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Background: Rheumatoid arthritis (RA) is a chronic autoimmune disease of articular joint 
damage and elevated synovial hyperplasia. Abnormal proliferation, invasion inflammatory 
response of rheumatoid fibroblast-like synoviocytes (RA-FLS) play a critical role in RA 
progression. Mesenchymal stem cell (MSC)–derived exosomal circular RNAs are promising 
therapeutic manner for disease treatment. This work aimed to decipher the role of exosomal 
circFBXW7 in RA.
Methods: The expression of circFBXW7, miR-216a-3p, and HDAC4 were detected in 
clinical RA samples. The RA rat model was established. Isolation and identification of 
exosomes from MSCs was conducted. The effects of exosomal circFBXW7 on RA was 
evaluated by qPCR, CCK-8, transwell assays, flow cytometry, Western blotting, ELISA, and 
immunohistochemical assay. Interaction between miR-216a-3p and circFBXW7 or HDAC4 
was determined by luciferase reporter gene assay and RNA pulldown.
Results: Exosomal circFBXW7 treatment suppressed proliferation, migration and inflam-
matory response of RA-FLSs and damage of RA model. CircFBXW7 could directly sponge 
miR-216a-3p to upregulate the expression of HDAC4. Inhibition of HDAC4 or upregulation 
of miR-216a-3p abolished the therapeutic function of exosomal circFBXW7. Our data 
demonstrated that circFBXW7 and HDAC4 were decreased, and miR-216a-3p was elevated 
in clinical RA sample compared with healthy samples.
Conclusion: We concluded that MSC-derived exosomal circFBXW7 suppressed prolifera-
tion, migration and inflammatory response of RA-FLSs and damage of RA rats via sponging 
miR-216a-3p and release the activation of HDAC4. These findings may provide a novel 
therapeutic target for RA.
Keywords: rheumatoid arthritis, mesenchymal stem cell, fibroblast-like synoviocytes, 
circFBXW7, miR-216a-3p, HDAC4

Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease that severely affects the 
life quality of patients.1 It is estimated that approximately 1% of the people around 
the world suffers from RA.1 Noteworthy, as a typical inflammatory-related syn-
drome, RA progression is closely correlated with inflammatory responses, 
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especially the abnormal secretion of chemokines and 
cytokines.2 RA is characterized by damage on articular 
joints caused by elevated synovial hyperplasia.1 

Therefore, RA development is closely associated with 
synovium function.3 Fibroblast-like synoviocytes (FLS) 
is the major component of synovium, and contributes to 
the homeostasis of joints via production of hyaluronan, 
lubricin, and plasminogen activator, as well as modulating 
the normal inflammatory responses in synovium.4 

Nevertheless, rheumatoid FLSs (RA-FLSs) represent 
a unique aggressive form of FLSs, which exhibits boosted 
proliferation, invasion, and accumulation in articular 
joints.4

Mesenchymal stem cells (MSCs) are multipotent cells 
that have been suggested as potential therapeutic tools in 
clinical application such as modulating tissues repairment, 
inflammation, as well as immune response.5–9 Increasing 
evidences have implied the positive function of MSCs for 
RA treatment.10,11 Recent studies demonstrated that MSCs 
function through secreting soluble factors, and extracellu-
lar vehicles such as exosomes.12 Exosomes are small (30– 
150 nm) membranous spherical vesicles with size around 
30–150 nm, which deliver signaling factors between cells, 
and are involved in multiple cellular behaviors such as cell 
growth, differentiation, and apoptosis and so on.13–15 

Circular RNAs (circRNAs) are novel form of noncoding 
RNAs with covalently closed sequence, and usually act as 
competing endogenous RNA of microRNAs (miRNAs) to 
regulate gene expression.16 Studies have exposed the ther-
apeutic function of circRNAs that delivered by exosomes 
in diseases.17,18 CircFBXW7 are recently reported to sup-
press cell progression of breast cancer, glioma, and lung 
cancers, via sponging miRNAs.19–21 Importantly, 
circFBXW7 can be transferred by exosomes to regulate 
cancer progression.22 Meanwhile it has been identified that 
miRNAs, such as miRNA-486-5p, miRNA-4701-5p, and 
miRNA-146a, were involved in the regulation of RA 
progression.23–25 However, the function of miR-216a-3p 
in RA is still elusive.

Histone deacetylase 4 (HDAC4) belongs to class IIa 
histone deacetylase and functions as an epigenetic modi-
fier enzyme.26 Studies have been implicated the regulatory 
role of HDAC4 in multiple diseases such as cancers, 
neurodegenerative diseases, and ischemic stroke and so 
on.27–29 Noteworthy, a recent study suggested that 
HDAC4 suppressed progression of RA by hindering 
inflammatory cytokine production of RA-FLSs,30 suggest-
ing the vital function of HDAC4 in RA development.

In this study, we deciphered the role of exosomal 
circFBXW7 in RA progression and demonstrated that 
circFBXW7 suppressed proliferation, migration and inva-
sion, as well as inflammatory response of fibroblast-like 
synoviocytes, possibly through sponging miR-216a-3p and 
elevating HDAC4 expression. Our findings provided 
circFBXW7/miR-216a-3p/ HDAC4 regulatory axis as 
novel therapeutic target for RA.

Materials and Methods
Collection of Clinical Synovial Tissues
To determine the expression of circFBXW7, miR-216a- 
3p, and HDAC4 in RA patients, we collected synovial 
tissues from 30 patients with RA and 30 healthy donors. 
The synovial tissues of RA groups were collected from 
RA patients who underwent synovectomy of the knee 
joint or knee replacement surgery. The synovial tissues 
of healthy control groups were taken from four patients 
who underwent arthroscopic surgery for knee meniscus 
injuries or cruciate ligament rupture and who had no 
medical history of acute or chronic joint abnormalities 
or systemic disease. All participants have signed the 
informed consents. Experiments in this study were 
authorized by the Ethics Committee of Shengjing 
Hospital of China Medical University, and were con-
ducted in accordance with the Declaration of Helsinki. 
The diagnosis of RA followed the ACR/EULAR criteria.

Cell Lines
Human synovial cell line MH7A and human bone marrow- 
derived MSCs were obtained from Beijing Institute for 
Cancer Research Collection (China). MH7A cells were 
maintained in DMEM (Hyclone, USA) medium that sup-
plemented with 10% FBS (Hyclone) and 1% penicillin/ 
streptomycin at 37°C with 5% CO2. MSCs were cultured 
in MEM (Hyclone) that supplemented with 10% FBS and 
1% penicillin/streptomycin.

Cell Transfection
The circFBXW7 and HDAC4 overexpressing vectors, 
short hairpin RNA (shRNA) targeting circFBXW7 and 
HDAC4, miR-216a-3p mimics and inhibitor, and negative 
control shRNA (shNC) were obtained from Shanghai 
GenePharma (China). Cell transfection was performed by 
using Lipofectamine 2000 (Invitrogen, USA) in accor-
dance with manufacturer’s instruction and miR-216a-3p.
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Isolation and Identification of Exosomes
Exosomes were extracted from the culture medium of 
MSCs using a sequentially centrifuge method.31 The 
obtained exosomes were suspended in PBS and stored at 
−80°C for the subsequent experiments. Exosomes were 
used at concentration of 100 μg/mL for in vitro experi-
ments. Concentration of exosomes were detected by BCA 
kit (Beyotime, China). The nanoparticle tracking analysis 
(NTA) was performed to measure particle size on 
a Nanosight NS300 analyzer (Malvern Instruments 
Ltd, UK).

Fluorescence in situ Hybridization Assays
To determine the intracellular localization of circFBXW7, 
we conducted FISH assay. In brief, MSCs were fixed and 
dehydrated, stained with Cy3-labeled probes that target 
U6, 18s, or circFBXW7 (GenePharma, USA). The U6 
probe was taken as representative of nuclear localization, 
and 18s probe as reference of cytoplasmic localization. 
The fluorescence was observed under a confocal fluores-
cence microscope (Leica, Germany).

Internalization of Exosomes
The exosomes obtained from MSCs were labeled by fluor-
escent dye Dil (Invitrogen) following the manufacturer’ 
protocol, and administrated to MH7A cells to incubate for 
6 and 24 hours. The nucleus was dyed with DAPI. Positive 
staining was captured by a confocal fluorescence micro-
scope (Leica).

Establishment of RA Model in Rats
Lewis rats aged 6-week-old (180–210g) were brought 
from Vital River Laboratory Animal Technology Co., 
Ltd. (China), and were randomly grouped. Rats in RA 
model group were intradermally injected with Freund’s 
adjuvant which consists of heat-killed clostridium butyli-
cum and mycobacterium suspended in mineral oil at 
a dose of 25 mg/kg. The pure mineral oil was injected 
into rats in the control group. For the treatment group, rats 
were injected with exosomes (100 μg) or oligonucleotides 
(200 μg). The RA degree was scored as following 
standard:

0–1 point: no detectable pathology normal appearance 
with a flexible and evasive body;

1–2 points: arthritis onset slight swelling of the joint;
2–4 points: mild arthritis swollen joint with 

inflammation;

4–6 points: mild-to-moderate arthritis swollen joint; 
last finger deformed inward; the paw could transiently 
support the body weight; decreased flexibility and grip 
strength;

6–8 points: severe arthritis severe swelling of joint, 
paw, and finger; deformation of joints and legs; lack of 
support in the upper part; loss of weight; lack of flexibility 
and no grip strength; climbing and feeding affected;

All research of animals was rigorously carried out 
according to the National Institutes of Health guide for 
the Care and Use of Laboratory Animals and international 
ethical guidelines. All animal experiments were approved 
by the Ethics Committee of Shengjing Hospital of China 
Medical University.

Real-Time PCR
Cells, exosomes, and synovial tissues were lysed to extract 
total RNA by using the TriZol reagent (Thermo). The cDNA 
was synthesized by First Strand cDNA synthesis mixture 
(Transgen, China). The relative levels of circFBXW7, miR- 
216a-3p, and HDAC4 were detected by using SYBR Premix 
TaqTM II Kit (Thermo) in line with the manufacturer’s 
instruction, using the 2-ΔΔCt method. GAPDH and U6 
were adopted as the internal control.

Cell Proliferation and Apoptosis
The viability and proliferation of MH7A cells was 
detected by Cell Counting Kit 8 (CCK-8, Thermo) assay 
and EdU staining following the manufacturer’s instruction. 
For CCK-8, cells were seeded in 96-well plates at 
a density of 5000 cells per well after indicated transfec-
tion. At specific time points, 10 μL CCK-8 solution was 
added and the absorbance values were recorded by 
a microplate detector (BD Biosciences, USA). For EdU 
detection, the fresh medium that contains EdU reagent was 
added to hatch with cells in 96-well plates for 10 hours, 
then fixed by 4% polyformaldehyde (PFA). The nucleus 
was stained with DAPI. The images were captured by 
a fluorescence microscopy (Leica, Germany). To detect 
cell apoptosis, MH7A cells were collected after indicated 
treatment, suspended in binding buffer, followed by stain-
ing with FITC-Annexin V and PI solution (Thermo, China) 
for 30 minutes in dark. The samples were analyzed by 
using a FACS flow cytometer (BD Biosciences, USA).

Cell Invasion and Migration
The invasion and migration of MH7A cells was detected 
by using transwell and wound healing assays. For 
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transwell assay, cells were suspended in FBS-free medium 
and seeded in Matrigel-covered upper chambers, the lower 
chambers were added with complete culture medium with 
10% FBS. After incubation for 24 hours, the cells invaded 
from upper chambers were stained with 0.2% crystal violet 
for 20 minutes, and photographed by a microscope. For 
wound healing assay, cells were seeded in 6-well plates to 
form monolayer, then scratch by a 200-μL pipette tip and 
washed with PBS to remove debris. The width of wound 
was captured at 0 and 48 hours by a microscope (Leica).

Western Blotting Assay
Cells, exosomes, and synovial tissues were lysed with 
RIPA lysis buffer (Thermo, USA) to extract total proteins. 
An equal amount of 35 μg proteins were loaded and 
divided by SDS-PAGE, blotted to PVDF membranes. 
The blots were blocked in 5% non-fat milk, followed by 
incubation with primary antibodies against CD63, CD81, 
TSG101, GPR94, HDAC4, p-IκBα, p52, RELB, and 
GAPDH overnight at 4°C. Next day, the proteins were 
incubated with HRP-conjugated secondary anti-mouse or 
anti-rabbit antibodies, and visualized by using ECL 
reagent (Sigma) in a gel image system (BD Bioscience). 
All antibodies were purchased from Abcam (USA) and 
used following manufacturer’s description.

Enzyme Linked Immunosorbent Assay
The secreted levels of cytokines including the CCL2, 
CXCL5, CXCL1, TNF-α, IL-6, IL-1β, IL-8, and CXCL8 
were measured by performing Meso Scale Discovery 
(MSD) assay in line with the manufacturer’s description 
on a QuickPlex SQ120 system (MSD, USA).

Immunohistochemical Analysis
The synovial tissues were isolated from rats, fixed, dehy-
drated, embedded into paraffin, and sliced into 5μm thick-
ness sections. The samples were subjected dewaxing, 
antigen retrieval, and incubation with primary anti-β- 
catenin (1:200, Abcam) and anti-c-Myc (1:200, Abcam) 
antibodies. Next day, the target proteins were visualized 
after incubation with biotin-labeled secondary antibodies 
(Abcam). Five random areas were captured by 
microscope.

RNA Pulldown
Biotin-labeled miR-216a-3p probe was purchased from 
GenePharma (China) and conjugated with Dynabeads 
(Invitrogen, USA). MH7A cells were lysed, sonicated, 

and hatched with the probes overnight at 4 °C. 
Enrichment of circFBXW7 was determined by qRT-PCR 
assay.

Luciferase Reporter Gene Assay
The wild-type (WT) or mutant (MUT) sequences of 
circFBXW7 or HDAC4 3ʹUTR were synthesized and 
cloned into pmirGLO vectors. MH7A cells were seeded 
in 12-well plates, co-transfected with miR-216a-3p mimics 
or negative control, and the WT or MUT plasmids for 48 
hours. Subsequently, the Dual-Luciferase Reporter Assay 
System (Promega, USA) was used to determine the luci-
ferase activity.

Statistics
Data were presented as mean ± SD and analyzed using the 
SPSS software (Version 20.0). Statistical significance was 
analyzed by Student’s t test or one-way ANOVA for com-
parison among two or more groups. P≤0.05 was set as 
statistically significant.

Results
CircFBXW7 Could Be Delivered from 
MSCs to Fibroblast-Like Synoviocytes by 
Exosomes
To determine the role of MSCs-derived exosomes during 
RA, we first isolated MSCs from rats and extracted exo-
somes from the culture medium. The positive staining of 
CD44, CD105, and CD73 and negative expression of 
CD31, CD34, and CD45 (Figure 1A) on cell surface 
verified the features of MSCs. Exosomes were then 
obtained from the culture medium of MSCs (Figure 1B). 
The characterization of exosomes was exhibited by abun-
dance of CD63, CD81, and TSG101 biomarkers and lack 
of GPR94 (Figure 1C), as well as the particle size that 
distributed around 100 nm (Figure 1D). Besides, the pre-
sence of Dil-labeled exosomes in cytoplasm indicated the 
time-dependent internalization of MSC-derived exosomes 
by MH7A cells (Figure 1E). We next conducted the char-
acterization of circFBXW7. We observed that circFBXW7 
was detectable under the treatment of RNase R, and the 
linear FBXW7 RNA was not detectable (Figure 2A). 
Besides, the half-life of circFBXW7 under actinomycin 
D treatment was notably higher than that of linear 
FBXW7 (Figure 2B). Further FISH assays revealed that 
Cy3-labeled circFBXW7 localized in cytoplasm of MSCs 
(Figure 2C). To further confirm that circFBXW7 could be 
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delivered from MSCs to MH7A cells by exosomes, we 
conducted ectopic expression and depletion of circFBXW7 
in MSCs. We demonstrated that overexpression of 
circFBXW7 caused increased level of circFBXW7 in 
MSCs and the MSCs-derived exosomes (Figure 2D). 
Incubation with exosomal-circFBXW7 also elevated the 
level of circFBXW7 in MH7A (Figure 2E). Consistently, 
knockdown of circFBXW7 with shcircFBXW7-1 and 
shcircFBXW7-2 in MSCs led to notably decreased level 
of circFBXW7 in MSCs, MSCs-derived exosomes and the 
incubated MH7A cells (Figure 2F and G). The 
shcircFBXW7-1 was applied for the following study. 

Meanwhile, the circFBXW7 expression was repressed in 
the exosomes from the serum of RA patients compared 
with control samples (Figure 2H).

Exosomal-circFBXW7 Suppresses 
Proliferation and Migration of 
Fibroblast-Like Synoviocytes
We next determined the role of exosomal circFBXW7 on the 
functions of fibroblast-like synoviocytes in vitro. The effec-
tive internalization of exosomal circFBXW7 by MH7A cells 
was determined by qRT-PCR (Figure 3A). Treatment with 
exosomal-circFBXW7 notably suppressed the viability 

Figure 1 Identification of MSC-derived exosomes. (A) Flow cytometry to check the expression of cell surface markers CD44, CD105, CD73, CD31, CD34, and CD45 on 
MSCs. (B) The morphology of MSCs examined by microscope. (C–E) Western blotting to detect protein biomarkers of exosomes. Nanoparticle tracking analysis (NTA) to 
measure the size distribution of exosomes. X-axis, size of exosomes (nm). Y-axis, particle concentration in 1 mL PBS. Internalization of Dil-labeled exosomes (red) by MH7A 
cells. Blue, DAPI staining of nucleus.
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(Figure 3B), proliferation (Figure 3C), invasion and migra-
tion (Figure 3D and E), as well as enhanced cell apoptosis 
(Figure 3F). In addition, the levels of TNF-α, IL-1β, IL-6 
and IL-8 was suppressed by the administration of exosomal- 
circFBXW7 (Figure 3G). However, we failed to observe the 
effect of exosomal-FBXW7 on the proliferation and migra-
tion of fibroblast-like synoviocytes in vitro (Figure S1).

Exosomal-circFBXW7 Alleviates RA and 
Inflammation in vivo
To further confirm the effect of exosomal circFBXW7 on 
RA in vivo, we constructed a RA rat model and treated the 
rats with exosomal circFBXW7. The administration of 
exosomal circFBXW7 ameliorated the pathological injury 
of the RA rats (Figure 4A). The immunohistochemical 

Figure 2 Identification and internalization of circFBXW7. (A) The levels of back-spliced and canonical forms of FBXW1 MSCs with or without RNase R treatment were 
detected by PCR and agarose gel electrophoresis assay. (B) The half-life of linear or circular form of FBXW7 RNA under actinomycin D treatment. (C) The localization of 
circFBXW7 was determined by FISH analysis and 18s and U6 were the controls. (D) MSCs were transfected with circFBXW7 overexpressing vectors, the level of 
circFBXW7 in MSCs and MSC-derived exosomes was detected by qRT-PCR. (E) The circFBXW7 level in MH7A cells after incubation with exosomes isolated from MSCs 
that transfected with circFBXW7 overexpressing vectors (exo-circFBXW7) or empty vectors (NC). (F) MSCs were transfected with shcircFBXW7, the level of circFBXW7 
in MSCs and MSC-derived exosomes was detected by qRT-PCR. (G) The circFBXW7 level in MH7A cells after incubation with exosomes isolated from MSCs that 
transfected with shcircFBXW7 or negative control (NC). (H) The expression of circFBXW7 was measured qPCR in the exosomes from the serum of RA patients. ** P < 
0.01.
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staining indicated that β-catenin and c-Myc expression 
were suppressed by exosomal circFBXW7 (Figure 4B). 
Moreover, the exosomal circFBXW7 notably inhibited 
the secretion of inflammation factors, including TNF-α, 
IL-1β, IL-6, and IL-8 (Figure 4C).

CircFBXW7 Acts as ceRNA of miR-216a- 
3p to Modulates Fibroblast-Like 
Synoviocytes Proliferation and Migration
Subsequently, we determined the possible downstream 
factors of circFBXW7 in fibroblast-like synoviocytes. We 

Figure 3 Exosomal-circFBXW7 suppresses proliferation and migration of fibroblast-like synoviocytes. The MH7A cells were treated with exosomes isolated from 
circFBXW7 transfected MSCs (exo-OE circ). (A and B) The expression of circFBXW7 was analyzed by qPCR. The cell viability was checked by CCK-8 assays. (C) The 
cell proliferation was measured by EdU assays. (D and E) The cell invasion and migration were determined by transwell and wound healing assay (E). (F) Cell apoptosis was 
measured by flow cytometry. (G) The levels of TNF-α, IL-1β, IL-6 and IL-8 were analyzed by ELISA assay. ** P < 0.01.
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found that miR-216a-3p could interact with the wild-type 
circFBXW7 rather than the mutated sequences, manifested 
by decreased luciferase activity of reporter gene vectors 
(Figure 5A and B). Notably, RNA pulldown analysis 
identified the direct interaction of circFBXW7 with miR- 

216a-3p, suggested by the enrichment of circFBXW7 by 
biotin-labeled miR-216a-3p rather than the miR-216a-3p 
mutant (Figure 5C). The knockdown of circFBXW7 upre-
gulated the expression of miR-216a-3p in MH7A cells 
(Figure 5D). Moreover, administration of miR-216a-3p 

Figure 4 Exosomal-circFBXW7 alleviates RA and inflammation in vivo. The RA rat model was constructed and treated with exosomal circFBXW7 (exo-OE circ) or negative 
control (exo-NC). (A) The pathological changes were analyzed by H&E staining. (B) The levels of β-catenin and c-Myc in synovium were measured by immunohistochemical 
staining. (C) The levels of TNF-α, IL-1β, IL-6, and IL-8 were checked by ELISA assay. ** P < 0.01.

https://doi.org/10.2147/JIR.S336099                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 6164

Chang and Kan                                                                                                                                                       Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


reversed the suppressed cell viability, proliferation, migra-
tion and invasion (Figure 6A–C), and ameliorated the 
stimulated apoptosis (Figure 6D) of MH7A cells. The 
secretion of inflammatory factors was also recovered by 
miR-216a-3p treatment (Figure 6E).

miR-216a-3p Targets HDAC4 3ʹUTR to 
Modulate Fibroblast-Like Synoviocytes 
Behaviors and Inflammatory Response in 
RA
We next determined the interaction between miR-216a- 
3p and HDAC4 3ʹUTR. As shown in Figure 7A, the 
luciferase activity of wild-type HDAC4 3ʹUTR, but not 
the mutated-type, was downregulated by miR-216a-3p. 
MiR-216a-3p treatment notably suppressed HDAC4 
expression in MH7A cells (Figure 7B). Consistently, 
knockdown of circFBXW7 suppressed the expression 
of HDAC4, whereas inhibition of miR-216a-3p 
reversed this effect (Figure 7C). Noteworthy, the level 
of phosphorylated IκB-α was upregulated by miR- 
216a-3p inhibitors, whereas the p52 and RELB levels 
were reduced (Figure 7D and E). Besides, the expres-
sion of CXCL5, CXCL8, CXCL1, and CCL2 were 
stimulated by miR-216a-3p, whereas the overexpres-
sion of HDAC4 abolished this phenomenon 
(Figure 7F). CCK-8 assays indicated that the adminis-
tration of miR-216a-3p stimulated cell proliferation, 
and the overexpression of HDAC4 abolished this effect 
(Figure 8A). Moreover, miR-216a-3p inhibition sup-
pressed the proliferation and invasion of MH7A cells, 

stimulated cell apoptosis, as well as suppressed secre-
tion of inflammatory factors, whereas knockdown of 
HDAC4 rescued the phenotype (Figure 8B–E).

circFBXW7 Modulates RA Progression 
via miR-216a-3p/HDAC4 Axis
Next, we evaluated the in vivo function of circFBXW7/ 
miR-216a-3p/HDAC4 axis in RA rats. As shown in 
Figure 9A and B, knockdown of HDAC4 abolished the 
therapeutic effect of exosomal circFBXW7 in the patho-
logical injury of the RA rats. The immunohistochemical 
analysis indicated that β-catenin and c-Myc expression 
were elevated by siHDAC4 under treatment with exoso-
mal circFBXW7 (Figure 9C). The elevated level of 
phosphorylated IκB-α, and suppressed p52 and RELB 
caused by exosomal circFBXW7 were reversed by 
HDAC4 inhibition (Figure 9D and E). Moreover, the 
depletion of HDAC4 notably stimulated the secretion 
of inflammation factors, including TNF-α, IL-1β, IL-6, 
and IL-8, and abolished the effect of exosomal 
circFBXW7 (Figure 9F). Noteworthy, we analyzed the 
levels of circFBXW7, miR-216a-3p and HDAC4 in 
patients with RA. Consistent with our findings, the 
levels of circFBXW7 and HDAC4 were decreased in 
patients with RA, whereas the level of miR-216a-3p 
was elevated (Figure 9G). The correlation analysis indi-
cated that level of miR-216a-3p was negatively corre-
lated with circFBXW7 and HDAC4 expression, and 
circFBXW7 and HDAC4 were positively correlated 
(Figure 9H).

Figure 5 CircFBXW7 acts as sponge of miR-216a-3p. (A and B) The HCT-116 and HT-29 cells were treated with miR-520a-5p mimic. The expression of miR-520a-5p was 
validated by qPCR.23 The luciferase activity of circFOXP1 and circFOXP1 mutant was analyzed by dual-luciferase reporter assay. (C) The interaction of miR-520a-5p and 
circFOXP1 was analyzed by RNA pull down. (D)25 The expression of miR-520a-5p was determined by qPCR in HCT-116 and HT-29 cells treated with circFOXP1 shRNA. ** 
P < 0.01.
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Figure 6 miR-216a-3p reverses circFBXW7-regulated fibroblast-like synoviocytes proliferation and migration. The MH7A cells were treated with exosomes isolated from 
circFBXW7 transfected MSCs along with miR-216a-3p mimics or negative control (NC). (A) Cell viability was measured by CCK-8 assay. (B) Cell proliferation detected by 
EdU assay. (C) The cell invasion was assessed by transwell. (D) Cell apoptosis determined by flow cytometry. (E) The levels of TNF-α, IL-1β, IL-6 and IL-8 were analyzed by 
ELISA assay. ** P < 0.01 vs exo-NC, ##P < 0.01 vs exo-OE circ.
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Discussion
RA-FLSs play a critical role in the pathogenesis of RA 
owing to their aggressive phenotype, including boosted 
proliferation and invasion, and apoptosis arrest. 
Moreover, RA-FLSs also promote the secretion of various 
inflammatory cytokines, chemokines, and proteases 
including CXCL1, TNF-α, IL-1β, and MMPs, and disrupts 
the extracellular matrix composites, and consequently 
causes joint destruction.4,32 Studies have reported that 
cytokines such as the TNF-α, interleukin family including 
the IL-1, IL-6, IL-10, and IL-18 and so on, and the che-
mokine families including C, CC, CXC, and CX3C family, 
are closely involved in inflammation of joints.33,34 Hence, 
targeting RA-FLSs and ameliorating inflammatory 
responses is a plausible way for RA therapy.

In this work, we observed a decreased expression of 
circFBXW7 in synovial tissues of RA patients, in compar-
ison with that from healthy donors. Our data indicated that 

the circFBXW7 could be delivered by exosomes from 
MSCs to RA-FLSs, suppressed cell proliferation, migra-
tion, and invasion, simultaneously downregulated inflam-
matory cytokines including TNF-α, IL-1, IL-6, and IL-8. 
Study on in vivo model further confirmed the therapeutic 
effects of exosomal circFBXW7 against RA, manifested 
by alleviated tissue damage, suppressed expression of β- 
catenin and c-Myc, as well as downregulated secretion of 
inflammatory factors. Previous studies have suggested the 
ability of MSCs-derived exosomes could deliver func-
tional factors to treat various diseases. For example, MSC- 
derived exosomal glutathione peroxidase 1 reduced oxida-
tive stress and apoptosis and performed hepatoprotective 
effects.35 MSC exosomes also exhibit immunomodulatory 
and regenerative potency, hence were regarded as new 
perspectives for treatment of cartilage injuries and 
osteoarthritis.36 Exosomal CD73 from MSCs activates 
AKT and ERK signaling and osteochondral regeneration.37

Figure 7 miR-216a-3p targets HDAC4 3ʹUTR to modulate inflammatory response in RA. (A–C) The luciferase activity of wild-type and mutated 3ʹUTR of HDAC4 was 
analyzed by dual-luciferase reporter assay. The protein level of HDAC4 was checked by Western blotting. (D and E) The phosphorylation of IκB-α and the expression of p52 
and RELB (E) were detected by Western blot assay. (F) The levels of CXCL5, CXCL8, CXCL1, and CCL2 were analyzed by ELISA assays. OE HDAC4, transfection with 
HDAC4 overexpressing vectors; ** P < 0.01 vsNC, ##P < 0.01 vs shcircFBXW7 or miR-216a-3p mimics (miR mimics).
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Figure 8 Knockdown of HDAC4 reverses the cellular function of miR-216a-3p inhibitor. (A and B) The cell viability and proliferation were measured by CCK-8 (A) and 
EdU assay, respectively. (C) The cell invasion was assessed by transwell. (D) Cell apoptosis determined by flow cytometry. (E) The levels of TNF-α, IL-1β, IL-6 and IL-8 were 
analyzed by ELISA assay. ** P < 0.01 vs NC, ##P < 0.01 vs miR-216a-3p inhibitor.
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Figure 9 Knockdown of HDAC4 abolished the protective function of exosomal-circFBXW7 in RA model. The RA rat model was constructed and treated with exosomal 
circFBXW7 (exo-OE circ) or negative control (exo-NC), along with or without siHDAC4. (A and B) The pathological changes were analyzed by H&E staining. (C) The levels 
of β-catenin and c-Myc in synovium were measured by immunohistochemical staining. (D and E) The phosphorylation of IκB-α and the expression of p52 and RELB (E) were 
detected by Western blot assay. (F) The levels of TNF-α, IL-1β, IL-6, and IL-8 were checked by ELISA assay. ** P < 0.01. (G) Levels of circFBXW7, miR-216a-3p and HDAC4 
in patients with RA was determined by qRT-PCR. (H) Correlation between circFBXW7, miR-216a-3p and HDAC4 was determined by Pearson analysis. * P < 0.05, ** P < 
0.01 vs exo-NC, ##P < 0.01 vs exo-OE circ.
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We nest investigated the possible downstream mechan-
isms involved in the function of exosomal circFBXW7 in 
RA. It is known that circRNAs commonly function 
through sponging miRNAs. Previous studies also sug-
gested that circFBXW7 sponges miR-197-3p and encodes 
a FBXW7-185aa protein, as well as inhibit c-Myc level to 
suppress breast cancer development.19 Similarly, upregula-
tion of circFBXW7 reduced the stability of c-Myc, and 
positively associated with overall survival of glioma 
patients.20 We found that circFBXW7 directly interacted 
with miR-216a-3p. Administration of miR-216a-3p abol-
ished the therapeutic effects of exosomal circFBXW7 in 
RA-FLSs. Meanwhile, this study did not mention the 
changes of circRNA expression profile of RAFLS after 
circFBXW7 intervention, and the specific molecular func-
tions of these circrRNAs, which still need to be further 
studied. The effect of biologic agents on circFBXW7 
should be explored in the future. CircFBXW7 encoded 
FBXW7-185aa protein and the expression and correlation 
of FBXW7-185aa protein with RA need to be identified. 
We failed to observe the effect of exosomal-FBXW7 on 
the proliferation and migration of fibroblast-like synovio-
cytes in vitro. The effect of exosomal-FBXW7 on RNA 
should be validated in vivo in the future investigations. 
MiR-216a-3p was reported to target the RUNX1 and acti-
vate NF-κB signaling to regulate gastric cancer cell pro-
liferation and invasion. Song H and colleagues reported 
that miR-216a-3p facilitated MSCs to differentiate into 
type II alveolar epithelial cells, which consequently ele-
vated expression of pro-inflammatory factors including IL- 
1, TNF-α, and INF-α, and reduced anti-inflammatory fac-
tor such as IL-10.38 These reports further supported our 
findings that miR-216a-3p promotes inflammation during 
RA. We also spotted elevated expression of HDAC4, the 
histone deacetylase that epigenetically regulates gene 
expression. Knockdown of HDAC4 abolished the thera-
peutic functions of exosomal circFBXW7 and miR-216a- 
3p inhibitor against the progressive phenotype of RA- 
FLSs. The previously reported inhibitory role of HDAC4 
in RA progression supported our findings.

Conclusion
To summarize, our work determined the therapeutic role of 
circFBXW7 during RA development, explored the mole-
cular mechanism of circFBXW7/miR-216a-3p/HDAC4 
axis in suppressing the proliferation, migration, and 
inflammatory response of RA-FLSs. Our work provided 
a promising therapeutic target for RA.
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