichloro-dihydro-fluorescein diacetate
DLRA Dual-luciferase reporter assay

DMEM Dulbecco’s modified Eagle’s medium
ELISA Enzyme-linked immunosorbent assay
ECM Extracellular matrix,

FBS Fetal bovine serum

FC Flow cytometry

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HO-1 Heme oxygenase 1

LPS Lipopolysaccharide

IncRNA Long non-coding RNA

ZFAS1 LncRNA zinc finger NFXI-type containing 1
antisense 1

miR MicroRNA

Mut Mutant-type

Nrf2 Nuclear factor erythroid 2-related factor 2

OA Osteoarthritis

PBS Phosphate-buffered saline

qPCR Quantitative PCR

ROS Reactive oxygen species

RT Reverse transcription

RA Rheumatoid arthritis

SD Standard deviation

SOD Superoxide dismutase

TBST Tris-buffered saline with 0.1% tween® 20
detergent

WB Western blot

WT Wild-type

Wnt3a WNT family member 3a

ZNFX1 Zinc finger NFX1-type containing 1
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