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Behavior alterations in fibroblast-like synoviocytes (FLS) contribute to a pivotal role in patho-
genesis of rheumatoid arthritis (RA). MiRNAs are closely involved in a variety of pathologic
conditions. In the present study, we aimed to screen for the aberrant expression of miR-
NAs in rheumatoid arthritis fibroblast-like synoviocytes (RA-FLS) to further identify the al-
tered expression of miR-26a-5p in RA-FLS and to investigate the role of miR-26a-5p in
RA. The altered expression of miR-26a-5p in RA-FLS was screened by microarray analy-
sis and confirmed by quantitative real time PCR. The effect of miR-26a-5p on proliferation,
cell cycle, apoptosis, and invasion in RA-FLS were studied. The verification of miR-26a-5p
target mRNA and downstream signaling pathway was elucidated by bioinformatics analy-
sis, dual luciferase reporter assay, and western blot. Expression of miR-26a-5p was higher
in RA-FLS than in fibroblast-like synoviocytes from osteoarthritis patients and trauma pa-
tients. Overexpression of miR-26a-5p RA-FLS promoted cells proliferation, G1/S transition,
cells invasion, and resisted apoptosis in RA-FLS, whereas it led to contrary effects when
inhibiting the expression of miR-26a-5p. The 3′UTR of tensin homolog (PTEN) was directly
targetted by miR-26a-5p and activation of phosphoinositide 3-kinase (PI3K)/AKT pathway
was observed when overexpression of miR-26a-5p. Our study suggested that miR-26a-5p
has a complementary role in cells proliferation, invasion, and apoptosis of RA-FLS, which
may be attributed to its activation effect on PI3K/AKT signaling pathway via targetting PTEN.
MiR-26a-5p is likely to be a clinically helpful target for novel therapeutic strategies in RA.

Introduction
Rheumatoid arthritis (RA) is a common systemic autoimmune disease, characterized by chronic in-
flammatory of the joints, destruction in cartilage and joint bone, and a series of extra-articular man-
ifestations including rheumatoid nodules, pulmonary interstitial disease, and Felty’s syndrome [1,2].
It is commonly accepted that fibroblast-like synoviocytes (FLS) play a crucial role in the pathological
changes of RA [3]. Rheumatoid arthritis FLS (RA-FLS) display a range of aggressive features including
hyperproliferation, apoptosis resistance, increased invassiveness, and production of inflammatory medi-
ators [4,5]. Increasing evidence suggests that the interaction of the environmental, immunological, and
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genetic components contribute to the progression of RA [6]; however, the pathogenesis of RA, in particular the molec-
ular mechanism of behavior alterations in RA-FLS, has remained to be completely clarified.

MiRNAs are a group of endogenous approximately 22-nucleotide-long noncoding RNAs, negatively regulating the
expression of protein-coding genes by post-transcriptional regression or degradation of mRNA though targetting
3′UTR of the genes [7]. It is believed that miRNAs potentially regulate at least 20–30% of all human protein cod-
ing genes [8], which are closely involved in a series of biological process including cell cycle, cellular proliferation,
differentiation, apoptosis, and immunoreaction [9–11]. It has been found that altered expression of miRNAs play
functional roles in the development of a variety of human diseases, including cancer [12], gastrointestinal diseases
[13], cardiovascular diseases [14], and autoimmune diseases [15]. In particular, several previous studies have focussed
on the role of miRNAs in RA-FLS and revealed that up-regulated or down-regulated certain miRNAs were involved in
the alteration of proliferation, invasion, and apoptosis in RA-FLS, indicating that the identification of these miRNAs
might contribute to our understanding about the molecular mechanism of RA [16–18].

To further investigate the potential role of miRNAs in RA, in the present study we performed microarray analysis
to find out the altered expression profile of miRNA in RA-FLS. We found that miR-26a-5p, which plays multiple roles
in proliferation and metastasis of various cells [19–21], was up-regulated in RA-FLS, and the finding was confirmed
by quantitative real time PCR (qRT PCR). To elucidate the role of miR-26a-5p in RA-FLS, we further studied its effect
on cells proliferation, cell cycle, apoptosis, and invasion in RA-FLS, as well as verification of a predicted target and
the potential signaling pathway. Finally, our data identified miR-26a-5p as a regulator in cells proliferation, invasion,
and apoptosis resistance of RA-FLS, which may be attributed to its activation effect on phosphoinositide 3-kinase
(PI3K)/AKT signaling pathway via targetting PTEN. Overall, our findings support a previously undefined function
for miR-26a-5p wherein it participates in the activation of RA-FLS, is a potential target for novel therapeutic strategies
in RA.

Materials and methods
Synovial tissue and fibroblast-like synoviocytes
Synovial tissue specimens were collected during knee joint replacement surgery or synovial biopsy from eight pa-
tients with RA, nine patients with OA, and eight patients with joint trauma in Guangdong Second Provincial General
Hospital. All RA patients fulfilled the 2010 American College of Rheumatology/European League Against Rheuma-
tism Classification Criteria for Rheumatoid Arthritis [22]. The classical method of enzyme digestion was used to
isolate primary fibroblast-like synoviocytes. Synovial tissue specimens were minced and digested with Collagenase
Type I (Sigma–Aldrich, U.S.A.) at 37◦C for 2 h. After filtration and washing, cells were cultured in high glucose (4500
mg/l) DMEM (Sigma–Aldrich, U.S.A.) with 15% fetal bovine serum (FBS), penicillin (100IU/ml), and streptomycin
(100IU/ml). Cells were grown at 37◦C in a humidified atmosphere with the presence of 5% CO2. The fibroblast-like
synoviocytes harvested between passages 4 and 6 were available for the follow-up experiments. Demographic and clin-
ical data of included participants (Han Chinese) are shown in Supplementary Table S1. Ethical approval was granted
by the Ethics Committees of Guangdong Second Provincial General Hospital, and the written informed consent was
obtained from all the included patients.

Total RNA extraction
Total RNA was extracted from the fibroblast-like synoviocytes by means of TRIzol reagent (Thermo Scientific, U.S.A.)
and the RNA-containing aqueous phase was further purified by RNeasy MinElute Cleanup kit (QIAGEN, Germany)
following the manufacturer’s protocols. Total RNA of fibroblast-like synoviocytes was prepared for miRNA expression
analyses including microarray analysis and qRT PCR assay. RNA integrity and purity were confirmed with 1% agarose
gel electrophoresis and a Nanodrop 2000 spectrophotometer (Thermo Scientific, U.S.A.).

Microarray analysis
Altered expression of miRNA in RA-FLS and fibroblast-like synoviocytes from knee trauma patients was assessed
by microarray analysis. Total RNA samples from three RA patients and three knee joint trauma patients (controls)
were labeled with Hy3™ and Hy5™ fluorescent label, respectively, using the miRCURY™ LNA Array power labeling kit
(Exiqon, Denmark). Then the samples were hybridized using a miRCURY LNA™ Array microarray kit (Exiqon, Den-
mark), with capture probes for miRNAs. The hybridization signal was detected by scanner Genepix 4000B (Axon In-
struments) and analyzed with Genepix 6.0 (Axon Instruments). Significantly expression of a miRNA between groups
was defined as |log2 Ratio |≥1 and P<0.05.
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Quantitative real time PCR
qRT-PCR was carried out in all total RNA samples to evaluate miR-26a-5p expression in RA-FLS, OA-FLS,
and fibroblast-like synoviocytes from knee trauma patients, using Hairpin-itTM miRNAs qPCR Quantitation kit
(GenePharma, China) and Hairpin-itTM U6 snRNA qPCR Normalization kit (GenePharma, China). Small nuclear
U6 RNA was quantitated as an internal control for normalization. The quantitative RT-PCR was performed by using
PRISM® 7500 Sequence Detection System (ABI, U.S.A.). Quantitative RT-PCR analysis was performed according to
manufacture’s instructions. All the tests were repeated three-times. Relative quantitation of miR-26a level was com-
puted by the comparative Ct (2−��C

T) method. Oligonucleotides sequences used in the qRT-PCR for miR-26a-5p
were forward 5′-ACACTCCAGCTGGGTTCAAGTAATCCAGGA-3′, Reverse 5′-TGGTGTCGTGGAGTCG-3′, and
for U6 were forward 5′-CTCGCTTCGGCAGCACA-3′, Reverse 5′- ACGCTTCACGAATTTGCGT-3′.

Transfection
MiR-26a-5p mimic, inhibitor, and corresponding negative control (NC) were synthesized by GenePharma, China.
RA-FLS were cultured in DMEM (Sigma–Aldrich, U.S.A.) with 10% FBS for 24 h. Then RA-FLS were transfected by
miR-26a-5p mimic, inhibitor, and NC (20 μM) by using lipofectamine 2000 reagent (Invitrogen, U.S.A.) at 60–80%
of confluence in well plates. Likewise, cells were grown at 37◦C in a humidified atmosphere with the presence of
5% CO2. In addition, RA-FLS cells were treated with the PI3K/Akt inhibitor LY294002 (30 μM) (Sigma–Aldrich,
U.S.A.) or LY294002 + miR-26a-5p mimic. Sequences of miR-26a-5p mimic, mimic NC, miR-26a-5p inhibitor, and
inhibitor NC are listed as follow: miR-26a-5p mimic sense: 5′-UUCAAGUAAUCCAGGAUAGGCU-3′, anti-sense:
5′-CCUAUCCUGGAUUACUUGAAUU-3′. mimic NC: sense: 5′-UUCUCCGAACGUGUCACGUTT-3′, anti-sense:
5′-ACGUGACACGUUCGGAGAATT -3′. MiR-26a-5p inhibitor: 5′-AGCCUAUCCUGGAUUACUUGAA-3′. In-
hibitor NC: 5′-CAGUACU UUUGUGUAGUACAA-3′.

Dual luciferase reporter assay
The wild-type PTEN 3′UTR and mutated PTEN 3′UTR were cloned into psiCHECK-2 vector (Promega, U.S.A.) to
construct psiCHECK-2-PTEN-W 3′UTR (wild type) and psiCHECK-2-PTEN-M 3′UTR (mutant) according to man-
ufacturer’s instruction. MiR-26a-5p mimic (or mimic NC) and the luciferase vector were co-transfected into RA-FLS
when RA-FLS were grown to 60–80% of confluence in a 24-well plate. Cells were collected 48 h later for fluorescence
detection. Both renilla luciferase activity and firefly luciferase activity were measured, and firefly luciferase activity
was used as a control for normalization.

Western blot
MiR-26a-5p transfection and LY294002 treatment were done as previously described. Total protein of RA-FLS was
collected by using a Membrane and Cytosol Protein Extraction kit (Beyotime, China). The cell proteins were separated
by using SDS/PAGE. The proteins in gel were transferred into a small wet PVDF membrane, followed by blocked with
a blocking buffer (Tris-buffered saline, 0.1% Tween 20, and 5% skimmed milks). Then the membrane was incubated
with primary antibody of PTEN, GAPDH, β-actin, AKT, phosphorylated AKT (p-AKT Ser473) (CST, U.S.A.), and
goat anti-rabbit secondary antibody (Beyotime, China). Intensity of protein bands was evaluated by quantity 1D
analysis software and gel doc imaging system, using PTEN as a standard.

Cells proliferation assay
RA-FLS proliferation was assessed by cell counting-kit-8 (CCK-8) (beyotime, China) assay. MiR-26a-5p mimic, in-
hibitor or NC was transfected into RA-FLS as previously described. Cells proliferation assay was performed from day
0 (before administration) to day 4 (after administration) following the manufacturer’s instruction. The optical den-
sity was measured at 450 nm using a microplate reader (Thermo Scientific, U.S.A.), and all the tests were performed
independently in triplicate.

Cells cycle assay
Cells cycle assay was assessed by LSR flow cytometry (BD, U.S.A.). RA-FLS was treated with miR-26a-5p mimic,
inhibitor or NC as previously described. After incubation for 48 h, cells were harvested and fixed with 70% ice-cold
anhydrous ethyl alcohol overnight at 4◦C. Then the cells were washed with PBS and incubated with 500 μl PBS
(50 μg/ml propidium, 0.2% Triton X-100, 100 μg/ml RNase A). The specific fluorescence intensity was detected by
fluorescence-label flow cytometry.
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Apoptosis analysis
Apoptosis analysis was also assessed with Annexin V-FITC/propidium iodide apoptosis detection kit (Sigma–Aldrich,
U.S.A.) using LSR II flow cytometry (BD, U.S.A.). Cells were plated in a 48-well plate at a density of 0.5 × 106 per
well. After incubation for 48 h post-transfection, cells were harvested and incubated with 10 μl Annexin V-FITC and
5 μl PI Staining Solution. Flow cytometry data were analyzed using CellQuestPro software (BD, U.S.A.).

Cells invasion assay
RA-FLS invasion ability was assessed by using transwell 24-well chambers (Corning, U.S.A.). MiR-26a-5p mimic,
inhibitor or NC was transfected into RA-FLS as previously described. RA-FLS (2 × 103/well) were seeded in the
upper chamber coated with Matrigel, while the lower chamber was filled with 500 μl DMEM medium containing
10% FBS. After incubation for 24 h, cells that invaded the gel and Matrigel to the lower chamber of membrane were
fixed with 4% paraformaldehyde for the count of cells for 30 min. Then, the membranes were dried and cells that
penetrated to the bottom were stained with crystal violet (Beyotime, China) for 20 min and counted.

Statistical analysis
The continuous data were described as means +− S.D., and the categorical data were described as numbers (n). Com-
parison of independent samples was performed by using student’s t test, One-way ANOVA or non-parametric test
(Wilcoxon rank sum test) using SPSS 21.0 software (IBM Corp, Armonk, NY, U.S.A.). The figures were created using
Photoshop 7.0 software (GraphPad Software, U.S.A.). A value of P<0.05 was considered to be statistically significant.

Results
Up-regulated expression of miR-26a-5p was observed in RA-FLS
The expression profiles of miRNAs in fibroblast-like synoviocytes from three RA patients and three knee joint
trauma patients were evaluated by miRNA microarray analysis. Compared with fibroblast-like synoviocytes from
knee joint trauma patients, up-regulated expression of nine miRNAs (miR-203, miR-323, miR-223, miR-142-3p,
miR-133a, miR-211, miR-26a-5p, miR-373, miR-155) were observed in RA-FLS, whereas four miRNAs (miR-141,
miR-34a, miR-145, miR-124a) were significantly down-regulated (Figure 1A). To further verify the altered expression
of miR-26a-5p from microarray data, quantitative RT-PCR analysis were performed in FLS samples from eight RA
patients, eight osteoarthritis (OA) patients and nine knee joint trauma patients. It suggested that levels of miR-26a-5p
was 5.1-fold higher in cultured RA-FLS than in OAFLS and 6.1-fold higher than in fibroblast-like synoviocytes from
knee trauma patients (P<0.01) (Figure 1B).

MiR-26a-5p promoted cells proliferation in RA-FLS
The effect of miR-26a-5p on cells proliferation in RA-FLS was determined from day 0 (before administration) to
day 4 (after administration) using CCK8 assays. MiR-26a-5p mimic highly stimulated the growth of RA-FLS from
day 2 (Figure 2A). Reversely, miR-26a-5p inhibitor inhibited the growth of RA-FLS from day 2 (Figure 2A). Results
showed that cell proliferation rate was slightly higher in RA-FLS transfected with miR-26a-5p mimic compared with
that transfected with mimic NC in day 2 (375.30 +− 24.59% vs 349.33 +− 30.42%, P<0.05), and was obviously higher
in RA-FLS transfected with miR-26a-5p mimic compared with that transfected with mimic NC in day 4 (520.06 +−
33.70% vs 419.88 +− 40.05%, P<0.01) (Figure 2B). On the contrary, CCK8 assays demonstrated that down-regulation
of miR-26a-5p exerted an inhibitory effect on cells proliferation in RA-FLS (Figure 2B).

MiR-26a-5p promoted G1/S transition in RA-FLS
Flow cytometry indicated altered distribution of cell cycle at different phases in RA-FLS when regulating the expres-
sion of miR-26a-5p (Figure 3A). Briefly, cells at the G1 phase significantly decreased in miR-26a-5p mimic-transfected
RA-FLS compared with mimic NC (68.95 +− 0.35 vs 77.05 +− 0.88, P<0.01), followed by increased in S phase (19.4 +−
0.73 vs 14.39 +− 0.55, P<0.01) and G2/M phase (11.65 +− 0.38 vs 8.56 +− 0.49, P<0.01) (Figure 3B). However, when
treated with miR-26a-5p inhibitor, cells at the G1 phase significantly increased in miR-26a-5p mimic-transfected
RA-FLS compared with mimic NC (82.84 +− 0.88 vs 74.39 +− 0.45, P<0.01), followed by decreased in S phase (9.31 +−
2.33 vs 15.3 +− 1.36, P<0.01) and G2/M phase (7.86 +− 1.46 vs 10.31 +− 0.91, P<0.05) (Figure 3B).

MiR-26a-5p inhibited cells apoptosis in RA-FLS
After treated with miR-26a-5p mimic, inhibitor or NC, cells apoptosis was appraised in RA-FLS using flow cytometry
(Figure 4A). Results showed that the percentage of late apoptosis rate reduced in RA-FLS treated with miR-26a-5p
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Figure 1. Up-regulated expression of miR-26a-5p was found in RA-FLS by miRNA microarray analysis and confirmed by

quantitative RT-PCR analysis

(A) The altered expression profile of miRNAs in RA-FLS compared with trauma FLS (control) by miRNA microarray analysis. (Red:

up-regulation; green: down-regulation) (B) Compared with OA (n = 9) and trauma (n = 8), levels of miR-26a-5p is up-regulated in

RA-FLS (n = 8), determined by quantitative RT-PCR analysis. **P<0.01.
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Figure 2. Effect of miR-26a-5p on cells proliferation in RA-FLS

(A) CCK8 analysis showed that miR-26a-5p mimic promoted cell proliferation in RA-FLS and miR-26a-5p inhibitor had an inhibitory

effect on cell proliferation. (B) Cell proliferation rate in RA-FLS significantly increased in miR-26a-5p mimic group and decreased

in miR-26a-5p inhibitor group from day 2. (*P<0.05, **P<0.01).

mimic when compared with that treated with mimic NC (4.09 +− 0.2 vs 7.37 +− 0.25, P<0.05), when early apoptosis
rate indicated no difference between the two groups (Figure 4B). Early apoptosis rate (32.85 +− 0.2 vs 6.21 +− 2.88,
P<0.01) increased in RA-FLS treated with miR-26a-5p inhibitor when compared with that treated with inhibitor
NC, whereas late apoptosis rate reduced in RA-FLS treated with miR-26a-5p mimic when compared with that treated
with inhibitor NC (3.51 +− 0.06 vs 6.21 +− 1.32, P<0.01) (Figure 4B). However, miR-26a-5p inhibitor significantly
induced the overall apoptosis including early and late apoptosis in RA-FLS compared with inhibitor NC (P<0.01)
(Figure 4B).

MiR-26a-5p enhanced cells invasion in RA-FLS
Effect of miR-26a-5p on the cells invasion ability of RA-FLS was determined by Transwell matrigel invasion assays
after incubation for 24 h with miR-26a-5p mimic, inhibitor or NC (Figure 5). Results showed that overexpression of
miR-26a-5p strengthen the cells invasion in RA-FLS, while down-regulation of miR-26a-5p inhibited cell invasion.
More cells invaded the gel and Matrigel to the lower chamber of membrane in RA-FLS treated with miR-26a-5p
mimic, when compare with that treated with mimic NC (94 +− 20.28 vs 51.5+−6.98, P<0.01). Reversely, miR-26a-5p
inhibitor decreased cells invasion when compare with that treated with inhibitor NC (54.5 +− 6.5 vs 33.17 +− 3.97,
P<0.01).
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Figure 3. MiR-26a-5p promoted G1/S transition in RA-FLS by cell cycle analysis

(A) Distribution of cell cycle at different phases, measured by flow cytometry analysis. (B) The cell percentages at different phases

indicated a cell cycle acceleration in G1/S transition when treated with miR-26a-5p mimic, while a cell cycle deceleration in G1/S

transition when treated with miR-26a-5p inhibitor (*P<0.05, **P<0.01).
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Figure 4. MiR-26a-5p prohibited cell apoptosis in RA-FLS

(A) Annexin V-FITC/PI assay was used to measure cell apoptosis in RA-FLS. (B) Late apoptosis rate reduced in RA-FLS treated

with miR-26a-5p mimic when compared with that treated with mimic NC; both early and late apoptosis rate increased RA-FLS

treated with miR-26a-5p inhibitor when compared with that treated with inhibitor NC. (*P<0.05).
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Figure 5. MiR-26a-5p promoted cells invasion in RA-FLS

(A) More cells invaded the gel and matrigel to the lower chamber of membrane when treated with miR-26a mimic. (B) Number of

RA-FLS invaded after 24 h is presented. (**P<0.01).
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Figure 6. MiR-26a-5p attenuated PTEN expressions

(A) The predicted region of PTEN 3′UTR targetted by miR-26a-5p (predicted by TargetScanHuman 7.1). Nucleotide changes for

binding site mutants are indicated. And the schematic presentation of the reporter plasmid used to illustrate the effect of PTEN

3′UTR on luciferase activity. (B) PTEN was the directed targetted gene of miR-26a-5p, confirmed by the luciferase reporter system.

(C) MiR-26a-5p suppressed the expression of PTEN protein, measure by western blot. (*P<0.05, **P<0.01).

MiR-26a-5p directly targets PTEN
To further investigate the underlying mechanism of miR-26a-5p in RA-FLS, TargetScan (http://www.targetscan.org/
vert 72/), microRNA.org (http://www.microrna.org/microrna/home.do) and PicTar (https://pictar.mdc-berlin.de/)
were employed to predict the potential targets of miR-26a-5p. PTEN, an important regulator for cells growth and
function, was predicted to be a potential target of miR-26a-5p by bioinformatics analysis. Using TargetScan, it was
found that four putative miR-26a-5p seed match sites targets in the 3′UTR of PTEN (Figure 6A). To validate whether
miR-26a-5p can directly target PTEN, a dual luciferase report gene system was constructed (Figure 6A). Overex-
pression of miR-26a-5p significantly suppressed the luciferase activity of psiCHECK-2-PTEN-W 3′UTR in RA-FLS,
whereas had no effect on the luciferase activity of psiCHECK-2-PTEN-M 3′UTR (Figure 6B). Western blot to fur-
ther confirm the effect of miR-26a-5p on PTEN was performed. It suggested that miR-26a-5p mimic significantly
decreased PTEN expression while miR-26a-5p inhibitor significantly up-regulate expression of PTEN in RA-FLS
(Figure 6C).

MiR-26a-5p mediates the activation of PI3K-AKT pathway
To clarify whether miR-26a-5p promoted the activation of PI3K-AKT pathway in RA-FLS, protein expression of AKT
and p-AKT levels were analyzed in cell lysates by western blotting at 48 h after transfection with miR-26a-5p mimic,
mimic NC, miR-26a-5p inhibitor, and inhibitor NC. It was shown that overexpression of miR-26a-5p by transfected
with miR-26a-5p mimic up-regulated protein expression of p-AKT, while no change was observed regarding to pro-
tein expression of total AKT, despite the presence of miR-26a-5p (Figure 7). Densitometry results showed that the
p-AKT(S473)/AKT ratio in RA-FLS transfected with miR-26a-5p mimic was significantly higher than that transfected
with mimic control (P<0.05). Reversely, protein expression of p-AKT was inhibited by miR-26a-5p inhibitor, while in
RA-FLS transfected with miR-26a-5p inhibitor, while protein expression of total AKT remained unchanged in RA-FLS

10 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 7. miR-26a-5p regulated protein expression of p-AKT

(A) The expressions of PI3K/AKT pathway relevant proteins (AKT and p-AKT) after transfection. (B,C) p-AKT (S473)/AKT ratio in

RA-FLS transfected with miR-26a-5p mimic was significantly higher than that transfected with mimic control, and p-AKT (both T308

and S473)/AKT ratio in RA-FLS transfected with miR-26a-5p inhibitor was significantly lower than that transfected with inhibitor

control. (*P<0.05, **P<0.01).
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transfected with miR-26a-5p inhibitor. Densitometry results showed that the p-AKT (both S473 and T308)/AKT ratio
in RA-FLS transfected with miR-26a-5p inhibitor was significantly lower than that transfected with inhibitor control
(P<0.01). In addition, RA-FLS cells were treated with the PI3K/Akt inhibitor LY294002 or LY294002 + miR-26a-5p
mimic (Figure 8). p-AKT (both S473 and T308)/AKT ratio in RA-FLS transfected with LY294002 was significantly
lower than that transfected with mimic control (P<0.01), and p-AKT (both T308 and S473)/AKT ratio in RA-FLS
transfected with both LY294002 and miR-26a-5p mimic was significantly higher than that transfected with LY294002
(P<0.01). Thus, miR-26a-5p reversed the inhibitory effect of LY294002 on PI3K/AKT pathway.

Discussion
RA-FLS, contributing to the formation of hyperplastic synovial pannus tissue, are one of the key effector cells in
the pathogenesis of rheumatoid arthritis [23]. RA-FLS are linked to the initiation, perpetuation, and progression of
RA by producing pro-inflammatory cytokines and a variety of cell adhesion molecule and protein kinases, inducing
inflammation and finally leading to destruction of cartilage and bone [24]. According to previous studies, a group of
miRNAs have been found to be dysregulated in RA-FLS, including miR-133a, miR-142-3p, miR-142-5p, miR-146a,
miR-155, miR-203, miR-323-3p, miR-124a, and miR-34a [25]. Several miRNAs were demonstrated to be involved
in a series of the fundamental biologic processes in RA by regulating RA-FLS proliferation, invasion, apoptosis, and
cell secretion [18,26–28]. By preliminary screening with microarray analysis and confirmation with qRT PCR, we
identified miR-26a-5p as a new miRNA which was up-regulated in RA-FLS.

It has been revealed that miR-26a-5p plays multiple and converse roles in proliferation and metastasis of differ-
ent cancers via regulation of different targets. Several studies suggested that miR-26a-5p acts as a suppressor in
cancer tissues [29,30]. Significantly growth inhibition was found in estrogen stimulated tumor xenograft models
and ER+ breast cancer cells when up-regulating miR-26a expression [30]. Moreover, some researches demonstrated
miR-26a-5p may also indirectly promote initiation and progression of some cancers [20,31,32]. Up-regulated ex-
pression of miR-26a was observed in gastric cancer cells MKN-28 and promoted cells proliferation, migration and
invasion [32]. miR-26a-5p was found to be significantly increased in plasma and tissue from bladder cancer tissues
and promoted the progression of bladder cancer [20].

Apart from regulation roles in cancers, miR-26a-5p also has important roles in the regulation of cells function
in non-cancer diseases [33,34]. It was found that miR-26a was up-regulated during skeletal muscle differentiation
and overexpression of miR-26a promoted myoblasts differentiation while inhibition of miR-26a by regulating Smad1
and Smad4 [33]. To better investigate the effect of miR-26a-5p on RA-FLS proliferation, we assessed cell cycle pro-
gression and found that overexpression of miR-26a-5p highly stimulated the growth of RA-FLS from day 2 along
with reduction of G1 phase regarding to distribution of cell cycle. Reversely, cell proliferation rate in RA-FLS trans-
fected with miR-26a-5p inhibitor reached its peak in day 2, indicated an inhibitory effect on cell proliferation when
down-regulated miR-26a-5p expression. Taken together, our results suggested that miR-26a-5p promotes cell cy-
cle progression and proliferation of RA-FLS. Overexpression of miR-26a-5p also reduced apoptosis rate in RA-FLS
while inhibition of miR-26a-5p induced the overall apoptosis. Furthermore, a much larger amount of cells invaded
the gel and Matrigel to the lower chamber of membrane in RA-FLS when overexpressed miR-26a-5p. Hence, our
data showed that overexpression of miR-26a-5p strengthened cells proliferation, invasion, and apoptosis resistance
in RA-FLS, while miR-26a-5p was down-regulated along with the attenuation of cells proliferation, invasion, and
apoptosis resistance.

It is well known that PTEN is a common and important tumor suppressor involved in multiple types of cancers via
regulating downstream signal pathways [35–37]. Mutations or deletions of PTEN were observed in a variety of tumors
[38–40]. Therefore, regulation of PTEN may have some potential effects in RA-FLS, which is known to exhibit several
tumor cell-like characteristics. In fact, a lack of PETN expression has been found in the lining layer of RA synovial
tissue, which might be contributed to the invasive behavior of RA-FLS [41].

PI3K/AKT signal pathway is a common and central outgrowth and survival pathway, which regulated cell biolog-
ical functions in various diseases [42,43]. As one of key regulators in this pathway, PTEN dephosphorylates PIP3 to
PIP2, which leads to suppression of PI3K/Akt signaling pathway, whereas inhibition of PTEN promotes the activation
of the PI3K/Akt pathway [44]. Similarly, our study revealed that PTEN was a direct target of miR-26a-5p and PTEN
expression was significantly negative correlated with miR-26a-5p expression in RA-FLS. miR-26a-5p had activation
effect on PI3K/AKT signaling pathway via targetting PTEN. Hence, our study supported that miR-26a-5p is an in-
hibitory factor of PTEN and the effect of miR-26a-5p on cells proliferation, cells invasion and apoptosis resistance in
RA-FLS may be associated with activation of PI3K/AKT signaling pathway via targetting PTEN.
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Figure 8. MiR-26a-5p reversed the inhibitory effect of LY294002 on PI3K/AKT pathway

(A) The expressions of PI3K/AKT pathway relevant proteins (AKT and p-AKT) after transfection and LY294002 treatment. (B,C)

p-AKT (both S473 and T308)/AKT ratio in RA-FLS transfected with LY294002 was significantly lower than that transfected with

mimic control, and p-AKT (both S473 and T308)/AKT ratio in RA-FLS transfected with both LY294002 and miR-26a-5p mimic was

significantly higher than that transfected with LY294002. (**P<0.01).
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Figure 9. A proposed model for miR-26a-5p-mediated mechanism in RA-FLS

MiR-26a-5p, by targetting PTEN, enhances cells proliferation, invasion as well as apoptosis resistance of RA-FLS via PI3K/AKT

pathwa.

Conclusion
In summary, we identified miR-26a-5p as a new miRNA that is up-regulated in RA-FLS. Our study suggests that over-
expression of miR-26a-5p RA-FLS promoted cells proliferation, cells invasion, and apoptosis resistance in RA-FLS.
Furthermore, we find that the biological effects of miR-26a-5p on RA-FLS, at least partially, may be attributed
to its activation effect on PI3K/AKT signaling pathway via targetting PTEN. In conclusion, our study implies
that up-regulated miR-26a-5p in RA-FLS is possibly involved in synovial tissue pathological changes in RA, and
miR-26a-5p may serve as a new therapeutic target in RA (Figure 9).
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