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MicroRNA-449 targets histone deacetylase 1 to regulate the
proliferation, invasion, and apoptosis of synovial fibroblasts in
rheumatoid arthritis
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Background: Rheumatoid arthritis (RA) is a chronic joint disease. The study aimed to explore the effects
of microRINA (miR)-449 and histone deacetylase 1 (HDACI) on the proliferation, invasion, and apoptosis of
synovial fibroblasts in rheumatoid arthritis.

Methods: Synovial tissue was collected from 20 patients with RA and 20 patients with osteoarthritis (OA)
who underwent joint replacement surgery. RA synovial fibroblasts (RASFs) and OA synovial fibroblasts
(OASFs) were isolated and cultured. Real-time quantitative PCR was used to detect the expression levels
of miR-449 and HDACI in synovial tissues and cells. Western blot was performed to detect the cellular
expression levels of HDACI protein, and apoptosis and invasion-related proteins. The proliferation,
invasion, and apoptosis of RASFs were detected by MTT assay, Transwell assay, and flow cytometry. The
dual-luciferase reporter gene was used to test the targeting relationship between inflammatory miR-449 and
HDACL.

Results: Compared with normal synovial tissue and OASFs, the levels of HDACI messenger RNA in RA
synovial tissue and RASF cells were significantly increased (P<0.01), while the expression levels of miR-449
were significantly decreased (P<0.01). The dual-luciferase reporter gene experiment confirmed that miR-
449 could specifically bind to the 3" untranslated region of HDACI to inhibit its luciferase activity (P<0.05).
HDACI inhibition or miR-449 overexpression significantly inhibited the proliferation and invasion of
RASFs (P<0.001), while inducing their apoptosis (P<0.001). HDACI1 overexpression reversed the biological
effects of miR-449 on RASFs (P<0.001).

Conclusions: miR-449 inhibits the proliferation and invasion of RASFs and induces their apoptosis by
targeting HDACI, thereby exerting a protective effect against RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic systemic immune
disease characterized by synovitis (1). The main symptom
of RA is joint erosion, which can cause joint stiffness,
swelling, and pain. RA affects the joint activity of patients in
the short term, but without active and effective treatment,
it can eventually lead to lung and heart complications, and
even lifelong disability. At present, about 0.5% of the global
population suffers from this disease (2). Further study of RA
is urgently called for due to the huge economic and social
burden the disease places on patients and their families.

Histone deacetylase 1 (HDACI) has been found to be
closely related to the occurrence and development of RA.
HDACIT affects the differentiation of osteoclast precursor
cells, the secretion of multiple signaling pathways and a
variety of inflammatory cytokines. HDACI interferes with
the differentiation, maturation and apoptosis of osteoclasts,
and promotes the occurrence and development of RA bone
destruction. Hawtree et 4/. indicated that the expression
of HDACI in RA synovial fibroblasts (RASFs) was
significantly higher than that in osteoarthritis (OA) synovial
fibroblasts (OASFs). They demonstrated that knockdown
of HDACI could inhibit the proliferation, migration, and
invasion of RASFs in vitro, and that inhibiting HDACI1
could significantly reduce joint swelling and lessen cartilage
and joint damage in an RA animal model (3). Goschl ez al.
showed that the development of RA was inhibited in mice
with HDACI1-specific T-cell deletion. They observed that
MS-275, an HDACI inhibitor, had a good therapeutic
effect on mice with RA, which suggested the potential of
HDACI as a target for the treatment of RA (4). Another
study illustrated that many epigenetic changes are involved
in the occurrence of RA (5).

So far, research on RA epigenetics has mainly focused on
microRNA (miRNA/miR), with the abnormal expression
of many miRNAs having been found in the tissues, cells,
and serum of patients with RA. For instance, Evangelatos
et al. reported that serum miR-22 and miR-103a levels can
serve as biomarkers to predict the RA-prone population (6).
A recent study by Wang et 4/. showed that miR-449 can
improve gouty arthritis through its regulation of NLRP3
inflammasome activation (7). Previous studies have
established that HDACI is a downstream target gene of
miR-449, thus suggesting that miR-449 may affect the
development of RA by regulating HDACI expression.
Therefore, the present study aimed to explore the effects of
the miR-449/HDACI molecular axis on RA development
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in vitro. We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/apm-21-1383).

Methods
Reagents

Fetal bovine serum (FBS), penicillin-streptomycin solution
were purchased from Gibco (New York, USA). Dulbecco’s
Modified Eagle Medium (DMEM), a Lipofectamine
RNAMAX transfection kit, a TRIzol kit and TagMan
microRNA analysis kit were purchased from Invitrogen
(Carlsbad, California, USA). An RNA reverse transcription
kit was purchased from Thermo Scientific (MA, USA).
An Annexin V-FITC/PI kit was purchased from Beijing
Baosai Biotechnology Co., Ltd (Beijing, China). RIPA
lysis buffer a bicinchoninic acid (BCA) assay kit, and a
chemiluminescence kit were purchased from Biyuntian
Institute of Biotechnology (Shanghai, China). All primary
and secondary antibodies used in our experiments were
purchased from Abcam (Cambridge, UK). The plasmid
pDL3 was purchased from Promega (WI, USA).

Patients

Synovial tissues were collected from 20 patients with RA
who underwent surgery in our hospital between January
2019 and January 2021. The diagnoses of the 20 patients
with RA met the American Rheumatic Association’s
diagnostic criteria for RA. There were 12 male and 8 female
patients, who had an average age of 50.5+3 years old.
Normal synovial tissues (normal group) were also collected
from patients with OA who underwent joint catheterization
in our hospital, including 14 males and 6 females, with an
average age of 51.3+53.8 years old. There was no significant
difference in sex or age between the two groups (P<0.05).
All procedures performed in this study involving human
participants were in accordance with the Declaration of
Helsinki (as revised in 2013). The study was approved by
the Ethics Committee of People’s Hospital of Ningxia Hui
Autonomous Region (No.: 2020-KY-107) and informed
consent was taken from all the patients.

Cell culture

The synovial tissues from the patients were cut up under
aseptic conditions. The minced tissue was digested with
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Table 1 Primer sequences

Gene Sequence (F: Forward; R: Reverse)

HDAC1 F: 5'-GATTCCTCTCCACACCTGACTTC-3'

R: 5'-TGTTGCCAGAGACGAAGTGGA-3'

GAPDH F: 5'-GAGTCAACGGATTTGGTCGTATTG-3'
R: 5'-CCTGGAAGATGGTGATGGGATT-3'
miR-449 F: 5'-AGGGTGGCAGTGTATTGTTA-3'
R: 5'-GAGAGGAGAGGAAGAGGGAA-3'
ue F: 5'-CTCGCTTCGGCAGCACA-3'

F: 5'-AACGCTTCACGAATTTGCGT-3'

0.25% trypsin and centrifuged (3,000 xg) for 15 min,
and the pellet was collected. And then add the collected
precipitate to DMEM complete cell culture medium
containing 10% fetal bovine serum (FBS). The cells were
incubated at 37 °C and 5% CO, to make them adhere to
the wall of plate. After the removal of non-adherent cells,
the adherent synovial fibroblasts were collected by trypsin
digestion for 2 hours. Third- to seventh-generation cells
were obtained for subsequent experiments.

Cell transfection

MiR-Negative Control (NC), miR-449 mimics, si-NC,
and si-HHACI (sequence: 5'-CAGCGACUGUUUG
AGAACC-3") were synthesized and purified by Gene
Pharma. HDACI complementary DNA (cDNA) was
inserted into pcDNA3.1 vector to construct HDACI1
overexpression plasmid (pcDNA-HDACI). At 24 hours
before transfection, miR-NC, miR-449 mimics, si-NC,
si-HDACI1, pcDNA-NC, and pcDNA-HDACI1 were
transfected into RASFs following the instructions supplied
with the Lipofectamine RNAMAX transfection kit. After
transfection, the cells were incubated for a further 48 hours
and digested with trypsin.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from synovial tissues and cells
using TRIzol reagent, and a reverse transcription kit was
used to reverse transcribe RINA into cDNA. The expression
levels of HDACI1 (with GAPDH as an internal reference)
and miR-449 (with U6 as an internal reference) in cells
were detected in strict accordance with the instructions
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supplied with the TagMan microRNA detection kit. The
27 method was used to calculate the relative expression
levels of HDACI messenger RNA (mRNA) and miR-
449. The primer sequences used are shown in Table 1. The

experiment was repeated 3 times for each group.

Western blot analysis

Intracellular protein was collected with RIPA lysis buffer,
and the BCA kit was employed to determine the protein
concentration. The protein was transferred to a 10%
polyvinylidene fluoride (PVDF) membrane. After protein
loading (50 pg), the PVDF membrane was blocked in 5%
skim milk for 1 hour and incubated with primary antibody
(1:1,000) at 4 °C overnight. The membrane was then
subjected to a second round of incubation, with horseradish
peroxidase-labeled Goat anti-rabbit IgG at room
temperature for 2 hours. Finally, the protein bands were
visualized with a chemiluminescence kit and photographed,
and quantification analysis was performed. The experiment
was repeated 3 times for each group.

MTT assay

Cells were digested in trypsin and resuspended in DMEM
containing 10% FBS. The cells inoculated into 96 well
plate at a density of 1x10°, and then incubated at 37 °C and
5% CO, for 0, 6, 12, 24, and 48 hours. After the serum-
containing medium had been removed, fresh serum-free
medium and 15 pL methyl thiazolyl tetrazolium (5 ng/mL)
was added to each well, which was followed by 4-hour
incubation. After the addition of 150 pL. dimethyl sulfoxide
to each well, the absorbance (OD) value was determined at
450 nm with a microplate reader.

Cell invasion assay

Cells were seeded at a density of 1x10’ into the upper
chamber of a Transwell with DMEM-containing medium
(100 pL). DMEM-containing medium (600 pL) was
added into the lower chamber of the Transwell. After
6 hours’ incubation at 37 °C and 5% CO,, the cells in the
upper chamber that had not invaded were removed. The
cells in the lower chamber were fixed and stained with
0.1% crystal violet. Three randomly selected fields were
photographed and counted. The experiment was repeated
3 times for each group.
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Figure 1 HDAC1 mRNA expression in synovial tissue and cells of the joint was detected by real-time quantitative PCR. (A) Expression
of HDACI mRNA in joint synovial tissues; (B) expression of HDAC1 mRNA in cells. ***P<0.001, compared with normal tissues (n=20);
*P<0.01, compared with OASFs (n=3). HDACI, histone deacetylase 1; OASFs, osteoarthritis synovial fibroblasts; RASFs, RA synovial

fibroblasts.

Cell apoptosis assay

Cells were seeded into 6-well plates at a density of 1x10°.
Flow cytometry was used to determine the apoptotic rate
of the cells in each well in adherence with the instructions
supplied with the Annexin V-FITC/PI kit. The experiment
was repeated 3 times for each group.

Double-luciferase reporter gene experiment

Cells were seeded into 24-well plates at a density of
1x10°. Then, cells were transfected with pGL3-HDACI
3" untranslated region (UTR) wild-type (HDAC1 3'-
UTR WT) or mutant (HDAC1 3'-UTR MUT) plasmids
and miR-NC or miR-449 mimics. After 48-hour
transfection, the dual-luciferase reporter system was
used to detect the luciferase activities of fireflies and sea
kidneys. The experiment for each group was repeated
3 times.

Statistical analysis

SPSS 25.0 statistical software developed by IBM (NY,
USA) was used for the experimental data analysis, and
GraphPad Prism version 8.2, developed by GraphPad
Software (CA, USA), was employed to draw the statistical
charts. Pearson’s correlation was used to analyze the
correlation between miR-449 and HDAC1 mRNA
expression in synovial tissue. The data were presented
as mean * standard deviation (x+s). Differences between
the two groups were compared by # tests. P<0.05 showed
that a difference between the two groups was statistically
significant.
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Results
HDACI is upregulated in RA synovial tissue and RASFs

The expression level of HDAC1 mRNA in RA synovial
tissues was significantly higher than that in normal tissues
(P<0.001), and it was also significantly increased in RASFs
compared to OASFs (P<0.01, Figure I).

Knockdown of HDACI inhibits the proliferation and
invasion of RASFs and induces their apoptosis

RASFs were transfected with si-NC or si-HDACI1. RASF
proliferation, invasion, and apoptosis were detected at
48 hours after transfection. The levels of HDACI protein
and mRNA were significantly decreased in RASFs
transfected with si-HDACI (P<0.001, Figure 2A4,B,C). After
si-HDACI transfection, RASF proliferation was inhibited
considerably (P<0.001, Figure 2D), while the apoptotic
rate of RASFs was significantly increased (P<0.001, Figure
2E,F). Further, the protein levels of c-caspase-3, c-caspase-9,
and Bax were increased, while that of Bcl-2 was decreased
(P<0.01, Figure 2G,H). Additionally, the number of invading
RASFs was significantly decreased (P<0.001, Figure 2L7),
and the protein expression levels of MMP-2 and MMP-9
were significantly reduced (P<0.001, Figure 2K,L).

miR-449 directly targets HDACI

The expression level of miR-449 in synovial tissue was
significantly decreased in RA tissue compared to normal
tissue (P<0.001, Figure 3A), similarly, it was lower in
RASFs than in OASFs (P<0.01, Figure 3B). Correlation
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Figure 2 Effects of inhibiting the expression level of HDACI on RASF cells. (A,B) HDACI protein expression in RASFs; (C) HDACI
mRNA expression levels in RASFs; (D) the proliferation ability of RASFs; (E,F) the apoptotic rate of RASFs; (G,H) the expression levels
of apoptosis-related proteins in RASFs; (I,]) the invasion ability of RASFs (magnification, 40x; dyeing method: crystal violet); (K,L) the
expression levels of invasion-related proteins in RASFs. **P<0.01 and ***P<0.001, compared with si-NC group (n=3). HDACI, histone
deacetylase 1; RASE, rheumatoid arthritis synovial fibroblast.

analysis uncovered a negative correlation between HDACI1 showed that miR-449 and HDACI1 had partial targeted
mRNA expression and miR-449 expression in RA synovial binding sequences (Figure 3D). In RASFs, overexpression
tissue (P<0.001, Figure 3C). StarBase prediction results of miR-449 significantly inhibited the luciferase activity
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of the HDACI1 3’UTR WT plasmid (P<0.05, Figure 3E),
and significantly inhibited the expression of HDACI at
the protein (P<0.001, Figure 3F,G) and mRNA (P<0.01,
Figure 3H) levels.

Overexpression of miR-449 inbibits the proliferation and
invasion of RASFs and induces their apoptosis

After 48 hours of transfection with miR-449 mimics,
RASFs showed significantly increased expression levels of
miR-449 (P<0.01, Figure 44), but their proliferation was
significantly inhibited (P<0.001, Figure 4B). The apoptotic
rate of RASFs was also significantly increased (P<0.001,
Figure 4C,D). Also following transfection, the protein
levels of c-caspase-3, c-caspase-9, and Bax in RASFs
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were elevated, while that of Bcl-2 was decreased (P<0.01,
Figure 4E,F). Additionally, the number of invading RASFs
was significantly reduced (P<0.001, Figure 4G,H), and the
protein levels of MMP-2 and MMP-9 were significantly
decreased (P<0.001, Figure 41,7).

Overexpression of HDACI reverses the biological effects of
miR-449 on RASFs

RASFs were co-transfected with miR-449 mimics and
pcDNA-HDACI. Transfection of pcDNA-HDACI
significantly reversed the inhibitory effect of miR-
449 on HDACI1 expression at the protein (P<0.001,
Figure 5A4,B) and mRNA (P<0.001, Figure 5C) levels.
Transfection with pcDNA-HDACI significantly
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Figure 4 Effects of miR-449 overexpression on RASFs. (A) miR-449 expression levels in RASFs; (B) the proliferation ability of RASFs;
(C,D) the apoptotic rate of RASFs; (E,F) the expression levels of apoptosis-related proteins in RASFs; (G,H) the invasion ability of

RASFs (magnification, 40x; dyeing method: crystal violet); (I,]) the expression levels of invasion-related proteins in RASFs. **P<0.01 and

***P<0.001, compared with miR-NC group (n=3). RASFs, rheumatoid arthritis synovial fibroblasts.

enhanced the cell proliferation (P<0.001, Figure 5D)
and significantly inhibited the apoptosis (P<0.001,
Figure SE,F) of mir-449-overexpressing RASFs, thus
reducing the protein levels of c-caspase-3, c-caspase-9,
and Bax, while increasing that of Bel-2 (P<0.001,
Figure 5G,H). Furthermore, transfection with pcDNA-
HDACI reversed the inhibitory effect of miR-449
overexpression on the invasive ability of RASFs (P<0.001,
Figure 51.7), and the expression levels of MMP-2 and MMP-
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9 showed significant increases (P<0.001, Figure SK,L).

Discussion

RASF is the main effector cell of rheumatoid arthritis.
The proliferation and migration ability of RASF cells in
RA patients increases, and the level of apoptosis decreases.
In the pathogenesis of RA, RASF cells are activated and
release a series of inflammatory factors to mediate the
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Figure 5 Effects of overexpression of HDACI and miR-449 on RASFs. (A,B) HDACI protein expression in RASFs; (C) HDACI mRNA
expression in RASF cells; (D) the proliferation ability of RASFs; (E,F) the apoptotic rate of RASFs; (G,H) expression levels of apoptosis-
related proteins in RASFs; (I,]) the invasion ability of RASFs (magnification, 40x; dyeing method: crystal violet); (K,L) expression levels of
invasion-related proteins in RASFs. ***P<0.001, compared with miR-449 mimics + pcDNA-NC group (n=3). HDACI, histone deacetylase 1;

RASFs, rheumatoid arthritis synovial fibroblasts.
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inflammatory response, causing the destruction of bone
tissue and cartilage tissue (3). HDACI has been shown to
be able to directly or indirectly regulate bone cell formation
and resorption (8). Huang ez 4/ indicated that HDACI1
could promote transforming growth factor by inhibiting
Wnhnt activity, thus promoting early chondrogenesis
mediated by tumor necrosis factor-pl (9). Furthermore,
the research of Miao er a4l. illustrated that Wnt signaling
pathway is critical to RA occurrence and development (10).
However, whether HDACI can affect the Wnt signaling
pathway in RA tissues and cells has yet to be reported. In
the present study, we found that HDACI expression in RA
synovial tissue and fibroblasts was significantly increased.
Inhibition of HDACI expression significantly minimized
the proliferation and invasion of RASFs while promoting
their apoptosis, indicating HDACI to play an important
role in the pathogenesis of RA.

In animals and plants, miRNAs are involved in various
biological processes, such as cell proliferation, invasion,
apoptosis, and inflammation. In humans, miRNAs are
also involved in immune response (11,12), suggesting
that they can serve as potential targets in the treatment of
autoimmune diseases. The increase in the expression level
of miR-155 plays an important role in the occurrence and
development of RA. Wang et 4l. found that overexpression
of miR-155 can promotes RASF proliferation and the
secretion of inflammatory factors via FOXO3a (13). In
addition, Inoue er 4/. showed that miR-182 is an important
regulator of bone homeostasis and osteoclasts. In their
study, the treatment of ovariectomized osteoporotic
and arthritic mice with miR-182 effectively inhibited
pathological bone loss and protected against excessive
osteoclast proliferation (14). In this study, the expression of
miR-449 in RA synovial tissue and RASFs was significantly
decreased, suggesting that this miRNA may be involved in
the pathogenesis of RA.

In general, miRINAs regulate the mRINA expression of their
downstream target genes through targeting different sites,
and play various biological functions (15). Yang et /. reported
that targeting the miR-449/HDACI molecular axis could
improve the cardiac function of elderly mice (16). Buurman
et al. also evidenced the role played by miR-449/HDACI1
in the occurrence and development of liver cancer (17).
In the current study, we found that the expression of
miR-449 was negatively correlated with that of HDACI.
Overexpression of mir-449 in RASFs significantly inhibited
the protein and mRNA expression of HDACI, as well as
inhibiting the fluorescence intensity of the HDACI 3'-

© Annals of Palliative Medicine. All rights reserved.
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UTR WT plasmid. These observations suggest that the
miR-449/HDACI1 molecular axis also plays a role in RASFs.
Subsequently, a series of reversion experiments was conducted
to confirm the effects of the miR-449/HDACI molecular
axis on RASF proliferation, invasion, and apoptosis.

RASFs in synovial tissue secrete proinflammatory
factors and destructive matrix enzymes, which destroy
joints (18); therefore, inhibiting the proliferation and
inducing the apoptosis of these cells is extremely important
in the treatment of RA. Inhibiting RASF invasion also
plays a positive role in hindering the progression of RA.
This study first confirmed the effects of miR-449 and
its downstream target gene on HDAC1 on RASFs, and
clarified the mechanism of the miR-449/HDACI molecular
axis in the pathogenesis of RA. Although miR-449 and
HDACI may constitute potential targets for RA treatment,
further research is stll needed to understand the complete
mechanism. In the follow-up study, we will study the
effects of the mir-449/HDACI molecular axis on the Wnt
signaling pathway in an effort to provide a new therapeutic
approach for RA treatment.
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