Osteoarthritis

OPEN ACCESS

Handling editor Josef S
Smolen

» Additional material is
published online only. To view
please visit the journal online
(http://dx.doi.org/10.1136/
annrheumdis-2018-214786).

Department of Orthopaedic
Surgery, Sir Run Run

Shaw Hospital, Zhejiang
University school of

medicine & KeyLaboratory

of Musculoskeletal System
Degeneration and Regeneration
Translational Research of
Zhejiang, Hangzhou 310016,
China

Correspondence to

Dr Shunwu Fan and Dr Yan Ma,
Department of Orthopaedic
Surgery, Sir Run Run Shaw
Hospital, Zhejiang University
School of Medicine & Key
Laboratory of Musculoskeletal
System Degeneration and
Regeneration Translational
Research of Zhejiang Province, 3
East Qingchun Road, Hangzhou
Zhejiang Province, 310016,
China; 0099203@zju.edu.cn,
zjumayan@zju.edu.cn

SS, YW and JC contributed
equally.

Received 19 November 2018
Revised 26 February 2019
Accepted 28 February 2019
Published Online First

28 March 2019

| '.) Check for updates

© Author(s) (or their
employer(s)) 2019. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published

by BMU.

To cite: Shen S, Wu Y,
Chen J, et al. Ann Rheum Dis
2019;78:826-836.

TRANSLATIONAL SCIENCE

CircSERPINE2 protects against osteoarthritis by
targeting miR-1271 and ETS-related gene

Shuying Shen, Yizheng Wu, Junxin Chen, Ziang Xie, Kangmao Huang, Gangliang Wang,
Yute Yang, Weiyu Ni, Zhijun Chen, Peihua Shi, Yan Ma, Shunwu Fan

ABSTRACT

Objectives Circular RNAs (circRNA) expression
aberration has been identified in various human diseases.
In this study, we investigated whether circRNAs could
act as competing endogenous RNAs to regulate the
pathological process of osteoarthritis (OA).

Methods CircRNA deep sequencing was performed

to the expression of circRNAs between OA and control
cartilage tissues. The regulatory and functional role of
CircSERPINE2 upregulation was examined in OA and
was validated in vitro and in vivo, downstream target of
CircSERPINE2 was explored. RNA pull down, a luciferase
reporter assay, biotin-coupled microRNA capture and
fluorescence in situ hybridisation were used to evaluate
the interaction between CircSERPINE2 and miR-1271-5
p, as well as the target mRNA, E26 transformation-
specific-related gene (ERG). The role and mechanism of
CircSERPINE2 in OA was also explored in rabbit models.
Results The decreased expression of CircSERPINE2 in
the OA cartilage tissues was directly associated with
excessive apoptosis and imbalance between anabolic
and catabolic factors of extracellular matrix (ECM).
Mechanistically, CircSERPINE2 acted as a sponge of miR-
1271-5 p and functioned in human chondrocytes (HCs)
through targeting miR-1271-5 p and ERG. Intra-articular
injection of adeno-associated virus-CircSERPINE2-wt
alleviated OA in the rabbit model.

Conclusions Our results reveal an important role

for a novel circRNA-CircSERPINE2 in OA progression.
CircSERPINE2 overexpression could alleviate HCs
apoptosis and promote anabolism of ECM through miR-
1271-ERG pathway. It provides a potentially effective
therapeutic strategy for OA progression.

INTRODUCTION

Osteoarthritis (OA) is an age-related or post-trau-
matic degenerative joint disease that affects 12% of
people over the age of 25 years and 50% of popu-
lation over the age of 65 years'. OA is characterised
with the progressive loss of hyaline articular carti-
lage, concomitant sclerotic changes in the subchon-
dral bone and advancement in osteophytes.” The
identified risk factors include ageing, previous joint
injury, obesity, genetics, sex and anatomical factors
related to joint shape and alignment; however, the
exact pathogenesis of OA remains undefined.’™
Current therapy is limited and there is no effective
treatment for OA. Therefore, elucidation of the
mechanisms that regulate the expression of extra-
cellular matrix (ECM) degradation-related genes is
critical for the development of effective therapies
for OA.

Key messages

What is already known about this subject?

» Circular RNAs (CircRNAs) have important roles
in many diseases, including osteoarthritis (OA).

» Targeting dysfunctional circRNA-micro-RNA-
mRNA interactions fulfil a critical therapeutic
promise.

What does this study add?

» A powerful protective circRNA-CircSERPINE2
and its ‘CircSERPINE2-miR-1271-5p-E26
transformation-specific-related gene (ERG)" axis
involved in OA pathogenesis.

How might this impact on clinical practice?

» 'CircSERPINE2-miR-1271-5p-ERG" axis could be
a promising therapeutic target in the treatment
of OA.

There is now overwhelming evidence that alter-
ations in microRNA (miRNA) expression levels are
linked to a variety of disease processes, including
OA progression.” ® For example, expression of
miR-140 is reduced in OA tissue and miR-140
regulates ADAMTS-5 expression” and MMP13,"
which are involved in OA pathology in carti-
lage. Importantly, in addition to miRNA, RNA
sequencing (RNAseq) has identified multiple fami-
lies of noncoding RNAs, including antisense RNAs,
long intergenic noncoding RNAs and circular RNAs
(circRNAs).""% Of note, circRNAs are character-
ised by high tissue-specific expression and stable
structure, and exist ubiquitously in eukaryotic
cells."* Compared with linear RNAs, circRNAs can
undergo noncanonical splicing without a free 3" or
5" end." Recent reports show that some circRNAs
are enriched in miRNA-binding sites and can func-
tion as miRNA sponges or competing endoge-
nous RNAs (ceRNAs) that naturally sequester and
competitively inhibit miRNA activity.'® Of interest,
some researches have indicated that circRNAs may
also be central regulators of biological processes.'”
Currently, little is known about the functional role
of circRNAs in OA joint tissue. Their potential
importance is indicated in a recent report by Liu et
al,'® who identified 104 circRNAs that were differ-
entially expressed in damage cartilage samples using
a microarray-based approach. Although this prelim-
inary study did not examine the mechanism and
function of these circRNAs in depth, we hypoth-
esise that circRNAs may be central regulators in
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Osteoarthritis

cartilage tissue. Therefore, the aim of this study was to investi-
gate the functional circRNAs in OA progress.

In the current study, we identified a circRNA (hsa_
circ_00083635, termed CircSERPINE2) in OA, and systemically
investigated its role in in vitro and animal models of OA.

METHODS
Detailed experimental procedures are described in the online
supplementary materials and methods and table S4.

RESULTS

CircRNA expression patterns in human OA and control tissues
To generate a circRNA profiling database, we performed RNAseq
analyses of ribosomal RNA-depleted total RNA from three clin-
ical OA and three control tissues. Each sample was sequenced
on an Illumina HiSeq yielding at least 30 million reads, which
mapped to reference genome (hg38, human genome ) by BWA"
and STAR? separately. A total of 12 738 circRNAs were iden-
tified by both CIRI2 and CIRCexplorer, the majority of iden-
tified circRNAs in the study were supported by more than 10
reads (online supplementary figure S1A). We annotated these
identified candidates using the RefSeq database,”’ ** most of
the circRNAs originated from protein-coding exons, and others
aligned with 5”-UTR and 3’-UTR introns (online supplementary
figure S1B). The majority of the identified exonic circRNAs were
<1000 nucleotides (nt) in length (online supplementary figure
S1C). The chromosome distribution of the identified circRNAs
showed no obvious difference between OA and control groups
(online supplementary figure S1D and E). Consistent with a
previous report,® analysis of the number of circRNAs in their
host genes indicated that one gene could produce multiple
circRNAs (online supplementary figure S1F). We normalised
the back-spliced reads (support for circRNA) by read length and
number of mapped reads (spliced reads per billion mapping,**
which permits quantitative comparisons between back splicing
from different RNAseq data. There is often one predominantly
expressed circRNA isoform from one gene locus (online supple-
mentary figure S1G). OA and control groups showed differ-
ential expression pattern of circRNAs (figure 1A). To validate
the RNA deep sequencing results, we performed real-time (RT)
quantitative (qPCR) analysis to identify the 25 most differen-
tially expressed circRNAs (online supplementary table S1) and
confirmed 14 downregulated circRNAs (online supplementary
figure S2A). In the subsequent step, we used interleukin (IL)-1(-
treated and tumour necrosis factor (TNF)-o-treated primary
human chondrocytes (HCs) and confirmed the downregulated
expression of hsa circ_ 00008667, hsa circ 0072568, hsa_
circ_0008365, hsa_circ_0020093, hsa_circ 0110251 and hsa_
circ_0001103 in both IL-1B- and TNF-o-treated HCs (figure
1B & supplementary figurelB & S2B, *p<0.05). Moreover,
western blotting (WB) for COL2A1, MMP3, MMP13 and SOX9
expression revealed the protective role of hsa_circ_ 0008365,
which is formed by the circularisation of exons 2—4 of Serpine2
gene (hereafter referred to as CircSERPINE2) (online supple-
mentary figure S2C).

CircSERPINE2 expression is relatively low in OA tissues and
cell lines and is predominantly localised in the cytoplasm

We detected the expression of CircSERPINE2 in 10 human OA
cartilage and 10 control cartilage (figure 1C & online supple-
mentary figure1C & S$2D-E). RT-qPCR and RNA fluorescence
in situ hybridisation (FISH) showed that unlike the upreg-
ulated SERPINE2 gene expression (figure 1D, differentials

of means=4.135; 95% CI 0.412 to 7.857; *p<0.05), Circ-
SERPINE2 expression was downregulated in OA samples
(figure 1E-F, differentials of means=0.407, 95% CI 0.043
to 0.772, *p<0.05). We used Sanger sequencing to confirm
the head-to-tail splicing (a special splice reaction formed by
a 5’-end splice site and the corresponding site at 3’-end of an
exon) in the RT-qPCR product of CircSERPINE2 identified by
its expected size (figure 1G). However, head-to-tail splicing may
be produced by trans-splicing (a phenomenon naturally existing
in different organisms, wherein the 5-UTR of pre-mRNA is
trimmed by a spliced leader RNA, followed by the attachment
of a short sequence to the 5’-terminus) or genomic rearrange-
ment. Therefore, we took several steps to rule out these possi-
bilities as per the previously described methodology.”® ¢ We
first designed convergent primers to amplify SERPINE2 mRNA
and divergent primers to amplify CircSERPINE2 using cDNA
and genomic DNA (gDNA). CircSERPINE2 was amplified by
divergent primers in cDNA but not in gDNA (figure 1H). In the
second step, we performed northern blot analysis, as shown in
figure 11, a single band at expected size (707 nt) was detected
by CircSERPINE2-specific probe targeting the junction region
in cells with or without RNase R digestion. We confirmed that
CircSERPINE2 was resistant to RNase R, whereas SERPINE2
mRNA level was significantly decreased after RNase R treatment
(figure 1]). FISH and RT-qPCR analysis indicated the abundant
expression of cytoplasmic CircSERPINE2 in HCs (figure 1K,L).

CircSERPINE2 regulates apoptosis and ECM metabolism in
chondrocytes

To assess the involvement of CircSERPINE2 in the regulation of
matrix-degrading enzymes, we transfected HCs with CircSER-
PINE2 small-interfering RNA (figure 2A). Knockdown of Circ-
SERPINE2 expression had no effect on SERPINE2 mRNA level
(figure 2B). We examined the effects of CircSERPINE2 inhibition
or overexpression on IL-1B-induced HC apoptosis. As shown
in figure 2C, the knockdown of CircSERPINE2 expression
increased the rate of chondrocyte apoptosis while the increase
in the apoptotic rate after IL-1B treatment markedly suppressed
in response to CircSERPINE2 overexpression (figure 2D,E).
In addition, the inhibition of CircSERPINE2 expression
promoted the expression of MMP3, MMP13 and ADAMTS4,
and decreased the levels of SOX9, COL2A1 and aggrecan, as
observed in WB (figure 2F). The knockdown of CircSERPINE2
expression obviously affected MMP13, ADAMTS4, COL2A1
and aggrecan levels in HCs and SW1353 cells, as evident from
immunofluorescence (IF) assay (figure 2G & supplementary
figure 3A) and RT-qPCR results (figure 2H & supplementary
figure 3B). These data clearly indicate the proapoptotic and
procatabolic effects of CircSERPINE2 knockdown in HCs and
SW1353 cells.

CircSERPINE2 serves as sponge for miRNAs

As CircSERPINE2 level is abundant and stable in the cytoplasm,
we investigated the ability of CircSERPINE2 to bind to miRNAs.
A search in the Circular RNA Interactome database revealed that
CircSERPINE2 has 11 conserved Argonaute 2 (AGO2)-binding
sites (figure 3A). We demonstrated the specific enrichment of
endogenous CircSERPINE2 pulled down from Flag-AGO2 cells
by RNA immunoprecipitation (RIP) analysis (figure 3B). The
differential expression of miRNAs in control and OA tissues was
investigated using deep sequencing. In all, 191 miRNAs showed
upregulated expression in OA tissues as compared with control
tissues (figure 3C, supplementary figure 3S 3C, table S2, and
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Figure 1 CircSERPINE2 validation and expression in OA cartilage tissue and cells. (A) Heat map of all differentially expressed circRNAs between
OA and control cartilage samples. (B) The expression of circRNAs in the chondrocytes stimulated with TNF-o. (10 ng/mL) and IL-1f (10 ng/mL) for 24
hours. n=3 (three different experiments). *p<0.05. (C) X-ray (upper) and safranin-O/fast green (lower) staining of the cartilage from OA or control
patients. Scale bar: 50 pym. (D) SERPINE2 expression was higher in human OA cartilage than in control cartilage. n = 10. *p<0.05. (E) CircSERPINE2
expression was lower in human OA cartilage than in control cartilage tissue. n = 10. *p<0.05. (F) CircSERPINE2 expression was lower in human OA
cartilage than in control cartilage tissue. Representative images are shown (scale bar, 50-200 pm). n=3 (three different donors). *p<0.05, mean with
95% Cl. (G) Schematic illustration showing SERPINE2 exons 2—4 circularisation to form CircSERPINE2 (black arrow). The presence of CircSERPINE2
was validated by RT-PCR, followed by Sanger sequencing. Red arrow represents head-to-tail CircSERPINE2 splicing sites. (H) The presence of
CircSERPINE2 was validated in HCs by RT-PCR. Divergent primers amplified CircSERPINE2 from cDNA, but not from genomic DNA. GAPDH was used
as a negative control. (I) Northern blot analysis for the detection of CircSERPINE2 expression in HC and SW1353 cells treated with or without RNase
R digestion. The panels show the blots probed with CircSERPINE2, and the red triangle indicates CircSERPINE2 band size (707 nt). (J) The expression
of CircSERPINE2 and SERPINE2 mRNA in HC cells treated with or without RNase R was detected by RT-qPCR. The relative levels of CircSERPINE2 and
SERPINE2 mRNA were normalised to the values measured for mock treatment. n=9 (three different donors for three different experiments). *p<0.05.
(K) RNA FISH revealed the predominant localisation of CircSERPINE2 in the cytoplasm. CircSERPINE2 probes were labelled with Cy-3. Nuclei were
stained with DAPI. Scale bar, 50 pm. Upper panel: FISH with junction-specific probes indicative of the cellular localisation of CircSERPINE2. n = 3
(three different donors). Scale bars=50 pM. Lower panel: CircSERPINE2 expression was detected in different cell fractions. Nuclear and cytoplasmic
RNAs were extracted, and junction primers were used for CircSERPINE2 detection. U6 was used as an internal control for nuclear RNA, whereas
GAPDH served as the control for cytoplasmic RNA. n=9 (three different donors for three different experiments). *p<0.05. CircRNAs, circular RNAs;
DAPI, 4’,6-diamidino-2-phenylindole; FISH, fluorescence in situ hybridisation; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HCs, human
chondrocytes; IL, interleukin; OA, osteoarthritis; RT-qPCR, real-time quantitative PCR; TNF, tumour necrosis factor.
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Figure 2 CircSERPINE2 expression knockdown induced the expression of matrix-degrading enzymes in chondrocytes. (A) HCs were transfected with
CircSERPINE2 siRNA or negative control siRNA at a final concentration of 20 nM. After 48 hours of transfection, the expression level of CircSERPINE2
was measured by RT-qPCR and normalised to B-actin level. n=9 (three different donors for three different experiments). *p<0.05. (B) HCs were
transfected with CircSERPINE2#2 siRNA or negative control siRNA at a final concentration of 20 nM. After 48 hours of transfection, the expression
level of SERPINE2 was measured by RT-qPCR and normalised to B-actin level. n=9 (three different donors for three different experiments). *p<0.05.
(C) HCs were transfected with CircSERPINE2#2 siRNA or negative control siRNA at a final concentration of 20 nM. After 48 hours, cell apoptosis was
detected with annexin V-FITC/PI double staining using quantitative FACS analysis. n=3 (three different donors). *p<0.05. (D) Cells were infected

with CircSERPINE2 lentivirus or control virus. Overexpression was detected by RT-qPCR. n=9 (three different donors for three different experiments).
*p<0.05. (E) HCs were infected with CircSERPINE2 lentivirus or control virus and stimulated with IL-1[3 for 48 hours. Cell apoptosis was detected

with annexin V-FITC/PI double staining using quantitative FACS analysis. n=3 (three different donors). *p<0.05. (F-H) HCs were transfected with
CircSERPINE2#2 siRNA or negative control siRNA at a final concentration of 20 nM, followed by the treatment with or without IL-1[3. After 48 hours,
WB for (F, n=3) MMP13, MMP3, aggrecan, SOX9, COL2A1 and ADAMTS4 detection; IF (G, scale bar: 50 ym) for MMP13, aggrecan, COL2A1 and
ADAMTS4 expression detection; and RT-qPCR (H, n=9; three different donors for three different experiments; *p<0.05) for MMP3, MMP13, ADAMTS4,
COL2A1, SOX9 and aggrecan expression evaluation were performed. FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; HCs,
human chondrocytes; IF, immunofluorescence; IL; interleukin; Pl, propidium iodide; RT-qPCR, real-time quantitative PCR; siRNA, small interfering RNA;
WB, western blotting.
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Figure 3 CircSERPINE2 serves as a sponge for miR-1271 in HC cells. (A) Number of RBP sites between RBPs and CircSERPINE2 is shown. (B) AGO2
RIP assay was performed to detect CircSERPINE2 levels in SW1353 cells stably expressing AGO2. n=3. *p<0.05. (C) miRNA-mediated differential
dysregulation of miRNAs was detected by miRNA high-throughput sequencing in OA cartilage samples and control cartilage samples (n=3). (D)
Schematic illustration to show the overlapping of the target miRNAs of CircSERPINE2, as predicted by Miranda, TargetScan and miRNAs upregulated
in OA identified by sequencing analysis. (E) Lysates prepared from SW1353 cells were subjected to an RNA pull-down assay and tested with RT-qPCR.
Relative levels of CircSERPINE2 were normalised to the levels of input. n = 3. *p<0.05 versus control (lac Z) probe. (F-G) miR-1271 expression was
higher in human OA cartilage than in control cartilage tissue, as determined by FISH (F, n=3; three different donors; *p<0.05; mean with 95% Cl)
and RT-gPCR (G, n=10, *p<0.05). Representative images are shown (scale bar: 50-200 pm). *p<0.05. (H) HEK-293T cells were co-transfected with
miR-1271 mimic or NC and a luciferase reporter construct containing WT or MUT CircSERPINE2. n = 6. *p<0.05. Mean with 95% Cl. () Fish images
showing the co-localisation of CircSERPINE2 and miR-1271 in HCs. miR-1271 probes were labelled with Alexa fluor 488, whereas CircSERPINE2
probes were tagged with Cy3. Nuclei were stained with DAPI. n = 3 (three different donors). Scale bar, 50 pm. (J-L) HCs were transfected with miR-
1271 mimic, inhibitor or NC at a final concentration of 20 nM. After 48 hours of transfection (J, n = 3; three different donors), protein levels of MMP3,
MMP13, ADAMTS4, SOX9, COL2A1 and aggrecan in chondrocytes were detected; IF assay for MMP13, aggrecan, COL2A1 and ADAMTS4 expression
detection in chondrocytes was performed (K, n = 3; three different donors; scale bar: 50 pm). mRNA levels of MMP3, MMP13, ADAMTS4, SOX9,
COL2A1 and aggrecan in chondrocytes were evaluated (I, n=9; three different donors for three different experiments, *p<0.05). AGO2, Argonaute 2;
DAPI, 4’,6-diamidino-2-phenylindole; FISH, fluorescence in situ hybridisation; HC, human chondrocyte; IF, immunofluorescence; miRNAs, microRNAs;
MUT, mutant; NC, negative control; OA, osteoarthritis; RBP, RNA-binding protein; RIP, RNA immunoprecipitation; RT-qPCR; real-time quantitative PCR;
WT, wild type.

830 Shen S, et al. Ann Rheum Dis 2019;78:826-836. doi:10.1136/annrheumdis-2018-214786



Osteoarthritis

online supplementary figure S4A-C). We identified seven candi-
date miRNAs by overlapping the predicted miRNA recognition
elements (MREs) in CircSERPINE2 sequence using miRanda,
TargetScan and miRNA sequence (figure 3D). The levels of the
seven candidate miRNAs were determined using a pull-down
assay. As shown in figure 3E and supplementary figure S4D
and E, miR-1271 and miR-93 were pulled down by CircSER-
PINE2. Furthermore, WB results demonstrated the association
of miR-1271 with the protein expression of matrix-degrading
and synthesising components (supplementary figure S4F).
Figure 3F,G shows the upregulated expression of miR-1271 in the
10 human OA cartilage samples (differentials of means=2.728;
95% CI 0.623 to 4.832, *p<0.05), consistent with the results
of deep sequencing (figure 3C). Therefore, miR-1271 was
selected for further analysis. Luciferase assay confirmed the
binding of CircSERPINE2 to miR-1271 (figure 3H & supple-
mentary figure3H & S4G). FISH experiment further confirmed
the co-localisation of CircSERPINE2 and miR-1271 (figure 3I).
The effects of miR-1271 were investigated. miR-1271-overex-
pressing cells demonstrated the increase in the percentage of
apoptotic cells (supplementary figure S4H-I), enhanced expres-
sion of MMP3, MMP13 and ADAMTS4, and decreased levels of
SOX9, COL2A1 and aggrecan, as determined by WB (figure 3]),
IF (figure 3K & supplementary figure3K & S5A-B) and RT-qPCR
(figure 3L & supplementary figure3L & S5C). On the contrary,
miR-1271 expression inhibition exerted opposite effects on
matrix-degrading and synthesising components (figure 3J-L &
supplementary figure S5A-C).

CircSERPINE2 functions in OA by targeting miR-1271
expression

To examine whether CircSERPINE2 functions in OA via inter-
action with miR-1271, we co-infected cells with sh-CircSER-
PINE2 and miR-1271 sponge adenovirus. The miR-1271 sponge
adenovirus contains repeated complementary-binding sites to
miR-1271 and has continuous miR-1271 loss of function in
cells. As shown in figure 4A, the knockdown of CircSERPINE2
expression increased the rate of HC apoptosis while this rate
was markedly rescued by the inhibition of the expression of both
miR-1271 and CircSERPINE2. The results showed that protein
and mRNA levels of MMP13, MMP3 and ADAMTS4 signifi-
cantly decreased while those of SOX9, COL2A1 and aggrecan
increased in the cells co-infected with sh-CircSERPINE2 and
miR-1271 sponge adenovirus as compared with the cells infected
with sh-CircSERPINE2 alone (figure 4B,D & online supplemen-
tary figure S6A-C). IF analysis confirmed that the expression of
COL2A1 and aggrecan increased and MMP13 and ADAMTS4
levels decreased in the cells with CircSERPINE2 and miR-1271
expression inhibitors as compared with the cells treated with
CircSERPINE2 inhibitor (figure 4C & supplementary figure4C
& S6D). Taken together, these results suggest that CircSER-
PINE2 functions by targeting miR-1271 in vitro.

miR-1271 directly targets ETS-related gene

We investigated the possible targets of miR-1271 and CircSER-
PINE2 by overlapping the predicted results of TargetScan, miRDB
and RNA-seq (figure 5A, online supplementary figure S7A and
B, and supplementary table S3). We first selected 10 significantly
differentially expressed genes; RT-qPCR results showed that
eight genes were regulated by CircSERPINE2 (supplementary
figure S7C). Moreover, E26 transformation-specific (ETS)-re-
lated gene (ERG) had the most obvious effect on COL2AI1,
aggrecan, MMP3 and MMP13 expression (online supplementary

figure S7D), as indicated in recent reports.”” ** ERG was there-
fore selected for further investigation and was found to be mark-
edly downregulated in OA-affected, damaged regions of human
cartilage (figure 5B,C, differentials of means=0.766, 95% CI
0.213 to 1.319, *p<0.05), suggestive of the potential role of
ERG in OA pathogenesis. Furthermore, bioinformatic analysis
using miRNA target prediction software revealed that ERG is a
putative target of miR-1271 (online supplementary figure S7E).
Luciferase assay results showed that miR-1271 mimic signifi-
cantly inhibited the luciferase activity in the cells transfected with
WT 3’-UTR of ERG, but not in those transfected with mutant
(MUT) 3’-UTR of ERG (figure 5D). Furthermore, figure SE,F
demonstrated that miR-1271 mimic reduced the expression
of ERG protein and mRNA while miR-1271 inhibitor exerted
opposite effects. In addition, ERG overexpression decreased the
expression of MMP3, MMP13 and ADAMTS4 and increased the
levels of SOX9 and COL2A1 (figure 5G). These results suggest
that miR-1271 targets ERG, and endogenous ERG expression is
closely related to OA pathogenesis.

We designed a rescue experiment to verify whether the
effects of miR-1271 expression on chondrogenic phenotypes
were achieved through ERG. Figure SH and online supplemen-
tary figure S7F and G showed that the infection of pre-miR-
1271 adenovirus resulted in the inhibition of ERG expression.
Furthermore, as shown in figure SH-J, the infection of pre-miR-
1271 adenovirus remarkably decreased the expression levels of
COL2A1, SOX9 and aggrecan and increased MMP3, MMP13
and ADAMTS4 levels in HCs as compared with the nega-
tive control cells. However, these effects were abolished after
ERG overexpression. Taken together, our results indicate that
miR-1271 overexpression may impair chondrogenic phenotypes
via ERG.

Injection of CircSERPINE? alleviates OA in a rabbit model

To determine whether CircSERPINE2 plays a role in OA progres-
sion in vivo, WT or MUT adeno-associated virus (AAV) CircSER-
PINE2 was intra-articularly administered to anterior cruciate
ligament transection (ACLT)-induced OA rabbits. Overexpres-
sion efficiency was confirmed by FISH and RT-qPCR (online
supplementary figure S8A and B). Safranin O and fast green
staining (figure 6A) showed cartilage surfaces in ACLT-induced
OA rabbits improved after the injection of WT AAV CircSER-
PINE2 but not MUT AAV CircSERPINE2. Quantitative anal-
ysis with Osteoarthritis Research Society International (OARSI)
scoring showed that WT AAV CircSERPINE2 significantly
lowered OARSI scores, whereas MUT AAV CircSERPINE2 treat-
ment increased OARSI scores (figure 6B). Three-dimensional
reconstruction of micro-CT images demonstrated the increase
in osteophytes in OA rabbits, whereas CircSERPINE2 intra-ar-
ticular injection decreased osteophytes (figure 6C). The injection
of WT AAV CircSERPINE2 alleviated the degenerative changes
in the cartilage matrix, such as enhanced apoptotic (TUNEL)
and catabolic response and increased ECM composition in the
rabbit model of OA, as indicated by immunohistochemistry and
WB results (figure 6D-E). Taken together, these results revealed
the positive effects of elevated CircSERPINE2 on the inhibition
of ECM catabolism to promote anabolism and alleviate OA in
vivo (figure 6F).

DISCUSSION

At present, no effective therapeutic drugs have been approved
for the clinical treatment of OA. To develop effective therapeu-
tics, it is important to investigate the underlying mechanisms

Shen S, et al. Ann Rheum Dis 2019;78:826-836. doi:10.1136/annrheumdis-2018-214786

831


https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786
https://dx.doi.org/10.1136/annrheumdis-2018-214786

Osteoarthritis

A Human Chondrocytes
NC Sh CircSERPINE2 Sh CIFCSERFINES . NC
+miR-1271 sponge  __ Sh CircSERPINE2
10 3 @ " . 250y * ShCircSERPINE2 + miR-1271 sponge
201 5.64 a1 Q2 ©' jo1 Q2 ~ *
235 5.72 4.00 4.26 2
S 404
] @
— ] ., 7]
Q10 ¥ T 5 T %30- -,
L )
N , &2 ¥
Jau Q4 a3 ki b o
o0 1374 4.10 o0 J86:9 T ii25.0 arsE 103 ; 104 %
" - - 1 T 1° : ©
10° 10! 102 10° 10% 10° 10" 10% 107 10* 10° 10! 102 0 10t &’ A
AV-FITC AV-FITC AV-FITC M N

Sh CircSERPINE2

N Qg (QQO N Qg\ o_,Qo
< < AN Q‘Q/ N ™
éé(/ .&0% '\r{’\ O%Q/géo '\({’\ E
> O MO s
$ o & & ety & s
SOXQEI MMP3|E| 8|5
> [&]
8|2

o
£ s
<

Human Chondrocytes Human Chondrocytes
3
(@]
O
D Human Chondrocytes
« NC

Sh CircSERPINE2
+ Sh CircSERPINE2 + miR-1271 sponge

10- :
. ]
S i
B 8
<
o ==
S e
: T
=
o
E4- x * *
2 2
EZ" 4 ‘ . - .LI
e ts oz v o2 vlzéls ele
ol—— ' — — —
D> 3 ) £V O
Q N N M >
s & & L £ &
A v~°v o«

Figure 4  Knockdown of miR-1271 expression reverses the CircSERPINE2-induced cartilage degradation in HC cells. (A) Downregulation of both
CircSERPINE2 and miR-1271 resulted in fewer apoptotic HCs than those observed with the inhibition of CircSERPINE2 alone. Apoptosis rates were
determined with annexin V-FITC/PI staining and FACS. n = 3 (three different donors). *p<0.05. (B) The expression of MMP3, MMP13, ADAMTS4,
SOX9, aggrecan and COL2A1 in HC cells was detected by WB. Cells were co-infected with sh-CircSERPINE2 and miR-1271 sponge adenovirus or
control virus. n = 3 (three different donors). (C) The expression of MMP13, ADAMTS4, aggrecan and COL2A1 in HC cells was detected by IF analysis.
Cells were infected with control virus or sh-CircSERPINE2 with or without miR-1271 sponge adenovirus. n = 3 (three different donors). Scale bars=50
pm. (D) mRNA expression of CircSERPINE2, MMP3, MMP13, ADAMTS4, SOX9, aggrecan and COL2A1 in HC cells was detected by RT-gPCR analysis.
Cells were infected with control virus or sh-CircSERPINE2 with or without miR-1271 sponge adenovirus. n=9 (three different donors for three
different experiments). *p<0.05, cells co-infected with miR-1271 sponge and sh-CircSERPINE2 adenovirus versus cells infected with sh-CircSERPINE2
adenovirus only. FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; HCs, human chondrocytes; IF, immunofluorescence; PI,
propidium iodide; RT-gPCR, real-time quantitative PCR; WB, western blotting.
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Figure 5 ERG serves as a direct target of miR-1271 and mediates the function of miR-1271 in HC cells. (A) The differential dysregulation of mRNAs
by CircSERPINE2 knockdown was detected by RNA-seq in HCs (n=3). (B) ERG expression levels were lower in human OA cartilage than in control
tissue. n = 10. *p<0.05. (C) ERG expression levels were lower in human OA cartilage than in control tissue. Representative images are shown. n=3;
*p<0.05; mean with 95% CI. (D) HEK-293T cells were co-transfected with miR-1271 mimics or NC and luciferase reporter constructs containing

WT or MUT 3”-UTR of ERG. n = 6; *p<0.05; mean with 95% Cl. (E-F) miR-1271 overexpression reduced ERG (E) protein and (F) mRNA levels while
miR-1271 inhibition increased ERG (E) protein and (F) mRNA levels. Cells were transfected with NC or miR-1271 mimic/inhibitor, and mRNA or
protein levels were evaluated. Protein expression was evaluated by WB; mRNA levels were evaluated by RT-qPCR. n=9 (three different donors for
three different experiments). *p<0.05. (G—H) The expression of ERG, MMP3, MMP13, ADAMTS4, SOX9 and COL2A1 in HC cells was detected by WB.
Cells were infected with ERG adenovirus (G) co-infected with pre-miR-1271 (H) or control virus. (I) Expression of MMP13, ADAMTS4, aggrecan and
COL2A1 in HC cells was detected by IF. Cells were co-infected with ERG and pre-miR-1271 adenovirus or control virus. n = 3 (three different donors).
Scale bars=50 pm. (J) mRNA expression of MMP3, MMP13, ADAMTS4, SOX9, aggrecan and COL2A1 in HC cells was detected by RT-qPCR analysis.
Cells were co-infected with ERG and pre-miR-1271 adenovirus or control virus. n=9 (three different donors for three different experiments). *p<0.05,
cells co-infected with ERG and pre-miR-1271 adenovirus versus cells infected with pre-miR-1271 adenovirus. ERG, E26 transformation-specific (ETS)-
related gene; HC, human chondrocyte; MUT, mutant; NC, negative control; OA, osteoarthritis; RT-qPCR; real-time quantitative PCR; WB, western
blotting; WT, wild type.
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of OA.” 3% CircRNAs are endogenous noncoding RNAs that
are widespread, tissue specific and conserved in mammalian
cells and have a great potential that remains to be explored.
Evidences have shown that certain circRNAs are related to the
occurrence and progression of various diseases. However, little
is known about their functions in the development and progres-
sion of OA and their roles in the regulation of the vitality and
functions of HCs. Therefore, evaluation of the cellular mech-
anisms of circRNAs in OA may provide a new perspective for
the treatment of OA. In the present study, we first identified
CircSERPINE2 as a key downregulated circRNA involved in
OA. In addition, we used gain-of-function and loss-of-function
approaches in vitro to demonstrate the participation of Circ-
SERPINE2 in the proapoptotic response and protection of ECM
components from degradation. We revealed a new function of
CircSERPINE2 in OA progression and identified it as a prom-
ising therapeutic target for OA treatment.

CircSERPINE?2 is generated by the back splicing of the exons
2 to 4 of SERPINE2 gene. It mainly comprises the protein-
coding sequence of SERPINE2 mRNA; hence, its sequence is
relatively conserved between human and rabbit. Moreover, the
ERG-binding site of miR-1271 is highly conserved in rabbit,
justifying the use of a rabbit animal model. SERPINE2 is a
subtype of the serpin superfamily and plays a role in the modi-
fication of matrix metalloproteinase activity in ECM homeo-
stasis.’’ ™ In our study, SERPINE2 expression was upregulated
and CircSERPINE2 levels were downregulated in patients with
OA. However, both molecules played a protective role in OA
progression. In addition, CircSERPINE2 knockdown or over-
expression had no effect on SERPINE2 expression, indicative of
the independent role of CircSERPINE2 in OA progression.

Accumulating evidences have indicated the key mechanistic
role of ceRNA networks in many diseases, including OA.>*
Various types of RNAs, including circRNAs, pseudogenes,
long noncoding RNAs and mRNAs, may function as ceRNAs
in distinct physiological and pathophysiological conditions.
Computational models and analyses of clinical microarray data
to explore ceRNA regulation network showed that ceRNA essen-
tially operates in an miRNA-target titration mechanism,* *¢ and
the abundance of competing RNAs and miRNAs, the binding
energy of ceRNAs and miRNAs, and the number of MREs are
the key determinants of the range and strength of ceRNA regu-
lation.>” *® Many validated ceRNA networks participate in the
initiation and progression of various diseases.”” However, the
overall pathophysiological contributions of circRNAs to OA
remain largely unknown. In the present study, CircSERPINE2
contains a conserved miR-1271 target site that was validated by
pull-down, RIP, luciferase and FISH analyses. Furthermore, the
expression of ERG (miR-1271 target) was positively regulated
by CircSERPINE2. Therefore, we propose a mechanism wherein
CircSERPINE2 acts as an miR-1271 sponge to inhibit HC apop-
tosis, promote ECM anabolism and suppress ECM catabolism,
thereby delaying the progression of OA.

Several miRNAs are known to exhibit aberrant expression
levels in OA.*® *! With increasing evidences highlighting the
link between miRNAs and OA pathogenesis, miRNAs have been
recognised as the potential therapeutic targets for OA treat-
ment. In the present study, we found that miR-1271 expres-
sion was significantly upregulated in OA and inversely related
to the expression of SOX9, aggrecan and COL2A1. Subsequent
analyses showed that miR-1271 suppressed ERG expression, a
mechanism reported herein for the first time. ERG was recently
shown to play an important role in inducing the permanent
differentiation of chondrocytes into joint-forming cells.* It has

been proposed that the lack of ERG expression may render joints
more susceptible to surgical challenge. In addition, the beneficial
roles of ERG in OA have been verified in mice.* The current
study also shows a distinctive decrease in ERG expression levels
in the articular cartilage of patients with OA. Moreover, ERG
overexpression induced by miR-1271 knockdown was found
to play a protective role in OA. Therefore, we propose the
targeting of the CircSERPINE2/miR-1271/ERG axis as a preven-
tative strategy for OA treatment. However, we do not exclude
the possibility of the involvement of other critical gene targets
of CircSERPINE2 besides ERG that may play important roles in
the progression of OA.

In conclusion, we have identified the CircSER-
PINE2-miR-1271-ERG axis as a novel target for the prevention
and treatment of OA. CircSERPINE2 and ERG overexpression
may alleviate the catabolism of ECM. Besides, miR-1271 inhi-
bition may serve as an effective therapeutic strategy for OA
treatment.
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