
ORIGINAL ARTICLE

Accepted: 10 January 2023 / Published online: 23 January 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Liang Li and Yi Cao contribute equally to this study and regarded as co-first author.

  Xiaochen Fan
redsmallfun@163.com

1 Department of Traditional Chinese Medicine Orthopedics Diagnosis and Treatment Center, 
Honghui Hospital, Xi’an Jiaotong University, No. 555, Friendship East Road, Beilin District, 
710054 Xi’an, Shaanxi, China

2 Department of Soft Tissue Injury, Nanchang Hongdu Hospital of Traditional Chinese 
Medicine, 330006 Nanchang, Jiangxi, China

3 Health Administrative Center, Xi’an Fourth Hospital, 710004 Xi’an, Shaanxi, China

EIF4A3-Induced Upregulation of hsa_circ_0040039 is a 
Biomarker and Aggravates IL-1β-Stimulated Intervertebral 
Disc Degeneration

Liang Li1 · Yi Cao1 · Haidong Deng2 · Jing Jia3 · Xiaochen Fan1

Applied Biochemistry and Biotechnology (2023) 195:4292–4307
https://doi.org/10.1007/s12010-023-04334-y

Abstract
Intervertebral disc degeneration (IDD) is characterised by nucleus pulposus (NP) loss and 
extracellular matrix (ECM) degeneration. Circular RNAs (circRNAs) have been reported to 
be dysregulated during IDD progression. Recently, reports showed that hsa_circ_0040039 
was increased in degenerated lumbar disc samples. The aim of this study was to explore 
the specific role and underlying mechanisms of hsa_circ_0040039 in IDD. The expression 
of hsa_circ_0040039 was investigated in NP tissues of IDD patients. IL-1β was used to 
treat NP cells to construct an IDD in vitro model. Overexpression and loss-of-function as-
says and bioinformatic analysis were performed to evaluate the role and potential mecha-
nism of hsa_circ_0040039 during IDD progression. Hsa_circ_0040039 expression was in-
creased about 2 folds in NP tissues compared with normal tissues and IL-1β-stimulated NP 
cells also presented hsa_circ_0040039 upregulation, and its overexpression promoted cell 
proliferation and ECM degeneration. The depletion of hsa_circ_0040039 had the opposite 
effects. Based on bioinformatics prediction, Luciferase assay, PCR and Western blot, our 
study verified that hsa_circ_0040039 directly bond to miR-146b-3p, then mediated its tar-
geted MMP2 and PCNA. Moreover, the overexpression of miR-146b-3p and the silence of 
MMP2 or PCNA, partially abolished the effect of hsa_circ_0040039 on IL-1β-stimulated 
NPs. Hsa_circ_0040039 may participate in IDD development by mediating the repair and 
regeneration of NPs through upregulation MMP2 and PCNA mediated by miR-146b-3p.

Keywords intervertebral disc degeneration · extracellular matrix degeneration · nucleus 
pulposus · hsa_circ_0040039 · EIF4A3
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Introduction

Intervertebral disc degeneration (IDD) is characterised by aging and degeneration of nucleus 
pulposus (NP), annulus fibrosus and cartilaginous endplate, etc. [1], which is a crucial path-
ological basis of a series of spinal degenerative diseases. The pathogenesis of IDD is com-
plex, including genetics, aging, apoptosis, inflammation, biomechanical and environmental 
factors [1–3]. IDD imposes a huge burden on the global healthcare system, economic soci-
ology and patients’ lives [4]. Hence, it is necessary to deeply illustrate the mechanism of NP 
loss and ECM degeneration and to find new therapy targets of IDD.

It is well known that cell apoptosis, phenotype alteration and immune dysregulation are 
main pathological features of IDD [5]. Moreover, the increased degradation of extracellular 
matrix, with matrix metalloproteinases (MMPs) as major proteases, is strikingly correlated 
with the pathological progression of IDD [6]. In another side, interleukin-1β (IL-1β) is the 
predominant pro-inflammatory cytokine that hyper-secreted in degenerated intervertebral 
discs and one of the promotors to disc degeneration [7]. Evidence indicated that IL-1β acti-
vation triggered the production of MMPs and inhibited the expressions of type II collagen 
and aggrecan in NP cells [7]. Therefore, IL-1β-stimulated NP is commonly used to construct 
a cellular model for IDD development in vitro [8, 9].

Circular RNAs (circRNAs) have been reported be dysregulated during IDD progression. 
Wang et al. discovered 7294 circRNAs differentially expressed in degenerated human NP 
cells, compared with the non-degenerated ones [10]. The important function of circRNAs 
in IDD progression has been validated [11]. Moreover, accumulated evidence indicated 
that circRNA functions as miRNA ‘sponge’ to regulate downstream gene expression [12, 
13]. The interaction axis of circRNA-miRNA-mRNA has been verified to play a crucial 
role in the initiation and development of IDDs [14]. For examples, circ-4099 suppressed 
TNF-α-induced ECM degradation and inflammatory responses in NPs through miR-
616-5p/Sox9 axis, which participated in the regulation of IDD [13]. Xie et al. found that 
circERCC2 ameliorated IDD by sponging to miR-182-5p, thereby mediating SIRT1 and 
activating mitophagy and inhibiting apoptosis in NPs [15]. Recently, hsa_circ_0040039 
(chr16: 69,279,504–69,318,147), also called hsa_circRNA_101852, is derived from the 
host gene SNTB2 and found to be upregulated in the lumbar disc samples of IDD patients 
[16]. However, there lacks evidence in which the specific role and potential mechanism of 
hsa_circ_0040039 in IDD development.

In this study, we verified the alteration of hsa_circ_0040039 in IDD tissue samples. 
Besides, an IL-1β-stimulated NP cell model was established to explore the specific role of 
hsa_circ_0040039 in NP cell proliferation and ECM metabolism by performing gain-of-
function and loss-of-function experiments. Furthermore, the underlying mechanisms of hsa_
circ_0040039 in NP cells were explored by investigating the ‘sponge’ of hsa_circ_0040039 
and downstream genes. This research might provide a novel target for IDD diagnosis and 
therapy.
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Materials and Methods

Patient Tissues and Ethic Approval

The human intervertebral disc nucleus pulposus tissues included in this study were all col-
lected from patients who were diagnosed as IDD and received intervertebral disc resection 
at Honghui Hospital with no IDD history before. As for the non-degenerated tissue samples 
recruited in our study, the derived subjects were confirmed as scoliosis disease or suffered 
vertebral fracture, and they all received discectomy or spinal fusion. Radiotherapy, chemo-
therapy and surgery were not included in the history of all subjects in this study. And all 
the patients and subjects provided written informed consents. The experimental procedures 
were conducted in accordance with the Declaration of Helsinki and got approval by the Eth-
ics Committee of Honghui Hospital. The NP tissues were obtained from the intervertebral 
disc tissues of the included subjects, according to a previous study [17]. The tissues were 
immediately cryopreserved by using liquid nitrogen and finally stored at -80℃ condition.

Cell Culture

Human nucleus pulposus cells (HNPCs) were provided by the American Type Culture Col-
lection (Rockville, Md.). Cells were maintained in high glucose DMEM (Invitrogen, Carls-
bad, CA, USA) which contained 10% fetal bovine serum (FBS, Gibco, Rockville, MD) and 
supplemented with 1% penicillin-streptomycin. HNPCs were grown in an incubator with 
5% CO2 under a humidified atmosphere at 37℃.

Cell Transfection and Treatment

The lentivirus overexpression vector of hsa_circ_0040039 (ov-circ) and control lentivirus 
vector (ov-NC) were constructed by Hanbio Technology (Shanghai, China). SiRNAs target-
ing to the back splice junction of hsa_circ_0040039, eukaryotic translation initiation factor 
4A3 (eIF4A3), MMP2, proliferating cell nuclear antigen (PCNA), and siRNA-NC, as well 
as the mimic of miR-146b-3p and scramble mimic were synthesised by Geenseed Biotech 
(Guangzhou, China). The HNPCs cells were planted in 24-well plates with 250 µL medium 
and grown to a confluence at 80%. Subsequently, all transfections were performed using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) for 48 h following the manufacturer’s 
instructions. The doses of overexpression vector and siRNAs for the transfection assays 
were 0.5 µg and 50 nM, respectively. The concentration of mimics used in this study was 
also at 50 nM. Then, IL1β (10 ng/mL) was utilized to stimulate HNPCs cells for 24 h. The 
cells were finally collected for the next experiments.

Extraction RNA and Quantitative Real-Time PCR (qRT-PCR)

For the detection of target genes’ expressions, total RNA was extracted from HNPCs using 
Trizol reagent (Invitrogen). After the concentration of RNA samples were detected, the 
reverse transcription was performed using a PrimeScript RT Reagent Kit (Takara, Otsu, 
Shiga, Japan). SYBR Premix Ex Taq II (Takara) was used to conduct qPCR amplification 
on an ABI 7500 StepOnePlus system (Applied Biosystems, CA, USA). All the manipu-
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lation procedures were performed in line with the protocols of manufacturers. GAPDH 
was adopted as the internal control for mRNAs and circRNAs, while U6 was regarded as 
the internal control for miRNAs. Triplicates of each experiment were performed. The final 
results were quantified by using the 2−ΔΔCT method. The primers used in this study are 
shown in Table 1. Especially, total RNA was incubated with 3 U/µg RNase R (Epicentre 
Biotechnologies, Madison, WI, USA) for 20 min at 37 °C before reverse transcription dur-
ing detecting circRNA expression. Besides, miRNA was isolated by using an miRNeasy 
Mini Kit (Qiagen, Duesseldorf, Germany).

CCK-8 Assay

Cell proliferation was measured using a CCK-8 assay kit (Dojindo Corp, Japan) according 
to its illustration. Briefly, the treated HNPCs were plated into a 96-microwell plate. CCK-8 
reagent (10 µL) was added into each well and incubated for 2 h at 37 °C. The optional den-
sity values were recorded at 450 nm on a plate reader (Thermo Fisher Scientific).

Western Blot Assay

The cells after treatments were lysed for 30 min using RIPA lysis buffer (Beyotime, Shang-
hai, China) on ice, supplemented with a protease inhibitor. After centrifugation and quantifi-
cation with the BCA™ Protein Assay kit (Beyotime, Shanghai, China), the protein samples 
were separated on 10% SDS-PAGE gels (80 V, 90 min) and transferred onto nitrocellulose 
(NC) membranes (2.2 μm). Then, the blots were blocked with 5% skim milk at room tem-

Gene Symbol Primer sequences (5’—3’)
eIF4A3-F AAGGGAGAGATGTCATCGCAC
eIF4A3-R GCTTGAGTTTCACGAACCTGA
circ_0040039 TGGACCAGGATACTTGTTCA
circ_0040039 GTCCTCACTGCCACTAAAGC
PCNA-F ACACTAAGGGCCGAAGATAACG
PCNA -R ACAGCATCTCCAATATGGCTGA
Ki67-F AGAAGAAGTGGTGCTTCGGAA
Ki67-R AGTTTGCGTGGCCTGTACTAA
Collagen II F GCCCTAGACGAACTGGGTC
Collagen II-R GGCTGCAACTGCCTAATGAG
aggrecan-F GAGTTGTCGTGGTCCCTCAG
aggrecan-R TGGAGGCGGCATCATAGTTG
ADAMTS5-F GAACATCGACCAACTCTACTCCG
ADAMTS5-R CAATGCCCACCGAACCATCT
MMP-2-F TGACTTTCTTGGATCGGGTCG
MMP-2-R AAGCACCACATCAGATGACTG
miR-146b-3p-F TGAGAACTGAATTCCATAGGCT
miR-146b-3p-R GCACTGTCAGACCGAGACAAG
U6-F AAAGCAAATCATCGGACGACC
U6-R GTACAACACATTGTTTCCTCGGA
GAPDH-F GCACCGTCAAGGCTGAGAAC
GAPDH-R AUAAUUUCAUGAAGUGCUCTT

Table 1 Primer sequences used 
in this article
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perature for 2 h and followed with primary antibody incubation (overnight at 4 °C). The 
antibodies included anti-eIF4A3, anti-collagen II, anti-aggrecan, anti-ADAMTS5 and anti-
MMP2 (Proteintech, IL, USA). Subsequently, HRP rabbit IgG secondary antibodies were 
used to incubate proteins for 1 h at room temperature. Finally, the immunoreactive bands 
were visualised using an ECL Chemiluminescence kit (Thermo, MA) and quantified with an 
Image Lab™ Software (Bio-Rad, Shanghai, China).

Luciferase Reporter Assay

The reporter plasmids containing wild type hsa_circ_0040039 sequence (WT-hsa_
circ_0040039), mutant hsa_circ_0040039 sequence (MUT-hsa_circ_0040039), wild type 
MMP2 sequence (WT-MMP2), mutant MMP2 sequence (MUT-MMP2), wild type PCNA 
sequence (WT-PCNA), and mutant PCNA sequence (MUT-PCNA) were designed by Geen-
seed Biotech (Guangzhou, China). The plasmids, miR-146b-3p mimics and NC mimic were 
co-transfected into HNPCs using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA). 
After 48 h-transfection, the final luciferase activities were measured using a dual luciferase 
reporter gene assay kit (BioAssay Systems, Hayward, CA, USA).

RNA Immunoprecipitation (RIP) Assay

The RIP assay was performed using a Magna RIP™ RNA-Binding Protein Immunoprecipi-
tation kit (Millipore, USA). The magnetic beads were incubated with anti-EIF4A3 antibod-
ies or negative control IgG antibody (Millipore, USA). HNPCs were harvested and lysed 
by RIP lysis buffer. Next, the cell lysis solution was incubated with the corresponding anti-
body-coated beads. The coprecipitated RNA was isolated using Trizol reagent (Invitrogen) 
and the enrichments of measured by qRT-PCR.

Statistical Analysis

Experimental data are presented as mean ± standard error of means (SEM). Statistical 
analyses were performed using GraphPad Prism 6.0 (GraphPad Software Inc., CA, USA). 
The differences between groups were analysed using Student’s t-test. A p value < 0.05 was 
regarded as demonstrating statistical significance.

Results

Hsa_circ_0040039 was Upregulated During IDD Progression

First, we evaluated the expression of hsa_circ_0040039 in clinical samples of IDD 
patients and IL-1β-induced in vitro model of IDD. As the results presented in Fig. 1A, 
hsa_circ_0040039 expression in IDD group was significantly upregulated (P = 0.00681) 
compared with the normal subject group. The cell viability of HNPCs was dramatically 
decreased (6 h, P = 0.0351; 12 h, P = 0.0164; 24 h P = 0.0281; 5 ng/mL, P = 0.0312; 10 
ng/mL, P = 0.00812; 20 ng/mL, P = 0.0751) by the incubation of IL-1β in both time- and 
dose-dependent manners; with the greatest decreases firstly occurred at 24 h and 10 ng/
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mL, respectively (Fig. 1B C). Next, according to results of in vitro IDD cell model, the 
expression of hsa_circ_0040039 in HNPCs was dramatically increased (6 h, P = 0.0293; 
12 h, P = 0.00614; 24 h P = 0.0177; 5 ng/mL, P = 0.00803; 10 ng/mL, P = 0.0412; 20 ng/mL, 
P = 0.0451) after IL-1β incubation also in both time- and dose-dependent manners; with the 
highest hsa_circ_0040039 expression at 24 h and 20 ng/mL (Fig. 1D and E). In general, the 
evidence presented that hsa_circ_0040039 had an increased expression level in both IDD 
tissues and in vitro cell model.

Effect of Overexpression and Inhibition of hsa_circ_0040039 on the Proliferation 
and ECM Metabolism IL-1β-stimulated HNPCs

To investigate the role of hsa_circ_0040039 in IDD progression, loss-of- and gain-of-func-
tion assays of hsa_circ_0040039 were performed based on an IL-1β-stimulated HNPCs 
model. The results showed that ov-circ transfection dramatically increased the expression of 
hsa_circ_0040039 (P = 0.00633), and si-circ decreased it (P = 0.00519) in IL-1β-stimulated 
HNPCs (Fig. 2A). However, the expression of SNTB2, the host gene of hsa_circ_0040039, 
was not influenced by ov-circ (P = 0.0830) and si-circ (P = 0.0791) transfections (Fig. 2B). 
CCK-8 assays indicated that the overexpression of hsa_circ_0040039 suppressed IL-1β-
induced decline on the cell proliferation of HNPCs (P = 0.0226), while silencing hsa_
circ_0040039 aggravated the effect of IL-1β (P = 0.0189) (Fig. 2C). Meanwhile, the mRNA 
levels of PCNA and Ki67 were increased in ov-circ group (PCNA, P = 0.00538; Ki67, 
P = 0.0316) and decreased in si-circ group (PCNA, P = 0.0228; Ki67, P = 0.00713) com-
pared with ov-NC and si-NC groups, respectively (Fig. 2D and E). In addition, the over-

Fig. 1 Hsa_circ_0040039 was upregulated in NP tissues and IL-1β-stimulated HNPCs during IDD pro-
gression. HNPCs were stimulated with IL-1β (10 ng/mL) for different times or at different concentrations 
for 24 h. (A, D and E) The expression of hsa_circ_0040039 in NP tissues of IDD and normal subjects, 
as well as IL-1β-stimulated HNPCs, was measured using qRT-PCR. (B and C) CCK-8 assay was used 
to detect cell viability under different treatments. In A, ** p < 0.01; in B and D, * p < 0.05 and ** p < 0.01 
compared with 0 h group, # p < 0.05 and ## p < 0.01 compared with 6 h group, $ p < 0.05 compared with 
12 h group; in C and E, * p < 0.05 and ** p < 0.01 compared with 0 ng/mL group, # p < 0.05 and ## p < 0.01 
compared with 5 ng/mL group, $ p < 0.05 compared with 10 ng/mL group
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expression of hsa_circ_0040039 downregulated collagen II (mRNA, P = 0.0191; protein, 
P = 0.0132) and aggrecan (mRNA, P = 0.0308; protein, P = 0.0403) in IL-1β-treated HNPCs, 
and promoted ADAMTS5 (mRNA, P = 0.0231; protein, P = 0.00632) and MMP2 expres-
sions (mRNA, P = 0.0158; protein, P = 0.00720), while silencing hsa_circ_0040039 had the 
opposite effects (collagen II: mRNA, P = 0.00632; protein, P = 0.0119. aggrecan: mRNA, 
P = 0.00813; protein, P = 0.00732. ADAMTS5: mRNA, P = 0.00772; protein, P = 0.00812. 
MMP2: mRNA, P = 0.00681; protein, P = 0.00591) (Fig. 2F-2H).

Fig. 2 The effect of hsa_circ_0040039 overexpression or inhibition on the proliferation and ECM metabo-
lism of IL-1β-stimulated HNPCs. (A) The transfection efficiency of hsa_circ_0040039 overexpression 
vectors (ov-circ) and siRNA of hsa_circ_0040039 (si-circ) in IL-1β-stimulated HNPCs was measured. 
** p < 0.01 compared with IL-1β + ov-NC (si-NC) treated group. (B) The effects of ov-circ and si-circ on 
SNTB2 expression in IL-1β-stimulated HNPCs. (C) Cell proliferation of IL-1β-stimulated HNPCs was 
evaluated after overexpression or silence of hsa_circ_0040039. (D and E) The relative mRNA expres-
sion of PCNA and Ki67 in HNPCs was detected through RT-PCR. (F-H) Protein and mRNA expression 
of Collagen II, aggrecan, ADAMTS5 and MMP2 in HNPCs were detected. ** p < 0.01 compared with 
control group; # p < 0.05 and ## p < 0.01 compared with IL-1β + ov-NC group; $ p < 0.05 and $$ p < 0.01 
compared with IL-1β + si-circ group
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eIF4A3 Induced hsa_circ_0040039 Expression in IL-1β-stimulated HNPCs

eIF4A3 is an RNA binding protein and involved in the post-transcriptional regulation pro-
cesses of RNA, such as mRNA splicing and the biogenesis of circRNAs [18]. Based on that, 
we investigated the factor that induced hsa_circ_0040039 alteration during IDD progres-
sion. First, with the help of the Circ interactome platform (https://circinteractome.nia.nih.
gov/index.html), two putative binding sites of eIF4A3 were found in the upstream (site ‘a’) 
and downstream (site ‘b’) regions of hsa_circ_0040039 pre-mRNA transcript (Fig. 3A). 
The transfection of si-eIF4A3 significantly suppressed the expression of eIF4A3 in HNPCs, 
at both mRNA (P = 0.00613) and protein (P = 0.00238) levels (Fig. 3B C). Furthermore, 
eIF4A3 silence suppressed the increased expression of hsa_circ_0040039 (P = 0.00536) in 
IL-1β-stimulated HNPCs (Fig. 3D). The RIP assay was utilized to validate the bindings 
between eIF4A3 hsa_circ_0040039 whose results verified that eIF4A3 anti-body dramati-
cally enriched the wild type transcripts of hsa_circ_0040039 pre-mRNA, SNTB2, but not 
the mutant types (MUT-SNTB2-a, P = 0.00708; MUT-SNTB2-a, P = 0.00593) (Fig. 3E).

Fig. 3 eIF4A3 induced hsa_circ_0040039 expression in IL-1β-stimulated HNPCs. (A) The binding sites 
for eIF4A3 on the SNTB2 mRNA transcript at the upstream/downstream region of hsa_circ_0040039 was 
obtained from circ interactome. (B and C) The transfection efficiency of si-EIF4A3 in HNPCs. ** p < 0.01 
and *** p < 0.005 compared with si-NC transfected group. (D) Silence of EIF4A3 suppressed the produc-
tion of hsa_circ_0040039 in HNPCs. ** p < 0.01 compared with control group; ## p < 0.01, compared 
with IL-1β + si-NC treated group. (E) The RIP assay verified eIF4A3 could directly bind to the SNTB2 
mRNA in HNPCs. ** p < 0.01 compared with WT-SNTB2 group
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Hsa_circ_0040039 bond with miR-146b-3p and Promoted MMP2 and PCNA 
Expression

To further explore the potential regulatory mechanism of hsa_circ_0040039 in IDD devel-
opment, we analysed the possible targeted miRNAs of hsa_circ_0040039 based on circBase 
(http://www.circbase.org/) and circ interactome predictions. There were 9 miRNAs which 
had binding sites with hsa_circ_0040039 were predicated by both circBANK and Circ inter-
actome, including hsa-miR-1203, hsa-miR-136, hsa-miR-146b-3p, hsa-miR-330-3p, hsa-
miR-370, hsa-miR-545, hsa-miR-574-5p, hsa-miR-638 and hsa-miR-665 (Fig. 4A). Next, 
we found that hsa_circ_0040039 overexpression significantly suppressed the expressions of 

Fig. 4 Hsa_circ_0040039 binds with miR-146b-3p and promotes MMP2 and PCNA expression. (A) Venn 
diagram showed 9 miRNAs that predicted interacting with hsa_circ_0040039 by both circBANK and circ 
interactome. (B) The expression of 9 miRNAs in HNPCs after overexpression of hsa_circ_0040039. * 
p < 0.05, ** p < 0.01 and *** p < 0.005 compared with ov-NC treated group. (C) The transfection efficien-
cy of miR-146b-3p mimics in IL-1β-stimulated HNPCs was measured. (D) Luciferase reporter assay was 
performed to detect the activity of hsa_circ_0040039 in HNPCs cells after transfected with miR-146b-3p 
mimic or NC mimic. *** p < 0.005 compared with NC mimic group. (E) The putative binding sites of 
miR-146b-3p on the MMP2 and PCNA wild-type (WT) or mutated sequence (MUT). (F and G) The rela-
tive luciferase activities were measured in HNPCs co-transfected with WT-MMP2 or MUT-MMP2 (WT-
PCNA or MUT-PCNA) and miR-146b-3p mimic or NC mimic. *** p < 0.005 compared with NC mimic 
group. (H-J) Protein expression of MMP2 and PCNA in HNPCs was measured. ** p < 0.01 compared 
with control group; # p < 0.05 and ## p < 0.01 compared with IL-1β + ov-NC + NC mimic treated group; $$ 
p < 0.01 compared with IL-1β + ov-circ treated group
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hsa-miR-136 (P = 0.00662), hsa-miR-146b-3p (P = 0.00243), hsa-miR-330-3p (P = 0.0416), 
hsa-miR-370 (P = 0.0440), and hsa-miR-638 (P = 0.00758), and the expression of hsa-miR-
146b-3p was decreased by hsa_circ_0040039 overexpression most (P = 0.00243) (Fig. 4B). 
Hence, we furtherly targeted to validate the relationship between miR-146b-3p and hsa_
circ_0040039. IL-1β significantly suppressed the expression of miR-146b-3p in HNPCs 
(P = 0.00131), which was promoted by miR-146b-3p mimic (P = 0.00507) (Fig. 4C). The 
sequences of WT and MUT putative miR-146b-3p binding sites of hsa_circ_0040039 were 
shown in Fig. 4D. Besides, miR-146b-3p mimics weakened the luciferase activity of WT-
hsa_circ_0040039 compared with the NC mimic group (P = 0.00182), while no significant 
difference was found between NC mimic and miR-146b-3p mimic transfected groups under 
MUT-hsa_circ_0040039 treatment (P = 0.394) (Fig. 4D). These results revealed that hsa_
circ_0040039 directly bond to and mediated miR-146b-3p in HNPCs.

Subsequently, Targetscan (http://www.targetscan.org) was adopted to analyse the direct 
targets of miR-146b-3p. We found that MMP2 contains three conserved target sites and 
PCNA contains one conserved target site of miR-146b-3p (Fig. 4E). The results of dual-
luciferase reporter gene assay indicated that only miR-146b-3p mimic suppressed the 
luciferase activity of WT-MMP2 (P = 0.00233) and WT-PCNA reporters (P = 0.00181) com-
pared with the NC mimic group, but had no obvious effects on MUT-MMP2 (P = 0.362) 
and MUT-PCNA reporters (P = 0.651) (Fig. 4F and 4G). Additionally, we found that the 
overexpression of hsa_circ_0040039 significantly promoted the expressions of MMP2 
(P = 0.00630) and PCNA (P = 0.00823) in IL-1β-treated HNPCs, while the transfection of 
miR-146b-3p mimic dramatically suppressed the expressions of MMP2 (P = 0.00716) and 
PCNA (P = 0.0409), and reversed the promoted effects of hsa_circ_0040039 overexpres-
sion (MMP2, P = 0.00506; PCNA, P = 0.00638) (Fig. 4H-4J). These results suggested that 
MMP2 and PCNA were downstream factors of the hsa_circ_0040039/miR-146b-3p axis.

Hsa_circ_0040039 Promoted Cell Proliferation and ECM Degeneration Through 
Regulating the Expression of MMP2 and PCNA Mediated by miR-146b-3p

Furthermore, our study validated the roles of miR-146b-3p, MMP2 and PCNA in hsa_
circ_0040039-mediated HNPC proliferation and ECM degeneration. PCNA expression was 
significantly inhibited by si-PCNA in IL-1β-treated HNPCs (mRNA, P = 0.00613; protein, 
P = 0.00734) (Fig. 5A-5C). The transfections of miR-146b-3p mimic and si-PCNA both 
dramatically depressed the cell proliferation of IL-1β-stimulated HNPCs (miR-146b-3p, 
P = 0.0154; si-PCNA, P = 0.00651), and partially reversed the promoting effect of hsa_
circ_0040039 on HNPC proliferation (miR-146b-3p, P = 0.00598; si-PCNA, P = 0.00633) 
(Fig. 5D). In addition, the expression of MMP2 was significantly inhibited by si-MMP2 
in IL-1β-treated HNPCs, both at mRNA and protein levels (mRNA, P = 0.00604; protein, 
P = 0.00685) (Fig. 5E and G). The overexpression of miR-146b-3p and silence of MMP2 
both promoted collagen II (miR-146b-3p: mRNA, P = 0.00710; protein, P = 0.00505. si-
PCNA: mRNA, P = 0.00531; protein, P = 0.00593) and aggrecan (miR-146b-3p: mRNA, 
P = 0.00682; protein, P = 0.00801. si-PCNA: mRNA, P = 0.00726; protein, P = 0.00611.) 
expressions, and suppressed ADAMTS5 (miR-146b-3p: mRNA, P = 0.0315; protein, 
P = 0.0208. si-PCNA: mRNA, P = 0.00631; protein, P = 0.00839) and MMP2 expressions 
(miR-146b-3p: mRNA, P = 0.00912; protein, P = 0.0152. si-PCNA: mRNA, P = 0.00694; 
protein, P = 0.00760) in IL-1β-treated HNPCs (Fig. 5H-5J). Meanwhile, the results pre-
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sented that miR-146b-3p mimic and si-MMP2 both reversed the inhibitory effects of 
hsa_circ_0040039 overexpression on collagen II (miR-146b-3p: mRNA, P = 0.0396; pro-
tein, P = 0.0218. si-PCNA: mRNA, P = 0.0309; protein, P = 0.00851) and aggrecan (miR-
146b-3p: mRNA, P = 0.0403; protein, P = 0.00711. si-PCNA: mRNA, P = 0.0632; protein, 
P = 0.00583) in IL-1β-treated HNPCs, as well as the promoted effects on ADAMTS5 (miR-
146b-3p: mRNA, P = 0.00776; protein, P = 0.0173. si-PCNA: mRNA, P = 0.00833; protein, 
P = 0.0214) and MMP2 (miR-146b-3p: mRNA, P = 0.00601; protein, P = 0.00735. si-PCNA: 
mRNA, P = 0.00537; protein, P = 0.00516) (Fig. 5H-5J).

Fig. 5 Hsa_circ_0040039 promotes cell proliferation and ECM degeneration through regulating the ex-
pression of MMP2 and PCNA mediated by miR-146b-3p. (A-C) The expression of PCNA mRNA and 
protein in IL-1β-stimulated HNPCs was measured after transfection with siRNA of PCNA. ** p < 0.01 
compared with IL-1β + si-NC treated group. (D) Cell proliferation of IL-1β-stimulated HNPCs was evalu-
ated. * p < 0.05 and ** p < 0.01 compared with IL-1β treated group; ## p < 0.05 compared with IL-1β + ov-
circ treated group. (E-G) The expression of MMP2 mRNA and protein in IL-1β-stimulated HNPCs was 
measured after transfection with siRNA of MMP2. ** p < 0.01 compared with IL-1β + si-NC treated 
group. (H-J) Expression of Collagen II, aggrecan, ADAMTS5 and MMP2 mRNA and protein in HNPCs 
were detected. * p < 0.05 and ** p < 0.01 compared with IL-1β treated group; # p < 0.05 and ## p < 0.01 
compared with IL-1β + ov-circ treated group
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Discussion

CircRNA has been emerging as a crucial regulator of various cellular processes and takes a 
fundamental part in multiple physiological functions and pathological progression. Accord-
ing to the current evidence, the involvement of circRNA in the precise molecular mecha-
nism of IDD has been demonstrated which mediates IDD development [19]. For examples, 
the downregulation of circERCC2 was found in the degenerative NP tissues of IDD patients 
and impacted the apoptosis of NP cells and ECM degradation [15]. In the study of Cheng 
and colleagues, circVMA21 attenuated the NP cell apoptosis and ECM imbalance, both 
anabolism and catabolism, which contributed to alleviating IDD progression [20]. Previ-
ously, Lan et al. discovered that hsa_circ_0040039 was upregulated by about four-folds in 
degenerated intervertebral disc tissue samples compared with the normal ones [16]. Our 
research consistently found hsa_circ_0040039 upregulation in NP tissues of IDD patients 
and in IL-1β-stimulated HNPCs, an in vitro cell model of IDD. Also, by overexpressing 
hsa_circ_0040039, the IL-1β-induced NP cell injury and ECM degradation, with decreased 
collagen II and aggrecan expression and increased MMP2 and ADAMTS5 expressions, 
were depressed in this study which suggested that hsa_circ_0040039 attenuated IDD devel-
opment. Previous studies indicated that loss of NPs and ECM degradation in the interver-
tebral discs are the major causes of IDD. The increased degradations of collagen II and 
aggrecan have been found in the early stages of IDD [21]. The expressions of MMPs and 
ADAMTSs are also promoted as the severity of the IDD degeneration worsens while non-
degenerated discs present low levels of MMPs and ADAMTSs, even undetectable [22]. 
Meanwhile, MMPs and ADAMTSs possessed the ability to degrade collagens and aggre-
can, leading to structural damage and IVD [22]. Consistent with our findings, Tan et al. 
discovered that miR-665 alteration-induced elevation on NP cell proliferation and decreases 
on collagen II and aggrecan suppressed the progression of IDD [23]. The therapeutic effect 
of aucubin on IDD was relied on ameliorating ECM degradation via depressing the expres-
sions of ADAMTS5 and MMP3 and activating collagen II in HNPCs [24].

Moreover, the present study also discovered the binding between eIF4A3 and hsa_
circ_0040039 mRNA transcript, and silencing eIF4A3 suppressed the production of hsa_
circ_0040039 in IL-1β-stimulated HNPCs. We indicated that eIF4A3 might be the factor 
that induced the abnormal accumulation of hsa_circ_0040039. Previous studies regarded 
that eIF4A3 is an important core compound of the exon junction complex, and plays a key 
role in pre-mRNA splicing [25]. Besides, eIF4A3 participates in the mediation of circRNA 
biogenesis, e.g. circMMP9, circBNIP3 and circSEPT9, thus to regulate the carcinogenesis 
and development of various tumour diseases [18, 25, 26]. Jiang et al. demonstrated that 
eIF4A3 stimulated the cyclization of circARHGAP29 by binding its back-spliced junc-
tion region and promoted circARHGAP29 transcription which led to the enhanced aerobic 
glycolysis in prostate cancer cells [27]. However, few evidence has confirmed the role of 
eIF4A3 in IDD progression. Further investigations are required to perform to verify whether 
eIF4A3 could mediate IDD pathogenesis by inducing the biogenesis of circRNAs.

In terms of the regulatory mechanism, most circRNAs could function as a competitive 
RNA (ceRNA) to regulate gene expression by sponging miRNAs[28]. For example, circ-
4099 played a protective role in IDD by exerting as a sponge of miR-616-5p to regulate 
SOX9 expression [13]. Huang and colleagues indicated that circSPG21/miR-1197/ATP1B3 
ceRNA network was validated in both NP cell model and in vivo mice model of IDD [29]. 
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The therapeutic value of circRNA-CIDN was proved to mediate NP cell damage by spong-
ing to miR-34a-5p and regulating SIRT1 [30]. To further determine the underlying molecu-
lar mechanisms of hsa_circ_0040039 in HNPCs, we explored the potential miRNAs that 
bind to hsa_circ_0040039. The results presented that miR-146b-3p was a pivotal target of 
hsa_circ_0040039 and depressed by hsa_circ_0040039 overexpression. Previously, miR-
146b-3p has been reported to play roles in tumours, thrombosis and acute respiratory dis-
tress syndrome [31–33]. Our research filled the vacancy that the role of miR-146b-3p in IDD 
remains unclear: miR-146b-3p was decreased in IL-1β-induced in vitro cell model of IDD 
and the overexpression of miR-146b-3p aggravated cell proliferation loss and ECM degra-
dation in IL-1β-stimulated HNPCs. Meanwhile, miR-146b-3p reversed the promoting effect 
of hsa_circ_0040039 on HNPCs cell growth and inhibitory effect on ECM degradation.

It is well known that PCNA plays a critical role in DNA replication and repairment, and 
is regarded as a marker of cell proliferation [34, 35]. Additionally, MMP2, a member of 
the matrix metalloproteinases family, is upregulated in human degenerative intervertebral 
disc tissue and contributes to the degeneration of the intervertebral disc [21]. Evidence 
showed that SNHG1 promoted cell proliferation of NP cells via elevating PCNA expres-
sion [36]. Gao and colleagues illustrated that MMP2 was dysregulated in NP tissues of 
IDD patients and PART1 mediated NP cell degeneration by depressing MMP2 via spong-
ing to miR-93 [37]. Consistently, our findings suggested that hsa_circ_0040039 promoted 
PCNA and MMP2 expressions to enhance cell proliferation and ECM degradation of IL-1β-
stimulated HNPCs, and silencing PCNA and MMP2 both reversed the promoting effects of 
hsa_circ_0040039/miR-146b-3p axis on IDD progression.

Conclusion

In summary, this study indicated that hsa_circ_0040039 was upregulated in IDD disc tis-
sues and IL-1β-stimulated HNPCs. Hsa_circ_0040039 showed a positive effect on cell 
proliferation and an inhibitory effect on ECM degradation in IL-1β-stimulated HNPCs. 
Besides, eIF4A3 impacted hsa_circ_0040039 transcription. Furthermore, the inhibition of 
hsa_circ_0040039 mediated IDD progression by exerting as a sponge of miR-146b-3p to 
regulate PCNA and MMP2 expressions. The evidence illustrated the influence of abnormal 
hsa_circ_0040039 expression on the development of IDD and its corresponding regulatory 
mechanism for the first time, which may provide a novel biomarker for IDD diagnosis and 
therapy.

Abbreviations
IDD  Intervertebral disc degeneration
NP  Nucleus pulposus
ECM  Extracellular matrix
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MMPs  Matrix metalloproteinases
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eIF4A3  Eukaryotic translation initiation factor 4A3
PCNA  Proliferating cell nuclear antigen
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