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Osteoarthritis (OA) is the most common joint disease; thus,
understanding the pathological mechanisms of OA initiation
and progression is critical for OA treatment. MicroRNAs
(miRNAs) have been shown to be involved in the progression
of osteoarthritis, one candidate is microRNA-378 (miR-378),
which is highly expressed in the synovium of OA patients dur-
ing late-stage disease, but its function and the underlying
mechanisms of how it contributes to disease progression
remain poorly understood. In this study, miR-378 transgenic
(TG) mice were used to study the role of miR-378 in OA devel-
opment. miR-378 TG mice developed spontaneous OA and
also exaggerated surgery-induced disease progression. Upon
in vitro OA induction, miR-378 expression was upregulated
and correlated with elevated inflammation and chondrocyte
hypertrophy. Chondrocytes isolated from articular cartilage
from miR-378 TG mice showed impaired chondrogenic differ-
entiation. The bone marrow mesenchymal stem cells (BMSCs)
collected from miR-378 TG mice also showed repressed chon-
drogenesis compared with the control group. The autopha-
gy-related protein Atg2a, as well as chondrogenesis regulator
Sox6, were identified as downstream targets of miR-378.
Ectopic expression of Atg2a and Sox6 rescued miR-378-
repressed chondrocyte autophagy and BMSC chondrogenesis,
respectively. Anti-miR-378 lentivirus intra-articular injection
in an established OA mouse model was shown to ameliorate
OA progression, promote articular regeneration, and repress
hypertrophy. Atg2a and Sox6 were again confirmed to be the
target of miR-378 in vivo. In conclusion, miR-378 amplified
OA development via repressing chondrocyte autophagy and
by inhibiting BMSCs chondrogenesis, thus indicating miR-
378 may be a potential therapeutic target for OA treatments.
Correspondence: Xiaohua Pan, Ph.D., No.118, Baocheng Longjing 2nd Road,
Bao’an District, Shenzhen, PR China.
E-mail: szpxh4141@foxmail.com
Correspondence: Gang Li, MBBS, D. Phil., (Oxon). Room 74038, 5F, Lui Chee
Woo Clinical Science Building, The Chinese University of Hong Kong, Prince of
Wales Hospital, Room 74038, 5F, Lui Chee Woo Clinical Science Building, Shatin,
NT, Hong Kong, SAR, PR China.
E-mail: gangli@cuhk.edu.hk
INTRODUCTION
Osteoarthritis (OA) is a common chronic joint disease with an inci-
dence rate around 10%–15% of adults worldwide over the age of 60
years.1 OA progression causes joint pain, deformity, and dysfunction
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that significantly reduces the patient’s quality of life. Its high
incidence also places significant economic burden on all societies.2

The pathophysiology of OAmainly includes matrix loss, chondrocyte
apoptosis, and inflammation in the cartilage and synovium.3 Unfor-
tunately there are no effective therapies for OA other than pain and
inflammation management. Non-steroidal anti-inflammatory drugs
(NSAIDs) are the most common choice for OA management owing
to their pain relief and anti-inflammation effects, but there is no
disease-modifying benefit of these drugs and they have side effects
such as gastro-enteropathy.4 Thus, new therapeutic approaches are
needed that target the dysfunctional chondrocytes in OA.

MicroRNAs (miRNAs) are a class of small non-coding RNA mole-
cules with the length of between 22 and 25 nucleotides. They have
been shown to be gene silencers that bind to the coding or non-coding
regions of specific mRNAs and suppress their expression at the post-
transcriptional level.5 Several miRNAs were found to be involved in
chondrocyte inflammation and homeostasis, including miR-146,6

miR-193,7 miR-335,8 miR-375,9 and miR-411,10 as well as bone
marrow mesenchymal stem cell (BMSC) chondrogenesis such as
miR-29,11 miR-140,12 and miR-1937 during OA progression. Howev-
er, the full spectrum of miRNAs and their role in OA development is
still emerging.

MicroRNA-378 (miR-378) is a conserved miRNA that was shown
to be involved in the inflammation process. miR-378 was found to
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. miR-378 overexpression induced spontaneous OA

(A and B) Safranin O and fast green staining (A) and OARSI scores (B) of knee joint cartilage collected from both WT and miR-378 TG mice at the ages of 3 and 12 months.

Scale bars: A1 and A2, A5 and A6, 200 mm; A3 and A4, A7 and A8, 100 mm (n = 8; ***p < 0.001). (C–E) IHC staining and semi-quantitative analysis of the percentage of Col X-

(C and D) and Mmp13 (C and E)-positive chondrocytes in articular cartilage from two group of mice at the ages of 3 and 12 months. Sections were counterstained with

hematoxylin. Scale bar, 200 mm (n = 8; **p < 0.01).
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regulate the nuclear factor (NF)-kB/tumor necrosis factor alpha
(TNFa) signaling pathway and was shown to play a significant role
in the development of hepatic inflammation and fibrosis.13 Brettfeld
et al. found that miR-378 was directly involved in adipose tissue
inflammation as well as obesity-related disease.14 Finally, it was estab-
lished that miR-378 is abundantly expressed in synovial fluid in late-
stage OA.15 However, the exact function and mechanism of miR-378
during OA development remains speculative. In our previous studies,
we found that miR-378 repressed BMSCs osteogenesis and bone
regeneration.16 In this study, we aimed to investigate the role of
miR-378 in OA progression and its potential as a target of OA
treatment.

RESULT
miR-378 overexpression induced spontaneous OA development

and enhanced surgery-induced OA

To study whether miR-378 overexpression could induce OA spon-
taneously, both wild-type (WT) and miR-378 transgenic (TG) mice
at the ages of 3 and 12 months were terminated and the articular
cartilage collected for histological and immunohistochemical anal-
ysis. At 3 months, the cartilage structure of miR-378 TG mice
showed no big differences compared with WT mice, revealed by
safranin O staining of the knee joints, which showed integrated
articular cartilage and high glycosaminoglycan (GAG) content. At
the age of 12 months, miR-378 TG mice showed cartilage thinning
and degradation as well as significant GAG loss compared with WT
mice (Figure 1A and S1). miR-378 TG mice also displayed an
increased Osteoarthritis Research Society International (OARSI)
score compared with that of WT mice at 12 months old (Figure 1B).
The percentages of Col X- and Mmp13-positive chondrocytes were
significantly higher in the 12-month-old 378 TG mice than the WT
mice. Furthermore, at 3 months, the Col X-positive-stained miR-
378 TG chondrocytes were highly hypertrophied. At 12 months,
both Col X and Mmp13-positive-stained miR-378 TG chondrocytes
showed hypertrophy morphology. At 12 months, Col X and Mmp13
were highly expressed in the chondrocytes of miR-378 TG mice and
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Figure 2. miR-378 overexpression exaggerated ACLT-induced OA

(A and B) Safranin O and fast green staining (A) and OARSI scores (B) of knee joint cartilage collected from bothWT andmiR-378 TGmice at weeks 3 and 6 post ACLT +DMM

surgery (n = 8, ***p < 0.001). Scale bars: A1 and A2, A5 and A6, 200 mm; A3 and A4, A7 and A8, 100 mm. (C–E) IHC staining and semi-quantitative analysis (integrated optical

density[IOD])/mm2)] of the percentage of Mmp13- (C and D) and Col II (C and E)-positive chondrocytes in articular cartilage from two group of mice at weeks 3 and 6 post

ACLT + DMM surgery. Sections were counterstained with hematoxylin. Scale bar, 100 mm (n = 8; ***p < 0.001).
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were also found secreted into the extracellular matrices of the carti-
lage, leading to hypertrophy (Figures 1C–1E and S2). The
12-month-old miR-378 TG mice also exhibited subchondral bone
abnormalities compared with the WT mice (Figure S3), further
aggravating OA progression. These finding are in agreement with
our previous reports showing that miR-378 overexpression impaired
bone formation.16 Next, we looked at the effect of anterior cruciate
ligament transection (ACLT) combined with destabilization of the
medial meniscus (DMM) in the miR-378 TG mice (Figure S4).
The safranin O and fast green staining of the joints showed more
serious cartilage degeneration and higher OARSI scores in the
miR-378 TG mice compared with that of WT mice both at week
3 and week 6 post surgery (Figure 2A and 2B). Immunohistochem-
istry (IHC) staining showed higher expression level of Mmp13 and
lower level of Col II in the miR-378 TG group compared with the
WT group (Figures 2C–2E) indicating that miR-378 overexpression
exacerbates surgery-induced disease development.
330 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
miR-378 enhances the inflammatory response in IL-1b-induced

chondrocytes by repressing autophagy

We next studied whether miRNA-378 overexpression could amplify
chondrocyte inflammation. Following interleukin (IL)-1b stimula-
tion, both WT and miR-378 TG isolated chondrocytes showed an in-
crease in miR-378 expression levels (Figure S5). The chondrocytes
from miR-378 TG mice showed a significant increase in the expres-
sion of inflammatory markers such as iNos and Cox2 compared
with WT chondrocytes (Figures 3A and 3B). The mRNA levels of
the chondrogenic marker Col II were downregulated, while a marker
of hypertrophy, mmp13, was significantly upregulated in themiR-378
TG chondrocytes versus the WT chondrocytes either with or without
IL-1b stimulation (Figures 3C and 3D).Western blot results also indi-
cated that miR-378 overexpression downregulated the protein
expression of Col II and upregulated iNos, Cox2, and Mmp13 expres-
sion (Figures 3E and S6). These results indicated that miRNA-378
overexpression exaggerates inflammation, inhibits chondrogenesis,



Figure 3. miR-378 exaggerates inflammatory response by repressing autophagy in OA chondrocytes

(A–E) The mRNA expression levels of inflammatory makers iNos (A) and Cox2 (B); chondrogenesis marker Col2a1 (C), chondrocyte hypertrophy marker Mmp13 (D), and

autophagy marker Beclin-1 (E) of WT and miR-378 chondrocytes under normal or inflammatory condition were assessed by real-time PCR (n = 6; *p < 0.05, **p < 0.01,

***p < 0.001). (F and G) The protein expression levels of iNos, Cox2, Col II, and Mmp13 (F) as well as Beclin-1, LC3-I, and LC3-II (G) of WT and miR-378 chondrocytes under

normal or inflammatory conditions were determined by western blot analysis. (H) Fluorescence images of Cyto-ID dye-stained WT and miR-378 chondrocytes under normal

and inflammation conditions. Scale bar, 100 mm (n = 6).

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 28 June 2022 331

http://www.moleculartherapy.org


Figure 4. miR-378 repressed BMSC chondrogenesis activity

(A) Safranin O, Alcian blue, and IHC staining using COL II antibody of WT and miR-

378 BMSC micromass after chondrogenesis induction. Scale bar, 400 mm. (B–F)

The mRNA expression levels of chondrogenesis marker Sox9 (B), Col2a1 II (C),

Acan (D), chondrocyte hypertrophymarker Col X (E), andMmp13 (F) in WT andmiR-

378 BMSCs during chondrogenesis were evaluated by real-time PCR (n = 6;

*p < 0.05, **p < 0.01, ***p < 0.001). (G) Protein expression levels of Col II, Acan,

and Mmp13 in BMSCs after 21-day chondro-induction were revealed by western

blot analysis.
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and promotes the hypertrophy of chondrocytes. Notably, the mRNA
and protein expression levels of the autophagy marker Beclin-1 was
downregulated in miR-378 TG chondrocytes with or without IL-1b
stimulation (Figures 3F, 3G, and S6). The LC3 conversion from
LC3-I to LC3-II was also reduced as revealed by western blot, indi-
cating repressed autophagic signaling in the miR-378 chondrocytes
under inflammatory conditions (Figures 3G and S6). In addition,
the Cyto-ID green dye analysis showed a significant decrease of
autophagic flow (decrease of green fluorescence intensity) in miR-
378 chondrocytes under IL-1b stimulation (Figures 3H and S7).
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Collectively, these results demonstrate that miRNA-378 exacerbates
chondrocyte inflammation and cartilage degeneration, likely by re-
pressing chondrocyte autophagy during OA development.

miR-378 represses BMSC chondrogenesis

We also investigated whether miR-378 could regulate the chondro-
genesis of BMSCs. BMSCs isolated from the femurs of both WT
and miR-378 TGmice were micromass cultured, and chondrogenesis
was monitored under defined conditions for 28 days. Safranin O and
Alcian blue staining revealed higher contents of GAGs and collagens
in the cell micromass ofWT BMSCs compared with miR-378 TG. Col
II staining also indicated a higher Col II protein expression in WT
BMSCs versus miR-378 (Figure 4A and S8). Real-time PCR analysis
showed lower mRNA expression levels of chondrogenesis markers,
including Sox9 (Figure 4B), Col2a1 (Figure 4C), and Acan (Fig-
ure 4D), and higher levels of chondrocyte hypertrophy markers,
including Col X (Figure 4E) and Mmp13 (Figure 4F), in the miR-
378 TG group versus WT during chondrogenesis. Furthermore, over-
expression of miR-378 in BMSCs decreased protein expression of Col
II and Acan, while an increase of Mmp13 at day 21 post chondro-in-
duction was observed (Figures 4G and S6).

Atg2a is involved in miR-378-regulated chondrocyte autophagy

To understand what downstream genes are mediated/affected by
miR-378 and involved in chondrocyte autophagy, two on-line
miRNA analysis tools, TargetScan (http://www.targetscan.org/) and
ENCORI (http://starbase.sysu.edu.cn/), were employed to predict
the target genes that are associated with miR-378 on their 30 UTR.
Candidate genes containing conserved miR-378-binding sites in
both human and mouse were analyzed to increase the prediction ac-
curacy. Overlapping candidate genes are listed in Figure S9 and were
further evaluated based on their known biological functions as well as
the degree of 30 UTR conservation. Based on full analysis of the data,
Atg2a, a gene highly involved in autophagy, is predicted to bind with
miR-378-3p at the mRNA level. The conservation of the binding
motif of Atg2a with miR-378 among human, mouse, rat, and pig is
100%. Based on these findings, a WT and a mutant (mut) form of
mouse Atg2a 30 UTR luciferase reporter vectors were constructed
(Figure 5A) and studied in vitro. miR-378-3p transfection signifi-
cantly repressed the luciferase activity of Atg2a 30 UTR, while the
luciferase activity of mutated Atg2a 30 UTR was not affected by trans-
fection with miR-378-3p, suggesting that miR-378-3p binds with
Atg2a 30 UTR at the predicted site (Figure 5B). As expected, Atg2a
mRNA and protein expression levels were significantly reduced in
miR-378 TG chondrocytes (Figures 5C and S6). The Atg2a overex-
pression vector was then transfected into chondrocytes isolated
fromWT and miR-378 TGmice, respectively. The mRNA expression
levels of inflammatory markers including iNos and Cox2 were both
reduced by the presence of Atg2a in both WT and miR-378 chondro-
cytes under IL-1b stimulation (Figures 5D and 5E). The chondrogen-
esis marker Col2a1 was increased, while a marker of hypertrophy,
Mmp13, was decreased following Atg2a overexpression in both WT
and miR-378 chondrocytes (Figures 5F and 5G). The protein expres-
sion levels among the different treatment groups correlated with
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Figure 5. Atg2a was involved in miR-378-regulated inflammatory response and autophagy of chondrocytes

(A) Conservation of the miR-378-3p-binding site on Atg2a 30 UTR (shaded region) among different species. The wild-type (WT) and mutation (mut) forms of Atg2a 30 UTR
luciferase reporter vector are shown. (B) Effects of miR-378-3p on the luciferase activity of pmiRGLO vectors incorporated with Atg2a-wt or Atg2a-mut sequence were

measured (n = 6; ***p < 0.001). (C) The mRNA and protein expression level of Atg2a in WT and miR-378 chondrocytes were measured respectively (n = 3; *p < 0.05). (D–H)

(legend continued on next page)
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mRNA expression patterns (Figures 5I and S6). Beclin-1 mRNA/pro-
tein levels as well as LC3-I/II shift all increased after Atg2a overex-
pression (Figures 5H, 5J, and S6). Finally, it was shown that Atg2a
overexpression significantly enhanced autophagic puncta in chon-
drocytes detected by fluorescent probing both in chondrocytes from
WT and miR-378 TG mice (Figures 5K and S6).

Sox6-mediated miR-378 repressed BMSC chondrogenesis

In silico analysis was performed as described previously, and Sox6, a
gene shown to be important in chondrogenesis, was also identified as
another target for miR-378-3p. The miR-378 Sox6-binding motif was
shown to be 100% conserved in mouse, human, rat, and pig. We then
constructed both WT and a mut form of the Sox6 30 UTR luciferase
reporter vector (Figure 6A). miR-378-3p mimics effectively reduced
the luciferase activity of Sox6 30 UTR, while the corresponding mut
form showed no suppressive effects by miR-378-3p (Figure 6B).
The mRNA and protein expression levels of Sox6 were both downre-
gulated in BMSCs frommiR-378 TG versusWTmice (Figures 6C and
S6). A Sox6 overexpression vector and the corresponding control vec-
tor were then transfected into BMSCs from both WT and miR-378
TG mice, respectively. Real-time PCR analysis demonstrated that
the mRNA levels of the chondrogenesis markers Col II and Acan
were upregulated (Figures 6D and 6E), while the hypertrophic
markers Col X and Mmp13 (Figures 6F and 6G) were decreased in
WT and miR-378 BMSCs following chondro-induction. Further-
more, safranin O and Alcian blue staining indicated that Sox6 over-
expression could elevate GAGs and collagen formation of BMSCs
from WT and miR-378 TG mice. IHC analysis demonstrated that
Col II protein expression levels were also activated both in WT and
miR-378 BMSCs after Sox6 overexpression (Figures 6H–6J). Overall,
Sox6 rescued miR-378-repressed BMSC chondrogenesis.

Lentivirus injection of anti-miR-378 ameliorates OA progression

To investigate whether suppression of miR-378 could ameliorate OA
progression, an anti-miR-378-3p-mediated lentivirus was intra-artic-
ularly (IA) injected in ACLT + DMM induced chondrocytes. Anti-
miR-378-3p or the corresponding control lentivirus was injected
weekly for 3 weeks beginning from 7 days after surgery. The success-
ful delivery of lentivirus into chondrocytes after IA injection was
confirmed by immunofluorescence of the lentivirus-integrated GFP
as well as real-time PCR analysis of miR-378 expression (Figure S10).
It was shown that cartilage degeneration in miR-378 TG mice was
significantly alleviated after treatment with anti-miR-378-3p lenti-
virus compared with control virus, as determined by safranin O
and fast green staining and OARSI scores (Figure 7A and 7B).
Moreover, the protein expression of Col II was increased, while
Mmp13 was decreased by miR-378 inhibition (Figures 7C–7E).
Finally, upon anti-miR-378 lentivirus application, the protein expres-
sion levels of Sox6 and Atg2a were markedly increased, while
ThemRNA expression levels of iNos (D), Cox2 (E), Col2a1 (F), Mmp13 (G), and Beclin-1 (H

conditions were assessed by real-time PCR (n = 6; *p < 0.05, **p < 0.01, ***p < 0.001).

Beclin-1 and LC3 (J) of WT and miR-378 chondrocytes upon Atg2a overexpression un

cence images of Cyto-ID dye-stained WT and miR-378 chondrocytes upon Atg2a ove
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inflammation markers iNos and Cox2 were decreased in the articular
cartilage of miR-378 TGmice that underwent ACLT + DMM surgery
(Figures 7C, 7F, 7G, and S11). These results indicate that miR-378 an-
tagonists can ameliorate OA progression in an animal model.

miR-378 expression is elevated in human cartilage from OA

patients and negatively correlates with Atg2a and Sox6

expression

To study the expression pattern of miR-378 and its target genes in
clinical samples, cartilage from OA patients was collected following
total knee replacement surgery. Relatively normal (RN) areas versus
abraded (OA) cartilage were carefully dissected, separated, and
weighed. Next, total RNA analysis was performed on the tissue
comparing normal versus diseased cartilage. RNA levels were
normalized using the housekeeping genes miR-103a and YWHAZ.
It was found that miR-378 was significantly upregulated in the carti-
lage designated abraded versus cartilage designated RN (Figure 8A)
and correlated with the downregulation of ATG2A and SOX6 in
the abraded cartilage compared with the RN cartilage (Figures 8B,
8C, 8D, and 8E). These results may suggest the clinical significance
of miR-378 in OA progression, as well as its in vivo suppression of
ATG2A and SOX6.

DISCUSSION
In this study, we demonstrated that older miRNA-378 TG mice
develop OA spontaneously. miR-378 also exaggerated the OA pro-
gression in a surgically induced mouse model of OA. Overexpression
of miR-378 inhibited autophagy in OA chondrocytes and reduced
BMSC chondrogenesis. Moreover, Atg2a and Sox6 were identified
as targets of miR-378, which are important in chondrocyte autophagy
and BMSC chondrogenesis. The suppression of these two genes by
miR-378 could be rescued by using anti-miR-378 treatment in a
mouse model of OA. Furthermore, miR-378 was discovered to be up-
regulated in clinical OA cartilage samples and its expression level
negatively correlated with Atg2a and Sox6. These studies suggest
that miR-378 contributes to chondrocyte autophagy and the impair-
ment of BMSC chondrogenesis during OA, bringing up the possibility
that miR-378 is a potential therapeutic target for OA treatment.

Several miRNAs have been shown to be involved in OA pathology.
miRNAs have been reported to participate in OA-related biological
processes, including chondrocyte proliferation, differentiation,
inflammation, cartilage degeneration, and osteophyte degradation.17

The present study revealed that miR-378 TG mice spontaneously
developed age-related OA, and this was even more severe (amplified)
following surgery-induced OA compared with theWT control group.
This suggests a significant role for miR-378 in OA development. After
IL-1b stimulation, chondrocytes from both WT and miR-378
TG mice displayed elevated miR-378 expression, suggesting that
) of WT andmiR-378 chondrocytes upon Atg2a overexpression under inflammatory

(I and J) The protein expression level of iNos, Cox2, Col II and Mmp13 (I) as well as

der inflammatory conditions were determined by western blot analysis. (K) Fluores-

rexpression under inflammation conditions. Scale bar, 100 mm.



Figure 6. Sox6-mediated miR-378 repressed BMSC chondrogenesis

(A) Conservation of the miR-378-3p-binding site on Sox6 30 UTR (shaded region) among different species. The WT and mut forms of Sox6 30 UTR luciferase reporter vector

are shown. (B) Effects ofmiR-378-3p on the luciferase activity of pmiRGLO vectors incorporatedwith Sox6-wt or Sox6-mut sequenceweremeasured (n = 6; ***p < 0.001). (C)

ThemRNA and protein expression level of Sox6 inWT andmiR-378 BMSCsweremeasured (n = 3; *p < 0.05). (D–G) ThemRNA expression level of Col2a1 (D), Acan (E), Col X

(F), and Mmp13 (G) in WT and miR-378 BMSCs upon Sox6 overexpression during chondrogenesis were evaluated by real-time PCR (n = 6; *p < 0.05, **p < 0.01,

***p < 0.001). (H–J) Safranin O (H), Alcian blue(I), and IHC staining using COL II antibody (J) of WT andmiR-378 BMSCsmicromass upon Sox6 overexpression after chondro-

genesis induction. Scale bar, 400 mm.
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Figure 7. Anti-miR-378-mediated BMSCs ameliorated ACLT-induced OA

(A and B) Safranin O and fast green staining (A) and OARSI scores (B) of knee joint cartilage collected from miR-378 TG mice received anti-miR-378-3p incorporated or

negative control lentivirus injection at week 4 post ACLT + DMM surgery (n = 8; **p < 0.01). Scale bars, A1 and A3, 200 mm; A3 and A4, 100 mm (A). (C–G) IHC staining

(C) and quantitative analysis of the percentage of Col II- (D), Mmp13- (E), Atg2a- (F), and Sox6 (G)-positive chondrocytes in articular cartilage from two groups of mice at

week 4 post ACLT + DMM surgery (n = 8; *p < 0.05, **p < 0.01). Sections were counterstained with hematoxylin. Scale bars, 50 mm.
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Figure 8. miR-378 expression was increased in OA

cartilage and negatively correlated with Atg2a and

Sox6

(A) miR-378 expression in RN and OA cartilages was

detected by real-time PCR (n = 18; *p < 0.05, **p < 0.01).

(B and C) The mRNA expression levels of ATG2A (D) and

SOX6 (E) are negatively corelated with miR-378 expres-

sion level in an OA cartilage fragment.
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miR-378 is an inflammation-induced miRNA. Other studies have
also indicated that miR-378 is elevated upon treatment of inflamma-
tory mediators such as IL-6 and TNFa.18,19 Following miRNA-378
overexpression, the inflammatory factors iNos and Cox2 as well as
the hypertrophic marker Mmp13 were all upregulated, while the
chondrogenesis marker Col II was downregulated in OA chondro-
cytes, indicating that miR-378 impairs chondrogenic homeostasis
and activates chondrocyte inflammation and hypertrophy. Interest-
ingly, chondrocyte autophagy also decreased with miR-378 overex-
pression. Autophagy is a highly conserved system of degradation of
proteins. When cells are under stress, including external pressure, hy-
poalimentation, hypoxia, or endoplasmic reticulum stress (ERS),
autophagy is activated to transport malfunctioning cytoplasmic mac-
romolecules, membranes, and organelles to lysosomes for degrada-
tion and reusing. Autophagy has been shown to have beneficial effects
on preventing OA-like changes in cartilage, such as apoptosis and
degeneration. Dysfunction of autophagy has been reported to occur
often in OA cartilage.20 Inflammatory-mediated induction of human
chondrocytes has been shown to significantly increase the expression
of mammalian target of rapamycin (mTOR), which is a key negative
regulator of autophagy, and mediates the inhibition of autophagy
signal transduction.21 In our study, we revealed that the expression
of the repressed autophagy marker Beclin-1 reduced LC3 conversion
and autophagy flux in miR-378 chondrocytes following inflammatory
stimulation. Beclin-1 is a key player in autophagy and is involved in
autophagosome synthesis and maturation. LC3 is a stable marker of
autophagosomes and it exists in two forms: LC3-I, located in the cyto-
plasm, and LC3-II, which is membrane bound, converted from LC3-I
to initiate autophagosome formation.22 Deregulation of chondrocyte
autophagy caused by miRNA signaling was reported to occur in
injured articular cartilage during OA. Yang et al. found that miR-
411 is able to promote chondrocyte autophagy through repression
of HIF-1a and proposed HIF-1a as a therapeutic target for OA
treatment.10 Mir-355 was reported to ameliorate chondrocyte inflam-
Molecular T
mation via the induction of autophagy,
although the precise mechanism at this time is
unknown.8 In agreement with the previous
studies, our results reveal that autophagy
impaired by miR-378 overexpression in chon-
drocytes accelerates cartilage destruction in
mice under OA-like conditions.

Furthermore, we demonstrated that miR-378
could directly bind to the 30 UTR of Atg2a,
which transcribes a peripheral membrane protein that is required
for autophagic vesicle formation. Atg2 can form a heterotrimer
with Atg9 and Atg18, which is essential for autophagosome synthe-
sis.23 ATG2 was also reported to associate with WIPI4, an Atg18 ho-
molog that binds and bridges the membrane acting as a tether for
autophagy.24 The deficiency of Atg2 homologs Atg2a and Atg2b
blocks autophagic flux and causes incomplete autophagosome accu-
mulation. Previous reports indicated that another anabolic miRNA,
miR-375, directly associates with Atg2b, effectively repressing its
expression, further inhibiting autophagy, and hindering chondrocyte
homeostasis.9 Similarly, miR-128a was shown to directly repress
Atg12 and block chondrocyte autophagy, which accelerated OA
in vivo.25 In these studies, miR-378 was confirmed to be the direct
target of Atg2a in OA chondrocytes. Overexpression of Atg2a in
miR-378 chondrocytes could rescue the deregulation of autophagy
as well as ameliorate chondrocyte inflammation. Our study provides
evidence that miRNA-378 alleviates chondrocyte-mediated inflam-
mation at least partially through the de-activation of autophagy.

OA is mainly characterized by cartilage matrix degradation and
chondrocyte death. BMSCs possess pluripotency and are capable of
differentiating into multiple cell types, including chondrocytes and
osteoblasts. OA treatment with BMSCs via IA transplantation has
been shown to facilitate cartilage regeneration, likely due to their
chondrogenic differentiation capabilities and immune-modulatory
properties. Sox genes play crucial roles in the chondrogenic differen-
tiation of mesenchymal stem cells (MSCs). Two Sox family members
in particular, Sox5 and Sox6, were found to form a heterotrimer with
Sox9 upregulating the expression of chondrogenic genes. Sox5 and
Sox6 are required for Sox9 binding to the enhancer region of Acan,
Col2a1, and Col11a1 and elevates their expression during chondro-
genesis.26 The Sox trimer (Sox trio) helps maintain cartilage perma-
nence through suppressing hypertrophic and osteogenic genes,
including Col X and Runx2.27 The total abolishment of Sox9 in
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mouse embryonic stem cells results in the inhibition of cartilage
development,28 while Sox5 and Sox6 double-knockout mice display
failure of chondrogenic differentiation and cartilage maintenance.29

Given the important role that Sox genes play during chondrogenesis,
their expression levels are tightly regulated for maintaining cartilage
hemostasis. OA chondrocytes were found to have reduced levels of
Sox6 and Sox9.30

miRNAs were reported to regulate Sox members. Budd et al. found
that miR-146 acts as a negative regulator of SOX5 during chondro-
genic differentiation, and miR-146 expression was increased in OA
chondrocytes.31 Similarly, Sox5 has been verified to be a downstream
target of miR-194 in chondrogenesis of human adipose-derived stem
cells.32 We also reported that miR-145 could directly target SOX9 and
repress chondrogenic differentiation.33 Our current data offer novel
molecular insights into howmiR-378 regulates Sox6 during chondro-
genesis. Duan’s group reported that miR-103 directly regulates Sox6
expression and reduces chondrocyte proliferation and maturation,
suggesting an alternative mechanism of how miRNA contributes to
OA development.34 Taken together, because miR-378 regulates
Sox6, it is a potential target for OA treatment as inhibition of miR-
378 would induce chondrogenesis and cartilage regeneration.

In our study, we showed that miR-378 overexpression exaggerated
disease progression in a surgically induced mouse model of OA. Pre-
vious studies have reported an abundance of miR-378 in the synovial
fluid of late-stage OA patients. As discussed before, OA progression
may lead to chondrocytes releasing extracellular vehicles (EVs) con-
taining various miRNAs that will be absorbed by surrounding cells.
Several miRNAs are differentially expressed in EVs in the synovial
fluid and may serve as OA biomarkers. However, the limitation of
our current study is that we did not quantify the level of miR-378
in synovial fluid EVs both in WT and miR-378 TG OA mice. Also,
we do not know which cell type, chondrocytes, synoviocytes, or other
cells, is responsible for miR-378 production. Future studies are
needed to identify which cell type is the main producer and receiver
for miR-378 during OA.

Finally, these studies suggests that miR-378 may be a potential
biomarker and target for OA diagnosis and treatment, respectively.
Upregulation of miR-378 in OA cartilage, and the expression of
Atg2a and Sox6, negatively correlated with miR-378, indicating the
repressive effects of miR-378 in cartilage health. miR-378 lentiviral
inhibition ameliorated OA development and progression in vivo,
increased anabolic activities, and repressed catabolic activities in
cartilage in vitro.

In conclusion, the current study demonstrated that agingmiRNA-378
TG mice develop spontaneous OA and disease progression in a sur-
gically induced OA model. Overexpression of miR-378 was found
to inhibit autophagy in OA chondrocytes and reduce BMSC chondro-
genic differentiation (Figure S13). Interestingly, autophagy was
recently discovered to be involved in the regulation of chondrogene-
sis. Autophagy deficiency may trigger ERS in growth plate chondro-
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cytes and impair chondrogenesis.35 Carbonare et al. also discovered
that physical exercise increased the expression of chondrogenic tran-
scription factors SOX9 in circulating MSCs via promoting autophagy
in response to oxidative stress.36 Thus, the precise mechanism by
which miRNA-378 orchestrates autophagy and chondrogenesis dur-
ing OA development needs to be further investigated. The potential of
developing miRNA-378 inhibitors as novel diagnostics and blockers
as therapeutics is also worth exploring.

MATERIALS AND METHODS
miR-378 TG mouse and mouse OA model

All animal experiments were approved by the Ethics Committee of
Chinese University of Hong Kong and performed in accordance
with the Code of Ethics of the World Medical Association. The
miR-378 TG mice were obtained from Prof. Dahai Zhu’s laboratory
(Chinese Academy of Medical Sciences).37 The genotyping character-
ization of miR-378 TG mice was performed as described in our pre-
vious study.16 C57BL/6J male mice were used as WT control. The
joint articular cartilage was collected and the TG efficiency was
confirmed by real-time PCR (Figure S5). The right knee joints of
WT and miR-378 TG male mice were harvested at 3 or 12 months
old for further analysis. For the experimental OA model, the right
knee joints of 3-month-old male WT and miR-378 TG mice were
treated with ACLT + DMM surgery following the previously reported
procedures.38 Briefly, the mice were anesthetized under standard con-
ditions (with intraperitoneal injection of 0.2% xylazine and 1% keta-
mine in PBS), and the anterior cruciate plus medial meniscotibial
ligaments were transected in the right knee joint. Sham operations
were also performed as negative control. Mice were sacrificed 3 or
6 weeks after surgery. The right knee joints were collected and pro-
cessed for histological and histochemical analyses. For the therapeutic
experiment, the anti-miR-378 lentivirus was designed and con-
structed by GenePharma Company (GenePharma, China). Two
groups of 3-month-old miR-378 TG mice were treated with
ACLT + DMM surgery. One week after surgery, one group of mice
were treated with IA injection of lentivirus-incorporated miR-378-
3p inhibitor with the dose of 1 � 108 particles resuspended in 5 mL
of PBS, and the other group was treated with corresponding control
lentivirus once every week for 3 weeks. Mice were sacrificed 3 weeks
after the first lentivirus injection.

Histological analysis

Collected cartilages were fixed with 4% formaldehyde for 24 h and de-
calcified with 10% EDTA, pH 7.4 at 37�C for 2 weeks. The cartilages
were then dehydrated, embedded with paraffin, and sectioned at 5-
mm thickness by a rotary microtome (HM 355S; Thermo Fisher Sci-
entific, USA). After deparaffinization and rehydration, safranin O and
fast green staining was performed to evaluate the OA status of the
cartilage. The OARSI scoring was performed following the OA carti-
lage pathology assessment system presented by OARSI 2000 and
described in Figure S1.39 The IHC staining was performed as
described in the previous studies.40 The primary antibodies, including
rabbit anti-Col II (1:100, Ab34712, Abcam, USA), rabbit anti-Mmp13
(1:100, Ab39012, Abcam, USA), mouse anti-Sox6 (1:50, 393,314,
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Santa Cruz, USA), and mouse anti-Atg2a (1:50, 514,207, Santa Cruz,
USA) were applied to the sections at 4�C overnight. The sections were
then applied with horseradish peroxidase-streptavidin system
(K500711, Dako, USA) IHC signal detection. The IHC images were
captured by using a light microscope (Leica DM5500, Wetzlar, Ger-
many). The semi-quantitative analysis of positive-stained cell inten-
sity was performed using ImageJ software following the previous
protocol.41 Briefly, the region of interest (ROI) was chosen at cartilage
sites. The threshold for signal detection was set the same for all im-
ages. One unbiased representative image each was selected from
five samples in one group. A 600 mm � 400 mm rectangle tool was
applied in 100� magnification photos to select five areas randomly.
The value of positive cell percentage or the average value of integrated
optical density (IOD) divided by a specific area (IOD/mm2) were
calculated accordingly.

Cell isolation and culture

Human embryonic kidney 293 (HEK293) cells as well as BMSCs from
both WT and miR-378 mice were kept or generated in our laboratory
as previously described.16 Primary chondrocytes were isolated from
WT and miR-378 TG mice following the previous protocol.38 Briefly,
the mice were sacrificed under anesthesia. The mice articular carti-
lages were collected by surgery and the attached muscle and connec-
tive tissue were removed. The cartilages were minced by scissor and
washed three times with PBS. Tissues were digested by 0.25% trypsin
(Thermo Fisher, USA) for 30 min, PBS washed three times, and
further digested with collagenase type II (200 unit/mL) for 10 min.
The chondrocytes were collected and cultured in DMEM containing
10% fetal bovine serum (FBS, Gibco, USA), 100 units/mL of peni-
cillin, and 100 mg/mL of streptomycin (Life Technologies, USA)
and cultured at 37�C in 5% CO2 atmosphere. The primary chondro-
cytes were identified by toluidine blue O staining and IHC staining of
collagen type II (Figure S12). Chondrocytes at passage 1 to 3 were
used in the experiment.

Cloning construction and transfection

Mouse Atg2a and Sox6 30 UTR sequences were subcloned into
pmiRGLO vector. The cDNA sequence with full open reading frame
(ORF) of mouse Atg2a and Sox6 were subcloned into pcDNA3
vector. The construction of pcDNA3-Atg2a, and pcDNA3-Sox6
cloning vectors as well as pmiRGLO-Atg2a and pmiRGLO-Sox6
WT and mutated luciferase reporter vectors were performed by
Genscript Biotech Company (Nanjing, China). All the cDNA
sequences were obtained from the NCBI database (http://www.
ncbi.nlm.nih.gov/). Mouse miR-378-3p mimics were purchased
from GenePharma Company (Shanghai, China). miRNA mimics
and/or recombinant vectors were transfected using transfection re-
agent Lipofectamine 3000 (Invitrogen, USA) following the manufac-
turer’s instruction.

BMSC in vitro chondrogenesis induction

To investigate the influence of miR-378 overexpression on BMSC
chondrogenesis activity, the BMSC micromass culture method was
applied. Briefly, the BMSCs were trypsinized and resuspended in
PBS at a concentration of 2 � 105 cells/10 mL. After that, 10 mL of
concentrated BMSCs were pipetted down into the center of the
24-well plates to form a hemispherical droplet. After 1 h of conden-
sation, 500 mL of chondrogenic induction medium (Life Technolo-
gies, USA) was added into the well to let the medium merge the
cell droplets. The cell droplet formed a spherical aggregate at the bot-
tom of the well after 1 day. The chondrogenesis induction medium
was replaced every 3 days. The cell micromasses were harvested at
days 7, 14, 21, and 28 upon chondro-induction.

Histological and immunostaining

For the chondro-induced micromass-cultured BMSCs, the cell micro-
mass was embedded with Tissue-Tek OCT compound (OCT, Sakura
Finetech, USA) and stored at�80�C. OCT blocks were cut into 5-mm
sections in the cryostat (Life Technologies, USA) at�20�C. The cryo-
sections were stained with safranin O and Alcian blue to visualize the
distribution of major constituents of extracellular matrix (ECM),
including glycosaminoglycan (GAG) and collagens. IHC staining us-
ing rabbit anti-Col II (1:100, Ab34712, Abcam, USA) was performed
as described previously.

Autophagy flux detection

Autophagy flux in chondrocytes was assessed using the Cyto-ID
Autophagy Detection Kit (Enzo Life Sciences, USA) following the
manufacturer’s protocol. The chondrocytes were seeded on the cov-
erslips and grew up to 70% confluency. The slips with attached chon-
drocytes were washed with PBS and then incubated with Cyto-ID and
Hoechst 33258 in the dark for 15 min. The excess dye was removed by
PBS washing. The images were taken using a Leica DM5500B fluores-
cence microscope (Leica, USA).

Luciferase assay

Dual-luciferase assay was performed following the previous proto-
col.16 HEK293 cells were transfected with pmiRGLO-Atg2a or pmiR-
GLO-Sox6 WT and site-mutation (mut) recombinant vectors
together with miR-378-3p mimics. The renilla luciferase vector was
co-transfected as normalization control. The luciferase activities
were measured using PerkinElmer Victor X2 2030 multilabel reader
(Waltham, USA). The renilla luciferase activity was also measured
for normalization.

Human cartilage sample collection

The study was performed under the approval of the Ethics Committee
with the patients’ full consent. A total of 18 knee OA patients (n = 18,
11 men and seven women) who underwent total knee replacement
surgery were recruited as study subjects. The inner knee cartilage
was usually corroded more severely compared with outer knee carti-
lage and was defined as the osteoarthritic (OA) side. The less abraded
fragments from the other side were grouped as the RN side. All carti-
lage samples were harvested from tibial plateau and preserved in
liquid nitrogen until use. To collect tissue RNA, the cartilage samples
were put into a mortar, 1 mL of RNAiso (Takara, Japan) was added,
and they were ground with a pestle. All the manipulations were per-
formed with the continuous supplement of liquid nitrogen. After
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homogenization, the cartilage fragment lysates in RNAiso were
collected for further analysis.
Real-time PCR

For RNA extraction of chondrocytes or micromass-cultured
BMSCs, the cultured cells or cell micromass were homogenized
with RNAiso reagent (Takara, Japan). After homogenization,
RNA was extracted following the manufacturer’s guidance. The ex-
tracted RNA was then quantified and reverse transcribed into
cDNA using PrimeScript RT Master Mix (TaKaRa, Japan). Quan-
titative real-time PCR was performed using Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific, USA). The relative
gene expression was calculated, normalized, and compared using
the 2�DDCT method following the previous protocol.16 The miRNA
reverse transcription and real-time PCR was performed with miR-
CURY LNA miRNA PCR System (Qiagen, German). The relative
miRNA expression was normalized to hsa-miR-103a-3p or mmu-
miR-103a-3p. The primers used for cloning construction are listed
in Table S1.
Western blot

The BMSCs or chondrocytes in tissue culture dish were in situ lysed
using radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma-Al-
drich, USA) with 1 mM phenylmethylsulfonyl fluoride (PMSF,
Roche, USA). The protein samples were prepared, electrophoresed,
and electroblotted following the previous studies.42 The primary an-
tibodies applied for signal detection included rabbit anti-iNos
(1:3,000, Ab15323, Abcam, Cambridge, UK), goat anti-Cox2
(1:1,000, Sc-1745, Santa Cruz, USA), rabbit anti-Col II (1:3,000,
Ab34712, Abcam, USA), rabbit anti-Aggrecan (1:3,000, Ab36861,
Abcam, USA), rabbit anti-Mmp13 (1:3,000, Ab39012, Abcam,
USA), rabbit anti-Beclin 1 (1:1,000, 3495P, Cell Signaling Technol-
ogy, USA), rabbit anti-LC3B (1:1,000, 2775, Cell Signaling Technol-
ogy, USA) and mouse anti-b-actin (1:3,000, Sc-8432, Santa Cruz,
USA).
Statistical analysis

All data are presented as mean ± standard deviation or mean ± me-
dians (minimum-maximum) according to graph types applied. The
data from clinical studies are presented as before-after plot. The
OARSI scoring was presented as scattered dot plot. Experiments
were repeated independently at least three times, and representative
data are shown. The statistical significance between two groups was
calculated by unpaired, two-tailed Student’s t test for parametric
data and by Mann-Whitney U test for non-parametric data analysis.
The two-paired sample t test was applied for clinical sample anal-
ysis. The analysis was performed with GraphPad Prism 8
(GraphPad Software, USA), and p < 0.05 was considered a signifi-
cant difference.
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