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Synovitis refers to the inflammation of the synovial mem-
brane and is commonly detected in patients with osteoar-
thritis (OA). Recent reports have suggested that microRNAs
(miRNAs) could be a promising target for diagnosis and
prognosis in OA. This study examines the effect of micro-
RNA-10a (miR-10a) in fibroblast-like synoviocyte (FLS)-
mediated synovitis obtained from patients with OA. Expres-
sion of miR-10a is negatively associated with the severity of
synovitis. miR-10a inhibited proliferation, migration, and
secretion of pro-inflammatory cytokines of OA-FLS that
were obtained from OA patients in vitro. By using a pa-
tient-derived xenograft (PDX) model, miR-10a repressed pro-
liferation of OA-FLSs and production of OA synovium-
derived pro-inflammatory cytokines in vivo. Twist Family
BHLH Transcription Factor 1 (TWIST1) and mitogen-acti-
vated protein kinase kinase kinase 7 (MAP3K7) were identi-
fied as an upstream regulator and direct target of miR-10a
in OA-FLSs, respectively. Nuclear factor kB (NF-kB) signaling
pathway, a downstream pathway of MAP3K7, was also
repressed by miR-10a in OA-FLSs. To summarize, the
TWIST1-miR-10a-MAP3K7-NF-kB pathway mediates the
development of synovitis in OA. miR-10a functions as an
anti-inflammatory mediator in OA-FLS.

INTRODUCTION
Osteoarthritis (OA) is a chronic progressive disease characterized by
cartilage degradation, bone erosion, and synovitis.1 The research field
of OA mainly focuses on the pathological mechanisms of cartilage
degradation and bone erosion, whereas the role of synovitis in OA
pathogenesis has been long overlooked. Recently, researchers took
note of the essential role of synovitis in OA and investigated the ef-
fects of synovitis on joint degeneration in the disease.2

MicroRNAs (miRNAs) are a class of small non-coding RNAs that
repress their target genes at the post-transcriptional level. miRNAs
have been shown to play versatile roles in many physiological and
pathological processes. Recently, miRNAs were shown to be
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involved in inflammation of the joint synovium in patients suffering
from rheumatoid arthritis (RA).3 However, the potential role of
miRNAs in OA synovitis has not yet been elucidated. MicroRNA-
10a (miR-10a), a member of the miR-10 family, plays an essential
role in various cancers.4 miR-10a-5p is the main nature form of
miR-10a precursor.5 Recently, a few key studies have identified
the anti-inflammatory role of the miR-10 family in RA6,7 and pa-
tients with ankylosing spondylitis.8 However, there have been no
studies undertaken to investigate the specific role of miR-10a-5p
in OA synovitis until now. Due to the long-term underrated role
of synovitis in OA and the anti-inflammatory effects of miR-10a-
5p in other autoimmune diseases, we try to illustrate the role of
miR-10a-5p in synovitis in OA.

Fibroblast-like synoviocytes (FLSs) are one of the main cellular
components involved in OA synovitis.9 The pro-inflammatory
role of FLSs has been extensively demonstrated in the joint syno-
vium of RA patients. Activated FLSs secrete pro-inflammatory che-
mokines to recruit immunocytes and produce cytokines to promote
angiogenesis, as well as extracellular matrix degradation.10 Although
FLS-mediated inflammation in OA is not as severe as in RA, OA-
FLSs have demonstrated obvious pro-inflammatory properties
compared with those of healthy synovium.2,11 Because both miR-
10a and FLSs are essential components in joint synovitis, the present
study aimed to investigate the role of miR-10a in FLS-mediated OA
synovitis.
: Nucleic Acids Vol. 22 December 2020 ª 2020 The Author(s). 1107
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Figure 1. The Expression of miR-10a in Blood,

Synovium, and FLSs of OA

(A) The expression of miR-10a in blood from OA patients

(n = 30) and healthy controls (n = 22). (B) The expression of

miR-10a in synovium from OA patients (n = 12) and con-

trols (n = 3). (C) The localization of miR-10a in the syno-

vium from OA patients (n = 3) and controls (n = 3). (D) The

correlation (Pearson’s correlation coefficient) of miR-10a

expression and OA severity (n = 25). (E) The response of

miR-10a to IL-1b (10 ng/mL) and TNF-a (20 ng/mL)

treatment in OA-FLSs for 48 h (n = 6). Data represent

means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as

determined by Student’s t test.
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RESULTS
The Expression of miR-10a in Blood, Synovium, and FLSs of OA

First, the expression of mature miR-10a was quantified in peripheral
blood mononuclear cells (PBMCs) from OA patients and healthy
controls by qRT-PCR. The relative expression of miR-10a was signif-
icantly repressed in the PBMCs from OA patients compared with
healthy controls (Figure 1A). In contrast, we demonstrated that in sy-
novial tissue, miR-10a expression was significantly decreased in OA
patients compared with control patients (Figure 1B). Fluorescence
in situ hybridization (FISH) results further validated the relatively
lower expression of miR-10a in OA synovium compared with the
normal control (Figure 1C). Hematoxylin and eosin (H&E) staining
was used to show the tissue architecture of normal and OA synovia
(Figure S1). To assess whether synovial expression of miR-10a reflects
disease activity, we examined the relationship of synovial tissue ex-
pressions between miR-10a and IL-1b, a key pro-inflammatory
1108 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
marker of synovitis. Synovial tissue expression
of miR-10a was inversely correlated to produc-
tion of IL-1b (Figure 1D). To further illustrate
the regulatory role of miR-10a in synovitis in
OA-FLS, we quantified the expression of miR-
10a in OA-FLSs following stimulation with
two pro-inflammatory cytokines, interleukin-
1b (IL-1b) and tumor necrosis factor alpha
(TNF-a). Both IL-1b and TNF-a significantly
repressed endogenous expression of miR-10a
in OA-FLS (Figure 1E). Together, these results
suggested that miR-10a might play an anti-in-
flammatory role in synovitis of OA.

The Effects of miR-10a on Human OA-FLSs

In Vitro

To investigate the contribution of miR-10a to
OA-FLS pro-inflammatory mechanisms, we
sorted OA-FLSs (CD45�CD31�CD235a�

CD146�PDPN+FAPa+; myeloid cells were
excluded with CD45, endothelial cells were
excluded with CD31, red blood cells were
excluded with CD235a, and pericytes were
excluded with CD146; then two established FLS
markers, Podoplanin [PDPN] and FARa,12 were used to sort FLSs)
and cultured them in vitro (Figure 2A). OA-FLSs were transfected
withmiR-10amimics ornegative control ofmimics (mimicsNC).A sig-
nificant upregulation of miR-10a expression was detected by qRT-PCR
inOA-FLSs (Figure S2). Next, we assessed the proliferation of OA-FLSs
following transfection with miR-10a mimics or mimics NC. miR-10a
overexpression significantly decreased OA-FLS proliferation (Fig-
ure 2B). A transwell assay was further used to investigate the effect of
miR-10a on migration of OA-FLSs. miR-10a mimics repressed the
migratory ability of OA-FLSs (Figure 2C). In addition, the morpholog-
ical elongation of the fibroblasts indicated better migratory ability. The
miR-10amimics inhibited the elongated shape ofOA-FLSs (Figure 2D),
suggesting that miR-10a could repress migration of OA-FLSs. To eluci-
date the role of miR-10a in regulating the pro-inflammatory phenotype
of OA-FLSs, we quantified the secretion of key pro-inflammatory me-
diators by enzyme-linked immunosorbent assays (ELISAs). In OA-



Figure 2. The Effects of miR-10a on Human OA-FLSs In Vitro

(A) The sorting strategy of OA-FLSs from replaced OA synovial tissues (n = 3). (B) miR-10a represses proliferation of humanOA-FLSs in vitro (n = 3). (C) miR-10a inhibitsmigration

of human OA-FLSs in vitro (n = 3). (D) miR-10a represses elongation of OA-FLSs in vitro (n = 3). (E–H) miR-10a reduces the production of pro-inflammatory cytokines in human

OA-FLSs in vitro (n = 6). (I) miR-10a repressesmRNA expressions of fibroticmarkers inOA-FLSs (n = 3). (J) miR-10a-OEOA-FLSCM induced chondrogenic genes and repressed

OA pathogenesis genes in primary chondrocytes. Data represent means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as determined by the Student’s t test. (E–I) *p < 0.05, **p <

0.01, compared to mimic NC group; (J) *p < 0.05, **p < 0.01, compared to FLS-CM.
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FLSs transfected with miR-10a mimics, levels of IL-1b, IL-6, IL-8, and
TNF-a were downregulated compared with OA-FLSs transfected
with mimics NC (Figure 2E–2H). In addition, two fibrotic markers,
a-smooth muscle actin (a-SMA) and matrix metallopeptidase 2
(MMP2), were also repressed by miR-10a in OA-FLSs (Figure 2I).
The interaction between OA-FLS and chondrocyte is essential for OA
cartilage pathogenesis.13 To evaluate the effects of miR-10a-overex-
pressing (OE) OA-FLSs on OA-chondrocyte, we collected the condi-
tional medium (CM) frommiR-10a-OEOA-FLSs to culture OA-chon-
drocyte in vitro.miR-10a-OEOA-FLSCMinduced chondrogenic genes
ACAN and COL2A1 and repressed OA pathogenesis genes MMP3,
MMP9,MMP13,ADAMTS4, andADAMTS5 in primary chondrocytes
(Figure 2J). Taken together, these results suggested that miR-10a could
repress the aggressive properties of OA-FLS.

The Effects of miR-10a on OA Synovitis in a PDX Model In Vivo

To further evaluate the ameliorative effects of miR-10a on OA syno-
vitis in vivo, we established a patient-derived xenograft (PDX) model
(Figure 3A). Severe combined immunodeficiency (SCID) mice were
engrafted with human OA synovial tissue and treated with miR-
10a-OE lentiviruses. Three days after transplantation of OA synovial
tissue into SCID mice, miR-10a-OE lentiviruses and control lentivi-
ruses were injected into the transplanted synovium (Figure S3).
Two weeks later, engraft synovial tissues were collected for analysis.
ThenH&E staining was carried out to identify the severity of synovitis
in the transplanted synovium. The thickness of the FLS layer was less
in miR-10a-OE OA synovium (Figure 3B). In addition, immunohis-
tochemistry (IHC) and ELISA were used to detect the expression of
human pro-inflammatory cytokines in engrafted synovial tissues
and mice serum. Results demonstrated that human IL-1b, IL-6, IL-
8, and TNF-a were clearly present in the serum of the engrafted
mice and downregulated after miR-10a overexpression (Figure 3C–
3G). Overall, these data showed that the severity of OA synovitis
decreased after miR-10a overexpression in vivo.

Validation of MAP3K7 as a Target of miR-10a in OA-FLSs

To identify functional candidate targets of miR-10a that may be
involved in mediating the pro-inflammatory effect of OA-FLSs, we
used miRNA target prediction algorithms TargetScan (http://www.
targetscan.org/vert_71/) and miRanda (http://www.microrna.org/
microrna/home.do) to predict potential targets of miR-10a (Fig-
ure 4A, total of 195 overlapped targets). Among these, mitogen-acti-
vated protein kinase kinase kinase 7 (MAP3K7) was of particular in-
terest given its pro-inflammatory role in arthritis (Figure 4B).14

MAP3K7 knockdown (KD) could significantly inhibit IL-1b-induced
production of pro-inflammatory cytokines, including IL-6 and IL-8 in
FLSs fromRA patients, suggesting thatMAP3K7 is a potential pro-in-
flammatory target. Therefore, we validated the effect of miR-10a on
MAP3K7 in OA-FLSs at the first place. RNAhybrid (https://
bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) results showed that the
binding possibility between miR-10a and the 30 untranslated region
(UTR) of MAP3K7 was quite high (Figure 4C). Transfection of
OA-FLSs with miR-10a mimics strongly reduced MAP3K7 protein
expression (Figure 4D). In addition, a luciferase reporter gene assay
1110 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
was performed to validate the direct binding between miR-10a and
30 UTR of MAP3K7. The 30 UTR of MAP3K7 was cloned into a
dual-luciferase reporter vector pmirGLO. Co-transfection of miR-
10a mimics with the MAP3K7 30 UTR luciferase reporter vector
into HEK293T cells reduced the luciferase activity (Figure 4E), indi-
cating that miR-10a directly binds to the 30 UTR of MAP3K7.

Next, we investigated the role of MAP3K7 in OA-FLSs. The expres-
sion of MAP3K7 was elevated in synovial tissues from OA patients
compared with controls, as observed by quantitative PCR (qPCR)
and immunofluorescence (Figures 5A and 5C). In contrast with
miR-10a, ectopic expression of IL-1b and TNF-a could induce
expression of MAP3K7 in OA-FLSs (Figure 5B). To understand
whether MAP3K7 is directly responsible for inflammation in OA-
FLSs, we used small hairpin RNA (shRNA) to knock down the expres-
sion of MAP3K7 (Figure S4). Overall, silencing of MAP3K7 led to the
similar phenotype of miR-10a-OE OA-FLSs, including proliferation,
migration, and expression of pro-inflammatory cytokines and fibrotic
markers (Figures 5D–5J), implying that miR-10a restrains synovitis in
OA-FLSs directly by targeting MAP3K7.
RNASequencing (RNA-Seq) Identified anAssociated Pathway of

miR-10a in OA-FLSs

To identify the associated pathway of miR-10a in OA-FLSs, we
analyzed the whole mRNA of miR-10a-OE OA-FLSs and control
OA-FLSs by RNA-seq (Figure S5). Kyoto Encyclopedia of Genes
and Genomes (KEGG) signaling pathway enrichment analysis re-
vealed the association of miR-10a with several arthritis-related path-
ways (Figure 6A). Signaling pathways such as Peroxisome prolifera-
tor-activated receptors (PPAR), vascular endothelial growth factor
(VEGF), nuclear factor kB (NF-kB), Wnt, mitogen-activated protein
kinase (MAPK), and TNF are critical in arthritis (red rectangles).
Among these potential associated pathways, the NF-kB signaling
pathway was highlighted because MAP3K7 is one of its central regu-
lators.15 To confirm the relevance of this pathway to miR-10a, we per-
formed a pathway reporter assay and found that miR-10a mimics,
MAP3K7 KD, and a NF-kB inhibitor (Bay11-7082) could repress
activation of the NF-kB signaling pathway in OA-FLSs (Figure 6B).
Moreover, western blot results further confirmed that p-p65, the
key component in the NF-kB pathway, was repressed by miR-10a
overexpression, MAP3K7 KD, and NF-kB blockage in OA-FLSs (Fig-
ure 6C). In addition, some other associated pathways, including c-Jun
N-terminal kinase (JNK), extracellular-signal-regulated kinase
(ERK), and transforming growth factor b (TGF-b), were also
measured in miR-10a OE OA-FLSs. The results of reporter assays
showed that miR-10a did not affect JNK, TGF-b, or ERK pathways
in OA-FLSs (Figure S6). To further prove the role of the NF-kB
signaling pathway in OA-FLSs, we also used the pan-inhibitor of
the NF-kB signaling pathway (Bay11-7082) and specific MAP3K7
(Takinib) to block the NF-kB signaling pathway in OA-FLSs. As ex-
pected, results showed that proliferation, migration, and production
of pro-inflammatory cytokines were repressed in NF-kB signaling
pathway-blocked OA-FLSs (Figures 6D–6G; Figure S7). To
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Figure 3. The Effects of miR-10a on OA Synovitis in an In Vivo PDX Model

(A) The workflow of the PDX model in vivo. (B) H&E staining in miR-10a-OE OA synovium and control OA synovium. (C) IHC staining shows the expression of human pro-

inflammatory cytokines in engrafted synovial tissues. (D–G) ELISA was used to detect human pro-inflammatory cytokines in mice sera. Data represent means ± SEM (each

group has six mice); *p < 0.05, **p < 0.01, ***p < 0.001, as determined by the Student’s t test. (D–G) *p < 0.05, **p < 0.01, compared to control group.
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Figure 4. Validation of MAP3K7 as a Target of miR-

10a in OA-FLSs

(A) Two miRNA target prediction algorithms, TargetScan

and miRanda, were used to predict potential targets of

miR-10a. (B) The binding site between MAP3K7 3’UTR

and miR-10a. (C) RNAhybrid results showed the binding

possibility between miR-10a and the 30 UTR of MAP3K7.

(D) miR-10a mimics strongly reduced endogenous protein

expression of MAP3K7 in OA-FLSs (n = 3). (E) Luciferase

reporter assays showed that miR-10a directly binds to the

30 UTR of MAP3K7 (n = 3). Data represent means ± SEM;

*p < 0.05, **p < 0.01, ***p < 0.001, as determined by the

Student’s t test. (E) **p < 0.01, compared to miR-10a

mimics+pmirGLO group.
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summarize, these data suggested that the miR-10a-MAP3K7-NF-kB
regulatory axis exerts anti-inflammatory effects in OA-FLSs.

Twist Family BHLH Transcription Factor 1 (TWIST1) Is an

Upstream Regulator of miR-10a in OA-FLSs

The MAP3K7-NF-kB pathway was identified as a downstream target
and associated pathway of miR-10a in OA-FLSs. The interaction of
TWIST1 and NF-kB pathway has been reported in inflammation.16

As a transcriptional factor, TWIST1 played an essential role in
various diseases, including inflammation and cancer.17 As expected,
TWIST1 was also downregulated in synovial tissues fromOA patients
when compared with normal synovium (Figure 7A). To test the reg-
ulatory effects of TWIST1 on miR-10a, we used a shRNA and OE
lentivirus of TWIST1 (Figure S8). miR-10a was repressed and
induced in TWIST1 KD and OE OA-FLSs, respectively (Figures 7B
and 7C). In addition, synovial tissue expression of miR-10a was posi-
tively correlated to that of TWIST1 (Figure 7D). Interestingly, two
1112 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
TWSIT1 binding sites (E box) were predicted
in the promoter region of miR-10a gene. To vali-
date this direct regulation, we transfected OA-
FLSs with a reporter construct driven by the
miR-10a promoter. TWIST1 overexpression
repressed promoter activity of miR-10a
(Figure 7E). When a reporter construct
harboring mutation in one out of the two E
box motifs in the miR-10a promoter was used,
suppression of miR-10a promoter activity by
TWIST1was attenuated accordingly (Figure 7E).
In addition, we determined whether TWIST1
directly binds to the endogenous miR-10a pro-
moter in OA-FLSs. Chromatin immunoprecipi-
tation (ChIP) assays demonstrated the binding
of TWIST1 to miR-10a promoter that contains
an E box (Figure 7F).

In addition, a PDX model was used to investi-
gate the role of TWIST1 on synovitis in vivo.
Two weeks later after transplantation of OA
synovium in SCID mice, the injection of
TWIST1 OE lentiviruses ameliorated the thickness of the FLS layer
in engrafted synovium (Figure 8A). Results of IHC and ELISA
showed that TWIST1 OE repressed the production of human pro-in-
flammatory cytokines (IL-1b and TNF-a) in engrafted synovium
(Figure 8B). As expected, TWIST1 also inhibited the aggressive
cellular functions, such as proliferation, migration, and production
of inflammatory cytokines, of OA-FLSs in vitro (Figures 8C–8E). In
addition, blockage of MAP3K7 or NF-kB could reverse the TWIST1
KD-induced pro-inflammatory effects in OA-FLSs (Figure S9).
Collectively, TWIST1 was proved as a directly upstream regulator
of miR-10a in OA-FLSs and reduced the severity of OA-FLS-medi-
ated synovitis both in vivo and in vitro.

DISCUSSION
In the past, research on OA has been focused on the pathogenesis of
degenerative damage of cartilage and bone.18 The joint synovial tissue
of healthy people is very difficult to obtain, so researchers typically use



(legend on next page)
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joint synovium from OA patients as so-called normal controls for RA
patients with more severe synovitis. However, this is not consistent
with the clinical situation: clinical OA patients are often accompanied
by a certain degree of synovitis, and the synovitis symptoms of some
OA patients are also very serious.19,20 Furthermore, there are a few
studies that have suggested that synovitis is an important factor
causing OA cartilage damage.9,21 Therefore, it is necessary to investi-
gate the pathogenesis of OA synovitis, instead of simply using it as a
“control group” for RA.

Previously, research reports on miR-10 families, including miR-10a
and miR-10b, have focused on the field of oncology.4 Recently,
some reports have shown that miR-10a plays an important anti-in-
flammatory role in RA,6,7 and miR-10b is an important inflammatory
regulation factor in ankylosing spondylitis.8 In the present study, we
found that miR-10a was significantly decreased in OA patients’ blood
samples and synovial tissues compared with the normal control
group.

However, because of the difficulty of obtaining normal controls, this
study collected only three cases of normal joint synovium in
18 months. Despite being compared with a large number of synovial
tissues from OA patients, the three normal synovial tissues consis-
tently showed higher expression of miR-10a. The limited number
of normal controls is indeed a limitation of this study, and we will
continue to work with surgeons from departments of general surgery
and orthopedics to maximize the number of normal controls in our
future study.

Although the joint synovium of normal people is difficult to obtain,
the peripheral blood of normal people is a substitute, especially for
the detection of miRNAs (small size and with diagnostic potential).
In this study, 22 cases of peripheral blood from healthy donors were
included as normal controls of peripheral blood from OA patients.
The results showed a significant reduction of miR-10a expression in
PBMCs, isolated from peripheral blood, in OA patients compared
with normal controls (consistent with results from synovial tissues),
which indicated the following: (1) miR-10a is a potential diagnostic
biomarker of OA, and (2) PBMCs consist of lymphocytes (such T
lymphocytes and B lymphocytes) and other mononuclear cells
(such as monocytes). Therefore, miR-10a may also play a role in
these immune cells that are infiltrated in the joint synovium of
OA patients. Does miR-10a exert its anti-inflammatory function
both in immune cells and in OA-FLSs within the joint synovium?
Is it possible that immune cells and OA-FLSs interact with each
other via miR-10a? This is another important direction for our
future study.
Figure 5. The Role of MAP3K7 in OA-FLSs

(A) The mRNA expression of MAP3K7 was elevated in the synovial tissues of OA patien

could induce expression of MAP3K7 in OA-FLSs (n = 3). (C) The protein expression of MA

(D) The effects of MAP3K7 knockdown on proliferation of OA-FLSs (n = 3). (E) The ef

MAP3K7 knockdown on the secretion of pro-inflammatory cytokines in OA-FLSs (n = 6

FLSs (n = 3). Data represent means ± SEM; *p < 0.05, **p < 0.01, as determined by th
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The expression of miR-10a was positively associated with the severity
of synovitis in OA patients, suggesting that miR-10a may also play an
anti-inflammatory role in OA synovitis. We further sorted primary
OA-FLSs (CD45�CD31�CD235a�CD146�PDPN+FAPa+) and
cultured them in vitro. Two essential pro-inflammatory cytokines,
IL-1b and TNF-a, repressed endogenous expression of miR-10a in
OA-FLSs, implying that miR-10a is likely to be involved in OA-
FLS-mediated synovitis.

Further, we confirmed that miR-10a could inhibit the inflammatory
phenotypes of OA-FLSs at in vitro and in vivo levels. In particular,
we used a PDX model to evaluate the anti-inflammatory effects of
miR-10a on OA synovitis in vivo. The PDX model has proved to be
a very useful model for studying pathogenesis and drug screening,
and has been widely used to investigate many inflammatory immune
diseases.22,23 Although this in vivo model requires more synovial tis-
sues than in vitro research, the advantages of this model are obvious
when compared with in vitroOA-FLS culture: (1) it mimics an in vivo
environment for synovial tissues; (2) this model provides dynamic
production of new blood vessels in the transplanted synovial tissue;
(3) it could be used to study the dynamic changes in the human-
derived inflammatory factors in the circulation of mice; and (4) this
model is an in vivo drug screening platform for OA.

Recent studies have found that FLSs have different functions in
different areas of the joint synovium in RA patients, but little is
known about the molecular mechanisms of FLSs involved in the
development of synovitis in OA. Using ChIP and luciferase reporter
assays, we confirmed TWIST1 and MAP3K7 are a direct upstream
activator and downstream target for miR-10a and could initiate the
repression of the downstream NF-kB pathway. These data demon-
strated that the TWIST1-miR-10a-MAP3K7 cascade can block the
NF-kB signaling pathway and ultimately achieve the effect of inhibi-
tion of OA-FLS-mediated inflammation. Therefore, targeting miR-
10a is a potential anti-inflammatory therapy for OA synovitis that
is definitely worth further investigation. In summary, we found that
the TWIST1-miR-10a-MAPK7-NF-kB signaling axis can inhibit
OA-FLS-mediated inflammation by combining in vitro models,
in vivo models, and clinical data. This paper showed that miR-10a
can be used as a promising target for treating patients with OA
synovitis.

MATERIALS AND METHODS
Patients, Ethics, and Inclusion/Exclusion Criteria

Synovial tissues were obtained from OA patients (all Chinese) upon
joint replacement or synovectomy at the First Affiliated Hospital of
USTC, Hefei, China. This study was approved by the Ethics
ts (n = 12) compared with controls (n = 3) by qPCR. (B) IL-1b and TNF-a treatment

P3K7 was elevated in the synovial tissues of OA patients by immunostaining (n = 3).

fects of MAP3K7 knockdown on migration of OA-FLSs (n = 3). (F–I) The effects of

). (J) MAP3K7 knockdown represses mRNA expressions of fibrotic markers in OA-

e Student’s t test. (F–J) *p < 0.05, **p < 0.01, compared to control group.



Figure 6. RNA-Seq-Identified NF-kB Pathway Is Associated with miR-10a in OA-FLSs

(A) KEGG signaling pathway enrichment analysis identified the most relevant pathways of miR-10a in OA-FLSs. (B) miR-10a repressed NF-kB reporter activity in OA-FLSs. The

stars indicated the significant differences from control (n = 3). (C) miR-10a repressed nucleus (NE) p65 in OA-FLSs (n = 3). (D) The effects of blockage of the NF-kB pathway on

proliferation of OA-FLSs (n = 3). (E) The effects of blockage of the NF-kB pathway on migration of OA-FLSs (n = 3). (F) The effects of inhibition of the NF-kB pathway on the

secretion of pro-inflammatory cytokines in OA-FLS (n = 3). (G) The effects of blockage ofNF-kBpathwaymRNAexpressions of fibroticmarkers in OA-FLSs (n = 3). Data represent

means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as determined by the Student’s t test.
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Committee of the First Affiliated Hospital of USTC. The diagnosis of
primary knee OA (28 women and 2 men; average age, 56.12 years; age
range, 48–73 years) conformed to the criteria stipulated by the Amer-
ican College of Rheumatology (ACR),24 and radiographic changes
were grade III or IV according to the Kellgren and Lawrence classifi-
cation method.25 Patients with OA induced by trauma, inflammation,
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 1115
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Figure 7. TWIST1 Is an Upstream Regulator of miR-10a in OA-FLSs

(A) The expression of TWIST1 in synovium fromOA patients (n = 12) and controls (n = 5). (B and C) The expression of miR-10a in TWIST1 KD (B) or OE (C) OA-FLSs (n = 3). (D)

The correlation (Pearson’s correlation coefficient) of TWIST1 and miR-10a in OA synovium (n = 25). (E) Luciferase reporter assays showed that TWIST1 directly binds to the E

box in the promoter region of miR-10a, a Renilla luciferase-encoding internal control plasmid for normalization (n = 3). (F) ChIP assays demonstrated the binding of TWIST1 to

miR-10a promoter that contains an E box. Data represent means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as determined by the Student’s t test.

Molecular Therapy: Nucleic Acids
tuberculosis, or sepsis were excluded. Blood samples from 22 healthy
volunteers (10 women and 12 men; average age, 43.50 years; range,
32–57 years) and synovial samples from five patients (five men;
average age, 43.2 years; all normal synovia were from knee opera-
tions) with non-inflammatory knee joint diseases were used as con-
trols. For the human blood samples-related experiments, the sample
size (n = 22) was predicted based on a preliminary experiment that
included six healthy donors and six OA patients.
Isolation and Culture of Primary OA-FLSs and OA-Chondrocyte

The method used for the isolation of FLSs from synovial tissue was
modified from a method previously described.26 In brief, the
synovium was removed from joints of patients with OA. Isolated hy-
perplastic synovial tissues were washed and minced in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies), supplemented
with 10% fetal bovine serum (GIBCO) and penicillin and strepto-
mycin (GIBCO). Dissected synovial tissue was digested in culture me-
dium containing 1 mg/mL collagenase type 4 (Sigma) and 0.1 mg/mL
deoxyribonuclease I (Sigma) and incubated for 1.5 h at 37�C. Tissues
were then vortexed and resuspended in fresh medium. The medium
containing the digested tissue was centrifuged at 3,000 rpm for 5 min,
and the cell pellet was resuspended in fresh medium for cell sorting.
The sorted OA-FLSs were cultured at 37�C in 5% CO2. Culture me-
1116 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
dium was replenished every 2 days, and cells were subcultured when
they reached 90% confluence.

For the primary culture of OA-chondrocyte, the cartilage from OA
patients was minced into small pieces prior to collagenase II
(Sigma) digestion under continuous agitation (200 rpm) for 8 h
at 37�C. Cell suspension was passed through a cell strainer (40-
mm pore size; BD), washed twice with PBS, centrifuged for
10 min (1,000 rpm), and resuspended in 10 mL culture medium
(DMEM [GIBCO] supplemented with 10% FBS [GIBCO] and
penicillin/streptomycin). Primary OA-chondrocyte was sub-
cultured every 3 days.
Flow Cytometry

OA-FLSs were incubated with the following fluorescein isothiocya-
nate (FITC)-, phycoerythrin (PE)-, or allophycocyanin (APC)-conju-
gated antibodies at 4�C for 1 h: CD45-FITC, CD31-FITC, CD146-
FITC, CD235a-FITC, PDPN-PE, or human fibroblast activation pro-
tein (hFAP)-APC. All flow cytometry antibodies were from Miltenyi.
After washing thrice with pre-cooled PBS, the cells were analyzed us-
ing a flow cytometer (BD FACSAria II) and BD FACSDiva software.
Unlabeled cells were used in other fluorescence-activated cell sorting
(FACS) assays as NCs.



Figure 8. The Effects of TWIST1 on OA Synovitis

In Vivo and In Vitro

(A) H&E staining in TWIST1-OE OA synovium and control

OA synovium (n = 6). (B) IHC staining shows the expression

of human pro-inflammatory cytokines in engrafted synovial

tissues (n = 6). (C–E) The effects of OE of TWIST1 on

proliferation, migration, and production of inflammatory

cytokines of OA-FLSs (n = 3). Data represent means ±

SEM; *p < 0.05, **p < 0.01, ***p < 0.001, as determined by

the Student’s t test. (C and D) *p < 0.05, **p < 0.01,

compared to control group.
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Treatment and Transfection of OA-FLSs

OA-FLSs were cultured in Roswell Park Memorial Institute 1640
medium and transfected with 100 nM miR-10a mimics
(Two seqeuences: 50-UACCCUGUAGAUCCGAAUUUGUG-30 and
50-CAAAUUCGGAUCUACAGGGUAuu-30) or corresponding
scramble control (GenePharma) using Lipofectamine RNAiMAX Re-
agent (Invitrogen) in accordance with the manufacturer’s instruc-
tions. Following 24–72 h of transfection, cells were directly lysed
for further experiments. MAP3K7 and TWIST1 small hairpin
RNAs (shRNAs) were designed using the online design program
from MIT (http://sirna.wi.mit.edu/home.php): MAP3K7 50-
Molecular Therap
GCCCTTCAATGGAGGAAAT-30 and TWIST1
50-GAGACCTAGATGTCATTGT-30. The
hairpin-type shRNAs, with a nine-nucleotide
loop, were cloned into pLVTHM (Addgene).
The stem-loop sequence of miR-10a was cloned
into pLVTHM for miR-10a overexpression.
The lentivirus was packaged in HEK293T cells.
The overexpression lentivirus of TWIST1 was
generated and packaged by Genechem. For all
experiments, OA-FLSs were used between pas-
sages 2 and 6. For the stimulation experiments,
cells were stimulated with NF-kB pathway
blocker Bay11-7082 (10 mM/mL) or TNF-a
(10 ng/mL) and IL-1b (10 ng/mL).

Mice

Adult female SCID mice (8–12 weeks, 20–22 g)
were acquired from the Model Animal Research
Center of Nanjing University (China). All mice
were housed in individually ventilated cages
and maintained in a pathogen-free room (spe-
cific-pathogen-free [SPF] level, beddingmaterial:
Corn Cob; the husbandry conditions: light/dark
cycle 12/12 h; animal room temperature:
22�C ± 2�C; relative humidity: 45% ± 5%; access
to mouse maintenance food and water ad libi-
tum). To allow for acclimatization to the
experimental conditions, we randomly selected
animals and kept them in individual cages for
at least 4 days before the experiment. During
housing, animals were monitored once daily
for health status and possible adverse events. No adverse events
were observed during the experimental process. All experimental
mice were handled in compliance with the guidelines of the institu-
tional ethics committee. All care was taken to cause no pain to the
mice. Before all surgical procedures, ketamine-xylazine was used for
anesthesia and analgesia (ketamine: 75–150 mg/kg + xylazine: 16–
20 mg/kg intraperitoneally [i.p.]). Overdose of chemical anesthetics
(three to four times anesthetic dose) was used for euthanasia, and cer-
vical dislocation was used for confirmation of euthanasia. Biopsy
samples (synovial tissues from OA patients) were transplanted into
the anesthetized SCID mice. Specifically, after swabbing the skin in
y: Nucleic Acids Vol. 22 December 2020 1117
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the neck region with 70% ethanol, a small incision was made in the
dorsal skin behind the ear of each mouse, the tissue (5 � 5 �
5 mm) was inserted subcutaneously, and the wound was closed
with suture clips. Then, 12 two-tissues-bearing mice were divided
into two groups: control group (six mice were injected with control
lentivirus) and miR-10a- or TWIST1-OE group (six mice were in-
jected with miR-10a or TWIST1-OE lentivirus). A single dose of
108 particles of lentiviruses was directly injected into the transplanted
synovium subcutaneously. After 2 weeks, all mice were sacrificed, and
the synovial tissues were extracted for subsequent experiments. All
sections of this report adhere to the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines for reporting animal
research.
ELISA

To assess the effect of miR-10a expression on OA-FLS cytokine pro-
duction, we collected supernatants following 48 h of transfection, and
TNF-a, IL-1b, IL-6, and IL-8 were measured using targeted ELISAs
according to the manufacturer’s conditions (R&D Systems).
Migration Assay

Transwell chambers (CORING) were used to assess OA-FLS migra-
tion in response to TWIST1-OE, miR-10a-OE, MAP3K7 KD, and
NF-kB pathway inhibition. TWIST1-OE, miR-10a-OE, MAP3K7
KD, and NF-kB pathway-blocked OA-FLSs were seeded at a density
of 20,000 cells/well in the migration chamber on 8-mm membranes.
Migrating cells attached to the lower membrane were fixed with 1%
glutaraldehyde and stained with 0.1% crystal violet. Cells from six
random high-power fields for each well were counted to assess the
average number of migrating cells.
RNA Extraction and Real-Time PCR Assays

Total RNAwas extracted using TRIzol reagent (Invitrogen) according
to the standard protocol. The concentration and quality of all RNA
samples were evaluated using NanoDrop 2000 (Thermo). Reverse
transcription of mRNA was performed using a MasterMix kit
(Takara), and miRNA reverse transcription was performed using a
TaqMan reverse transcription kit (Life Technologies) following the
manufacturer’s instructions. qPCR of genes was performed using
Universal SYBR Green Master mix (Applied Biosystems), and
miRNA qPCR was performed using TaqMan-specific microRNA
probe (Life Technologies) on a 7500 real-time PCR system (Applied
Biosystems). Gene expression was normalized to GAPDH, and
miRNA expression was normalized to U6 small nucleolar RNA
(snoRNA) unless otherwise stated. Primer sequences are listed in
the Supplemental Information.
Western Blot

For protein detection, total proteins were electrophoresed and
transferred to polyvinylidene fluoride (PVDF) membranes. The
membranes were individually incubated with antibodies for
MAP3K7 (Abcam), p-p65 (Abcam), or histone H3 (Santa Cruz).
The blots were developed using a horseradish peroxidase-conjugated
1118 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
secondary antibody, and the immunoreactive proteins were visual-
ized with an enhanced chemiluminescence system (GE System).

RNA-Seq

Total RNA was quantified using a NanoDrop2000 spectrophotometer
(NanoDrop Technologies). OA-FLSs were collected 48 h after transfec-
tion of miR-10a mimics and mimics NC. Two passing samples were
included; the RNA Integrity Number (RIN) values were 8.0 and 7.8
and quality control (QC) (q30) were 88.5 and 88.6. PE150 paired-
end sequencing and theMGI-2000 platformwere used. The clean reads
obtained by sequencing will be uploaded toNCBI later. For detection of
whole mRNA expression, RNA-seq was performed by BGI (China) ac-
cording to standard procedure. In brief, the sequencing data were
filtered with SOAPnuke (v.1.5.2)27 by: (1) removing reads containing
sequencing adaptor; (2) removing reads whose low-quality base ratio
(base quality less than or equal to 5) is more than 20%; and (3)
removing reads whose unknown base (‘N’ base) ratio is more than
5%, and afterward clean reads were obtained and stored in FASTQ
format. The clean reads were mapped to the reference genome using
HISAT2 (v.2.0.4).28 Bowtie2 (v.2.2.5)29 was applied to align the clean
reads to the reference coding gene set; then the expression level of
gene was calculated by RNA-Seq by Expectation-Maximization
(RSEM) (v.1.2.12).30 The heatmap was drawn by pheatmap
(v.1.0.8)31 according to the gene expression in different samples.
Essentially, differential expression analysis was performed using the
PossionDis32 with false discovery rate (FDR) %0.001 and |log2ratio|
R1. To take insight to the change of phenotype, Gene Ontology
(GO) (http://geneontology.org/) and KEGG (https://www.kegg.jp/)
enrichment analysis of annotated different expressed genes was per-
formed by Phyper (https://en.wikipedia.org/wiki/Hypergeometric_
distribution) based on hypergeometric test; the significant levels of
terms and pathways were corrected by Q value with a rigorous
threshold (Q % 0.05) by Bonferroni.

IHC Staining

Paraffin-embedded OA synovia were sliced and then blocked in 5%
goat serum for 30 min. The tissue was incubated with primary IL-
1b and TNF-a antibodies (Abcam) overnight at 4�C. The sections
were then washed with PBS and stained using a streptavidin-peroxi-
dase kit (Abcam) according to the manufacturer’s protocol. Then the
sections were visualized through reactions with 3,30-Diaminobenzi-
dine (DAB). The IHC staining was performed as reported previously.5

FISH

FISH for miR-10a was performed on 4-mm-thick OCT-embedded
tissue sections. The miRNA FISH detection probe for miR-10a was
purchased from GenePharma. FISH was performed according to a
standard protocol for miRNA FISH from GenePharma.

Luciferase Reporter Assay

The pmirGLO miRNA expression reporter vector system (Promega)
was used to construct the reporter plasmid containing 400 bp of the 30

UTR of human MAP3K7 mRNA encompassing the sequence com-
plementary to the miR-10a seed sequence. The 30 UTR of MAP3K7
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was connected to the end of firefly luciferase, and Renilla luciferase
was used as an internal control. HEK293T cells were transfected
with 1 mg of reporter plasmid and 20 nM miRNA mimics or mimics
NC in 12-well plates using Lipofectamine 2000 according to the man-
ufacturer’s protocol. The luciferase activity assay was performed 48 h
after transfection, using the Dual-Luciferase Reporter Assay System
(Promega) and GloMax 20/20 LUMINOMETER (Promega).

Luciferase reporter plasmid pGL3-Basic vector (Promega) containing
a 2.5-kb fragment of the miR-10a predictive promoter (�500
to +2,000 bp relative to transcription initiation site) was used for
TWIST1 binding test. A reporter construct mutated in one out of
the two binding sites present in this promoter was generated using
the Phusion Site-Directed Mutagenesis Kit (Thermo). TWIST1-OE
OA-FLSs and control OA-FLSs were co-transfected with luciferase re-
porter constructs or an empty control vector and a Renilla luciferase-
encoding internal control plasmid. Forty-eight hours after transfec-
tion, luciferase activity was measured by using a GlutaMAXmachine.

OA-FLSs were transfected with a NF-kB, JNK, ERK, or TGF-b lucif-
erase reporter using Lipofectamine 2000 (Invitrogen) and NF-kB re-
porter kit (NF-kB pathway), SRE reporter kit (ERK pathway), SBE re-
porter kit (TGF-b pathway), and AP1 reporter kit (JNK pathway)
(BPS Bioscience). The luciferase assay was performed using the
dual-luciferase reporter assay system (Promega), according to the
manufacturer’s instructions.
ChIP

ChIP assay was performed using a ChIP kit (Abcam) using an anti-
Twist1 antibody (Abcam) according to the manufacturer’s instruc-
tions.33 OA-FLSs were cultured to collect chromatin, which was
immunoprecipitated with either Twist1 or control antibodies. Ex-
tracted DNA was amplified by PCR using primer pairs specific for
the E box in the promoter region of miR-10a.
Statistical Analysis

Statistical analyses were performed using SPSS software. The
normality was assessed by SPSS. All samples follow normal distribu-
tion. Therefore, t test was used in the following analysis. For the anal-
ysis with more than two groups, an ANOVA was performed and p <
0.05. Therefore, a following Dunnett’s t test was used for the following
comparison between two groups, with each experimental group
compared back to the control group. For the correlation analysis,
we first assessed normality and then used Pearson’s analysis. The p
values were considered not significant (n.s.) or significant at *p <
0.05, **p < 0.01, and ***p < 0.001.
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