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EXTENDED REPORT

Circular RNAVMAZ21 protects against intervertebral
disc degeneration through targeting miR-200c and
X linked inhibitor-of-apoptosis protein

Xiaofei Cheng,"* Liang Zhang,’ Kai Zhang,' Guoying Zhang,* Ying Hu,
Xiaojiang Sun,' Changqing Zhao,' Hua Li,' Yan Michael Li, Jie Zhao'

ABSTRACT

Objectives Circular RNAs (circRNAs) have been
proven to function as competing endogenous RNAs to
interact with microRNAs (miRNAs) and influence the
expression of miRNA target mRNAs. In this study, we
investigated whether circRNAs could act as competing
endogenous RNAs to regulate the pathological process
of intervertebral disc degeneration (IVDD).

Methods The role and mechanism of a circRNA,
circVMA21, in IVDD were explored in nucleus pulposus
(NP) cells and degenerative NP tissues from patients
and rat models. The interaction between circVMA21 and
miR-200c as well as the target mRNA, X linked inhibitor-
of-apoptosis protein (XIAP), was examined.

Results The decreased expression of XIAP in the
inflammatory cytokines-treated NP cells and the
degenerative NP tissues was directly associated with
excessive apoptosis and imbalance between anabolic
and catabolic factors of extracellular matrix. miR-

200c regulated NP cell viability and functions through
inhibiting XIAP. circVMA21 acted as a sponge of
miR-200c and functioned in NP cells through targeting
miR-200c and XIAP. Intradiscal injection of circVMA21
alleviated IVDD in the rat model.

Conclusions CircYMA21 could alleviate inflammatory
cytokines-induced NP cell apoptosis and imbalance
between anabolism and catabolism of extracellular
matrix through miR-200¢-XIAP pathway. It provides a
potentially effective therapeutic strategy for IVDD.

INTRODUCTION

It is well documented that low back pain is a common
condition and the leading cause of disability glob-
ally.! A widely recognised contributor to low back
pain is intervertebral disc (IVD) degeneration, which
is the major cause of a series of degenerative disc
diseases. A disc is composed of the inner nucleus
pulposus (NP) and surrounded by annulus fibrosus.
Nucleus pulposus cells (NPCs) are the main type of
cells residing in the NP and responsible for synthe-
sising components of extracellular matrix (ECM)
such as type II collagen (collagen II) and aggrecan.
These proteins are the major functional composi-
tions of the IVD to maintain disc height and confront
diverse external mechanical compression. Multiple
abnormal stimuli can increase the levels of inflam-
matory cytokines (eg, interleukin -1 (IL-1B) and
tumour necrosis factor-oo (TNF-ar)) in the NP, and
then induce an imbalance between anabolic and cata-
bolic activities of NPCs, such as increased generation

of catabolic factors (eg, matrix metalloproteinases
(MMP) and a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS)) and inhibited
expression of anabolic factors (eg, collagen II and
aggrecan), as well as excessive NPC apoptosis. These
adverse factors initiate or accelerate intervertebral
disc degeneration (IVDD).? Thus, it is necessary to
find an effective way to inhibit NPC apoptosis, atten-
uate inflammatory response, and reverse the imbal-
ance between the anabolism and catabolism within
the NP microenvironment.

MicroRNAs (miRNAs) are small, single-
stranded, non-coding RNA molecules that impede
protein production by directly interacting with the
3'untranslated region (UTR)of the target mRNAs.
miR-200c is often associated with various cancers
because it exhibits tumour suppressive behaviour
by blocking epithelial to mesenchymal transition
of cancer cells.” Moreover, recent studies have
revealed its ability to induce cell apoptosis by
targeting different mRNAs.®? In addition, miRNAs
have gained considerable attention as regulators
of gene expression and play important roles in the
prevention and treatment of IVDD.'* !

Circular RNAs (circRNAs) are another type of
RNAs that form loop structures without 5[]-3[] polar-
ities and polyadenylated tails. Most of the circRNAs
are endogenous non-coding RNAs, conserved
between different species and showed a higher
degree of stability than linear mRNAs."> 13 They
mainly arise from one or multiple exons by a back-
splice mechanism. Although the specific biogenesis
of circRNAs is not completely clear, many studies
have found a reliable model of circularisation driven
by paring between flanking intron sequences. For
example, complementary Alu repetitive elements
within the flanking introns prompt the formation of
exon-derived circRNAs.* ¥ Lately, some circRNAs
have been proven to be enriched with miRNA
binding sites, and function as competing endog-
enous RNAs (ceRNAs) to interact with miRNAs
and influence the expression of target mRNAs.'*°
Until now, it remains unclear whether circRNAs can
act as ceRNAs to regulate the viability and functions
of NPCs, and the pathological process of IVDD. In
this study, we identified a circRNA derived from
vacuolar ATPase assembly factor (VMA21) gene
(named circVMA21; also termed hsa_circ_0091702
in CircBase (http://www.circbase.org)) in the NP
and systemically investigated its role in cell and
animal model of IVDD.
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MATERIALS AND METHODS

Construction of miRNA and circRNA vector

Vectors were constructed by amplified DNA fragments including
the sequence of pre-miR-200c or third exon of VMA21 gene
with flanking introns containing complementary Alu elements.

CircRNA inhibition
CircVMA21 was knocked down using specific small interfering
RNAs (siRNAs) targeting the backsplice region.

Luciferase reporter assay

The 3'-UTR of X linked inhibitor-of-apoptosis protein (XIAP)
gene or circVMA21 fragments were inserted into the luciferase
vector. Cells were transfected with the vectors and miR-200c.

A rat model of IVDD

The circVMA21 vectors were injected into the IVDs of
rat models. Radiographic and histological examinations
were performed to evaluate the change in severity of IVDD
(see online supplementary methods for details). All sequences
are listed in online supplementary table S1.

RESULTS

miR-200c was upregulated in degenerative NP tissues and
involved in the regulation of NPC viability and functions
Differential expression of miRNAs in degenerative NP tissues
was investigated using microarray data obtained from National
Center for Biotechnology Information Gene Expression
Omnibus database (GSE45856). Of 2672 miRNAs detected
by miRNA microarray, 14 miRNAs were upregulated in the
degenerative NP tissues compared with the controls when
using the criteria of mean fold change >2.0and P values <0.01
(figure 1A). These candidate miRNAs were chosen to analyse the
validation using quantitative real-time reverse transcription-PCR
(qRT-PCR) assay. Using the above-mentioned criteria, miR-200c,
miR-130b-5p and miR-2355-5p were observed to be signifi-
cantly upregulated in the degenerative NP tissues compared
with the controls, and miR-200c¢ had the highest level of upreg-
ulation (figure 1B). The expression pattern of these miRNAs in
the rat model of IVDD was consistent with that in the patient
samples (figure 1C). Northern blot also confirmed the increase
in miR-200c¢ levels in the degenerative NP tissues (figure 1D).
Therefore, miR-200c was selected for further analysis. The
effects of miR-200c in NPCs were investigated. miR-200c-over-
expressing cells (figure 1E) demonstrated increased percentage of
apoptotic cells (figure 1F), elevated caspase activation, increased
expression of MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5,
and decreased expression of collagen Il and aggrecan (figure 1G).
These results indicated the proapoptotic and procatabolic effect
of miR-200c in NPCs. The treatment of TNF-oo and IL-1B
increased miR-200c levels in NPCs, which could be suppressed
by miR-200c¢ antagonist (figure 1H). The enhanced apoptosis
and changes in ECM metabolism response to the treatment of
TNF-o. and IL-1p were markedly suppressed after miR-200c
knockdown (figure 1L]J). Thus, the loss-of-function and gain-of-
function experiments supported a critical role of miR-200c¢ in
negatively regulating NPC survival and functions.

miR-200c regulated NPC viability and functions through
inhibiting its target, XIAP

As predicted by bioinformatic programs, XIAP, a well-known
regulator of apoptotic pathway, is a potential target of miR-200c
(figure 2A). Gene ontology (GO) analysis revealed a correlation

between the upregulated miRNAs in the degenerative NP tissues
and the regulation of apoptotic signalling pathway. The lucif-
erase signal of the wild-type XIAP reporter was suppressed by
miR-200c, whereas introduction of mutations abolished the inhib-
itory effect of miR-200c (figure 2B). A decrease in XIAP expres-
sion was observed in the degenerative NP tissues compared with
the controls (figure 2C). Elevated levels of miR-200c¢ reduced
XIAP expression, whereas knockdown of endogenous miR-200c
increased XIAP expression in NPCs (figure 2D, online supple-
mentary figure S1A). The levels of XIAP pre-mRNA were not
changed in the degenerative NP tissues or miR-200c-overex-
pressing NPCs (online supplementary figure S1B,C). The treat-
ment of TNF-a and IL-1p induced a decrease in the levels of
XIAP protein in NPCs, while the miR-200c antagonist attenu-
ated this decrease (figure 2E). Further, we investigated whether
miR-200c and XIAP were functionally related in NPCs. The
results showed that XIAP knockdown induced NPC apoptosis,
exacerbated catabolic response and reduced expression of ECM
compositions (online supplementary figure S1D,E). Further-
more, the absence of XIAP markedly counteracted the effects
of miR-200c antagonist in the NPCs treated with TNF-o and
IL-1B (figure 2F,G), indicating that miR-200c exerted its func-
tions through XIAP.

CCircVMA21 acted as a sponge of miR-200c. miR-200c¢ is
predicted to have binding sites for several circRNAs by starBase.
We screened the top 20 predicted circRNAs according to their
clipreadNum scores. The existence of the selected circRNAs in
the NP samples was detected using specific divergent primers
by qRT-PCR analysis. Predicted splice junction of circVMA21
(online supplementary table S2) was validated in the NP tissues
(figure 3A, upper). The amplified product using divergent
primers was confirmed in accordance with the sequence of
circVMAZ21 by sequencing (figure 3A, lower). CircVMAZ21 levels
were markedly reduced in the degenerative NP tissues compared
with the controls by qRT-PCR analysis (figure 3B). This result
was also confirmed by RNA fluorescence in situ hybridisation
(FISH) (figure 3C, online supplementary figure S2A). The level
of circVMA21 was positively correlated with XIAP level in the
degenerative NP tissues (online supplementary figure S2B).
To test whether circVMA21 can be bounded by miR-200c, we
compared the sequence of circVMA21 with that of miR-200¢
using RNAhybrid and noticed that circVMA21 contains six puta-
tive target sites of miR-200c (figure 3D, online supplementary
table S3). Of them, five sites were validated by the luciferase assay
(figure 3E). This circRNA was abundant and resistant to RNase R
treatment in contrast to mRNA (figure 3F). Northern blot anal-
ysis showed that linear VMA21 was detectable by a linear probe
but not a circular probe within the splice sites (figure 3G). Pull-
down assay revealed a more enrichment of circVMA21 in the
miR-200c-captured fraction compared with the introduction of
miR-200c mutation that disrupted the binding site of miR-200¢
for circVMA21 (figure 3H). CircVMAZ21 is derived from the last
exon of VMAZ21 gene mainly transcribing the 3’'UTR of mRNA.
It has been found to own 69 binding sites of Argonaute 2 (AGO2)
protein as shown in the CircInteractome (online supplemen-
tary table S4). Crosslinking and immunoprecipitation (CLIP)
sequence revealed at least 30 AGO2-bound regions located in
the 3’UTR of VMA21 mRNA (online supplementary table S5).
Of them, five regions are overlapped with the binding sites of
miR-200c (figure 31, upper). AGO2 immunoprecipitation found
that endogenous circVMA21 pulled down with AGO2 was
enriched in NPCs transfected with miR-200c¢ but not its mutant
(figure 31, lower), indicating that miR-200c facilitated the asso-
ciation between AGO2 and circVMA21. Northern blot analysis
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Figure 1 miR-200c was upregulated in the degenerative NP tissues and involved in the regulation of NPC viability and functions. (A) Differential
upregulation of miRNAs detected by microarray in degenerative NP tissues compared with controls. Volcano plots were constructed using fold-change
values and P values. The vertical green line corresponds to 2.0-fold upregulation between degenerative samples and controls, and the horizontal green
line represents a P value of 0.01. The red point in the plot represents the differentially upregulated miRNAs with statistical significance. (B) qRT-PCR
analysis confirmed the upregulated miRNAs in the degenerative NP samples from patients with IVDD. n=12; **P<0.01 compared with the controls.
(C) gRT-PCR analysis confirmed the upregulated miRNAs in the degenerative NP samples from the rat model of IVDD. n=8; **P<0.01 compared

with the controls. (D) Representative northern blots showing miR-200c levels in the NP samples from patients with or without IVDD. (E) NPCs

were transfected with miR-200c, miR-negative control (NC), antagomir-200c or antagomir-NC. miR-200c levels in NPCs were analysed by qRT-PCR.
**P<0.01. (F) Representative dot plots of apoptosis flow cytometry detection were shown after Annexin V-FITC/propidiumiodide (PI) dual staining.
The transfection of miR-200c increased apoptosis rate of NPCs. **P<0.01. (G) Western blot analysed protein expression of apoptotic effector caspases
(caspase-3, caspase-7 and caspase-9), catabolic enzymes (MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5) and extracellular matrix (ECM) compositions
(collagen I, aggrecan) in NPCs after transfection of miR-200c. (H) NPCs were transfected with miR-200c antagonist or its NC, and then treated with
inflammatory cytokines (IC; interleukin 1B plus tumour necrosis factor o). qRT-PCR showed increased miR-200c levels in NPCs treated with IC, which
could be converted by transfection of miR-200c antagonist. **P<0.01. (I) Representative dot plots of apoptosis flow cytometry detection were shown
after Annexin V-FITC/PI dual staining. The knockdown of miR-200c inhibited apoptosis induced by IC in NPCs. **P<0.01. (J) Western blot analysis
showed that miR-200c knockdown attenuated the apoptotic and catabolic response and reversed the decreased expression of ECM compositions
induced by IC treatment in NPCs. ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; IVDD, intervertebral disc degeneration; miRNA, microRNAs; MMP, matrix metalloproteinases; NP, nucleus pulposus; NPC, nucleus
pulposus cells; qRT-PCR, quantitative real-time reverse transcription-PCR.
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Figure 2 miR-200c-regulated NPC viability and functions through inhibiting its target mRNA, X chromosome-linked inhibitor-of-apoptosis
protein (XIAP). (A) 3’-UTR region of XIAP mRNA was found to harbour a binding site for miR-200c. (B) NPCs were transfected with miR-200c or miR-
negative control (NC), and then transfected with the luciferase constructs of the wild-type XIAP-3’UTR (3’UTR-wt) or the mutated XIAP-3’UTR (3’UTR-
mut). Luciferase reporter assay found that miR-200c exclusively decreased luciferase activity of the wild-type reporter plasmids. n=6; **P<0.01.
(C) Western blot analysis revealed lower expression of XIAP in the degenerative NP tissues compared with the controls. (D) NPCs were transfected
with miR-200c, miR-NC, antagomir-200c or antagomir-NC. Western blot analysis showed that the expression of XIAP was suppressed by miR-200c
upregulation and elevated by miR-200c knockdown. (E) NPCs were transfected with antagomir-200c or its NC, and then treated with inflammatory
cytokines (IC; interleukin 1 and tumour necrosis factor-or). Western blot analysis showed decreased XIAP expression in NPCs treated with IC, which
could be alleviated by transfection of miR-200c antagonist. (F, G) NPCs were cotransfected with antagomir-200c and XIAP siRNA (XIAP-si) or scramble
siRNA (scramble-si), and then exposed to IC. (F) Representative dot plots of apoptosis flow cytometry detection were shown after Annexin V-FITC/
propidiumiodide (PI) dual staining. The knockdown of XIAP attenuated the inhibitory effects of miR-200c antagonist on apoptosis induced by IC
in NPCs. **P<0.01. (G) Western blot analysed protein expression of apoptotic effector caspases (caspase-3, caspase-7 and caspase-9), catabolic
enzymes (MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5) and extracellular matrix compositions (collagen Il, aggrecan) in NPCs. The knockdown of
XIAP interfered with the effects of miR-200c antagonist on the expression of these functional proteins in IC-treated NPCs. ADAMTS, a disintegrin
and metalloproteinase with thrombospondin motifs; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IVDD, intervertebral disc degeneration;
MMP, matrix metalloproteinases; NP, nucleus pulposus; NPC, nucleus pulposus cell; UTR, untranslated region.

revealed that circVMA21 could in reverse pull down miR-200c S3A). Likewise, circVMA21 siRNA had no effect on mRNA
(figure 3]). RNA FISH found colocalisation of circVMA21 and levels (online supplementary figure S3B). Northern blot anal-
miR-200c in the cytoplasm of NPCs (figure 3K, online supple- ysis also confirmed the elevated amount of circVMA21 after the
mentary figure S2C). All things considered, our results indicated intake of exogenous circVMA21 (figure 4B). Then, the effect of
that circVMA21 was able to directly bind to miR-200c in NPCs. circVMA21 on XIAP expression was detected by western blot

assay. Upregulation of circVMA21 increased the expression of

circVMA21 functioned in NPCs through targeting miR-200c XIAP, whereas circVMA21 knockdown induced a decrease in
and XIAP the XIAP expression (figure 4C). Similar changes were observed
NPCs were infected by constructed adenovirus harbouring from a well-known target of miR-200c, zinc finger E-box

circVMA21, linear VMA21, circVMA21 siRNA or control binding homeobox transcription factor 1 (ZEB1; online supple-
siRNA. The results of qRT-PCR showed that the infection mentary figure S3C). Moreover, the upregulation of circVMA21
of adenovirus circVMA21 resulted in an overexpression of counteracted the inhibitory effect of miR-200c¢ on XIAP expres-
circVMAZ21 in the NPCs and that siRNA depressed the expres- sion (figure 4D) and activity (figure 4E). Taken together, these
sion of circVMA21 (figure 4A). Knockdown of VMA21 mRNA results suggested that circVMA21 acted as a functional sponge
did not affect circVMA21 levels (online supplementary figure of miR-200c¢ to regulate XIAP expression and activity. Next, we
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(ran-probe). The levels of miR-200c were detected by northern blot. Input, 20% samples were loaded; Pellet, all samples were loaded. (K) RNA

FISH for colocalisation of circVMA21 and miR-200c in cytoplasm of NPCs. circVMA21 and miR-200c probes were labelled with Alexa 488 and Cy-

5, respectively. Nuclei were stained with DAPI. Scale bar=10um. AGO2, Argonaute 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IVDD,
intervertebral disc degeneration; NP, nucleus pulposus; NPC, nucleus pulposus cells; qRT-PCR, quantitative real-time reverse transcription-PCR.
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Figure 4  circVMA21 functioned in NPCs through targeting miR-200c and XIAP. (A) The third exon of VMA21 gene along with approximate

1 kb flanking intron sequences containing complementary Alu elements was amplified to construct circVMA21 vector. The exon with and without
mutation was used as controls. NPCs were transfected with circVMA21, linear VMA21, circVMA21 siRNA-1 (circVMA21-si-1) or control siRNA-1
(control-si-1), and circVMA21 levels were analysed by gRT-PCR. **P<0.01 (lower). (B) NPCs were transfected with circVMA21 or linear VMA21 for
northern blot analysis, and the blots were probed against circVMA21 with 18S ribosomal RNA as an internal control. (C) NPCs were transfected

with circVMA21, its mutation (circVMA21-mut), circVMA21-si or scramble-si. XIAP expression was analysed by western blot assay. The expression

of XIAP was enhanced after circVMA21 upregulation and reduced after circVMA21 knockdown. (D) NPCs were cotransfected with miR-200c and
circVMA21 or circVMA21-mut. Western blot assay showed that circVMA21 blocked the inhibitory effect of miR-200c on XIAP expression. (E) NPCs
were cotransfected with XIAP 3’UTR luciferase construct, miR-200c and circVMA21 or circVMA21-mut. Luciferase assay showed that circVMA21
blocked the inhibitory effects of miR-200c on XIAP activity. **P<0.01. (FG,H,I) NPCs were transfected with circVMA21 or a control (linear VMA21

or circVMA21-mut), and then treated with inflammatory cytokines (IC; interleukin 1B and tumour necrosis factor-ct). (F) qRT-PCR showed a decrease
in circVMA21 expression in NPCs treated with IC, which could be converted by transfection of circVMA21. **P<0.01. (G) qRT-PCR showed an
increase in miR-200c levels in NPCs treated with IC, which could be downregulated by transfection of circVMA21. **P<0.01. (H) Representative

dot plots of apoptosis flow cytometry detection were shown after Annexin V-FITC/propidium iodide (PI) dual staining. The transfection of circVMA21
inhibited apoptosis induced by IC in NPCs. **P<0.01. (I) Western blot analysed expression of XIAP, apoptotic effector caspases (caspase-3, caspase-7
and caspase-9), catabolic enzymes (MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5) and extracellular matrix (ECM) compositions (collagen II, aggrecan)
in NPCs. The transfection of circVMA21 attenuated the apoptotic and catabolic response, and rescued the reduced expression of ECM compositions
induced by IC treatment. (J,K) NPCs were cotransfected with circVMA21 and XIAP siRNA (XIAP-si) or scramble siRNA (scramble-si), and then exposed
to IC. (J) Representative dot plots of apoptosis flow cytometry detection were shown after Annexin V-FITC/PI dual staining. The inhibitory effect of
circVMA21 on NPC apoptosis was attenuated after the knockdown of XIAP. **P<0.01. (K) Western blot analysed the expression of XIAP, apoptotic
effector caspases (caspase-3, caspase-7 and caspase-9), catabolic enzymes (MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5) and ECM compositions
(collagen I, aggrecan) in NPCs. The knockdown of XIAP impaired the protective effect of circVMA21 on NPC functions. ADAMTS, a disintegrin and
metalloproteinase with thrombospondin motifs; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metalloproteinases; NPC, nucleus
pulposus cells; qRT-PCR, quantitative real-time reverse transcription-PCR; XIAP, X linked inhibitor-of-apoptosis protein.
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Figure 5 CircVMA21 alleviated IVDD in vivo. (A) A flow diagram of the experiments in vivo. A total of 32 rats were randomly divided into four
groups: non-puncture group (control), non-injection with puncture group (non-injection), circVMA21 injection with puncture group (circVMA21), and
circVMA21 mutant injection with puncture group (circVMA21-mut). (B) Radiographs of the indicated groups were obtained 9 weeks after needle
puncture. Co6/7, Co8/9 and Co10/11 were punctured with Co7/8 and C09/10 left intact. (C) Changes in disc height index (DHI) of the indicated
groups after needle puncture. The DHI was measured at weeks 0, 1, 5 and 9 time point. A significant decrease of the %DHI was observed in all
puncture groups at 1 week after surgery (P<0.01). At each time point after puncture, a significant decrease of %DHI was noted in all puncture
groups compared with the control group (P<0.01). No significant difference was found in the %DHI between all puncture groups. (D) MRIs of the
indicated groups were obtained 9 weeks after needle puncture. Co6/7, Co8/9 and Co10/11 were punctured with Co7/8 and C09/10 left intact. (E)

The MRI grade in the indicated groups at 9 weeks after needle puncture. The degree of disc degeneration by MRI grade was significantly lower in the
circVMA21 group than in the non-injection group. *P<0.05, **P<0.01. (F) In vivo RNA fluorescence in situ hybridisation found circVMA21 located in
the NP region. Blue fluorescence (4,6-diamidino-2-phenylindole, DAPI) indicating cell nucleus; green fluorescence (Alexa 488) indicating circVMA21.
Scale bar=100 pm. (G) qRT-PCR showed that the decreased levels of circVMA21 in the punctured IVDs were rescued by the injection of circVMA21.
**P<0.01. (H) qRT-PCR showed that the increased levels of miR-200c in the punctured IVDs were depressed by the injection of circVMA21. *P<0.05,
**P<0.01. (I) Western blot analysed the expression of XIAP, apoptotic effector caspases (caspase-3, caspase-7 and caspase-9), catabolic enzymes
(MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5) and extracellular matrix (ECM) compositions (collagen II, aggrecan) in the rat NP tissues. The injection
of circVMA21 alleviated the degenerative changes of the NP such as enhanced apoptotic and catabolic response, and reduced the expression of ECM
compositions in the rat model of IVDD. (J) Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) staining of the IVDs in
the indicated groups at 9 weeks after needle puncture. Blue fluorescence (DAPI) indicating total cells; green fluorescence (fluorescein isothiocyanate)
indicating TUNEL positive cells. Scale bar=100 ym. (K) A significant decrease in the apoptosis rate was noted in the circVMA21 group compared with
the non-injection group. *P<0.05, **P<0.01. (L) H&E (left) and safranin-O/fast green (right) staining of the IVDs in the indicated groups at 9 weeks
after needle puncture. Scale bar=100 pm. (M) A significant decrease in the grade of IVDD was noted in the circVMA21 group compared with the non-
injection group. *P<0.05, **P<0.01. ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; IVD, intervertebral disc; IVDD, intervertebral disc degeneration; MMP, matrix metalloproteinases; NP, nucleus pulposus; qRT-PCR,
quantitative real-time reverse transcription-PCR; XIAP, X linked inhibitor-of-apoptosis protein.
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these adverse factors through binding miR-200c, and thus delay the
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and metalloproteinase with thrombospondin motifs; IL-1B, interleukin-
1B; IVD, intervertebral disc; MMP, matrix metalloproteinases; NP, nucleus
pulposus; NPC, nucleus pulposus cells; TNF-c, tumour necrosis factor-c;
XIAP, X linked inhibitor-of-apoptosis protein.

investigated the function of circVMA21 in the TNF-o-treated
and IL-1B-treated NPCs. After the treatment of the inflammatory
cytokines, gqRT-PCR analysis found a decrease in circVMA21
levels and an increase in miR-200c levels in NPCs, both of
which could be reversed by the upregulation of circVMA21
(figure 4F,G). As a consequence, the enforced expression of
circVMA21 restrained the apoptotic and catabolic effects of
these cytokines, and promoted the expression of collagen II and
aggrecan (figure 4H,I). Additionally, we explored whether XIAP
was the downstream mediator of circVMAZ21 in the inflamma-
tory cytokines-treated NPCs. We cotransfected circVMA21 and
XIAP siRNA into NPCs, and observed that the positive effects
of circVMA21 on NPC vitality and functions were attenuated in
the absence of XIAP (figure 4],K). Collectively, these data indi-
cated that circVMAZ21 functioned in NPCs through modulating
miR-200c and XIAP.

Intradiscal injection of circVMA21 alleviated IVDD in a rat
model

We successfully established a rat model of IVDD by the needle
puncture (figure 5A). At 1 and 5 weeks after the puncture,
adenoviral human circVMA21 were injected into the punc-
tured IVDs using a 33-gauge fine needle. X-rays obtained at
time 1, 5 and 9 weeks demonstrated progressive disc space
narrowing over time in all IVD punctured groups. At each
time point after injection, no significant difference in the
percentage of disc height index (%) was noted between the
circVMA21 group and the non-injection or circVMA21-mut
group (figure 5B,C, online supplementary figure S4A). At 9
weeks after injection, the MRI degeneration score of the IVDs
was significantly lower in the circVMA21 group than in the

non-injection group (figure SD,E, online supplementary figure
S4B). In vivo RNA FISH found circVMA21 located in the NP
region (figure SF, online supplementary figure S4C). After the
injection of adenoviral circVMA21, the levels of circVMA21 in
the degenerative NP tissues were remarkably elevated, while the
levels of miR-200c were decreased (figure SG,H). The injection
of adenoviral circVMA21 alleviated the degenerative changes
of the NP, such as enhanced apoptotic and catabolic response,
and reduced ECM compositions in the rat model of IVDD
(figure 51,J,K, online supplementary figure S4D,E). The histo-
logical score was significantly higher in the non-injection group
than in the circVMA21 group at 9 weeks (figure 5L, M). Taken
together, these results revealed the positive effects of elevated
circVMA21 levels on attenuating NPC apoptosis, inhibiting
ECM catabolism, promoting anabolism in the NP and resul-
tantly alleviating IVDD in vivo.

DISCUSSION

Multiple lines of evidence have shown that certain miRNAs
could target distinct genes related to the development and
progression of IVDD, and play roles in regulating the vitality
and functions of NPCs.' ' In this study, we first identified
miR-200c as a key miRNA involved in IVDD. miR-200c¢ partic-
ipated in the proapoptotic response and imbalanced expres-
sion of anabolic and catabolic factors. We then investigated the
potential effects of circRNAs on the regulatory functions of
miR-200c in the NPCs. The results revealed that circVMA21
markedly decreased the activity of miR-200c¢ by capturing it and
suppressed its functions. Therefore, a mechanism was proposed
in which circVMAZ21 sponged miR-200c to inhibit NPC apop-
tosis, promote ECM anabolism and suppress ECM catabolism,
and consequently delayed the progression of IVDD.

CircRNAs are a type of widespread, tissue-specific and
conserved endogenous non-coding RNAs in mammalian
cells. Although the specific functions of most circRNAs still
remain unclear, accumulating evidence has revealed a role of
circRNAs as miRNA sponges.'®?’ No free ends can render
circRNAs to evade destabilisation and degradation mediated
by miRNAs. Several recent studies have indicated the avail-
ability of circRNAs as miRNA sponges to take part in the
occurrence and progression of various diseases.?'™® Never-
theless, there are still arguments against miRNA sponges
being a major function of circRNAs because of their low
amount or lack of reiterated miRNA binding sites.** ° In
the present study, qRT-PCR, northern blot and FISH assay
revealed abundant circVMA21 in NPCs. VMA21 gene is
located on the X chromosome and encodes an integral
membrane protein to assist in the assembly of the V-ATPase.*®
circVMA21 is generated by back splicing of the third exon of
VMA21 gene. It mainly comprises 3’UTR of VMA21 mRNA,
so its sequence is relatively conserved between human and
rat (online supplementary table S6). The bioinformatics
analysis found circVMA21 containing multiple target sites
of miR-200c, which was validated by luciferase, pull-down,
RNA binding protein immunoprecipitation (RIP and FISH
analyses. Furthermore, the expression of miR-200c target
mRNA, XIAP, was positively modulated by circVMA21.
Thus, the binding sites of circVMA21 for miR-200c were
proven effective.

In this study, we selected TNF-o and IL-1PB as the agents
to induce a range of pathogenic responses in NPCs, because
they have vital roles in the pathological process of IVDD.* %’
Our results were consistent with previous findings that the
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stimulation of NPCs with these cytokines caused a similar
pattern of changes observed in patients with IVDD or animal
models, including excessive NPC apoptosis, enhanced expres-
sion of the ECM-degrading enzymes (MMP-3, MMP-13,
ADAMTS-4 and ADAMTS-5), and inhibited expression of
the ECM proteins (collagen II and aggrecan).?*= Deletion
of XIAP remarkably impaired the antiapoptotic and anti-in-
flammatory ability of circVMA21 or miR-200c antagonist,
confirming that XIAP was the direct target of circVMA21
and miR-200c to suppress the effects of TNF-o and IL-18 in
NPCs. XIAP belongs to the inhibitor-of-apoptosis proteins
(IAP) that represent a family of endogenous caspase inhibi-
tors. Accumulated TNF-o and IL-1B are thought to activate
the effector caspases to exert apoptotic effects in NPCs via
the extrinsic and intrinsic pathways.* > Of note, XIAP is
the only IAP that can bind and directly inhibit the activity
of the three most important apoptosis effector caspases,
caspase-3, caspase-7 and caspase-9.>! 3* The absence or inhi-
bition of XIAP increases the formation and subsequent acti-
vation of the death inducing signalling complex, and renders
the majority of cells to be sensitised to death receptor-in-
duced apoptosis, such as with TNF-o..** ** Mehrkens et al*
recently reported that notochordal cell-derived conditioned
medium upregulates the genomic expression of XIAP and
thus inhibits inflammatory cytokines-induced NPC apop-
tosis. Moreover, the blockage of caspase signalling attenu-
ates IVDD by inhibiting NPC apoptosis and by regulating
the expression of matrix metabolism enzymes. Yamada et al*®
find that caspase-3 knockdown reduces the production of
matrix-degrading enzymes (MMP-3, MMP-13, ADAMTS-4
and ADAMTS-5) and increases the expression of proanabolic
proteins (tissue inhibitor of metalloproteinases-1, collagen
II and aggrecan). XIAP knockdown-induced activation of
caspases could lead to consequent matrix metabolism imbal-
ance as shown in the present study.

In addition to caspases inhibition, a growing body of evidence
exists to support the modulatory role for XIAP in inflammation.
Loss of XIAP facilitates the proinflammatory effect of TNF-o
and causes severe sterile inflammation, which can be reduced by
anti-TNF therapy.”* *” ¥ Meanwhile, XIAP suppresses inappro-
priate or excess IL-1p activity, while absence of XIAP promotes
excessive IL-1B secretion in different cell types.”” ** During the
process of IVDD, TNF-o and IL-1 are produced by both leuco-
cytes and NPCs themselves.*! Therefore, XIAP seemed to function
in NPCs by blocking the effects of exogenous TNF-o. and IL-1,
and by inhibiting endogenous generation of these cytokines.

The age gap between the patients with and without IVDD
may lead to a bias in this study. Nevertheless, it is an inevitable
confounding factor when detecting the samples from human
NP tissues because of the clinicopathological characteristics of
IVDD. The results of in vitro and in vivo experiments would
help eliminate the influence of age. In addition to ceRNA, there
may exist other potential mechanisms of circVMA21 to regu-
late the process of IVDD, for example, through interacting with
RNA binding proteins (RBPs) other than AGO2. RBPs CLIP
shows that the 3’'UTR of VMA21 mRNA can bind to abun-
dant human antigen R (HuR), an extensively studied RBP with
substantial regulatory effects on the stability and translation of
multiple mRNAs. The binding of some circRNAs to HuR has
been identified to prevent HuR binding to mRNAs and thus
lower their translation.* In addition, the mechanism of the
decrease in circVMA21 levels during the degenerative process
remains unclear. Further investigation is needed to completely
understand the role of circVMA21 in IVDD.

In summary, circVMA21 could alleviate inflammatory cyto-
kines-induced NPC apoptosis and imbalance between anabolism
and catabolism of ECM through the miR-200¢c-XIAP pathway
(figure 6). It provides a potentially effective therapeutic strategy
for IVDD.
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