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MicroRNAs (miRNAs) are emerging as important regulators in
osteoarthritis (OA) pathogenesis. In our study, a real-time PCR
assay revealed that miR-483-5p was upregulated in articular
cartilage from OA patients and experimental OA mice induced
by destabilization of the medial meniscus compared to their
controls. Overexpression of miR-483-5p by intra-articular in-
jection of lentivirus LV3-miR-483-5p significantly enhanced
the severity of experimental OA. Consequently, we synthesized
antago-miR-483-5p to silence the endogenous miR-483-5p
and delivered it intra-articularly, which revealed that antago-
miR-483-5p delayed the progression of experimental OA. To
investigate the functional mechanism of miR-483-5p in OA
development, we generated doxycycline-inducible miR-483
transgenic (TG483) mice. TG483 mice exhibited significant ac-
celeration and increased severity of OA, and age-related OA
occurred with higher incidence and greater severity in TG483
mice compared with their controls. Furthermore, our results
revealed miR-483-5p directly targeted to the cartilage matrix
protein matrilin 3 (Matn3) and tissue inhibitor of metallopro-
teinase 2 (Timp2) to stimulate chondrocyte hypertrophy, extra-
cellular matrix degradation, and cartilage angiogenesis, and
it consequently initiated and accelerated the development of
OA. In conclusion, our findings reveal an miRNA functional
pathway important for OA development. Targeting of miR-
483-5p by intra-articular injection of antago-miR-483-5p rep-
resents an approach that could prevent the onset of OA and
delay its progression.

INTRODUCTION

Osteoarthritis (OA) is a highly prevalent and degenerative joint dis-
order. Destruction of cartilage, loss of cartilage matrix, aberrant
chondrocyte hypertrophy," and disruption of the tidemark accom-
panied by angiogenesis at the osteochondral junction” are character-
istics of OA. Unfortunately, no effective medical therapy for the
condition is available for clinical use because of limited understand-
ing of its pathogenesis." Chondrocytes are the only resident cells
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found in cartilage,” and their primary function is to maintain carti-
lage homeostasis. However, during the initiation and development
of OA, changes occur in chondrocyte behavior,' such as expression
of hypertrophy markers and secretion of disease-associated cyto-
kines or small fragments of nucleic acid, such as microRNAs
(miRNAs).

miRNAs are a class of non-coding single-stranded RNAs acting on
“fine-tuning” gene expression at the post-transcriptional level.’ The
emerging role of miRNAs in OA is evident from studies comparing
miRNA expression in both OA and normal articular tissues. miRNAs,
including miR-140,”° miR-320c,” miR-125b,'"" miR-27b,"" miR-
194,"> miR-199a*,'> miR-34a,'* and miR-146a,"” are implicated in
various aspects of OA pathology, including regulating proteolytic
enzymes, chondrocyte metabolism, and cartilage homeostasis and re-
sponding to the inflammatory microenvironment. Therefore, identi-
fication of the miRNAs regulatory network involved in OA is crucial
for understanding its pathogenesis. miR-483 is a multifunctional
miRNA that regulates cell proliferation, differentiation, and migra-
tion in adipocytes,'®'” pancreatic beta cells,'®
cells."”*" Recently, miR-483-5p was reported to be upregulated in
chondrocytes from OA patients,”>*” as well as in cartilage from OA
and old mice compared with their controls.”* However, the functional
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role of miR-483-5p in OA development and the mechanisms through
which miR-483-5p controls the fate of chondrocytes and regulates the
pathogenesis of OA are not known.

In this study, we demonstrate that miR-483-5p expression is
enhanced both in cartilage of OA patients and experimental
OA mice. Overexpression of miR-483-5p in mice results in OA-
like features, including aberrant hypertrophy of chondrocytes,
enhanced cartilage angiogenesis, matrix degradation, and acceler-
ated OA. Inhibition of miR-483-5p by intra-articular injection of
synthetic antago-miR-483-5p delays OA development in mice.
Furthermore, we identified matrilin 3 (Matn3) and tissue inhibitor
of metalloproteinase 2 (Timp2) as the functional targets of miR-
483-5p in OA development. Our findings provide direct evidence
of the role of miR-483-5p in OA and support the hypothesis that
the miR-483-5p inhibitor antago-miR-483-5p delays the develop-
ment of OA.

RESULTS

miR-483-5p Expression Is Increased in the Cartilage of Patients
with OA and in Mice with Experimental OA

To investigate the potential role of miR-483-5p in OA, we collected
OA articular cartilage samples (Figure S1A) from patients during
total knee replacement surgery and samples of healthy human artic-
ular cartilage from victims of road traffic accidents. Real-time PCR
analysis showed enhanced expression of miR-483-5p in human
OA cartilage compared with that in normal cartilage (Figure 1A).
Furthermore, an experimental model of OA was induced in 8- to
10-week-old male C57BL/6] mice by surgical destabilization of the
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Figure 1. Expression of miR-483-5p Is Elevated in
the Articular Cartilage of OA Patients and
Experimental OA Mice

(A) Real-time PCR analysis of miR-483-5p levels in
human OA articular cartilage compared to controls. (B)
Safranin O fast green staining of knee joints from
DMM and sham mice. Black arrows indicate the tide-
mark. Scale bars represent 100 um (top) and 40 pum
(bottom). (C) OARSI scores according to safranin O and
fast green staining in (B) (n = 5). (D) Real-time PCR anal-
ysis showed a significant increase in the levels of miR-
483-5p in mouse OA articular cartilage (n = 5) compared
to the sham surgery group (n = 5). Error bars represent the
mean + SEM. *p < 0.05; **p < 0.01 (independent-sample t
test for two groups and one-sample t test for real-time
PCR analysis).

medial meniscus (DMM) (Figures 1B and 1C),
a model that was previously established in our
lab.”> 5 weeks after surgery, articular cartilage
was isolated,”® and the expression of miR-483-
5p was found to be significantly upregulated
in DMM OA mice compared with that in
sham-operated mice (Figure 1D). These find-
ings demonstrate that the upregulation of
miR-483-5p in articular chondrocytes of patients and OA mice corre-
lates with OA development.

Overexpression of miR-483-5p in Cartilage Promotes OA
Development in Mice

To determine whether miR-483-5p overexpression promotes OA
development, lentivirus-mediated miR-483-5p (LV3-miR-483-5p)
and comparable amounts of LV3-NC (negative control) were injected
intra-articularly at 7 and 14 days after DMM surgery. Immunofluo-
rescence analysis of GFP expression demonstrated that intra-articular
injection of lentiviruses mainly affects chondrocytes in the middle
zone and deep zone, above the calcified layers (Figure S2A). Fluores-
cence in situ hybridization (FISH) analysis showed that levels of
miR-483-5p were increased 3- to 4-fold in samples of miR-483-
5p-overexpressing cartilage (Figure 2A), demonstrating successful
upregulation of miR-483-5p by the LV3-miR-483-5p lentivirus.

Interestingly, OA progression was significantly accelerated by carti-
lage overexpression of miR-483-5p in DMM OA mice. H&E staining
showed that the tidemark moved closer to the articular surface in
DMM mice after intra-articular injection of LV3-miR-483-5p than
after injection of LV3-NC in DMM mice (Figures 2B and 2C).
Safranin O and fast green staining (Figure 2B) showed accelerated
destruction of cartilage and loss of proteoglycan as well as enhanced
chondrocyte hypertrophic differentiation in the tibial cartilage of
LV3-miR-483-5p-treated mice. Accordingly, Osteoarthritis Research
Society International (OARSI)*’ scores were significantly increased
(Figure 2D) in these mice. Furthermore, compared with control
mice, expression of Runx2 (Runt-related transcription factor 2), an
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Figure 2. High miR-483-5p Expression in Cartilage Correlates with Accelerated OA Development

(A) Fluorescence in situ hybridization analysis of miR-483-5p (green) in the tibial plateau of DMM OA mice (n = 10) injected with lentivirus-mediated miR-483-5p or NC
(negative control). Scale bar, 40 pm. (B) Top: H&E staining of cartilage. The hyaline cartilage (HC) and calcified cartilage (CC) thicknesses are indicated by double-headed
arrows. Bottom, safranin O and fast green staining of sagittal sections of the tibia medial compartment, proteoglycan (red), and bone (blue). Scale bar, 50 um. (C) Quan-
tification of HC/CC according to H&E staining in (B). (D) OARSI scores according to safranin O and fast green staining in (B). (E) Immunostaining analysis of positive Runx2
(brown; scale bar, 20 um) cells in the tibial plateau of mice shown in (A). Red arrows indicate positively stained cells. (F) Quantification of the proportion of cells positive for
miR-483-5p and Runx2 in the tibial plateau of mice shown in (A). Error bars represent the mean + SEM. *p < 0.05; **p < 0.01 (independent-sample t test for two groups).

essential transcription factor for chondrocyte hypertrophy that is
associated with cartilage joint degeneration in human OA patients,*®
was markedly enhanced in chondrocytes after LV3-miR-483-5p treat-
ment (Figure 2E and 2F).

Collectively, miR-483-5p expression was increased in cartilage of pa-
tients with OA as well as mice with experimental OA. OA progression
was significantly accelerated due to high miR-483-5p expression in
cartilage and was accompanied by severe cartilage damage, cartilage
matrix degeneration, and increased chondrocyte hypertrophy.

Intra-articular Delivery of Synthetic Antago-miR-483-5p Delays
Development of Osteoarthritis

We next examined the effects of inhibition of miR-483-5p on OA
development. Intra-articular injection of antago-miR-483-5p (miR-
483-5p inhibitor) significantly downregulated miR-483-5p level in
cartilage chondrocytes and synovium (Figures S2B and S2C). Histo-
logic examination revealed that antago-miR-483-5p protected against

cartilage damage and loss and reduced the amount of fibrous carti-
lage. Correspondingly, safranin O staining showed OARSI scores
were significantly decreased in the antago-miR-483-5p-treated mice
than in antago-miR-NC-injected mice (Figure 3A). Additionally,
the number of Runx2-positive chondrocytes was markedly decreased
in sections from antago-miR-483-5p -injected mice (Figure 3B).
Hence, our data demonstrated the therapeutic effects of miR-483-
5p inhibition on delaying OA cartilage destruction in a mouse model.
Collectively, these loss- and gain-of-function analyses demonstrate
that miR-483-5p plays an essential role in the development of OA.

miR-483-5p Is Essential for OA Initiation and Development

We further generated miR-483 transgenic mice (Figure S3A) to iden-
tify the role of miR-483-5p in OA initiation. The mice (TG483) carry
both the pri-miR-483 transgene (Figure S3B) and rtTA inducer allele
(Figure S3C). The expression of miR-483 is induced by a doxycycline
(Dox) tet-on system in the TG483 mice. TG483 and control mice
were both administered 2 mg/mL Dox in drinking water from 6 weeks

Molecular Therapy Vol. 25 No 3 March 2017 717


http://www.moleculartherapy.org

HE

Molecular Therapy

Figure 3. Inhibition of miR-483-5p in Cartilage
Delays OA Development

(A) H&E, safranin O, and fast green staining and quanti-
fication of hyaline cartilage/calcified cartilage (HC/CC)
and OARSI scores in the tibial plateau of DMM OA mice
injected intra-articularly with antago-miR-483-5p or an-
tago-miR NC (n = 10). Scale bar, 50 um. (B) Immuno-
staining and quantification of Runx2-positive (brown;

scale bar, 20 um) cells in the tibial plateau of mice shown
in (A). Red arrows indicate positively stained cells. Error
bars represent the mean + SEM. *p < 0.05; **p < 0.01
(independent-sample t test for two groups).
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Timp2 attracted our attention. Matn3 is an
essential cartilage matrix protein secreted by
chondrocytes and may inhibit premature chon-
drocyte hypertrophy by suppressing BMP-2/
Smadl activity.”®

We performed luciferase assays to determine if
Matn3 is a target of miR-483-5p in chondro-
cytes. We found that miR-483-5p inhibited
the luciferase activity of a reporter containing
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of age, and the levels of miR-483-5p in articular cartilage were signif-
icantly upregulated after exposure to Dox for 2 weeks (Figure 4A).
As expected, TG483 mice exhibited significant acceleration and
increased severity of OA 5 weeks after DMM surgery compared to
their littermate controls (Figure 4B).

Most importantly, at age 13.5 months, 100% of TG483 mice devel-
oped OA-like phenotypes, including loss of proteoglycan, degrada-
tion of cartilage matrix, and increased chondrocyte hypertrophy. In
contrast, less than half of the control mice exhibited OA phenotypes,
with significantly less severe grades at the same age (Figures 4C and
4D). This shows that OA is more common and severe in TG483
mice during aging. Notably, decreased Col2al in cartilage of aged
TG483 mice was accompanied by an increased mRNA level of Indian
hedgehog (Ihh), a pre-hypertrophic chondrocyte-produced cytokine
important for OA initiation (Figure 4E). Furthermore, our results
demonstrated that miR-483-5p negatively regulated expression of
Thh in vivo (Figures 4F and 4G). Therefore, these data indicate that
miR-483-5p is important for OA development and involved in OA
initiation.

Matn3 Is a Target of miR-483-5p in Chondrocytes and OA
Development

To gain further insight into the mechanism by which miR-483-5p
regulates the development of OA, we used the Web-based target
prediction software programs Target Scan, miRWalk, miRanda, and
PITA to predict the potential targets of miR-483-5p. Among these
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the wild-type (WT) Matn3 3’ UTR but had no
effect on the reporter with a mutated 3’ UTR,
which was unable to bind to miR-483-5p (Fig-
ure 5B). Moreover, although the amount of Matn3 protein in
ATDCS5 cells was downregulated by miR-483-5p mimics and upregu-
lated by inhibitor, no difference in Matn3 mRNA levels was observed
among the groups (Figure 5C). To determine whether miR-483-5p
functionally targets Matn3 in regulating OA development, primary
chondrocytes were isolated and transfected with miR-483-5p mimics
alone or co-transfected with miR-483-5p mimics and Matn3-overex-
pressing plasmid. We found that Col2al decreased, while Ihh and
Runx2 mRNA levels were markedly enhanced in cells transfected
with miR-483-5p mimics compared to cells transfected with NC.
Importantly, Col2al, Thh, and Runx2 mRNA expression were rescued
to normal levels by Matn3-expression plasmid (Figure 5D). These
results suggest that Matn3 is a direct target of miR-483-5p in chon-
drocytes in vitro.

We next examined whether miR-483-5p targets Matn3 to promote
OA development in vivo. As expected, the level of Matn3 in the carti-
lage of aged TG483 mice was markedly reduced compared with that
in control mice (Figure 5E). To further ascertain whether increased
numbers of hypertrophic chondrocytes in the cartilage of TG483
mice resulted from downregulation of Matn3, 8- to 10-week-old
TG483 and control mice were given intra-articular injections of
Matn3-expressing lentivirus at 7 and 14 days after DMM surgery.
5 weeks later, knee joints were harvested for histological analysis.
H&E, safranin O, and fast green staining showed that cartilage forma-
tion on the tibial plateau and proteoglycan in extracellular matrix
(ECM) were significantly increased in TG483 DMM mice after
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Figure 4. miR-483-5p Is Essential for OA Initiation and Development
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(A) Real-time PCR analysis of miR-483-5p levels in cartilage (normalized to those in WT mice) from control and TG483 mice exposed to Dox for 2 weeks. (B) H&E, safranin O,
and fast green staining in the tibial plateau of TG483 (n = 10) and control mice (n = 10) 5 weeks after DMM surgery. Scale bar, 50 um. (C) H&E, safranin O, and fast green
staining (scale bar, 50 um) and immunostaining analysis of Runx2-positive (scale bar, 20 um) cells in the tibial plateau of TG483 (n = 10) and control mice (n = 8) treated with
Dox for 12 months. (d) OARSI scores according to safranin O and fast green staining in (C). (E) Real-time PCR analysis of Col2a7 and /hh mRNA levels in the cartilage of mice
described in (D). (F and G) Immunostaining and quantification analysis of Ihh-positive (brown; scale bar, 20 um) cells in the tibial plateau of DMM OA mice after receiving intra-
articular injection of lentivirus-mediated miR-483-5p or antago-miR-483-5p. Red arrows indicate positively stained cells. Error bars represent the mean + SEM. *p < 0.05;
**p < 0.01 (independent-sample t test for two groups and one-sample t test for real-time PCR analysis).

treatment with Matn3-expressing lentivirus. In contrast, levels of Ihh
and Runx2 were reduced in the cartilage of these mice (Figure 5F).
Based on these findings, we propose that miR-483-5p-dependent
chondrocyte hypertrophy and OA development are restored upon
re-acquisition of Matn3 expression. Taken together, these data
demonstrate that Matn3 is a directed and functional target of miR-
483-5p in chondrocytes during OA development.

miR-483-5p Targets Timp2 to Stimulate Cartilage Angiogenesis
and OA Development

Timp2, a member of the tissue inhibitors of metalloproteinase
(Timps) family, has the capacity to inhibit the catalytic activity of ma-

trix metalloproteinases (MMPs). It has been shown that Timp2 is
downregulated in OA cartilage and that Timp2-deficient mice
develop accelerated OA.*® Recent findings suggest that miR-483-5p
directly targets Timp2 (Figure 6A) in other cells.”’ Using a luciferase
assay (Figures 6B and 6C), we confirmed that miR-483-5p directly
targets Timp2 in the ATDC5 cell line. Moreover, the amount of
Timp2 protein in ATDC5 cells was downregulated by miR-483-5p
mimics and upregulated by inhibitor, and no difference in Timp2
mRNA levels was found among these groups (Figure 6D). We next
determined the role of miR-483-5p in regulating Timp2 in vivo.
The expression of Timp2 in articular cartilage from OA patients
and normal humans was examined by immunofluorescence. Timp2

Molecular Therapy Vol. 25 No 3 March 2017 719
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Figure 5. miR-483-5p Directly Targets Matn3 in Chondrocytes during OA Development

(A) miR-483-5p aligned with the 3" UTR of Matn3 mRNA. (B) ATDC5 cells were co-transfected with a reporter carrying a mutant or WT Matn3 3’ UTR along with miR-483-5p
mimics or its control were analyzed by Iuciferase assay. (C) Western blot and real-time PCR analysis of Matn3 expression in ATDC5 cells transfected with miR-483-5p mimics
or inhibitor for 48 hr. (D) Real-time PCR analysis of Col2a7, Ihh, and Runx2 mRNA levels in primary chondrocytes transfected with NC, miR-483-5p mimics, or miR-483-5p
mimics plus Matn3 for 48 hr. (E) Immunohistochemical analysis of Matn3-positive cells in the tibial plateau of TG483 (n = 10) and control mice (n = 8) treated with 2 mg/mL Dox
for 12 months. Scale bar, 20 um. (F) H&E, safranin O, and fast green staining and immunostaining analysis of Matn3-, Ihh-, and Runx2-positive cells (brown) in the tibial
plateau of DMM TG483 mice with or without intra-articular injection of Matn3-expressing lentivirus (n = 10). Red arrows indicate positively stained cells. Error bars represent
the mean + SEM. *p < 0.05; **p < 0.01; ns, non-significant (independent-sample t test for two groups).

was downregulated in OA cartilage and negatively correlated with  cartilage during OA (Figure 6G). Furthermore, Timp2 was also
miR-483-5p level in chondrocytes (Figures 6E and S4A). Importantly,  significantly downregulated in DMM-induced TG483 OA mice (Fig-
intra-articular injection of LV3-miR-483-5p contributed to reduced  ure 6H) and aged TG483 mice (Figure 6I). Together, these observa-
Timp2 level in tibial cartilage of DMM OA mice (Figure 6F). In  tions demonstrate that miR-483-5p directly limits the production of
contrast, injection of antago-miR-483-5p delayed Timp2 loss in tibial =~ Timp2 in chondrocytes during OA development.
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Figure 6. miR-483-5p Directly Targets Timp2 in Chondrocytes In Vitro and in Mice

(A) miR-483-5p aligned with the 3" UTR of Timp2 mRNA. (B and C) ATDCS5 cells co-transfected with a reporter carrying a mutant or WT Timp2 3'UTR along with miR-483-5p
mimics or its control were analyzed by luciferase assay. (D) Western blot and real-time PCR analysis of Timp2 expression in ATDC5 cells transfected with miR-483-5p mimics
orinhibitor. (E) Immunofluorescence analysis showed Timp2 expression was significantly lower in cartilage from OA patients than normal controls. Scale bar, 20 um. (F and G)
Immunofluorescence analysis of Timp2-positive cells in the tibial plateau of DMM OA mice after intraarticular injection of LV3-miR-483-5p (F) or antago-miR-483-5p (G) (n =
10). Scale bar, 40 um. (H) Immunofluorescence analysis of Timp2-positive cells in the tibial plateau of TG483 and control mice 5 weeks after DMM surgery. (I) Immuno-
fluorescence analysis of Timp2-positive cells in the tibial plateau of TG483 and control mice treated with Dox for 12 months. Red arrows indicate positively stained cells. Error
bars represent the mean + SEM. *p < 0.05; **p < 0.01; ns, non-significant (independent-sample t test for two groups).

Osteochondral angiogenesis and vascular invasion into the articular
cartilage are critical steps for OA development in both humans and
animal models. Timp2 has been shown to prevent cartilage vascular-
ization.”’ Thus, we investigated the functional role of miR-483-5p-
Timp2 in cartilage angiogenesis during OA by CD31 (endothelial
progenitor) immunostaining. Interestingly, the number of blood
vessels (per square millimeter) in subchondral bone marrow was
significantly increased in LV3-miR-483-5p-treated DMM mice but
decreased in antago-miR-483-5p-injected DMM mice relative to
controls (Figure 7A). To directly assess the role of miR-483-5p in
angiogenesis, we examined the effect of miR-483-5p overexpression
on tube formation in vitro. Primary chondrocytes were transfected

with miR-483-5p mimics or inhibitor and relative NC, and the culture
supernatants were harvested to simulate human vascular endothelial
cell (HVEC) tube formation.”' Notably, total tube length of HVECs
incubated with supernatant from miR-483-5p-overexpressing cells
was much greater than that in the controls. In contrast, miR-483-
5p inhibitor dramatically reduced total tube length (Figure 7B). These
findings collectively demonstrate that upregulation of miR-483-
5p in articular chondrocytes promotes angiogenesis during OA
development.

Next, we examined the role of Timp2 in angiogenesis in vitro. Pri-
mary chondrocytes were transfected with Timp2 expression plasmid
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Figure 7. miR-483-5p Downregulates Timp2 to Promote Cartilage Angiogenesis and OA Development

(A) Immunostaining CD31 and quantification analysis of the number of blood vessels (per square millimeter) in subchondral bone marrow of DMM OA mice treated by in-
traarticular injection of lentivirus-mediated miR-483-5p or antago-miR-483-5p (n = 10). Scale bar, 100 um. (B) HVECs were co-cultured with the supernatant from primary
chondrocytes transfected with NC, miR-483-5p mimics, or inhibitor for 12 hr to form tubes, and total tube length was quantified. (C) H&E and safranin O-fast green staining in
the tibial plateau and immunohistochemical analysis of the number of blood vessels (per square millimeter) in subchondral bone marrow of DMM TG483 mice with or without
intra-articular injection of Timp2-expressing lentivirus (n = 10). (D) OARSI scores according to safranin O and fast green staining in (C). (E) HVECs were co-cultured with the
supernatant from primary chondrocytes transfected with NC, miR-483-5p mimics, or miR-483-5p mimics plus Timp2-expression plasmid for 12 hr and tube formation assay
was performed. (F) Quantification analysis of total tube length formation in (E). (G) Graphical representation illustrating the role of the miR-483-5p-mediated pathway in the
development of osteoarthritis. Error bars represent the mean + SEM. *p < 0.05; **p < 0.01 (one-way ANOVA, statistical differences between the two groups were determined
by independent-samples t test).
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(Figure S5A), and much less tube formation was observed when
cultured with the supernatant of chondrocytes overexpressing
Timp2 compared with that from the controls (Figure S5B). The func-
tion of chondrocyte Timp2 in cartilage angiogenesis and OA develop-
ment was further examined in vivo. Lentivirus expressing Timp2
siRNA (LV3-si Timp2) (Figure S5C) or negative control siRNA
(LV3-NC) was injected intra-articularly into DMM OA mice. As ex-
pected, LV3-siTimp2 decreased articular cartilage endogenous Timp2
(Figure S5D, top) and accelerated disease progression (Figure S5D,
middle) in OA mice. Downregulation of Timp2 by LV3-si Timp2
significantly enhanced cartilage angiogenesis in DMM OA mice (Fig-
ure S5D, bottom). These results suggest that downregulation of
Timp2 may contribute to OA development through accelerating
cartilage angiogenesis.

To further ascertain whether enhanced angiogenesis in cartilage of
TG483 mice was due to downregulation of Timp2, 8- to 10-week-
old TG483 DMM mice were treated with lentivirus expressing
Timp2 by intra-articular injection. H&E, safranin O, and fast green
staining showed that cartilage formation on the tibial plateau and pro-
teoglycan in the extracellular matrix were significantly increased
and, correspondingly, OARSI scores were significantly decreased in
TG483 mice after Timp2-expressing lentivirus treatment (Figures
7Cand 7D). Notably, the number of blood vessels was reduced in these
mice (Figure 7C). Interestingly, a marked increase of miR-483-5p level
was observed in cartilage, but not in bone marrow cells, from TG483
mice (Figures 4A and S5E). This might be a drawback of the rtTA
tet-on system used in transgenic mice (e.g., instability), particularly
the prokaryotic portion of the rtTA mRNA.”> Consistently, no
decrease in Timp2 expression in bone marrow cells isolated from
TG483 mice was detected (Figure S5F). These results confirmed that
enhanced angiogenesis of TG483 mice was due to downregulation
of Timp2 in cartilage. Importantly, the ability of primary chondrocytes
transfected with miR-483-5p mimics to stimulate tube formation was
also reduced by overexpression of Timp2 in vitro (Figures 7E and 7F).

Based on these findings, we propose that miR-483-5p-dependent
angiogenesis is restored upon re-acquisition of Timp2 expression.
Taken together, these findings suggest that miR-483-5p targets
Timp2 to stimulate cartilage angiogenesis and OA development.

DISCUSSION

This study established the essential role of miRNA-483-5p in the
pathogenesis and progression of OA. We propose a pathway
(Figure 7G) in which miR-483-5p suppresses Matn3 and Timp2
expression to stimulate chondrocyte hypertrophy, cartilage and
ECM degradation, and cartilage angiogenesis and consequently initi-
ates and accelerates the development of OA. Our findings demon-
strated a functional pathway important for OA development and
identified intra-articular injection of synthetic antago-miR-483-5p
as a potential therapeutic target for OA prevention and treatment.

miRNAs are a class of non-coding single-stranded RNAs of 18-22 nt.
The major role of miRNAs is to control development and tissue

homeostasis. Recently, it has been reported that miRNAs play an
important role in cartilage homeostasis and OA pathogenesis. A re-
view indicated that >25 miRNAs have been implicated in chondro-
genesis and OA.*® For example, miR-101, miR-145, and miR-194
participate in the regulation of chondrogenesis by targeting transcrip-
tion factors in the Sox family; miR-140, miR-320c, miR-125b, and
miR-27b participate in the regulation of proteolytic enzymes in OA.
In this study, gain- and loss-of-function assays using intra-articular
injection of lentivirus expressing miR-483-5p or antago-miR-483-
5p identified the crucial role of the miRNA in OA development.
Accelerated age-related or DMM-induced OA in TG483 transgenic
mice further confirmed that miR-483-5p is essential for OA. Notably,
we also detected the upregulation of miR-483-5p in cartilage from OA
patients and OA mice. These findings collectively indicate that upre-
gulation of miR-483-5p contributes to human OA development and
miR-483-5p is a potential target for OA prevention and treatment.

Intra-articular injection of lentivirus would infect not only articular
cartilage but also other joint tissues, including the synovium,
meniscus, and whole joint.”* Similarly, intra-articular injection of an-
tago-miR would infect not only articular cartilage but also the syno-
vium, which plays an important role in OA development. However, it
is technically difficult to identify the role of miR-483-5p in synovium
tissue, articular chondrocytes, or other cells in this model. Therefore,
our study could not exclude the role of miR-483-5p in the synovium
in this process, which is a limitation of the present in vivo study.

miR-483-5p is associated with several pathological conditions,
including tumors such as tongue squamous cell carcinoma,'’ colo-
rectal cancer,”’ and lung adenocarcinoma;*' cartilage-associated pa-
thologies such as osteoarthritis;”>”* and bone-associated pathologies
such as osteoporosis. Therefore, its targets refer to multiple pathways.
Here, we identified Matn3 and Timp?2 as targets of miR-483-5p in OA
development. Matn3 is one of the four members of the matrilin family
of non-collagenous oligomeric ECM proteins. Recent studies have
demonstrated that Matn3, in addition to its structural function, acts
as an important regulatory factor in maintaining the cartilage ECM
microenvironment.”*® Treatment of C28/I2 cells (immortalized
human chondrocytes) and primary human chondrocytes with
Matn3 protein stimulates gene expression of Col2al and ACAN.
Deletion or mutation of the gene encoding the Matn3 protein results
in early-onset OA by causing premature chondrocyte maturation re-
sulting in hypertrophy.”” In this study, we showed that miR-483-5p
could directly target Matn3 to disrupt the stability of the cartilage
ECM microenvironment. Aged TG483 transgenic mice have low
levels of Matn3 in articular cartilage and exhibit phenotypes
mimicking the aged Matn3 deletion mice, including loss of proteogly-
can, cartilage degeneration, and aberrant chondrocyte hypertrophy.
These interesting findings uncover a function of miR-483-5p in
both the regulation of chondrocyte hypertrophy and the cartilage
microenvironment.

Another target of miR-483-5p in chondrocytes is Timp2. Timp2, a
member of the Timps family, has the capacity to inhibit the catalytic
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activity of MMPs. However, the MMP inhibitory capacity of TIMPs
appears to be low in OA cartilage.”® In addition, attempts to inhibit
the overproduction of MMP subtypes in OA joints by employing
exogenous Timps had little clinical efficacy.’ Interestingly, Timp2
deletion mice resulted in OA-like phenotypes. Further investigation
revealed that prevention of cartilage vascularization (other than
repression of MMPs) contributed to its anti-OA function. Our
in vitro and in vivo data confirmed the inhibitory role of Timp2 in
cartilage angiogenesis and OA development. The in vitro tube forma-
tion assay using supernatant from gain of function of Timp2 in chon-
drocytes suggested that Timp2 suppresses cartilage angiogenesis by
regulating cytokine secretion in chondrocytes. The detailed mecha-
nism by which Timp2 suppresses cartilage angiogenesis requires
further investigation.

In conclusion, our study revealed a pathway that explains the vital
role of miR-483-5p in OA development. Upregulation of miR-483-
5p initiates and promotes OA development by targeting Matn3 and
Timp2 to stimulate chondrocyte hypertrophy, ECM degradation,
and cartilage vascularization. Targeting of miR-483-5p by intra-
articular injection of synthetic antago-miR-483-5p represents an
approach to delaying OA development.

MATERIALS AND METHODS

Human Cartilage Specimens

Healthy human articular cartilages from both femoral condyles and
tibial plateaus were obtained during surgery from victims of road
traffic accidents, with no history of arthritic diseases (n = 4, age
30.25 + 8.18 years, two males and two females). In addition, we
collected articular cartilages from OA patients during total knee
replacement surgery (n = 9, age 67.00 = 3.03 years, one male and eight
females). Patients who had OA caused by degenerative articular carti-
lage were included in our study (inclusion criteria). Subjects with ma-
lignancy, diabetes, or other severe diseases in the previous 5 years
were excluded from our study (exclusion criteria). All samples were
from the Department of Orthopedics, the Third Affiliated Hospital
of Southern Medical University. All clinical procedures were
approved by the Committee of Clinical Ethics in the Hospital
(Guangzhou, China), and all samples were collected after informed
consent.

Generation of TG483 Transgenic Mice

The plasmid pRP.ExSi-TRE-Pri-Mir483, which contains the pri-miR-
483, was used to generate transgenic miR-483 mice. The fragments of
the pri-miR-483 were purified and microinjected into C57BL/6] F2
mouse oocytes, and the oocytes were then surgically transferred
into pseudopregnant C57BL/6] dams at Cyagen Biosciences. The
expression of miR-483 is time-specifically regulated by the tet-on sys-
tem. The rtTA (Jax no. 006965) mouse line was purchased from The
Jackson Laboratory. Double-positive mice carrying both the pri-miR-
483 transgene and rtTA inducer allele were termed TG483 mice and
used in the experiments. Experimental negative control groups con-
sisted of mice negative for pri-miR-483 and positive for rtTA, as
well as mice positive for pri-miR-483 and negative for rtTA. Trans-
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genic founder mice were bred for three generations to obtain a defined
genetic background. TG483 and control mice were treated with
2 mg/mL Dox (Sigma) drinking water from six weeks old.
Genotyping, DNA extraction, PCR amplification and agarose electro-
phoresis were performed according to the Jackson Laboratory’s
instructions.

Experimental Osteoarthritis Mouse Model

C57BL/6] WT mice were purchased from the Laboratory Animal
Centre of Southern Medical University. All mice were housed in
a pathogen-free animal facility at the university. Experimental OA
was induced in 8- to 10-week-old male C57BL/6] and TG483 or
control mice. In the DMM-induced group, the right medial collateral
ligaments and anterior cruciate ligaments were dissected, followed
by transection of the medial meniscus in the right knee. In the
sham-operated group, only the skin of the right knee joint was re-
sected. Animals were sacrificed at 5 weeks after knee surgery for
collection of knee joint specimens. All animal experiments were
approved by the Southern Medical University Committee on the
Use and Care of Animals and were performed in accordance with
the committee’s guidelines.

Intra-articular Injection

With regard to lentivirus (GenePharma) injection, 10 pL lenti-
virus-mediated miR-483-5p (5-AAGACGGGAGAAGAGAAGG
GAG-3') (4 x 10° TU/ml), siTimp2 (5'- GGAATGACATCTATGG
CAA-3) (1 x 10° TU/mL), or NC (5- TTCTCCGAACGTGT
CACGTTTC-3), Matn3 (NM_010770.4) (Cyagen Biosciences),
TIMP2(NM_011594.3) (Cyagen Biosciences), and corresponding
negative controls were injected into the knee joint’* of male mice
(n = 5/group) using a 33G needle and a micro-syringe (Hamilton).
For the antago-miR-483-5p injection, 250 pM antago-miR-483-5p
(5'-CUCCCUUCUCUUCUCCCGUCUU-3') or antago-mir NC
(5-UUGUACUACACAAAAGUACUG-3') (GenePharma) were in-
jected. All experimental mice were injected on day 7 and day 14 after
surgery in the OA model. Knee joints were harvested 5 weeks later.

Isolation of Articular Cartilage

Articular cartilage was isolated following a procedure described in a
previous study.l(7 Briefly, mice were euthanized, and fur and skin
were cleaned with 70% ethanol. Skin and soft tissues were removed
from the hindlimbs, and the femoral head was dislocated from the ac-
etabulum. The articular cartilage cap was removed from the femoral
head using blunt-ended forceps. The femur and tibia were disarticu-
lated and placed in a Petri dish containing cold 1x PBS. A scalpel was
used to remove the articular cartilage from the femoral condyles and
tibial plateau.

miR-483-5p Fluorescence In Situ Hybridization

The sequences of the probes (Exiqon) for mmu-miR-483-5p contain-
ing the locked nucleic acid and digoxigenin-modified bases were as
follows: /5DigN/CTCCCTTCTCTTCTCCCGTCTT/3Dig_N/. The
signals were detected using fluorescein isothiocyanate (FITC) immu-
noglobulin G (IgG) fraction monoclonal mouse anti-digoxin (Jackson
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ImmunoResearch Laboratories), coverslips were mounted using anti-
fade mounting medium with DAPI (Thermo Fisher Scientific), and
images were obtained using a FluoView FV1000 confocal microscope
(Olympus).

Immunohistochemistry and Immunofluorescence staining
Specimens were prepared as described previously. For immunohisto-
chemical analysis, we employed the following primary antibodies:
rat anti-Thh (Proteintech), rat anti-Runx2 (ABclonal, 18 F), rat
anti-Matn3 (Abcam), and goat anti-CD31 (R&D Systems). Sections
were stained with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories). For
immunofluorescence, the primary antibodies used were rabbit
anti-Col2al, rabbit anti-TIMP2 (ABclonal), and mouse anti-GFP
(Proteintech). For secondary reactions, a species-matched Alexa-
488-labeled secondary antibody (Jackson ImmunoResearch Labora-
tories) was used. The sections were mounted with medium containing
DAPI (Thermo Fisher Scientific), and images were obtained using a
FluoView FV1000 confocal microscope (Olympus). The number of
cells positive for the marker was expressed relative to the total number
of cells. The number of blood vessels was also normalized to the area
of subchondral bone marrow.

Cell Line and Primary Chondrocyte Culture, DNA Transfection,
and miRNA Interference

The chondrogenic cell line ATDC5 was cultured in maintenance me-
dium consisting of DMEM and nutrient mixture F12 (DMEM:F12;
Gibco) supplemented with 5% fetal bovine serum (Gibco),
100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco). The cells
were maintained under standard cell culture conditions of 5% CO,
and 95% humidity. Primary chondrocytes were obtained from rib
cartilage of newborn mice.*® Matn3 and Timp2 overexpression
plasmid (purchased from Cyagen Biosciences) and miR-483-5p
mimics and inhibitors (GenePharma) were transfected using
Lipofectamine 2000 following the manufacturer’s instructions
(Invitrogen).

RNA Isolation, cDNA Synthesis, and Real-Time PCR

Total RNA was isolated from cell pellets or cartilage using TRIzol
reagent (Invitrogen). RNA was stored at —80°C. To analyze miR-
483-5p levels, we used the Mmu-miR-483-5p hairpin-it real-time
PCR kit and the U6 snRNA real-time PCR normalization Kkit
(GenePharma). To analyze Col2al (forward primer, 5- CACA
CTGGTAAGTGGGGCAAGACCG-3'; reverse primer, 5-GGAT
TGTGTTGTTTCAGGGTTCGGG-3'), Ihh (forward primer, 5'-CCA
CTTCCGGGCCACATTTG-3'; reverse primer, 5- GGCCACCA
CATCCTCCACCA-3'), Matn3 (forward primer, 5-TCCCGCAT
CATCGACACTCTG-3'; reverse primer, 5'-CCCGGCCTCCACA
GTGAAG-3'), Timp2 (forward primer, 5'- CCCCCTCTTCAGCA
GTG-3'; reverse primer, 5'- GCGTGTCCCAGGGCACAATGA-3'),
and Gapdh (forward primer, 5- AAATGGTGAAGGTCGGTGT
GAAC-3/; CAACAATCTCCACTTTGCCA
CTG-3') levels, we used Takara reverse transcription reagents and
Real-Time PCR Mix (Takara Bio) on the LightCycler (Roche). The

reverse primer, 5'-

U6 and Gapdh genes were used as endogenous controls to normalize
for differences in the amount of total miRNA and RNA.

Luciferase Assay

Matn3 and Timp2 mRNA 3’ UTR containing the miR-483-5p-
binding sequences for the mouse Matn3 gene (GenBank: NM_
010770) and Timp2 gene (GenBank: NM_011594) were amplified
by PCR from mouse c¢cDNA. The fragment of Matn3 mRNA
3’ UTR was amplified by forward primer 5-CCGCTCGAGCTG
GCTATGAACTTATGGTGC-3' and reverse primer 5-AAGGAA
AAAAGCGGCCGCTAGCTCAAGCACATGCACAC-3'. The frag-
ment of Timp2 mRNA 3’ UTR was amplified by forward primer
5'-CCGCTCGAGTTCTTGTGCCGTGTTGATGC-3' and reverse
primer 5'- AAGGAAAAAAGCGGCCGCAAAGGTTCGTTTGCTC
GCTC-3'. The PCR product was then subcloned into the Xhol and
Notl (Thermo Fisher Scientific) cloning sites of psiCHECK-2 empty
vector (Promega). Binding-region mutations were achieved using
the primers as follows: Matn3-mu-forward primer, 5'- GTTGGGCA
GATTCTACATTAAC-3'; reverse primer, 5-GTAGAATCTGCC
CAACTTTTA-3'; Timp2 -mu-forward primer, 5'- CAGAGGGCA
GAATTGTATC-3'; reverse primer 5- ATTCTGCCCTCTGGCTG
GAAAAG-3'. The cells were co-transfected with miR-483-5p mimics
or negative control, and luciferase assays were performed with the
dual-luciferase reporter assay system (Promega) according to the
manufacturer’s instructions. Luminescent signals were quantified by
a luminometer (Glomax, Promega).

Western Blot Analysis

After treatment, the cells were lysed immediately for 5 min at 95°C in
buffer (62.5 mM Tris-HCI [pH 6.8], 10% glycerol, 2% SDS, 50 mM
DTT, and 0.01% bromophenol blue). Cell lysates were analyzed by
SDS-PAGE and transferred to a nitrocellulose (NC) membrane
(Bio-Rad). Blots were probed with primary antibodies Matn3
and Timp2, and immunoreactive proteins were revealed using the
enhanced chemiluminescence kit (Santa Cruz Biotechnology).

Tube-Formation Assays

The protocol for tube formation assays in our lab has been described
previously.”" Briefly, 96-well culture plates were coated with 20 pL of
growth factor-reduced Matrigel (BD Biosciences) and solidified for
30 min at 37°C. HVECs were trypsinized and resuspended in super-
natant from cells with Timp2 overexpression at a density of 5 x
10*/mL, and 100 uL of this cell suspension was added to each well.
After incubation at 37°C for 12 hr, tube formation was observed un-
der an inverted microscope. Tube length was measured using ImageJ
version 1.31 (NIH).

Statistics

All numerical data are presented as the mean + SEM. The significance
of differences between two groups was determined by an indepen-
dent-samples t test. The one-sample t test was performed to deter-
mine statistical differences between two groups in the real-time
PCR analysis. In Figure 7, a one-way ANOVA was used (*p < 0.05;
**p < 0.01; ns, non-significant). p < 0.05 was considered statistically
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significant. All statistical analyses were performed with SPSS software
(version 13.0).
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure S1. Histologic staining of OA cartilage. (a) Safranin O-fast green

staining of human normal and OA cartilage. Bar = 50 um.

Supplementary Figure S2. AntagomiR-483-5p decreased miR-483-5p levels in chondrocytes
and synovium. (a) Immunofluorescence analysis of GFP expression in the tibial plateau of mice
intra-articularly injected with LVV3-NC or control (n = 10). Bar = 40 um. (b) Fluorescence in situ
hybridization analysis of miR-483-5p levels in the articular cartilage (upper, Bar = 40 um) and
synovium (bottom, Bar = 120 um) of mice injected with antagomiR-483-5p or antagomiR NC
after DMM surgery. (c) Quantification of the proportion of positive cells for miR-483-5p in the
articular cartilage of mice shown in (b). Error bars represent the mean #SEM. *P < 0.05 by

independent-sample t test for two groups.

Supplementary Figure S3. Generation and identification of TG483 mice in genotype. (a)
Schematic representation of the generation of TG483 mice. (b, c) Genomic DNA from tails of
mice was subjected to PCR using the indicated primer pairs. Primers miR-483-forward and
miR-483-reverse detected a 416 bp product of pri-miR-483 (b). Primers wild type and common
detected a 650 bp product from wild-type rtTA DNA, whereas primers mutant and common
detected a 340 bp mutant fragment (c). The migration positions of expected DNA products and
mass standards in bp are shown to the left and right sides of the gels, respectively. DNA was

detected by ethidium bromide staining.

Supplementary Figure S4. Expression of Timp2 was down-regulated in human OA
cartilage. (a) Immunofluorescence analysis of Timp2 in knee joints from OA and normal human

articular cartilage. Red arrows indicate positively-stained cells. Bar = 120 pm.



Supplementary Figure S5. Downregulation of Timp2 may contribute to OA development
through accelerating cartilage angiogenesis. (a) Western blot analysis of Timp2 in primary
chondrocytes infected with Timp2 expression plasmid and control plasmid for 96 h. (b) HVECs
were co-cultured with the supernatant from primary chondrocytes infected with Timp2
expression plasmid and control plasmid for 12 h and tube formation assay was performed. (c)
Western blot analysis of Timp2 in ATDC5 cells infected with LV3-siTimp2 and control LVV3-NC
for 96 h. (d) Immunofluorescence analysis of Timp2 (upper, Bar = 40 um), safranin O-fast green
staining (middle, Bar = 40 um) and immunohistochemical analysis of CD31 (bottom, Bar = 100
um) in the knee joints from DMM OA mice injected intra-articularly with LV3-siTimp2 or
LV3-NC. (e) Real-time PCR analysis of miR-483-5p level in bone marrow cells (hormalized to
those in WT mice) from control and TG483 mice exposed to Dox for two weeks. (f) Western blot
analysis of Timp2 expression in bone marrow cells from mice shown in (e). Red arrows indicate
positively stained cells. Black arrows indicate the tidemark. Error bars represent the mean 2SEM.

**P< 0.01 by independent-sample t test for two groups.
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Supplementary Figure S1. Histologic staining of OA cartilage.
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Supplementary Figure S2. AntagomiR-483-5p decreased miR-483-5p levels in chondrocytes
and synovium.
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Supplementary Figure S4. Expression of Timp2 was down-regulated in human OA
cartilage.
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Supplementary Figure S5. Downregulation of Timp2 may contribute to OA development
through accelerating cartilage angiogenesis.



	Intra-articular Delivery of Antago-miR-483-5p Inhibits Osteoarthritis by Modulating Matrilin 3 and Tissue Inhibitor of Meta ...
	Introduction
	Results
	miR-483-5p Expression Is Increased in the Cartilage of Patients with OA and in Mice with Experimental OA
	Overexpression of miR-483-5p in Cartilage Promotes OA Development in Mice
	Intra-articular Delivery of Synthetic Antago-miR-483-5p Delays Development of Osteoarthritis
	miR-483-5p Is Essential for OA Initiation and Development
	Matn3 Is a Target of miR-483-5p in Chondrocytes and OA Development
	miR-483-5p Targets Timp2 to Stimulate Cartilage Angiogenesis and OA Development

	Discussion
	Materials and Methods
	Human Cartilage Specimens
	Generation of TG483 Transgenic Mice
	Experimental Osteoarthritis Mouse Model
	Intra-articular Injection
	Isolation of Articular Cartilage
	miR-483-5p Fluorescence In Situ Hybridization
	Immunohistochemistry and Immunofluorescence staining
	Cell Line and Primary Chondrocyte Culture, DNA Transfection, and miRNA Interference
	RNA Isolation, cDNA Synthesis, and Real-Time PCR
	Luciferase Assay
	Western Blot Analysis
	Tube-Formation Assays
	Statistics

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


