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Introduction: Previous studies have confirmed that aquaporin 1 (AQP1) is up-regulated in 
synovium of rheumatoid arthritis (RA), but its exact pathogenic mechanisms in RA are 
unclear. This study revealed the pathogenic role of AQP1 in rat collagen-induced arthritis 
(CIA) and the underlying mechanisms related to β-catenin signaling.
Materials and Methods: Secondary paw swelling and pathological changes of ankle joints 
were used to evaluate the severity of rat CIA. Synovial AQP1 and β-catenin expression were 
measured by immunohistochemistry (IHC) and Western blot assay. AQP1 siRNA was 
applied to knockdown AQP1 in cultured CIA fibroblast-like synoviocyte (FLS). Assays of 
MTT, PCNA immunofluorescence and transwell were performed to detect cell proliferation, 
migration and invasion. The protein levels of β-catenin pathway members and ratio of TOP/ 
FOP luciferase activity were also measured.
Results: In vivo, we revealed that synovial AQP1 and β-catenin expressions in CIA rats were 
higher than normal rats, and synovial AQP1 expression of CIA rats increased in parallel with 
secondary paw swelling and total pathological score on joint damage. Correlation analysis of 
IHC results indicated that synovial AQP1 expression positively correlated with β-catenin 
expression in CIA rat. In vitro, AQP1 siRNA apparently reduced the proliferation, migration 
and invasion of CIA FLS by inhibiting β-catenin signaling pathway. As an activator of β-catenin 
signaling, lithium chloride (an inhibitor of GSK-3β) reversed the inhibitory effects of AQP1 
siRNA on the cultured CIA FLS.
Conclusion: We concluded that the overexpression of synovial AQP1 aggravated rat CIA 
by promoting the activation of FLS through β-catenin signaling pathway.
Keywords: aquaporin 1, collagen-induced arthritis, fibroblast-like synoviocyte, rheumatoid 
arthritis, β-catenin signaling

Introduction
Rheumatoid arthritis (RA) is an inflammatory autoimmune disease, featuring joint 
swelling, proliferative synovitis and synovial inflammation, leading to inevitable 
joint damage and functional disability.1 The etiology and pathophysiology of RA 
are not fully clear, but improved knowledge of the various factors in RA pathogenesis 
has caused apparent advances in recent decades.2 Although disease-modifying anti- 
rheumatic drugs and biologic therapies are recommended for treating RA patients, at 
least 30% of patients are resistant to the available therapies and long-term medication 
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usually causes serious side effects.3 Therefore, the devel-
opment of novel treatments aiming at specific factors would 
contribute to understanding the complicated mechanisms in 
RA, with improved outcomes.

Aquaporin 1 (AQP1), belonging to the aquaporin pro-
teins family, is expressed in various tissues including 
synovium and is selectively permeated by water driven 
by osmotic gradient.4,5 Trujillo et al first reported that 
AQP1 could be expressed in synoviocytes and synovial 
micro-vessels, and AQP1 expression in synovial tissues 
was up-regulated in people with RA compared with that 
in normal and those with osteoarthritis (OA).4 Mobasheri 
et al further verified that synovial AQP1 overexpression 
in RA might be related to the formation of hydrarthrosis 
and synovitis.5 However, the exact pathologic role of 
AQP1 in RA and the underlying mechanisms are 
unknown. The activated fibroblast-like synoviocyte 
(FLS) shows a lot of tumor-like aggressive phenotypes 
and plays an important role in the pathogenesis of RA.6 

Interestingly, except for regulating influx and outflow of 
water, AQP1 can promote the proliferation, migration and 
angiogenesis of tumor cells.7–9 Whether AQP1 can 
enhance the abnormal behaviors of RA FLS as it does 
in tumor cells remains to be further clarified. Previous 
studies have revealed that β-catenin signaling is involved 
in the activation of RA FLS and inhibition of β-catenin 
signaling has great potential as a therapeutic target of 
RA.10 Recently, the interaction of AQP1 and β-catenin 
signaling has been verified in other diseases,11–14 we 
therefore speculated that the overexpression of synovial 
AQP1 enhanced the abnormal behaviors of RA FLS by 
activating β-catenin signaling, which may be involved in 
RA pathogenesis.

Collagen-induced arthritis (CIA) is a widely-used 
experimental model to explore RA pathogenesis and 
screening new drugs for treatment of RA.15–17 We 
revealed that the synovial AQP1 overexpression aggra-
vated rat CIA, and β-catenin signaling might be implicated 
in the pathogenesis of AQP1 in CIA. In vitro, we observed 
the inhibitory effects of AQP1 siRNA on cell proliferation, 
migration, invasion and β-catenin signaling pathway in 
CIA FLS. We also found that lithium chloride (LiCl, an 
activator of β-catenin signaling) could reverse the inhibi-
tory effects of AQP1 siRNA on CIA FLS. This study aims 
to provide new experimental evidence that AQP1 might be 
involved in the pathogenesis of RA by regulating β-catenin 
signaling.

Materials and Methods
Reagents
Chicken type II collagen (CCII) and incomplete Freund’s 
adjuvant (IFA) were obtained from Chondrex (Redmond, 
WA, USA). 4ʹ,6-diamidino-2-phenylindole (DAPI), LiCl 
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) were bought from Sigma-Aldrich 
(St. Louis, MO, USA). Fetal bovine serum (FBS), trypsin 
and Dulbecco’s modified Eagle’s medium (DMEM) were 
obtained from Gibco (Carlsbad, CA, USA). Antibodies of 
AQP1 (ab9566), β-catenin (ab16051), c-myc (ab32072), 
matrix metalloproteinase 9 (MMP9) (ab76003) and prolifer-
ating cell nuclear antigen (PCNA) (ab92552) were bought 
from Abcam (Cambridge, UK). Cyclin D1 (#55,506) and 
phosphor (p)-GSK-3β (Ser9) (#9323) were purchased from 
Cell Signaling Technology (Beverly, MA, USA).

Induction and Evaluation of Rat CIA
Male Sprague-Dawley rats (120–130 g) were bought from 
the Laboratory Animals Center of Anhui Medical 
University and housed under conventional laboratory con-
ditions. After 7-day acclimatization, rats were randomly 
separated into normal group and CIA group (30 rats per 
group). The experimental protocols were approved by the 
Ethical Committee on Animal Research at School of 
Pharmacy of Anhui Medical University, in accordance 
with National Institutes of Health guide for the care and 
use of Laboratory animals (No. 8023, revised 1978). Rat 
CIA model was induced according to the previous 
references.15 Briefly, CCII was dissolved in 0.01 M acetic 
acid at 4 mg/mL and emulsified thoroughly with an equal 
volume of IFA. 0.2 mL of emulsion was intradermally 
injected into the left hind paw. The first injection day was 
defined as day 0. Seven days later, rats were given a booster 
injection of an equal amount of CCII emulsion into the base 
of the tail or back at multiple sites. The volume of non- 
injected hind paw was measured by a toe volume meter 
every four days from day 12 to 36 after CIA induction. The 
secondary swelling defined as the change in paw volume on 
each time point (ΔmL) was used to evaluate the secondary 
arthritis of CIA rats.

Pathological Examination and Assessment 
of Ankle Joint Damage
Rats were euthanized on day 36 after CIA induction. The 
ankle joint tissues were collected, decalcified by 10% 
EDTA for 2 weeks, embedded in paraffin and sectioned 
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at 5 μm thickness for hematoxylin and eosin (HE) staining. 
The ankle joint sections with HE staining were histologi-
cally evaluated by a trained researcher blinded to the 
specimens. The assessments of ankle joint damage were 
performed on the basis of synovial hyperplasia, inflamma-
tory cells infiltrate, cartilage damage and pannus forma-
tion, with a score from 0 to 4: 0 = no changes; 1 = mild; 
2 = moderate; 3= severe; 4 = very severe.18 Total patho-
logical score of ankle joint damage in CIA rats was the 
sum of individual pathological index score, with a score 
from 0 to 16.

Immunohistochemistry Assay for AQP1 
and β-Catenin
The immunohistochemistry (IHC) assay was applied with 
classic protocols.19,20 The tissue sections were deparaffi-
nized, hydrated and microwave-treated in citrate buffer for 
antigen retrieval. Endogenous peroxidase activity was 
quenched by 3% hydrogen peroxide. Nonspecific staining 
was blocked by 5% goat serum. Sections were “reacted” 
with anti-AQP1 or β-catenin at 4°C overnight, and then 
incubated with the biotinylated-secondary antibody and 
avidin-biotin horseradish peroxidase complex (Zhongshan 
Goldenbridge Biotechnology, Beijing, People’s Republic 
of China) at 37°C for 30 min. Sections were visualized by 
diaminobenzidine, lightly counterstained with hematoxylin 
and observed by Nikon 80i light microscope. The numbers 
of immune-positive stained cells and total cells were 
counted at five fields per slide. The percentage of immune- 
positive cells in synovial tissues (number of positive cells/ 
total cells×100%) was calculated by a trained pathologist.

Rat FLS Preparation and Experimental 
Grouping
Rat FLS were cultured from synovial tissues by tissue 
explant cultivation.21,22 Briefly, fresh synovial tissues 
obtained from knee joint were cut into small pieces, rinsed 
thoroughly, incubated in flat-bottomed bottles and further 
cultured in DMEM adding 20% FBS at 37°C in 5% CO2 

for 7 days. Tissue pieces were removed and adherent cells 
were cultured for another 3 days. At 70%–80% conflu-
ence, cells were digested with 0.25% trypsin, split at a 1:2 
ratio and cultured continually. Most cells after 2 passages 
kept a homogeneous population of FLS. The cells were 
identified to be FLS by their morphology and expression 
of vascular cell adhesion molecule-1 (VCAM-1) by immu-
nofluorescence cytochemistry. Primary synovial cells 

between passages 2 and 4 were used for subsequent 
experiments. Cells were divided into five groups, includ-
ing normal FLS group (normal FLS without treatment), 
CIA FLS group (CIA FLS without treatment), negative 
control (NC) siRNA group (CIA FLS transfected with NC 
siRNA), AQP1 siRNA group (CIA FLS transfected with 
AQP1 siRNA) and LiCl group (CIA FLS transfected with 
AQP1 siRNA + LiCl).

Small Interfering RNA (siRNA) and 
Transfection
Rat AQP1 siRNA (5ʹ-GCUGUACUCAUCUACGACUTT 
−3ʹ) and NC siRNA (5ʹ-ACGUGACACGUUCGGAGAATT 
-3ʹ) were purchased from GenePharma Company (Shanghai, 
People’s Republic of China). Cells were seeded in 6-well 
plates at a density of 1×106 cells/well and incubated at 50%– 
60% confluence before transfection. Then, cells were trans-
fected with AQP1 siRNA or NC siRNA using Lipofectamine 
2000 (Thermo Fisher Scientific, PA, USA) according to the 
manufacturer’s instructions. The silencing effects of AQP1 
siRNA were confirmed by Western blot analysis.

Cell Viability
Cell viability was measured by MTT assay. After transfec-
tion of AQP1 siRNA or NC siRNA, cells were seeded in 
96-well plates at 5×103 cells/well and incubated in DMEM 
adding 10% FBS at 37°C, 5% CO2 for adherence. In LiCl 
group, CIA FLS with AQP1 siRNA transfection were 
treated with LiCl at concentration of 10 mmol/L. Cells in 
different groups were cultured for 48 h. 4 h before the end 
of 48 h-cultivation, 20 μL of MTT (5 mg/mL) was added 
into each well and continually incubated. The supernatants 
were carefully removed after centrifugation. The formazan 
crystals were dissolved in 120 μL of dimethyl sulfoxide 
and oscillated for 1 min. The absorbance at 490 nm was 
measured using a microplate reader and cell viability value 
was defined as a ratio versus normal FLS group.

PCNA Immunofluorescence Assay
After appropriate treatment according to experimental 
groupings, cells were adhered on coverslips placed in 
6-well plates at 1×105 cells/well. Then, cells were fixed 
with 4% paraformaldehyde, permeabilized by 0.1% Triton 
X-100 and blocked with goat serum. Cells were incubated 
with rabbit anti-PCNA at 4°C overnight, followed by 
FITC-conjugated goat anti-rabbit IgG (diluted 1:100) in 
the dark for 1 h at room temperature. Cell nuclei were 
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counterstained with DAPI (1 μg/mL) in the dark for 5 min. 
The fluorescence was examined using a fluorescent micro-
scope (Olympus, Tokyo, Japan) and typical photos were 
taken. The number of PCNA-positive cells and total cells 
were counted in five different fields of each section, and 
the percentage of PCNA-positive cells was calculated.

Transwell Migration and Invasion Assay
Cell migration and invasion were determined using 
Transwell chambers with 8 μm pores (Millipore, MA, 
USA). For the cellular migration assay, cells in serum- 
free DMEM were added into the upper chamber at 
a density of 5×104 cells/well. DMEM containing 10% 
FBS was added into the lower chamber. After 24 h of 
incubation at 37°C, cells remaining on the upper surface 
of the insert were scraped off with cotton swabs, and cells 
migrating through the membrane to the lower surface of 
the insert were stained with 0.1% crystal violet for 20 min. 
The cellular invasion assay was performed as described in 
the migration assay, but with matrigel pre-coated inserts. 
The numbers of migrating or invading cells were counted 
in five randomly selected fields under a microscope and 
typical images were photographed.

Western Blot Analysis
Synovial tissues or cultured FLS were treated with RIPA 
lysis buffer containing protease inhibitors. The supernatant 
was collected and the protein level of the lysate was 
determined by Bradford assay. Equal amounts of proteins 
(20 μg) were run on by 10% SDS-PAGE electrophoresis 
and transferred onto PVDF membranes, which were then 
blocked with 5% skim milk in Tris-buffered saline. 
Membranes were probed with the primary antibodies at 
4°C overnight, and incubated at 37°C with HRP- 
conjugated secondary antibodies (Cell Signaling 
Technology, MA, USA) for 2 h. The immunoreactive 
proteins were visualized by Super Signal West Femto 
Trial Kit (Thermo Fisher Scientific, PA, USA). The protein 
bands were scanned and quantified by densitometry using 
Image J. The relative levels of target proteins were nor-
malized by the internal control β-actin.

TOP/FOP Flash Luciferase Assay
TOP flash plasmid (#21-170) and FOP flash plasmid (#21- 
169) were purchased from Merck Company (Hesse, 
Germany). After appropriate treatment according to group-
ings, cells were seeded in 24-well plates at a density of 
1×105 cells/well. Then, cells were transfected with TOP 

flash or FOP flash firefly luciferase plasmid, and internal 
control pRL-TK Renilla luciferase vector (Promega Corp, 
# E6921) using Lipofectamine 2000. After 48 h of cultiva-
tion, the firefly fluorescence and the Renilla fluorescence 
were measured using a dual-luciferase assay kit (Promega 
Corp, #E1910). The luciferase activity of each sample was 
normalized with the respective Renilla luciferase activity. 
The ratio of TOP and FOP flash was recognised as the 
activation level of transcription factors in Wnt/β-catenin 
signaling pathway.23

Statistical Analysis
Statistical analyses were performed by SPSS 16.0 software. 
The experimental data were analyzed by Independent-samples 
t-test or One-way ANOVA followed by LSD post hoc test. 
Pearson’s correlation test was used to examine the correlation 
between synovial AQP1 expression and pathological para-
meters of rat CIA or synovial β-catenin expression. Data 
were all shown as mean ± standard error of the mean (SEM) 
and P < 0.05 was considered to be statistically significant.

Results
Evaluation of CIA in Rats
CIA rats showed an obvious swelling of non-injected hind 
paws (i.e., secondary paw swelling) on day 36 after CIA 
induction, caused by a systemic autoimmune response 
(Figure S1A). The secondary paw swelling, measured 
every 4 days from day 12 to 36, was used to evaluate the 
development of rat CIA (Figure S1B). The secondary paw 
swelling of CIA rats was significantly increased compared 
with that of normal rats on every time point. HE staining was 
used to reveal the pathological changes of ankle joints: no 
cartilage damage or inflammation was found in normal ankle 
joint sections, whereas CIA ankle joint sections showed 
many pathological characteristics resembling RA, such as 
synovial hyperplasia, inflammatory cells infiltration, carti-
lage damage and pannus formation (Figure S1C). The patho-
logical scores of the previously mentioned parameters of 
ankle joint damage were exhibited in Figure S1D.

AQP1 and β-Catenin Were Overexpressed 
in Synovial Tissues of CIA Rat
IHC assay was used to observe in situ expression of AQP1 and 
β-catenin in rat synovial tissues: AQP1 was mainly localized 
at cell membrane/cytoplasm (Figure 1A) and β-catenin was 
mostly localized at cell cytoplasm/nucleus (Figure 1B). The 
semi-quantified results of IHC assay revealed that the positive 
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staining percentages of AQP1 and β-catenin in synovium of 
CIA rats were dramatically elevated compared with normal 
rats (Figure 1C). In addition, Western blot results indicated that 
the levels of AQP1 and β-catenin protein in synovial tissues of 
CIA rats were much higher than normal rats (Figure 2), con-
sistent with IHC results. These results demonstrated that there 
was overexpression of AQP1 and β-catenin in synovim of CIA 
rats.

AQP1 Overexpression in Synovium 
Aggravated Rat CIA: Involvement of 
β-Catenin Signaling Activation
Total pathological score of joint damage was the sum of 
individual pathological index score, with a score from 0 to 

16. Herein, the secondary hind paw swelling on day 36 and 
total pathological score were applied to represent the sever-
ity of rat CIA. Correlation analysis indicated that the per-
centage of AQP1 immune-positive cells in synovial tissues 
of CIA rats was correlated positively with the secondary 
hind paw swelling on day 36 (Figure 3A, r = 0.849, 
P < 0.01) and total pathological score on ankle joint damage 
(Figure 3B, r = 0.878, P < 0.01), indicating that synovial 
AQP1 expression level may have been associated with the 
severity of rat CIA. In addition, correlation analysis of IHC 
results revealed that there was a significant positive correla-
tion between AQP1 positive staining percentage and 
β-catenin positive staining percentage in synovial tissues 
of CIA rats (Figure 3C, r = 0.901, P < 0.01). Taken together, 
AQP1 overexpression in synovial tissues aggravated rat 

Figure 1 Immunohistochemistry assay for AQP1 and β-catenin expression in synovim of ankle joints from normal and CIA rats. Typical images of AQP1 (A) and β-catenin 
(B) expression in synovial tissues. High-power images (×400) show amplifications of regions boxed in blue in low-power images (×100). AQP1 and β-catenin were expressed 
at low levels in synovim from normal rats, whereas the relatively strong staining of AQP1 and β-catenin could be observed in CIA rats. (C) Percentages of AQP1 and β- 
catenin immune-positive cells in synovial tissues of normal and CIA rat. Data are mean ± SEM (n = 30). ##P < 0.01 compared with normal rat group. 
Abbreviations: AQP1, aquaporin 1; CIA, collagen-induced arthritis.

Figure 2 Western blot analysis for AQP1 and β-catenin protein in synovial tissues. (A) Typical examples of AQP1 and β-catenin protein expression in synovial tissues from 
normal and CIA rats. (B) The quantitative analysis of AQP1 and β-catenin protein relative values, β-actin serves as the house-keeping protein. Data are mean ± SEM (n = 6). 
##P < 0.01 compared with normal rat group. 
Abbreviations: AQP1, aquaporin 1; CIA, collagen-induced arthritis.
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CIA, and β-catenin signaling might be implicated in the 
pathogenesis of AQP1 in rat CIA.

AQP1 siRNA Transfection Reduced 
AQP1 Protein Level in CIA FLS
The cultured cells had a spindle shape, accordant with FLS 
morphological feature. The positive expression of VCAM-1 
by immunofluorescence staining confirmed that the cultured 
cells were consistent with the intimal subpopulation of FLS 
(Figure 4A). AQP1 protein level in CIA FLS was significantly 
increased compared with that in normal FLS (Figure 4B), as is 
consistent with our in vivo results. AQP1 siRNA was used to 

knockdown AQP1 expression in CIA FLS and the knockdown 
efficiency was confirmed with Western blot analysis 
(Figure 4C). AQP1 siRNA transfection in CIA FLS caused 
a significant reduction of AQP1 protein level compared with 
non-treated CIA FLS group, whereas NC siRNA exhibited no 
effect on AQP1 expression. AQP1 protein level in AQP1 
siRNA group was 15% of that in NC siRNA group.

Inhibition of CIA FLS Proliferation by 
AQP1 siRNA Was Abolished by LiCl
In Figure 5A, the viability of CIA FLS was obviously higher 
than that of normal FLS. AQP1 siRNA transfection in CIA 

Figure 3 Correlations between synovial AQP1 positive cell percentage of CIA rats and secondary hind paw swelling (A) or total pathological score on joint damage (B) or synovial 
β-catenin positive cell percentage (C). The correlation analysis is performed by Pearson’s correlation test (n = 30) and asterisks (*) show the statistical significance. **P <0.01. 
Abbreviations: AQP1, aquaporin 1; mL, milliliter; r, correlation coefficient.

Figure 4 AQP1 siRNA effectively reduced AQP1 protein level in cultured CIA FLS. (A) FLS identification by VCAM-1 expression using immunofluorescence staining (×200). 
(B) Protein bands and quantitative analysis of AQP1 in normal and CIA FLS. (C) Protein bands and quantitative analysis of AQP1 from non-treated CIA FLS, NC siRNA- 
transfected CIA FLS and AQP1 siRNA-transfected CIA FLS. β-actin serves as the house-keeping protein. ##P < 0.01 compared with normal FLS group. **P <0.01 compared 
with CIA FLS group. The data are mean ± SEM of three independent experiments performed in triplicate. 
Abbreviations: AQP1, aquaporin 1; CIA, collagen-induced arthritis; FLS, fibroblast-like synoviocyte; NC, negative control; siRNA, small interfering RNA.
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FLS remarkably reduced the cell viability compared with 
non-treated CIA FLS group, while NC siRNA showed no 
obvious effect on CIA FLS viability. We further assayed the 
percentage of PCNA-positive cells by immunofluorescence 
assay (Figure 5B). The percentage of PCNA-positive cells in 
CIA FLS group was much higher than normal FLS group 
(Figure 5C). AQP1 siRNA significantly reduced the percen-
tage of PCNA-positive cells in contrast to CIA FLS group. 
Compared to AQP1 siRNA group, LiCl as an activator of β- 
catenin signaling canceled the inhibitory effect of AQP1 
siRNA on CIA FLS proliferation and increased the 

percentage of PCNA-positive cells, indicating that β- 
catenin signaling might be involved in AQP1 siRNA- 
induced inhibition of CIA FLS proliferation.

Suppression of CIA FLS Migration and 
Invasion by AQP1 siRNA Was Canceled 
by LiCl
In the transwell assay, FLS were seeded into the upper 
chambers without or with pre-coated matrigel for measur-
ing migration or invasion (Figure 6). The numbers of 

Figure 5 Inhibition of CIA FLS proliferation by AQP1 siRNA was abolished by LiCl. (A) The cell viability of different FLS groups, detected by MTT assay. (B) Typical photos 
of PCNA immunofluorescence staining from different FLS groups (×100). (C) Quantitative statistical results of PCNA-positive cells (%). The data are mean ± SEM of three to 
five independent experiments performed in triplicate. ##P < 0.01 compared with normal FLS group. **P < 0.01 compared with CIA FLS group. &&P < 0.01 compared with 
AQP1 siRNA group. 
Abbreviations: AQP1, aquaporin 1; CIA, collagen-induced arthritis; DAPI, 4ʹ,6-diamidino-2-phenylindole; FLS, fibroblast-like synoviocyte; LiCl, lithium chloride; NC, 
negative control; PCNA, proliferating cell nuclear antigen; siRNA, small interfering RNA.
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migrated and invasive cells in CIA FLS group were much 
higher than those in normal FLS group. AQP1 siRNA 
significantly reduced the numbers of migrated and inva-
sive cells in contrast to CIA FLS group, while NC 
siRNA exhibited no effect on CIA FLS migration and 
invasion. Interestingly, LiCl reversed the inhibitory effect 
of AQP1 siRNA on CIA FLS migration and invasion, 
implying that β-catenin signaling might be involved in 
AQP1 siRNA-induced inhibition of CIA FLS migration 
and invasion.

AQP1 siRNA Inhibited the Activation of 
β-Catenin Signaling Pathway in CIA FLS
We observed whether AQP1 siRNA could regulate β-catenin 
signaling in CIA FLS using Western blot analysis and TOP/ 
FOP flash luciferase assay (Figure 7). We found that the 
protein levels of β-catenin signaling pathway members in 
CIA FLS, including β-catenin, p-GSK-3β (Ser9), c-myc, 
cyclin D1 and MMP9, were much higher than those in 
normal FLS (Figure 7A and B). Compared with CIA FLS 
group, AQP1 siRNA could significantly reduce the protein 

Figure 6 Suppression of CIA FLS migration and invasion by AQP1 siRNA was canceled by LiCl. (A) Typical photos of cells that crossed the membrane coated without or 
with matrigel, measured by transwell assay for detecting migration or invasion (×100). (B) Histogram shows numbers of migrated cells per microscopic field. (C) Histogram 
shows numbers of invasive cells per microscopic field. The data are mean ± SEM of three independent experiments performed in triplicate. ##P < 0.01 compared with normal 
FLS group. **P <0.01 compared with CIA FLS group. &&P < 0.01 compared with AQP1 siRNA group. 
Abbreviations: AQP1, aquaporin 1; CIA, collagen-induced arthritis; FLS, fibroblast-like synoviocyte; LiCl, lithium chloride; NC, negative control; siRNA, small interfering 
RNA.
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levels of β-catenin signaling pathway members. As shown in 
Figure 7C, the ratio of TOP/FOP in CIA FLS was signifi-
cantly increased when compared with that in normal FLS, 
further indicating the activation of β-catenin signaling in 
CIA FLS, whereas AQP1 siRNA apparently inhibited the 
ratio of TOP/FOP in contrast to CIA FLS group. As we 
expected, LiCl canceled the inhibitory effect of AQP1 
siRNA on β-catenin signaling in CIA FLS.

Discussion
Rat CIA model shares many pathological changes of RA, 
such as joint damage, extremities swelling and synovial 
inflammation, highlighting the value of this animal model 
for studying RA pathology and therapeutic drugs.15–17 In 
this study, rat CIA model was successfully set up, evidenced 
by increased secondary hind paw swelling and the patholo-
gical changes of ankle joints. We revealed that there existed 
the overexpression of AQP1 in synovial tissues from CIA 
rats, consistent with previous findings that synovial AQP1 
expression was up-regulated in RA joints compared to nor-
mal and OA joints.4,5 Particularly, we verified that synovial 
AQP1 expression of CIA rats increased in parallel with the 
secondary paw swelling and total pathological score on 
ankle joint damage, indicating that the synovial AQP1 over-
expression was associated with the severity of rat CIA.

Increasing evidence has revealed that Wnt/β-catenin 
signaling is involved in RA pathogenesis, and its inhibition 
may be an effective treatment for RA.10 β-catenin is 
an important regulator in Wnt/β-catenin pathway and 

β-catenin as a transcriptional co-activator can bind with 
T-cell factor/lymphoid enhancer factor (TCF/LEF) tran-
scription factor family,24 causing target gene transcriptions 
(e.g., c-myc, cyclin D1 and MMPs) and regulating cell 
proliferation, migration and invasion.25 Interestingly, the 
cross-talk between AQPs and β-catenin signaling has been 
verified in many types of normal and tumor cells.11,12,20 

AQP1 can co-immunoprecipitate with β-catenin and FAK 
or lin7 to form stable complex. Then, AQP1 improves 
β-catenin protein level through reducing the ubiquitination 
and degradation of β-catenin and finally activates β-catenin 
signaling.11,12 GSK-3β can promote the phosphorylation of 
β-catenin and the phosphorylated β-catenin can be degraded 
by the ubiquitin/proteasome pathway. A recent study has 
indicated that AQP3 overexpression can increase p-GSK- 
3β (Ser9) protein levels and inactivate GSK-3β, causing 
β-catenin accumulation in nucleus and the activation of 
β-catenin signaling.20 Given the verified interaction of 
AQPs and β-catenin signaling in other diseases, we 
hypothesized that β-catenin signaling would play an impor-
tant role in the pathogenesis of AQP1 in RA. In this study, 
β-catenin was overexpressed in both CIA rat synovial tis-
sues and cultured CIA FLS, similar to previous findings that 
β-catenin is highly-expressed in synovium and cultured RA 
FLS.26,27 Importantly, correlation analysis of IHC results 
indicated that the synovial AQP1 expression was positively 
correlated with synovial β-catenin expression in CIA rats, 
implying that β-catenin signaling might be involved in the 
pathogenic role of AQP1 in rat CIA.

Figure 7 AQP1 siRNA inhibited the activation of β-catenin signaling in CIA FLS. (A) The protein expressions of β-catenin signaling pathway members such as β-catenin, 
p-GSK-3β (Ser9), c-myc, cyclin D1 and MMP9, detected by Western blot analysis. (B) The quantitative analysis of protein relative values, β-actin serves as house-keeping 
protein. (C) The ratio of TOP/FOP, an indicator of the activity of TCF/LEF transcription factors. The data are mean ± SEM of three independent experiments performed in 
triplicate. ##P < 0.01 compared with normal FLS group. **P <0.01 compared with CIA FLS group. &&P < 0.01 compared with AQP1 siRNA group. 
Abbreviations: AQP1, aquaporin 1; CIA, collagen-induced arthritis; FLS, fibroblast-like synoviocyte; FOP, T cell factor (TCF) reporter plasmid containing mutated TCF 
binding site; LiCl, lithium chloride; MMP9, matrix metalloproteinase 9; NC, negative control; p-GSK-3β, phosphor-GSK-3β; siRNA, small interfering RNA; TOP, T cell factor 
(TCF) reporter plasmid containing TCF binding site.
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FLS, a cell type composed of synovial lining layer, is 
the crucial effector cell in inflammatory arthritic diseases 
including RA.6 The activated FLS enhances the produc-
tions of inflammatory mediators and MMPs, eventually 
causing synovial inflammation and joint damage in RA 
patients.28 RA FLS displays multiple tumor-like pheno-
types, such as aggressive proliferation, apoptosis resis-
tance, enhanced migration and invasion, all of which are 
critical factors of synovial hyperplasia and cartilage ero-
sion caused by RA FLS.6,28 The imbalance between pro-
liferation and apoptosis of RA FLS leads to synovial 
hyperplasia.29 RA FLS migration is partly responsible for 
spreading arthritis destruction to distant joints.30 RA FLS 
invasion is considered to be as aggressive as tumor cells 
and RA FLS can invade articular cartilage even in absence 
of immune cells.31 Therefore, inhibition of FLS activation 
highlights the therapeutic potential for RA. Previous stu-
dies have indicated that AQP1 can enhance cell prolifera-
tion, migration and invasion of certain classes of cancer 
cells.7–9 Herein, coupled with an increased level of AQP1 
protein, the cultured CIA FLS exhibited excessive prolif-
eration, promoted migration and invasion, suggesting that 
AQP1 overexpression might enhance these abnormal 
behaviors of CIA FLS. On the contrary, we found that 
AQP1 knockdown by siRNA suppressed cell proliferation, 
migration and invasion of the cultured CIA FLS, accordant 
to previous reports describing a role of AQP1 siRNA or 
AQP1 inhibitor reducing the proliferation and migration of 
tumor cells.32–34 Our findings provided new evidence of 
the potential association between AQP1 and the aggressive 
nature of RA FLS.

β-catenin signaling has been confirmed to be involved in 
the activation of RA FLS by regulating cell proliferation, 
migration and invasion.10,35,36 To clarify the inhibitory effect 
of AQP1 siRNA on CIA FLS was mediated by β-catenin 
signaling, we observed whether AQP1 siRNA could suppress 
β-catenin signaling in CIA FLS. As expected, AQP1 siRNA 
significantly reduced the protein levels of β-catenin signaling 
pathway members, including β-catenin, p-GSK-3β (Ser9), 
c-myc, cyclin D1 and MMP9. The key step of β-catenin 
signaling activation is that β-catenin accumulated in nucleus 
regulating gene expression together with TCF/LEF transcrip-
tion factor.37 TOP/FOP luciferase assay was used to detect 
the transcriptional activity of TCF/LEF. TOP flash plasmid 
with TCF binding sequences in upstream of luciferase 
promoter regulates luciferase expression according to 
β-catenin activity, whereas FOP flash plasmid with mutated 
TCF binding sequences shows no dependence on β-catenin 

activity. The ratio of TOP/FOP was regarded as an activation 
indicator of β-catenin signaling.38 In this study, AQP1 siRNA 
remarkably reduced the ratio of TOP/FOP in CIA FLS, further 
indicating its inhibitory effect on β-catenin signaling. LiCl as 
an inhibitor of GSK-3β can promote the phosphorylation of 
GSK-3β (Ser9) and increase the protein level of β-catenin, 
thus this compound is used as a classic activator of β-catenin 
signaling.39 In the present study, LiCl abolished the inhibitory 
effect of AQP1 siRNA on CIA FLS proliferation, migration 
and invasion, associated with the recovery of the activity of β- 
catenin signaling. Our results suggested that AQP1 siRNA 
exhibited inhibitory effects on the activation of CIA FLS by 
suppressing β-catenin signaling.

In summary, we concluded that the synovial AQP1 over-
expression aggravated rat CIA by promoting FLS activation 
through β-catenin signaling pathway. This study presents 
certain experimental evidence that AQP1 could be 
a therapeutic target for RA and AQP1 inhibitors might be 
considered as a kind of potential anti-rheumatic agent for 
RA therapy. However, in view of the fact that AQP1 can be 
expressed in various tissues including synovial tissue, inhi-
bition of AQP1 might lead to a variety of systemic side 
effects. Further studies are needed to improve the targeting 
selectivity of AQP1 inhibitors to the inflamed synovium and 
reduce the possible adverse reactions.
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