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ASIC1a promotes the proliferation of synovial fibroblasts via the
ERK/MAPK pathway
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Synovial hyperplasia, a profound alteration in the structure of synovial tissue, is the basis for cumulative joint destruction in
rheumatoid arthritis (RA). It is generally accepted that controlling synovial hyperplasia can delay the progression of RA. As one of
the most intensively studied isoforms of acid-sensing ion channels (ASICs), ASIC1a contributes to various physiopathologic
conditions, including RA, due to its unique property of being permeable to Ca2+. However, the role and the regulatory mechanisms
of ASIC1a in synovial hyperplasia are poorly understood. Here, rats induced with adjuvant arthritis (AA) and human primary synovial
fibroblasts were used in vivo and in vitro to investigate the role of ASIC1a in the proliferation of RA synovial fibroblasts (RASFs). The
results show that the expression of ASIC1a was significantly increased in synovial tissues and RASFs obtained from patients with RA
as well as in the synovium of rats with AA. Moreover, extracellular acidification improved the ability of RASFs colony formation and
increased the expression of proliferation cell nuclear antigen (PCNA) and Ki67, which was abrogated by the specific ASIC1a inhibitor
psalmotoxin-1 (PcTX-1) or ASIC1a-short hairpin RNA (ASIC1a-shRNA), suggesting that extracellular acidification promotes the
proliferation of RASFs by activating ASIC1a. In addition, the activation of c-Raf and extracellular signal-regulated protein kinases
(ERKs) signaling was blocked with PcTX-1 or ASIC1a-shRNA and the proliferation of RASFs was further inhibited by the ERK inhibitor
(U0126), indicating that ERK/MAPK signaling contributes to the proliferation process of RASFs promoted by the activation of ASIC1a.
These findings gave us an insight into the role of ASIC1a in the proliferation of RASFs, which may provide solid foundation for
ASIC1a as a potential target in the treatment of RA.
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INTRODUCTION
Rheumatoid arthritis (RA) is a common chronic autoimmune
disease characterized by a marked synovial hyperplasia due to
neovascularization, fibroblast proliferation, and the recruitment of
inflammatory cells, which can severely affect the quality of life of
patients through progressive destruction of cartilage and bone
tissue [1]. In RA, a large number of inflammatory cells infiltrate the
joint synovium. The synovial lining is normally 1–2 cell layers, but
can increase to up to 15 layers in RA [2, 3]. During the pathological
progression of RA, synovial fibroblasts can be activated in
inflammatory environment and display a hyperplastic property
and some tumor-like biological behavior such as proliferation,
migration, invasion, and other aggressive phenotypes [4–6].
Therefore, new therapeutic targets must be identified to improve
the management of symptoms of RA.
Many studies have shown that local extracellular acidification of

synovial tissue infected with RA is similar to the microenvironment
in tumor tissue, accompanied by pH reduction and hypoxia [7–9].
As a prominent feature of synoviocytes, the drop in extracellular pH
as a consequence of lactic acid accumulation has been thought to
stimulate synoviocyte proliferation and facilitate inflammatory
process [10–12]. It is noteworthy that acidification of the synovial
fluid may cause a drop in pH from 7.4 to <6.0 [13]. At the cellular

level, a number of membrane channels or receptors can respond to
extracellular protons, including acid-sensing ion channels (ASICs)
[14, 15]. Previously, we demonstrated the function expression of
ASIC 1a (ASIC1a) in primary articular chondrocytes obtained from
adjuvant arthritis (AA) rat model and primary RA synovial fibroblasts
(RASFs) from patients with RA, suggesting that ASIC1a may play a
key regulatory role in the pathogenesis of RA [16, 17, 20].
As trimeric cation-selective and members of the epithelial

sodium channel/degenerin superfamily of ion channels, ASICs are
rapidly activated by protons and then contribute to various
pathophysiological conditions because of their ability to mediate
Ca2+ and Na+ influx [18, 19]. Seven ASIC subunit proteins (ASIC1a,
ASIC1b, ASIC1b2, ASIC2a, ASIC2b, ASIC3, ASIC4), encoded by four
genes (ACCN1, ACCN2, ACCN3, ACCN4), have been identified
[20, 21]. The ASICs are widely distributed in mammalian central and
peripheral nervous systems, in which they play a crucial role in
pain, RA, neurological disease, tumor, and psychiatric diseases
[22, 23]. Of the ASICs subunits, only ASIC1a has been found be
permeable to calcium and has become a topic of interest in study
for its powerful biological functions and pathological significance
[24]. It is particularly striking that overexpression of ASIC1a (OE-
ASIC1a) can activate several pathways related to cell proliferation
by inducing Ca2+ overloading [25, 26]. Therefore, we explored
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whether ASIC1a is involved in the proliferation of RASFs and its
potential molecular mechanisms.
Extracellular signal-regulated protein kinase (ERK) cascades are

essential pathways that are responsible for basic cellular processes,
including cell growth and differentiation [27]. Among the most
extensively studied groups of mitogen-activated protein kinases
(MAPKs), the mammalian ERK1 and ERK2, known to be relevant to
protein serine/threonine kinases, have been implicated as a
pivotal regulator of cell proliferation [28, 29]. The c-Raf kinases
regulate cell growth and division by signal transduction via the ERK
cascade [30].
Therefore, this study aimed to investigate the role of ASIC1a in

the regulation of RASFs proliferation and explore the effect of ERK/
MAPK signal on this phenomenon.

MATERIALS AND METHODS
Reagents and antibodies
DMEM/high glucose medium, phosphate-buffered saline (PBS), and other
cell culture products were purchased from Hyclone (MA, USA). Fetal bovine
serum was obtained from BIO (Thermo Fisher Scientific, Australia). Mouse
anti-β-actin antibodies were purchased from ZSGB (Beijing, China). Rabbit
anti-ASIC1a antibodies were purchased from Bioss (Beijing, China). Rabbit
anti-ERK1/2 and anti-p-ERK1/2 were purchased from Cell Signaling
Technology (CST, USA). The specific inhibitor of ASIC1a, psalmotoxin-1
(PcTX-1), was obtained from Abcam (Cambridge, UK). U0126-EtOH was
obtained from MedChemExpress (USA).

Collection of clinical synovial samples
This research was approved by the Human Research Ethics Committee of
Anhui Medical University. All fresh synovial tissues (25 RA and 3 healthy)
were provided by patients who underwent knee replacement surgery or
knee synovial debridement in the First Affiliated Hospital of Anhui Medical
University between 2018 and 2020.

Isolation and culture of synovial fibroblasts
Fresh synovial tissues were cut into small pieces (about 1mm3) under
sterile environment in the 20% DMEM medium and transferred to the cell
culture flask using a Pasteur pipette. Subsequently, the tissue pieces were
placed into the flask. The cells were then cultured in DMEM/high glucose
medium. The cell culture flask was placed upright and incubated for 6 h at
37 °C in a 5% CO2 atmosphere and then flattened until the cell form the
colony. The third to eighth passages of identified cells were used in
subsequent experiments.

Identification of cultured cells and detection of protein
expression
Flow cytometry was used to detect the expression of related protein and
identify type B synovial fibroblasts. In brief, following digested and
suspended into DMEM/high glucose medium, cells were fixed with 4%
paraformaldehyde for 20min at room temperature. Subsequently, cells
were blocked for 30min and then incubated with the anti-CD55 (1:200,
Santa Cruz, USA), anti-ASIC1a (1:200, Proteintech, Wuhan, China), anti-
PCNA (1:200, Bioss, Beijing, China), and anti-Ki67 (1:200, Bioss, Beijing,
China) overnight at 4 °C. Each step was followed by extensive washing with
PBS, and labeling was performed using 500 μl fluorescent secondary
antibody (FITC-labeled goat anti-rabbit IgG, Zsbio) for 1 h in the dark.
Lastly, the cells resuspended with PBS were detected by a flow cytometer
(Beckman Coulter, USA) and the images were analyzed by the CytExpert
software (Beckman Coulter, USA) to determine the fluorescence intensity.

Lentivirus packaging and cell transfection
Silencing or OE-ASIC1a (ASIC1a-short hairpin RNA (ASIC1a-shRNA) or OE-
ASIC1a) was performed in a six-well plate. According to the manufacturer’s
instructions, RASFs were transfected with ASIC1a-shRNA or ASIC1a gene
lentivirus particles (Genechem, China) in 1ml complete medium and other
wells were transfected with control shRNA or empty plasmid lentivirus
particles. After 10 h, the medium in each well was replaced with 1ml of
complete medium (without Polybrene), and 3mg/ml puromycin dihy-
drochloride was used to screen stable expressing shRNA or the gene.

Western blotting
Total protein was isolated from RASFs using RIPA lysis buffer containing 1%
protease inhibitor cocktail (Beyotime, Shanghai, China). The protein
concentration was quantified with a BCA Protein Assay Kit (Beyotime,
Shanghai, China). Equal amounts of protein samples were separated by
10% SDS-PAGE and transferred to polyvinylidene difluoride membranes
(Millipore, USA), and then blocked with 5% skim milk in TBST (10mM Tris,
150mM Nacl, 0.05% Tween 20 [pH 8.3]) at room temperature for 2 h and
then incubated overnight at 4 °C with the specific primary antibody, mouse
anti-β-actin antibodies (1:1000, ZSGB, China), rabbit anti-ASIC1a antibodies
(1:1000, Affinity, USA), rabbit anti-ERK1/2 (1:1000, CST, USA), or rabbit anti-
p-ERK1/2 (1:2000, CST, USA). The membranes were washed three times
with TBST for 15min on each occasion and then incubated with anti-rabbit
or anti-mouse antibodies conjugated with horseradish peroxidase (HRP)
(1:5000, ZSGB, China) for 1 h at room temperature. Finally, ECL-
chemiluminescence kit (Thermo Fisher Scientific) was used to expose the
membranes and autoradiographs were developed by ImageJ software.

Immunofluorescence assay
The cultured RASFs were fixed with 4% paraformaldehyde for 20min at room
temperature. Following cell membrane permeabilization with 0.1% Triton X-
100 for 10min, cells were then blocked with 5% bovine serum albumin in PBS
(Sigma) for 1 h. Subsequently, the treated cells were incubated with rabbit
monoclonal anti-ASIC1a (Bioss, Beijing, China), rabbit monoclonal anti-Ki67
(Bioss, Beijing, China), and rabbit monoclonal anti-PCNA (Bioss, Beijing, China)
overnight at 4 °C. After each step, extensive washing with PBS occurred, and
subsequent staining was performed with the related FITC or AF488
fluorescent-labeled secondary antibody for 1 h in the dark. Lastly, the samples
were counterstained with 1 µg/ml of 4′,6-diamidino-2-phenylindole or 5min
and images were captured using a confocal microscope (Zeiss, Germany).

Quantitative real-time polymerase chain reaction
Total RNA was extracted from cultured cells by TRIzol reagent (Invitrogen,
USA), and then purified mRNA was reverse transcribed into complemen-
tary DNA (cDNA) using cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions.
Quantitative real-time PCR analysis of ASIC1a and β-actin mRNA was
performed with PIKO REAL RT-PCR kit (Thermo Fisher Scientific, Waltham,
MA, USA). The primer sequences we used were shown as following:
ASIC1a, 5′-CGGCTGAAGACCATGAAAGG-3′ (forward);
ASIC1a, 5′-AAGGATGTCTCGTCGGTCTC-3′ (reverse);
β-actin, 5′-GCCAACACAGTGCTGTCTGG-3′ (forward);
β-actin, 5′-CTCAGGAGGAGCAATGATCTTG-3′ (reverse).
All primers were obtained from Sangon Biotech (Shanghai, China). All

experiments were repeated at least three times. Ct values of the samples
were calculated against β-actin as an endogenous control and the relative
gene transcript levels were analyzed by the 2−ΔΔCT method.

Cell Counting Kit-8 (CCK-8) assay
To analyze cell proliferation, the cells were assayed using the CCK-8
(BestBio, China) according to the manufacturer’s instructions. Briefly, cells
were seeded in 96-well plates at a density of 5000 cells per well and
cultured for 24 h. After the different groups with pretreatments, the
absorbance of each well was detected at 450 nm with a multimode reader
(Synergy HTX, Bio TEK).

Colony formation assay
To observe the proliferation ability of RASFs, the cells were subjected to
colony formation assay. First, RASFs were seeded in the dish at a density of
2000 cells. After culturing for 72 h, each group was subjected to different
treatments separately for 12 h and then replaced with DMEM/high glucose
medium supplemented with 20% FBS for culture about 3 weeks. Finally,
the colonies were stained with 1% crystal violet and counted by Image J
software. All experiments were repeated at least three times.

Animals, AA model induction, and treatment
Male Sprague-Dawley rats, weighing 120–140 g, were purchased from the
Experimental Animal Center of Anhui Medical University (Hefei, China). All
the animals were acclimated for 1 week and divided into two groups:
control rats (n= 8) and rats with AA (n= 40). All the animal experimental
procedures were performed in accordance with institutional ethics
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guidelines for laboratory animal care and use after approved by the
University Animal Care and Use Committee.
The AA-induced model was achieved by intradermal injection of rats into

the left hind metatarsal footpad (day 0) with 0.1ml complete Freund’s
adjuvant (Sigma, USA) containing 10mg/ml of heat-inactivated mycobacteria.
To investigate the pathological state of synovial proliferation in vivo, rats with
AA were randomly divided into the following groups (n= 8 per group): AA
model group, PcTX-1 high/medium/low-concentration groups (0.5, 1.0, and
2.0 μg/kg, respectively), and triamcinolone acetonide group (TA, positive drug,
1mg/kg). On day 12 after immunization, PcTx-1 and TA were administered by

intra-articular injection into joint cavities of rats with AA once every 3 days for
a total of eight times. The AA model group was untreated.

Immunostaining analysis
The human synovial tissues and rat ankle joints were subjected to
immunohistochemical staining (IHC) to detect the expression of related
proteins. According to the manufacturer’s instructions, the rat contralateral
joints were performed by the protocol in the IHC reagents kit (ZSGB, China)
after soaked in ethylenediamine tetraacetic acid (EDTA) decalcifying solution.
Briefly, after dried, deparaffinized, and rehydrated, the paraffin sections were

Fig. 1 Pathological features and expression of ASIC1a in RA synovium. A Hematoxylin–eosin staining in human synovial tissues. B–D
Immunohistochemical staining of PCNA, Ki67 and ASIC1a expression in human synovial tissues. Data are presented as the mean ± S.E.M.
***P < 0.001 compared to the healthy synovium group (n= 3).
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heated with 10mM citrate buffer in a microwave oven for antigen retrieval. For
all samples, endogenous peroxidase activity was eliminated using 3%
hydroperoxide–methanol solution to remove the background staining. The
sections were blocked and incubated with primary rabbit monoclonal anti-
ASIC1a antibody (Bioss, Beijing, China), anti-PCNA (Bioss, Beijing, China), and
anti-Ki67 (Bioss, Beijing, China) overnight at 4 °C. Next, the sections were then
incubated with the secondary antibody labeled with HRP for 10min and then
each sample image was captured by a 3DHISTECH pathology slide scanner.
Finally, the positive areas of ASIC1a, proliferation cell nuclear antigen (PCNA)
and Ki67 were analyzed by ImageJ software.

Hematoxylin–eosin (HE) staining histological examination
The rat ankle joints were performed according to the protocol in the HE
staining kit (Beyotime, China). In brief, the rat contralateral joints were fixed
in 4% paraformaldehyde, decalcified in 10% EDTA, and embedded in
paraffin. Each section was stained with HE (Beyotime, China) and then
scored for change in synovial hyperplasia with scores ranging from 0 to 4
(0= no changes; 1=mild; 2=moderate; 3= severe; 4= very severe).

Statistical analysis
All the experiments were repeated three times, and the data are presented
as the mean ± S.E.M. All analysis was performed using SPSS17.0 software.
Differences were analyzed by Student’s t test between two groups or by
one-way analysis of variance followed by a Dunnett’s post hoc test.

Statistical significance was set at a P value < 0.05. Power calculations were
performed using G*power 3.1 software.

RESULTS
Pathological features and expression of ASIC1a in RA
synovium
Figure 1A shows the pathophysiological changes of the synovial
tissues obtained from patients with RA and healthy participants.
HE staining results showed synovial hyperplasia and inflammatory
cell infiltration in synovial membranes obtained from patients with
RA. Meanwhile, IHC staining showed that the expression of PCNA
(Fig. 1B) and Ki67 (Fig. 1C) in the synovial tissues obtained from
patients with RA was significantly higher than that from healthy
subjects. As shown in Fig. 1D, ASIC1a was highly expressed in
synovium obtained from patients with RA. Post hoc power
analyses demonstrated that sufficient power was available to
distinguish the above significant differences (effect size: 3.007,
power: 0.997).

The high expression of ASIC1a in RASFs
As mentioned in “Material and methods” sections, flow cytometry
was performed to assess for synovial fibroblasts isolation. As

Fig. 2 The high expression of ASIC1a in RA synovial fibroblasts. A Identification of RASFs by flow cytometry. B, C Western blotting and
quantitative real-time PCR analysis of ASIC1a expression in NSFs and RASFs. D Immunofluorescence analysis of ASIC1a expression in NSFs and
RASFs. All the experiments were repeated three times. Data are presented as the mean ± S.E.M. for the three independent experiments. ***P <
0.001 compared to the normal synovial fibroblast (NSF) group.
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evaluated by CD55 expression, NSFs and RASFs were successfully
isolated and purified (Fig. 2A). As shown in Fig. 2B, C, the protein
and mRNA expressions of ASIC1a in RASFs were significantly
higher than levels in NSFs. Moreover, immunofluorescence
revealed that the protein expression of ASIC1a in RASFs was
higher than in NSFs (Fig. 2D).

Effect of acidification on proliferation of RASFs
To explore the possible roles of acidification on the proliferation of
RASFs, cells were pretreated with acid at different time intervals
(1.5, 3, 6, 12, and 24 h) and the nonacid stimulation was marked as
0 h or control group. As shown in Fig. 3A, the results of CCK-8
assay demonstrated that the proliferation rate of RASFs treated

Fig. 3 Effect of acidification on proliferation of RASFs. A Cell Counting Kit-8 assay results of the cell proliferation rate of RASFs divided into
acid stimulation and nonacid stimulation. B, C Flow cytometry analysis for the expression of PCNA and Ki67 in RASFs with pretreatment of
acid (pH 6.0) at 1.5, 3, 6, 12, and 24 h or nonacid stimulation. D, E Immunofluorescence analysis of PCNA and Ki67 expressions in RASFs after
pretreatment with acid (pH 6.0) at different time points. All the experiments were repeated three times. Data are presented as the mean ± S.E.
M. for the three independent experiments. ***P < 0.001 compared to the 0 h group.
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with acid stimulation was significantly increased compared with
the nonacid stimulation. As shown in Fig. 3B, C, flow cytometry
demonstrated that proliferation of RASFs was significantly
increased after the acidification at 12 and 24 h. In addition, the
results of immunofluorescence in Fig. 3D, E showed that the
positive staining for the cell proliferation protein markers (PCNA
and Ki67) increased at 12 or 24 h compared with the control
group. These results indicated that acidification promoted the
proliferation of RASFs.

Effect of ASIC1a inhibition on the proliferation of RASFs
As depicted in Fig. 4A, the expression of ASIC1a was decreased in
ASIC1a-shRNA. Likewise, Fig. 4B, C shows that the protein and
mRNA levels of ASIC1a in ASIC1a-shRNA group were significantly
lower as compared to the control shRNA group (negative control),
suggesting that the ASIC1a-silencing model was successfully
constructed. As shown in Fig. 4D, E, the fluorescence intensity of
PCNA and Ki67 decreased by pretreatment with ASIC1a-shRNA in
comparison to the control shRNA group. Interestingly, the increase
of both PCNA and Ki67 staining could be reversed after
pretreatment of the cells with PcTX-1 (an ASC1a specific inhibitor).
Figure 4F shows that the ability of cells to form colonies
significantly decreased after knocking down the expression of

ASIC1a as compared as control shRNA group. Similarly, PcTX-1
distinctly reversed the effect of acidification on colony formation.
Based on the above experimental results, it was believed that
ASIC1a promoted the acidification-induced proliferation of RASFs.

Effect of ASIC1a on the proliferation of RASFs
As shown in Fig. 5A, the immunofluorescence assay showed that
the expression of ASIC1a in OE-ASIC1a group was increased
compared with the vector group (negative control). Figure 5B, C
depicts that the protein and mRNA expressions of ASIC1a were
significantly increased compared with the empty vector group,
suggesting the ASIC1a overexpression model was successfully
constructed. Moreover, Fig. 5D, E shows that the cell positive
staining cells of proliferation marker proteins (PCNA and Ki67)
were increased following pretreatment with lentivirus containing
ASIC1a gene compared with the empty vector. As shown in
Fig. 5F, acidification promoted an increase in the number and size
of cell colonies. Furthermore, OE-ASIC1a gene could significantly
improve the ability of cells to growth independently.

Effect of ASIC1a on the proliferation of synovial tissue in vivo
Experimental models of AA have been widely used to explore the
pathogenesis of RA disease in preclinical studies. As shown in

Fig. 4 Effect of ASIC1a inhibition on the proliferation of RASFs. A Immunofluorescence results of ASIC1a expression in RASFs without
transfection, transfected with negative control (shRNA), and ASIC1a-shRNA. B, C Western blotting and qRT-PCR analysis of ASIC1a expression
levels in RASFs, control shRNA, and ASIC1a-shRNA group. β-actin served as an endogenous control. The results of gray density were analyzed
by ImageJ software and the relative gene transcript levels were analyzed using the 2−ΔΔCT method. D, E Immunofluorescence analysis of
PCNA and Ki67 expression in RASFs treated with control, pH 6.0, control shRNA, ASIC1a-shRNA, and PcTx-1 (100 nM) group for 12 h. F The
proliferation ability of RASFs in different treatments for 12 h was analyzed using the colony formation assay. All data are presented as the
mean ± S.E.M. for the three independent experiments. **P < 0.01, ***P < 0.001 compared to the shRNA or pH 6.0 group.
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Fig. 6A, the pathological synovial hyperplasia was alleviated in rats
with AA pretreated with the ASIC1a specific inhibitor (PcTX-1)
compared to rats with AA that did not receive pretreatment. To be
more specific, HE staining demonstrated pathological changes of
synovial thickness, inflammatory cell infiltration, and cartilage
erosion in rats with AA. And these changes could be reversed or
alleviated by PcTX-1 in a dose-dependent manner. And the
expression of ASIC1a was significantly increased in synovial
membrane of rats with AA compared with control rats (Fig. 6B).
Figure 6C, D shows that the expressions of PCNA and Ki67 were
significantly decreased in rats with AA that were received PcTX-1
compared to rats with AA. All the above experimental results
showed that ASIC1a promoted the proliferation of synovial tissue
in vivo.

Effect of ASIC1a on the proliferation of RASFs through ERK/
MAPK signaling
As shown in Fig. 7A, the protein expression of phosphorylated-c-
Raf (p-c-Raf) in the pH 6.0 group was significantly increased
compared with the control group, and could be reversed by
ASIC1a-shRNA and the specific inhibitor of ASIC1a, PcTX-1. In
contrast, ASIC1a overexpression significantly increased the protein
levels of p-c-Raf (Fig. 7B). Likewise, acidification promoted the
activation of phosphorylated-ERK1/2 (p-ERK1/2), which could be
abrogated by ASIC1a-shRNA and the specific inhibitor of ASIC1a,
PcTX-1 (Fig. 7C). According to Fig. 7D, OE-ASIC1a could
significantly increase the protein level of p-ERK1/2. In Fig. 7E,
compared with pH 6.0 group, the protein expression of PCNA was
significantly decreased in RASFs with pretreatment of U0126 (the
inhibitor of ERK1/2). In addition, the number and size of cell
colonies were significantly decreased after inhibiting the activity
of ERK with the treatment of U0126 (Fig. 7F). Similarly, as shown in
Fig. 7G, CCK-8 assay analysis revealed that the cell proliferation

rate was significantly decreased in the presence of U0126. Based
on the above experimental results, it was curtained that ASIC1a
promoted the proliferation of RASFs via the ERK/MAPK signaling.

DISCUSSION
In the present study, we explored the effects of acid-activated
ASIC1a on the proliferation of RASFs. The results demonstrate that
ASIC1a was highly expressed in synovial tissues obtained from
patients with RA and RASFs, which suggested that ASIC1a may be
responsible for the pathological changes of RA. Interestingly, the
activation of p-ERK1/2 could be reversed by PcTX-1 (the specific
inhibitor of ASIC1a) and ASIC1a-shRNA. In addition, cell prolifera-
tion promoted by ERK1/2 could be abrogated by U0126 (the
inhibitor of ERK). These results indicated that acid-activated
ASIC1a promotes the proliferation of RASFs via the ERK signaling.
Recently, it has been demonstrated that hypoxia in the synovial

tissues, and the metabolism dominated by anaerobic glycolysis
give rise to the accumulation of lactic acid, which accelerates the
drop in the pH of the synovial fluid [31, 32]. ASICs are voltage-
independent proton-gated cation channels. Of seven ASICs
subunits, ASIC1a, which is sensitive to pH value of 6.2 mediating
the permeation of both Na+ and Ca2+ ions into the cells, is the
most likely ASICs involved in pathophysiological conditions
[33, 34]. CD55 protein is present in the synovial lining and has
been identified as a surface marker for synovial fibroblasts [35].
We also have proved the coexpression of ASIC1a and CD55, which
indicated that ASIC1a was highly expressed in the intimal lining of
synovium [36]. The differential expression of ASIC1a between NSFs
and RASFs suggested that it highly regulated the cellular process
of RASFs. Prior investigators showed that acidification promotes
the proliferation of other cells such as adenocarcinoma cell and
colon cancer cell lines [37, 38]. Synovial hyperplasia is a prominent

Fig. 5 Effect of ASIC1a on the proliferation of RASFs. A Immunofluorescence results of ASIC1a expression in RASFs without transfection,
transfected with negative control (shRNA), and ASIC1a-shRNA; the results of gray density were analyzed by ImageJ software. B, C Western
blotting and qRT-PCR analysis of ASIC1a expression in RASFs, shRNA, and ASIC1a-shRNA group. β-actin served as an endogenous control. The
results of gray density were analyzed using ImageJ software and the relative gene transcript levels were analyzed using the 2−ΔΔCT method. D,
E Immunofluorescence analysis of PCNA and Ki67 expression in RASFs divided into control, pH 6.0, vector, and OE-ASIC1a group for 12 h.
F The colony formation assay was to analyze the proliferation ability of RASFs with different treatments for 12 h. All data are presented as the
mean ± S.E.M. for at three independent experiments. **P < 0.01, ***P < 0.001 compared to the pH 6.0 or the vector group.
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pathological feature of RA. It is reported that RASFs are key
effector cells in the development of RA and are considered as
promising targets for treating RA [39]. Our results showed that
ASIC1a significantly increased the expressions of PCNA and Ki67 in
the synovial membrane or RASFs. Meanwhile, AA experimental
model was established to explore the effect of ASIC1a on synovial

pathological changes in vivo. The results of HE and immunohis-
tochemistry showed that synovial hyperplasia were ameliorated in
rats with AA that received a PcTX-1 joint injection. Our previous
studies have confirmed that PcTX-1 could reverse the effect of
extracellular acidification on the expression of ASIC1a and inhibit
the activity of ASIC1a [40, 41]. Although PcTX-1 has a significant

Fig. 6 Effect of ASIC1a on the proliferation of synovial tissue in vivo. A Hematoxylin–eosin staining results of AA-induced rat synovium
pathological changes after treatment with PcTx-1 (0.5, 1, and 2 μg/kg) and TA (1 mg/kg) (n= 8 per group). B Immunohistochemistry staining of
ASIC1a expression in the control and AA-induced rat synovium (n= 8 per group). C, D Immunohistochemistry results of PCNA and Ki67
expression in AA rats synovium after treatment with PcTx-1 (0.5, 1, and 2 μg/kg) and TA (1mg/kg). PcTx-1 was the specific inhibitor of ASIC1a
and triamcinolone acetonide (TA) was a positive drug. All data are presented as the mean ± S.E.M., *P < 0.05, **P < 0.01, ***P < 0.001.
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reversed effect in rats with AA, it does not present a completely
block ASIC1a. In the future work, ASIC1a knockout mice will be
used to further confirm its mechanism on synovial hyperplasia and
invasion as well as its effects on healthy joints.
The ERK/MAPK signaling pathway, which is the most thoroughly

studied MAPK pathway, can be activated by elevation of Ca2+ and
other signals [42]. In the current study, the phosphorylation of
ERK1/2 could promote cells proliferation which was in line with
the aforementioned studies. ERK/MAPK signal has been also
known to control motility and invasiveness of cellular process. As
reported in a study, sonic hedge signaling pathway increased the
level of p-ERK1/2 to regulate proliferation and migration of
fibroblast-like synoviocytes [43]. In addition, Niu et al. have
demonstrated that ASIC1a can promote synovial invasion [44]. It
suggests that ASIC1a may also play a role in promoting synovial
invasion by activating ERK signal in part. In a recent study, it has
been demonstrated that activated ASIC1a can promote the
migration and adhesion of osteoclast and is involved in
osteoclastogenesis, which are responsible for osteoporotic bone
loss [45]. Therefore, whether ASIC1a affect RASFs spread of
arthritis to unaffected joints and whether overproliferated RASFs
can interact with cells (chondrocytes, osteoclasts, osteoblasts, etc.)
to affect bone loss or renewal still need a further study.
In conclusion, the present study demonstrated that ASIC1a may

partially promote RASFs proliferation and aggravated synovial

hyperplasia via ERK/MAPK signaling. This study suggested that
inhibiting the function of ASIC1a could be selected as a potential
therapeutic strategy to prevent progressive synovial hyperplasia
and provided a new mechanism explanation for ASIC1a served as
an adjuvant treatment for RA.
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