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The Fibroblast-Like Synoviocyte Derived Exosomal
Long Non-coding RNA H19 Alleviates Osteoarthritis
Progression Through the miR-106b-5p/TIMP2 Axis

Fengjin Tan,'” Dongbo Wang,' and Zhongkai Yuan®

Abstract—Osteoarthritis (OA) is a common degenerative joint disease that affects people
worldwide. The interaction between fibroblast-like synoviocytes (FLSs) and chondrocytes
may play a vital role in OA disease pathology. However, the underlying mechanisms by
which FLSs exert regulatory effects on chondrocytes still need to be elucidated. Exosomes,
small membrane vesicles secreted from living cells, are known to play a variety of roles in
mediating cell-to-cell communication through the transferring of biological components such
as non-coding RNAs and proteins. Here, we investigate the cellular processes of
chondrocytes regulated by FLS-derived exosomes and the mechanisms of action underlying
the functions of exosomes in OA pathogenesis. We observed that exosome-mediated cartilage
repair was characterized by increased cell viability and migration as well as alleviated matrix
degradation. Using chondrocyte cultures, the enhanced cellular proliferation and migration
during exosome-mediated cartilage repair was linked to the exosomal IncRNA H19-mediated
regulation of the miR-106b-5p/TIMP2 axis. Transfection of miR-106-5p mimics in
chondrocytes significantly decreased cell proliferation and migration, promoted matrix deg-
radation characterized by elevated MMP13 and ADAMTSS expression, and reduced the
expression of COL2A1 and ACAN in chondrocytes. Furthermore, we found that TIMP2 was
directly regulated by miR-106-5p. Co-transfections of miR-106-5p mimics and TIMP2
resulted in higher levels of COL2A1 and ACAN, but lower levels of MMP13 and
ADAMTSS. Together, these observations demonstrated that the IncRNA H19 may promote
chondrocyte proliferation and migration and inhibit matrix degradation in OA possibly by
targeting the miR-106b-5p/TIMP2 axis. In the future, H19 may serve as a potential thera-
peutic target for the treatment of OA.
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INTRODUCTION
Fengjin Tan and Dongbo Wang contributed equally to this work.
Osteoarthritis (OA), a noninflammatory chronic joint
disorder that is a main cause of disability seen in individ-

! Orthopedics and Traumatology, Yantai Hospital of Traditional Chinese
Medicine, 39, Happy Road, Yantai City, 264000, China

2Medical imaging Department, Yantai Hospital of Traditional Chinese
Medicine, 39, Happy Road, Yantai City, 264000, China

3To whom correspondence should be addressed at Orthopedics and
Traumatology, Yantai Hospital of Traditional Chinese Medicine, 39,
Happy Road, Yantai City, 264000, China. E-mail: tanfiyhtcm@sina.com

1498

0360-3997/20/0400-1498/0 © 2020 Springer Science+Business Media, LLC, part of Springer Nature

uals suffering from arthritis, is characterized by the pro-
gressive destruction of joint structures, including both ar-
ticular cartilage and adjacent tissues [1, 2]. Compelling
evidence suggests that synovitis plays a crucial role in the
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occurrence and progression of OA. Additionally, synovial
inflammation is commonly involved in both the early and
late stages of OA pathogenesis [3, 4]. Normal synovium is
composed of 1 to 3 layers of condensed cells that are
mainly fibroblast-like synoviocytes (FLSs) [5]. In normal
physiological conditions, FLSs provide nutrients for the
articular cartilage and protect joint structures and surround-
ing musculoskeletal tissue. FLSs also play a role in OA
cartilage degradation by producing inflammatory and cat-
abolic factors [6—8]. Some studies demonstrate that FLSs
produce a large number of proinflammatory cytokines,
such as IL-13 and TNF-«, during OA pathogenesis [9].
Moreover, previous studies have reported that FLSs over-
express multiple enzymes that degrade extracellular matrix
(ECM), such as matrix metalloproteinases-13 (MMP13),
which plays a crucial role in maintaining cartilage homeo-
stasis. Interestingly, degradation of the ECM is closely
associated with OA progression [10]. Chondrocytes,
unique cells residing in adult human articular cartilage,
maintain cartilage homeostasis through the synthesis of
cartilage-specific ECM components and through the bal-
ance of anabolic and catabolic pathways. Increasing evi-
dence shows important roles for OA-derived FLSs (OA-
FLSs) in cartilage cell proliferation, migration, and apo-
ptosis [11, 12]. A full understanding of the cellular and
molecular events in synovial tissues is required to elucidate
the pathogenesis of cartilage destruction in OA. Thus, the
crosstalk between chondrocytes and FLSs should first be
interrogated.

Long non-coding RNAs (IncRNAs), a class of non-
protein-coding transcripts larger than 200 nucleotides, are
currently recognize as crucial regulators for various bio-
logical processes. IncRNAs have the ability to mediate
alternative splicing, chromatin modification, gene expres-
sion, and RNA metabolism at the epigenetic, transcription-
al, and post-transcriptional levels [13]. Several studies have
indicated that aberrantly expressed miRNAs and IncRNAs
could lead to the deregulated expression of target genes
associated with multiple disorders, including OA patho-
genesis [14-16]. Recent studies show that miR-30a, miR-
449a, and IncRNA-CIR play key roles in ECM degradation
and are also involved in OA pathogenesis [17-19]. H19 is
one of the well-studied, imprinted maternally expressed
IncRNAs. A large number of studies have reported key
roles of H19 in numerous cancers, including cancers of the
breast [20], liver [21] and bladder [22]. However, only a
small number of studies have focused on the roles of H19
in OA pathogenesis. Eric Steck et al. [23] reported that H19
acted as a metabolic correlate in cartilage and cultured

chondrocytes via regulation of microRNA-675 in osteoar-
thritis [23].

MicroRNAs (miRNAs) like IncRNAs are another
class of RNAs larger than 18-22 nucleotides that do not
encode proteins. They function in the regulation of various
cell phenotypes, including proliferation, migration, and
apoptosis. Recent studies demonstrated that miR-106b-5p
plays an important role in the modulation of inflammatory
responses [24, 25]. However, the role of IncRNA-H19 in
chondrocytes and its contribution to the degradation of the
ECM and the pathogenesis of OA have not been fully
elucidated.

The goal of this study was to investigate whether
IncRNA-H19 participates in phenotypic changes and
ECM degradation of chondrocytes through the regulation
of miR-106b-5p during OA pathogenesis. To answer our
question, we examined expression changes of H19 in both
normal and OA cartilage. We also determined how
exosomal H19 derived from FLS affected phenotypic
changes and the ECM degradation of chondrocytes. Fur-
thermore, the potential mechanisms of H19 were also
investigated.

MATERIALS AND METHODS

Patients and Cartilage Specimens

OA cartilage was isolated from the knee joints of 24
OA patients undergoing total knee arthroplasty (13 males,
11 females; age 53—69 years). OA was diagnosed accord-
ing to the clinical and radiological evaluation criteria pub-
lished by the American College of Rheumatology (ACR).
Normal articular cartilage was obtained from the knees of
10 donors after trauma or death (6 males, 4 females; age
16-48 years). Knee joints of normal cartilage donors ex-
hibited an intact articular surface without signs of cartilage
degeneration. Cartilage samples were immediately snap-
frozen and stored in liquid nitrogen for further RNA anal-
ysis. Informed consent was obtained from all tissue donors.
This study was approved by the Human Ethics Committee
of Yantai Hospital of Traditional Chinese Medicine. All
experiments were performed in accordance with the 1964
Declaration of Helsinki.

Cell Culture

Primary FLSs were isolated from knee joint
synovium of newborn SD rats as described previously
[5]. Briefly, synovial tissues were rinsed in PBS, minced,
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and digested using collagenase type I (Sigma, St. Louis,
MO, USA) for2 hat 37 °C. A cell strainer was then used to
filter the cell suspension. After dissociation, cells were
centrifuged at 400xg for 10 min and maintained in
RPMI1640 supplemented with 10% FBS, 100 U/mL pen-
icillin, and 100 pug/mL streptomycin. FLSs were identified
as previously described [26] and cells between passages 4
to 8 were used in subsequent studies.

Primary chondrocytes were prepared from the articu-
lar cartilages of femoral condyles and tibial plateaus of
newborn SD rats as described previously [27]. Briefly,
cartilage was washed in PBS before being minced. Minced
pieces were then incubated with 3 mg/mL collagenase D
for 45 min at 37 °C. After removing the supernatant,
cartilage was washed in PBS and incubated with 0.5 mg/
mL collagenase D solution overnight at 37 °C. Dissociated
cells were filtered through a sterile 48 um cell strainer and
centrifuged for 10 min at 400xg. The pellet was resuspend-
ed in DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin. The cells were
cultured at 37 °C, 5% CO, until further analysis.

Cell Transfections

AIlH19 siRNAs (si-H19; 100 nM), a negative control
siRNA (si-NC; 100 nM), an H19-overexpression plasmid
(pcDNA3.1-H19), a pcDNA3.1 plasmid, a miR-130a-3p
mimic (100 nM), a miR-130a-3p inhibitor (100 nM), and
their negative controls (100 nM) were designed and pur-
chased from RiboBio (Guangzhou, China). The sequences
of H19-siRNA1#, H19-siRNA2#, and H19-siRNA3# were
5'"-UGUAAAGUGCAGCAUAUUCAU-3’, 5'-
GAAUAUGCUGCACUUUACAAC-3’, and 5'-
UGCAAAUUAAAUUCAGAAGGG-3', respectively.
The sequence of si-NC was 5'-UUCUCCGA
ACGUGUCACGUTT-3'". The sequences for miR-106b-
5p mimic, miR-106b-5p inhibitor, and miR-NC were 5'-
UAGACGUGACAGUCGUGAAAU-3", 5'-
GCUGCACUGUCAGCACUUUA-3', and 5'-
UUCUCCGAACGUGUCACGUTT-3', respectively. Li-
pofectamine® 2000 (Invitrogen) was used for cell trans-
fections according to the manufacturer’s protocol. FLSs
were used in experiments after 48 h of transfection.

FLS/Chondrocyte Co-culture

FLSs transfected with pcDNA3.1-H19, pcDNA3.1,
si-H19, and si-NC-transfected or treated with GW4869
(5 x 10°/well) were placed into the upper chamber of a
co-culture system containing a 0.4 pm pore membrane.
Chondrocytes (3 x 10°/well) were seeded into the lower
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chamber. All cells were incubated in RPMI-1640 medium
supplemented with 10% exosome-free FBS.

Exosomes Isolation and Characterization

Exosomes were isolated from conditioned medium of
FLSs using an ExoQuick-TC Kit (System Biosciences,
USA). Both nanosight particle tracking analysis (NTA)
and transmission electron microscopy (TEM) were used
to characterize exosomes.

For exosome uptake analysis, exosomes were labeled
with PKH26 Red (PKH26 Red Fluorescent Cell Linker
Kits, Sigma-Aldrich) by following manufacturer’s instruc-
tions. Exosomes were then washed in 10 ml of PBS before
the labeled-exosomes were collected by ultracentrifugation
and resuspended in PBS. Lastly, 2 ug of exosomes was
incubated with 2 x 10° chondrocytes for 48 h, and nuclei
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI). Cells were examined under a confocal
microscope (Leica, USA).

Cell Proliferation

The effects of FLS-derived exosomes on the prolifer-
ation of chondrocytes were measured using a CCK-8 assay.
Briefly, 2 x 10* cells/well chondrocytes were seeded into
48-well plates and incubated with various exosomes for 24,
48, and 72 h. Then, 10 pL of CCK-8 was added to each
well and maintained for 2 h at 37 °C. Values at an absor-
bance value of 450 nm were recorded.

Transwell Assays

A transwell assay was used to assess the effects of
FLS-derived exosomes on the migration of chondrocytes.
Briefly, 5 x 10* chondrocytes were seeded into the upper
chamber of a 24-well transwell plate (8-pm-pore-size,
Corning). Next, 600 uL of DMEM containing exosomes
was added into the lower chamber of the transwell plate
and maintained for 24 h at 37 °C. Cells not migrating to the
lower surface of the upper chamber were removed using a
cotton swab. The upper chamber was then fixed with 4%
PFA for 10 min and stained with 0.1% crystal violet for
15 min. Four random fields (x 100 magnification) per well
were photographed and counted under an inverted
microscope.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from cells and tissues using
the TRIzol reagent (Invitrogen) following manufacturer’s
instructions. For miRNAs and U6, synthesis of cDNA was
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performed using Mir-X™ miRNA First-Strand Synthesis
Kit (Takara, Japan). For mRNAs and GAPDH, reverse
transcription was performed using a cDNA Reverse Tran-
scription Kit (Takara). SYBR Green PCR Master Mix
(Invitrogen, USA) was used to perform qRT-PCR that
was ran using a prism 7500 real-time PCR system (Applied
Biosystems, USA). To calculate relative expression levels
of specific transcripts, the 22T method was used. Both
U6 and GAPDH were used as endogenous controls for
miRNA and mRNA, respectively. Primer sequences are as
follows: miR-106b-5p: forward: 5'-ACAC
TCCAGCTGGGUAGACGUGACAGUCG-3'; reverse:
5-TGGTGTCGTGGAGTCG-3'. U6: forward: 5'-CAGT
GCGTGTCGTGGAGT-3"; reverse: 5'-AACG
CTTCACGAATTTGCGT-3". H19: forward: 5'-AGTG
TCCCATTCTTTGGAT-3'; reverse: 5'-CTTG
CATAGCACATGAATAT-3'. GAPDH: forward: 5'-
GGAGCGAGATCCCTCCAAAAT-3'; and reverse: 5'-
GGCTGTTGTCATACTTCTCATGG-3".

Quantification of Sulfated Glycosaminoglycan

Chondrocytes were dissociated using proteinase K
digestion buffer at 65 °C for 3 h. The concentrations of
sulfated glycosaminoglycans (sGAG) were measured
using the Blyscan Sulfated Glycosaminoglycan Assay Kit
(Biocolor Ltd., Carrickfergus, UK) following manufac-
turer’s instructions. Absorbance at 656 nm was determined
using a microplate reader (SpectraMax M2, Molecular
Devices, LLC, Sunnyvale, USA). A shark chondroitin 6-
sulfate (Sigma) was used as the standard. Total sGAG
levels were normalized to total dsSDNA content.

Western Blotting

Total protein was extracted from cells using
radioimmunoprecipitation assay (RIPA) lysis buffer and
was quantified using a BCA Protein Assay Kit (Beyotime,
China). After separating proteins using SDS-PAGE, equiv-
alent protein concentration was transferred onto
polyvinylidene difluoride (PVDF) membranes and then
blocked in 5% non-fat milk diluted in Tris-buffered saline
with Tween-20 (TBST) for 1 h at room temperature. Sub-
sequently, membranes were incubated with primary anti-
bodies overnight at 4 °C, followed by an extensive wash in
TBST. After washing in TBST, membranes were incubated
in specific horseradish peroxidase-conjugated secondary
antibodies (1:10,000; Cell Signaling Technology, Inc.) for
1 h at room temperature. Enhanced chemiluminescence
reaction was used to detect protein bands. Primary anti-
bodies specific to TSG101 (1:200; Santa Cruz Biotech,

Dallas, TX, USA), CD63 (1:200; Santa Cruz), COL2A1
(1:200; Abcam, Cambridge, MA, USA), MMP13 (1:200,
Santa Cruz, USA), TIMP2 (1:200, Santa Cruz, USA), and
GAPDH (1:1000; Beyotime) were used. GAPDH served
as an endogenous loading control.

Luciferase Reporter Assays

Wide-type (H19-Wt) and mutant H19 (H19-Mut),
where H19-Mut contains mutations in putative miR-
106b-5p-binding sites, were inserted into a pmirGLO
dual-luciferase reporter vector (Promega, Madison,
USA). Similarly, a fragment of the TIMP2 3'-untranslated
region (3" UTR) containing the miR-106b-5p binding site
(TIMP2-Wt) and its mutant (TIMP2-Mut) were cloned into
the pmirGLO reporter vector. Chondrocytes were co-
transfected with pmirGLO-H19-Wt, pmirGLO-H19-Mut,
pmirGLO-TIMP2-Wt, pmirGLO-TIMP2-Mut or
pmirGLO vector, and a miR-106b-5p mimic or miR-NC
control. Renilla luciferase activities of cell lysates were
measured using Dual Luciferase Reporter Assay kit
(Promega) in accordance with the manufacturer’s instruc-
tions 24 h after transfection.

Statistical Analysis

All data were presented as mean + SD. The SPSS 17.0
software was used for statistical analyses. All in vitro ex-
periments were independently repeated in triplicates for
each experiment. Gaussian distribution, Student’s ¢ test,
or ANOVA statistical analyses were performed. A Mann-
Whitney test was performed for non-normal data. A
P <0.05 indicated statistically significant differences.

RESULTS

LncRNA H19 Is Downregulated in the Cartilage of OA
Patients

To explore whether IncRNA H19 expression was
altered in OA compared with normal tissues, qRT-PCR
was performed to determine H19 expression levels in both
OA and healthy cartilage samples. Data revealed that H19
levels were significantly downregulated in OA patients
when compared with the normal control group (P <0.01,
Fig. 1a). IL-1f3 is recognized as one of main cytokines
involved in OA progression [28]. Several studies have
reported that IL-1{3 can inhibit cell proliferation, downreg-
ulate aggrecan and collagen type II synthesis, and increase
MMP13 expression in chondrocytes [29]. Thus, we
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Fig. 1. Relative expression level of H19 in normal and osteoarthritis (OA) cartilage samples detected by qRT-PCR. #*#P < 0.01 compared with the control

group

determined the expression levels of H19 in II-13-
stimulated chondrocytes in vitro. As expected, the expres-
sion levels of H19 were significantly decreased in
chondrocytes treated with IL-13 (P<0.01, Fig. 1b).

FLSs Overexpressing H19 Regulate the Proliferation
and Migration of Chondrocytes

To determine whether FLSs favorably contribute to
the reversal of IL-1B3-induced chondrocytes injury, H19
was overexpressed (FLSs-H19) or suppressed (FLSs-
siH19) in FLSs and was co-cultured with chondrocytes
that were pre-stimulated with IL-13 (10 ng/mL for 24 h)
in a transwell system. After co-culturing for 24 h, chon-
drocyte proliferation was measured using a CCK-8 assay. It
was found that proliferation was significantly suppressed
in chondrocytes co-cultured with FLSs-siH19 and was
increased in cells co-cultured with FLSs-H19, compared
with corresponding controls (P < 0.01, Fig. 2a, b). Similar-
ly, using a Boyden chamber transwell system, we observed
that the number of migrated chondrocytes decreased when
co-cultured with FLSs-siH19. In contrast, this number was
increased when co-cultured with FLSs-H19, compared
with corresponding controls (P < 0.01, Fig. 2¢). Altogeth-
er, these results provide strong evidence that FLSs overex-
pressing H19 exerts positive effects on reversing IL-1(3-
induced chondrocyte injury, suggesting a crosstalk be-
tween FLSs and chondrocytes during OA progression.

H19 Is Transferred from FLSs to Chondrocytes
Through Exosomes

GW4869 is an inhibitor used to block exosome se-
cretion. We first determined whether GW4869 could suc-
cessfully block exosome secretion in FLSs-H19. We iden-
tified that the FLSs-H19-induced positive effects on chon-
drocyte proliferation and migration were abolished in the
presence of GW-4869 (Fig. 3a, b). These data suggest that
FLS-derived exosomes may play a crucial role in the
mutual effects observed between FLSs and chondrocytes.

To further confirm whether FLS-derived exosomes
(exos-FLS) were involved in the phenotypic changes of
chondrocytes, we first isolated exosomes from the condi-
tioned medium of FLSs. Isolated exosomes displayed as
small round vesicles with a diameter ranging from 30 to
100 nm and expressed exosomal markers including CD9,
CD63, and CD81 (Fig. 3c—e). Importantly, when equal
amounts of exosomal protein were loaded, levels of the
exosomal markers TSG101 and CD63 were similar in
exosomes derived from FLSs-H19 (exos-FLS-H19),
FLSs-siH19 (exo0s-FLS-siH19), and FLSs (exos-FLS)
(Fig. 3e), indicating that H19 did not alter exosome secre-
tion by FLSs. To evaluate whether exos-FLS could enter
chondrocytes, chondrocytes were incubated with PKH67-
labeled exos-FLS. Confocal microscopy showed that the
majority of chondrocytes absorbed dye-labeled FLSs-de-
rived exosomes (Fig. 3f). Accordingly, H19 levels were
increased in chondrocytes treated with exos-FLS-H19,
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Fig. 3. H19 is transferred from FLS to chondrocytes through exosomes. a and b FLS-mediated regulatory effects on chondrocytes viability and migration
were blocked upon addition of GW4869. ¢ Exosomes derived from FLSs were examined under electron microscopy. d The size distributions of exosomes
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Exos-FLS-H19 Treatment Alters the Expression of
ECM Degeneration Proteins in Articular Chondrocytes

One of the major causes of cartilage degeneration
is the disturbance of extracellular matrix (ECM) anabo-
lism and catabolism in articular chondrocytes. In this
study, chondrocytes were pre-stimulated with 10 ng/mL
IL-13 for 24 h to mimic OA chondrocytes. An in-
creased production of MMP13 and ADAMTSS expres-
sion levels and a downregulation of COL2A1 (collagen
type 2 Al) and ACAN (aggrecan) levels were observed
in chondrocytes treated with IL-13. Exosomes derived
from FLSs-H19 (exos-FLS-H19) abolished negative ef-
fects of IL-1f3 on chondrocytes, which was revealed by
expression changes in MMP13, ADAMTSS, COL2A1,
and ACAN levels (P<0.01, Fig. 4a, b). Immunoblot-
ting analysis was used to examine the expression levels
of MMP13 and COL2A1. MMP13 expression was sig-
nificantly upregulated by IL-13 treatment and down-
regulated by exos-FLS-H19 (Fig. 4c). In contrast, CO-
L2A1 was significantly reduced by IL-13 stimulation
and elevated by exos-FLS-H19 treatment (Fig. 4c). A
DMMB assay was used to evaluate the concentration of
sGAG, which is a main form of aggrecan secreted by
chondrocytes. IL-1f3 stimulation reduced the concentra-
tion of SGAG, but exos-FLS-H19 treatment rescued this
effect (P<0.01, Fig. 4d). Collectively, these findings
revealed that H19 exhibits protective roles in chondro-
cyte ECM homeostasis.

H19 Regulates the Proliferation, Migration, and ECM
Degradation of Chondrocytes via miR-106b-5p

We next questioned the underlying mechanisms
behind how H19 exerts a chondroprotective role on
OA progression. First, the online software StarBase
v2.0 was interrogated and found that miR-106b-5p po-
tentially interacted with H19. As shown in Fig. Sa,
compared with control groups, the expression levels of
miR-106b-5p were significantly (P <0.01) upregulated
in OA articular cartilage. We next examined the expres-
sion levels of miR-106b-5p after overexpressing and
silencing H19 in chondrocytes. We found that miR-
106b-5p levels were decreased in H19 overexpressing
chondrocytes. However, these levels were increased
when H19 levels were repressed (Fig. 5b). Thus, miR-
106b-5p was selected for subsequent studies. To verify
that there was a direct interaction between H19 and
miR-106b-5p, a luciferase reporter gene system was
applied. Co-transfection of H19-Wt and a miR-106b-
Sp mimic into chondrocytes significantly reduced
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luciferase activity compared with cells co-transfected
with H19-Wt and miR-NC. However, there was no
significant difference in luciferase activity when analyz-
ing cells transfected with H19-Mut plasmids (Fig. 5b).
Altogether, these data suggest that H19 and miR-106b-
Sp have a negative regulatory relationship.

We next wanted to determine whether H19 exerts
favorable effects reversing IL-1[3-induced phenotypic
changes of chondrocytes by targeting miR-106b-5p.
H19 overexpression significantly (P<0.01) reduced
the levels of miR-106b-5p in chondrocytes (Fig. 5c).
A miR-106b-5p mimic, pcDNA3.1-H19, and corre-
sponding controls (negative control and vector) were
co-transfected into chondrocytes that were then stimu-
lated with IL-13. A transwell assay was used to deter-
mine the effects of H19 and miR-106b-5p on cell mi-
gration. The number of migrating cells in the vector/
miR-106b-5p mimic group was much lower than what
was observed in the vector/negative control group.
However, the number of migrating cells was elevated
in the pcDNA3.1-H19 group (Fig. 5d). Similarly, CCK8
results revealed that the vector/miR-106b-5p mimic
group exhibited decreased proliferation as compared
with that the vector/negative control group. The prolif-
eration of chondrocytes was rescued after pcDNA3.1-
H19 transfection (Fig. 5e). To examine whether H19
protects ECM from degradation by targeting miR-
106b-5p, the expression levels of MMP13, ADAMTSS,
COL2A1, and ACAN were determined in miR-106b-5p
mimic and pcDNA3.1-H19 transfected chondrocytes.
The mRNA levels of MMP13 and ADAMTSS were
significantly upregulated, and the mRNA levels of CO-
L2A1 and ACAN were markedly downregulated in the
vector/miR-106b-5p mimic group when compared with
the vector/negative control group (P <0.01, Fig. 5f). In
addition, the expression levels of MMP13 and
ADAMTSS5 were decreased, whereas COL2A1 and
ACAN were elevated after the addition of pcDNA3.1-
H19 (P<0.01, Fig. 5g). In summary, these results dem-
onstrated that H19 inhibited Il-13-induced negative
phenotypic changes of chondrocytes and ECM degra-
dation through miR-106b-5p.

TIMP2 Is Repressed by miR-106b-5p in Chondrocytes

A positive correlation between TIMP2 expression
and H19 expression (r=0.537, P<0.01) and a negative
correlation (» =—0.637, P <0.01) between TIMP2 expres-
sion and miR-106b-5p expression levels were observed in
OA cartilage samples. Overexpressed H19 and
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downregulated miR-106b-5p levels may lead to the aber-
rant overexpression of TIMP2 in chondrocytes (Fig. 6a).
Furthermore, luciferase activity was significantly
(P<0.01) decreased in chondrocytes co-transfected with
a miR-106b-5p mimic and pmirGLO-TIMP2-Wt when
compared with cells co-transfected with a miR-106b-5p
mimic and pmirGLO-TIMP2-Mut (Fig. 6b). It was ob-
served the miR-106b-5p + TIMP2 group significantly
(P<0.01) increased COL2A1 and ACAN expression
levels, as well as reduced MMP13 and ADAMTSS expres-
sion, when compared with the miR-106b-5p + vehicle
group (Fig. 6¢ and d). Collectively, these results indicate
that the balance between ECM anabolism and catabolism
in primary chondrocytes was disrupted when transfected
with miR-106b-5p mimics, and this negative effect was
reversed in vitro by the overexpression of TIMP2.

DISCUSSION

vOA is a chronic, degenerative joint disease char-
acterized by articular cartilage destruction. Even though
studies have shown that chondrocytes and FLSs in the
synovial lining layer play crucial roles in the degrada-
tion of cartilage in OA patients [30, 31], few studies
analyzed the interaction between chondrocytes and
FLSs in OA pathology [11, 12]. Thus, the present study
investigated the effects and the underlying mechanisms
of FLSs on phenotypic changes and ECM degradation
in chondrocytes. In this study, FLS-exos facilitated
chondrocyte proliferation and migration, which is cur-
rently considered a main strategy to prevent and control
OA [32]. Furthermore, the therapeutic effects of FLS-
exos on OA are associated with exosomal IncRNA H19,
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which acts as a sponge for miR-106b-5p to promote the
expression of TIMP2 in chondrocytes. Exosomes de-
rived from mesenchymal stem cells and synovial fibro-
blasts mediate cartilage repair by enhancing

proliferation, attenuating apoptosis, and balancing the
synthesis and degradation of cartilage ECM [33-35].
Our study demonstrated that FLSs-H19-Exos exerted
therapeutic effects on OA.
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A variety of studies have reported an association
between IncRNAs and OA progression [36-38]. Abnor-
mally expressed IncRNAs are associated with both the
occurrence and development of OA. To examine potential
mediators responsible for the interaction between FLSs and
chondrocytes, we investigated the functional correlations
between chondrocytes and specific IncRNAs. Previous
work [23] has demonstrated that H19 overexpression in-
duces ECM synthesis, which is considered a compensatory
mechanism used by chondrocytes to counteract matrix
destruction during OA, by targeting miR-675. However,
a different study [39] suggests that H19 exerts stimulatory
effects on cell damage of normal human cartilage cells
C28/12 by targeting miR-130a. These conflicting findings
may partly be due to the different origins of chondrocytes.
Our data suggested that the IncRNA H19 may be involved
in the protective effects of FLS-exos on OA.

LncRNAs are considered molecules in regulating di-
verse biological processes by serving as molecular sponges
for specific miRNAs. The miR-106b-5p has regulatory
roles in various cell types. For example, miR-106b-5p
was shown to inhibit the invasion and metastasis of colo-
rectal cancer by targeting CTSA [40]. Targeting PTEN
through miR-106b-5p promotes stem cell-like properties
of hepatocellular carcinoma cells [41]. In inflammatory
diseases, a miR-106b-5p antagomir protects against cere-
bral ischemia/reperfusion (I/R) injury [42]. Also, miR-
106b-5p is associated with inflammatory responses and
bone destruction in collagen-induced arthritis [43]. Our
work showed that H19 protects against IL-1{3-induced
chondrocyte damage by interacting with miR-106b-5p.

Furthermore, we identified TIMP2 as a miR-106b-5p
target in OA development. TIMP2, a member of the TIMP
family, plays a regulatory role in the proteolytic activities
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of MMPs. However, the MMP inhibitory capacity of
TIMPs appears low in OA cartilage [44]. In addition, the
introduction of exogenous TIMPs to suppress the over-
activity of MMPs in OA joints showed little clinical effects
[45]. Our findings confirmed the regulating role of TIMP2
in the synthesis and degradation of the ECM. However, the
detailed mechanisms by which TIMP2 balances ECM
anabolism and catabolism in articular chondrocytes require
further investigation.

In conclusion, our work demonstrates an axis
explaining the role of the IncRNA H19 in OA develop-
ment. FLS-derived exosomal IncRNA H19 promotes cell
viability and migration, and protects against ECM degra-
dation in IL-1-3-induced chondrocytes by regulating miR-
106b-5p and TIMP2 expression. These findings highlight a
novel pathological mechanism for OA, underling a possi-
ble therapeutic target for OA.
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