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CUL4B promotes the pathology of adjuvant-induced arthritis in rats
through the canonical Wnt signaling
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Abstract
This work aims to discuss the possibility that disordered CUL4B was involved in the pathogenesis of adjuvant-induced arthritis
(AIA) in rats. Synovium and FLS from AIA rats both showed increased CUL4B and β-catenin, and up-regulated CUL4B
enhanced the canonical Wnt signaling by targeting the GSK3β. Increased CUL4B promoted the FLS abnormal proliferation,
activated the secretion of IL-1β and IL-8, and promoted the production of AIA pathology gene MMP3 and fibronectin.
Furthermore, miR-101-3p was significantly down-regulated in AIA rats compared with controls, and transfection of AIA FLS
with miR-101-3p mimics significantly down-regulated the CUL4B expression, whereas transfection with miR-101-3p inhibitors
resulted in an opposite observation. The dual-luciferase reporter assay confirmed that the CUL4Bwas a direct target of miR-101-
3p, and further analysis suggested that lowly expressed miR-101-3p contributed to disordered CUL4B activating the canonical
Wnt signaling pathway and further promoting the development of AIA rats. Thus clarification of the CUL4B roles in the
pathogenesis of AIA rats and corresponding mechanisms will contribute to the disease diagnosis and treatment for rheumatoid
arthritis (RA) patients.

Key messages
& CUL4B expression is up-regulated in synovium and FLS from AIA rats.
& Increased CUL4B promotes the canonical Wnt signaling.
& Increased CUL4B promotes the pathogenesis of AIA rats.
& Decreased miR-101-3p contributes to disordered CUL4B.
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Abbreviations
RA rheumatoid arthritis
CUL4B Cullin 4B
AIA adjuvant-induced arthritis
RING really interesting new gene

CRLs Cullin-RING ubiquitin ligase
PRC2 polycomb repressive complex 2
MTT 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazoliumbromide
DMSO dimethyl sulfoxide
FBS fetal bovine serum
WDR5 WD repeat containing protein5
PrxIII peroxiredoxin III
SDF-1 stromal cell derived factor 1

Introduction

Cullin-really interesting new gene (RING) ubiquitin ligase
(CRLs) is the largest E3 ubiquitin ligase family in eukaryotes,
which is associated with cell cycle, signal transduction, DNA
damage response, gene expression, chromatin remodeling,
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and embryonic development [1, 2]. In the eight cullins
(CUL1–7 and PARC) of higher organisms, the CUL4 subfam-
ily of CRLs contains two family members, the CUL4A and
CUL4B, which have extensive sequence homology and func-
tional redundancy [3, 4]. In recent years, a large number of
studies have confirmed that CUL4A and CUL4B are closely
related to cancer pathology [5]. However, the role of CUL4B
in cancer pathogenesis is uncertain. Researchers have found
that CRL4B interacted with polycomb repressive complex 2
(PRC2), and CRL4B could play a transcriptional inhibitory
activity by promoting H2AK119 single ubiquitination or by
interacting with PRC2 [6, 7]. Interestingly, removal of Cul4b
or depletion of CRL4B, the main component of CUL4B, not
only prevented H2AK119 single ubiquitination but also could
inhibit H3K27 methylation [8]. In view of in vivo and
in vitro experiments, the researchers suggested that
CUL4B promoted cell proliferation, invasion, and tumor
formation, and its expression was significantly up-
regulated in several human cancers [9, 10]. These studies
suggested that CUL4B has the important effect of promot-
ing tumor formation. However, the expression of CUL4B in
rheumatoid arthritis (RA) and its roles in RA pathological
regulation are still unclear.

RA is a chronic and progressive systemic autoimmune dis-
ease that primarily affecting the synovial membrane, leading
to bone and cartilage destruction, whereas it is frustrating that
its pathology is still unknown [11]. RA occurs in 0.5–1.0% of
the world population, and the prevalence can be as high as 5%
depending on the age group being investigated [12]. Other
systems may also be occasionally affected, and the progres-
sive character of RA makes it a potentially disabling disease
that affects the life quality and expectancy of RA patients [13].
In recent decades, there have been notable advances toward a
deeper understanding of the pathogenesis of RA, and this
deeper understanding has led to better diagnostic measures
and therapeutic effects for RA patients [14]. For RA treatment,
the initial phase of the disease, known as early RA, is a period
of time in which the initiation of appropriate treatment results
in marked clinical therapeutic effects, so early diagnosis and
treatment can change the course of the disease [15]. Therefore,
identification of new RA markers is particularly important for
early detection and treatment of RA patients.

A large number of studies have shown that CUL4B pro-
moted cell proliferation, invasion, and tumor formation, and
its expression was significantly up-regulated in a variety of
human cancers, suggesting that CUL4B has the effect of pro-
moting tumor formation [16]. We found that CUL4B expres-
sion was significantly up-regulated in adjuvant-induced arthri-
tis (AIA) rats, the RAmodel rats, compared with control, thus
we assumed that CUL4B might have important regulatory
effects in AIA pathogenesis.

AIA rats showed multiple peripheral arthritis, local joint
swelling, and severe joint deformity, and the pathological

changes are mainly proliferative synovitis, articular cartilage
destruction, and bone erosion, accompanied by inflammatory
cell infiltration. These clinical manifestations are similar to
human RA and are the ideal model for screening and studying
the treatment of RA drugs [17, 18]. In this work, AIA rats
were used as model animals for study of the roles of CUL4B
in RA pathogenesis. In view of the key role of FLS in the
pathogenesis of RA, the joint synovial tissue was isolated
from AIA rats, and tissue culture was used to culture FLS.
The expression of CUL4B in synovium and FLS from AIA
rats and controls were detected by real-time qPCR and west-
ern blotting. The roles of CUL4B in the canonical Wnt sig-
naling and the pathology development of AIA rats, and its
targets were investigated by real-time qPCR, western blotting,
double-luciferase reporter gene, ELISA, and MTT.
Furthermore, bioinformatics predicted that miR-101-3p,
miR-144-3p, and miR-146-5p are upstream regulatory factors
for CUL4B. In these miRNAs, we found that reduced miR-
101-3p was related to the increased CUL4B in AIA rats, thus
we investigated the differences in miR-101-3p expression in
AIA rats and the regulated roles of this miRNA in AIA
pathogenesis.

Materials and methods

Materials and reagents

Anti-Cullin 4B rabbit antibody and Anti-fibronectin mouse
antibody were purchased from Abcam (Cambridge, UK). β-
Catenin rabbit mAb, phospho-β-catenin rabbit mAb, c-Myc
rabbit mAb, cyclin D1 rabbit mAb, and MMP3 rabbit mAb
were purchased from Cell Signaling (Beverly, MA, USA).
Mouse monoclonal antibody against β-actin was purchased
from Santa Cruz Biotechnology (California, USA). MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbro-
mide) and DMSO (dimethyl sulfoxide) were purchased from
Sigma Inc. (St. Louis, MO, USA). MiScript® miRNA PCR
Array kit and QuantiFast® SYBR® Green PCR kit were pur-
chased from QIAGEN (Germany). MiR-101-3p mimics, in-
hibitors, and negative control sequences (NC-miRNA) were
purchased from Shanghai GenePharma Co., Ltd., Shanghai,
China. CUL4B, β-CATENIN, c-Myc, cyclin D1, MMP3,
FIBRONECTIN, and β-ACTIN primers were produced by
Shanghai Sangon Biological and Technological Company
(Shanghai, China).

AIA rat preparation and FLS culture

Male SD rats were purchased from Experimental Animal
Center of Anhui Medical University with a weight range of
160–180 g, and these experimental rats were randomly
assigned into each test group. We prepared AIA rats by
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injecting complete Freund’s adjuvant at the bottom of the right
foot of the rats, the rats in the model groups were injected with
0.1 mL complete Freund’s adjuvant, and 0.1 mL PBS was
injected in the control group as control. Starting from injection
with complete Freund’s adjuvant, the AIA rats were prepared
for 28 days. The animal experiments in this study were carried
out by the protocols approved by the Anhui Science and
Technology University Animal Care and Use committee.
After that, the rats in experimental groups were sacrificed,
the synovial tissue was isolated, and the FLS were cultured
by tissue mass method. FLS were cultured at 37 °C with 5%
CO2 in cell culture flasks in high-glucose DMEM medium
supplemented with 15% (v/v) heat-inactivated fetal bovine
serum (FBS) (Hyclone, USA) and the penicillin–streptomycin
solution (Beyotime, China). The experimental cells we used
were the second generation to the fifth generation of primary
FLS.

Transient transfection of miR-101-3p mimics
and inhibitors

MiR-101-3p mimics, inhibitors, and negative control
sequences (NC-miRNA) were purchased f rom
Shanghai GenePharma Co., Ltd., China, and these
small RNAs were transfected into cultured FLS by
the Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.
FLS used for cell transfection were cultured in
DMEM with 15% FBS at a density of 0.5–1 ×
105 cells/mL. After 6 h of transfection, the transfection
reagent was discarded and cell culture medium was
added, then transfected FLS were cultured for another
24 h for further analysis. MiR-101a-3p mimics sense 5′
UACAGUACUGUGAUAACUGAA 3′, antisense 5′
CAGUUAUCACAGU ACUGUAUU 3′. Mimics NC
sense 5′ UUCUCCGAACGUGUCACGUTT 3′, anti-
sense 5′ ACGUGACACG UUCGGAGAATT 3′.

Cell proliferation assay

The treated FLS of each group with a cell density of approx-
imately 0.5–1 × 105/mL were seeded in 96-well plates for
24 h. Then the FLS were cultured with 20 μL MTT (5 mg/
mL) (Sigma, USA) for another 4 h in a cell incubator. After
incubation, the FLS with MTT reagent were resuspended in
150 μL DMSO (Sigma, USA) and the bed shaken at low-
speed oscillation for 10 min to fully dissolve the formazan
transformed from MTT. The absorbance was measured at
the wavelength of 490 nm using a Thermomax microplate
reader (bio-tek EL, USA); the detection value indirectly
reflected the number of viable cells.

Real-time qPCR

For real-time qCPR, we prepared the total RNA using TRIzol
reagent (Invitrogen, USA) according to the manufacturer’s
instructions and carried out the reverse transcription using
1 μg of total RNA by the instruction provided by the
RevertAid First Strand cDNA Synthesis Kit (Fermentas,
USA). After that, real-time qPCR analyses for target genes
were performed using the QuantiFast® SYBR® Green PCR
kit (QIAGEN, Germany) with the following primers: CUL4B
(forward, 5′-GCCCCTGGAATAGAGGATGGA-3′; reverse,
5′-TCGGTCTGTAGTGCTTGCTTGT-3′); β-CATENIN (for-
ward, 5′-CTTAC GGCAATCAGGAAAGC-3′; reverse, 5′-
ACAGAC AGCACCTTCAGCACT-3′); c-Myc (forward,
5′-ATTTCTATCACCAGCAACAGCA-3′; reverse, 5′-ATTT
CTATCACCAGCAACAGCA-3′); cyclin D1 (forward, 5′-
GCCCTCCGTTTCTTACTTCAA-3′; reverse, 5′-CTCT
TCGC ACTTCT GCTCCTC-3′); MMP3 (forward, 5′-TGAT
GAACG ATGGACAGATGA-3 ′; reverse, 5 ′-AGCA
TTGGCTGAGTGAAAGAG-3′); fibronectin (forward, 5′-
GACACTATGCGGGTCA CTTG-3′; reverse, 5′-CCCAGG
CAGGAGATTTGTTA-3′); β-ACTIN (forward, 5′-CCCA
TCTATGAGGGTTACGC-3 ′ ; r e v e r s e , 5 ′ -TTTA
ATGTCACGCACGATTTC-3′). The amplification steps were
based on the method provided by the kit, and the specific
amplification parameters include 95 °C for 10 min, followed
by 40 cycles at 95 °C for 15 s, 60 °C for 30 s, and 72 °C for
30 s. The real-time qPCR for miR-101-3p expression analysis
was followed by denaturation at 95 °C for 3 min, 95 °C for
12 s, and 62 °C for 40s for 40 cycles. The relative expression
level of miR-101-3p was calculated using 2−ΔΔCt method and
U6 as internal control. U6 F primer CAGCACATATACTA
AAATTGGAACG, R primer ACGAATTTGCGTGT
CATCC.

Immunoblot analysis

Synovium and FLS were isolated from AIA rats and control
individuals and were lysed by the cell lysis buffer for Western
and IP kit which is purchased from Beyotime Biological
Technology Co., Ltd., China. Then the protein concentration
was determined by the Enhanced BCA Protein Assay Kit
(Beyotime, China) according to instructions provided by the
manufacturer. After that, 20 mg total protein was separated by
SDS-PAGE and blotted onto PVDF membranes (Millipore
Corp., Billerica, MA, USA) for immunoblot analysis.
Nitrocellulose blots were blocked and incubated for 6 h in
the primary antibody dilution buffer (Beyotime, China) in-
cluding primary antibodies, such as CUL4B, β-catenin, c-
Myc, cyclin D1, and MMP3, and these primary antibodies
were used at 1:500 or 1:800, respectively. Mouse monoclonal
antibody β-actin was used at 1:800. The protein blots were
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detected using the ECL-chemiluminescent kit (ECL-plus;
Thermo Scientific).

Dual-luciferase reporter assay

The dual-luciferase reporter plasmid used in the experiment
was the GP-miRGLO plasmid. The CUL4B-3′UTR WT,
MUT gene fragments were obtained by annealing, and the
fragments were cloned into the plasmid GP-miRGLO. The
primers were synthesized by Shanghai GenePharma Co.,
Ltd., and the upstream and downstream primers of the target
gene were respectively added with the homologous sequences
of both sides of SacI and XhoI on GP-miRGLO plasmid for
subcloning. After the PCR reaction is completed, the target
gene fragments were recovered by agarose electrophoresis.
The plasmid GP-miRGLO was digested with SacI and XhoI
at 37 °C for 2 h. The amplified fragments were cloned into the
linearized GP-miRGLO plasmid using the ClonExpress®
Entry One Step Cloning Kit. The experiment was set up in
four groups: CUL4B 3′UTRWT+ rno-miR-101a-3p, CUL4B
3′UTRWT+mimics NC, CUL4B 3′UTR MUT +miR-101a-
3p, and CUL4B 3′UTR MUT +mimics NC. Then the culture
medium in the cell culture plate was decanted and the cells
were washed twice with PBS. PLB (1×) was added to the
culture wells, the plate was gently shaken at room temperature
for 15 min, and the lysis solution was transferred to a test
plate. The Tecan M1000 microplate reader was opened,
preheated, the dual-luciferase detection system selected, the
LARII reagent added to each well, and the firefly luciferase
activity detected on the microplate reader. The test plate was
removed and the Stop & Glo® Reagent was added to each
well, and the Renilla luciferase activity was detected on the
microplate reader.

CUL4B expression vector construction

The CUL4B gene encoding CDS sequence was constructed
on PEX-3 plasmid to obtain CUL4B overexpression vector.
The upstream and downstream primers of the target gene were
respectively added with the homologous sequences on both
sides of SalI and BamHI of the pEX-3 plasmid for subcloning.
Primers were synthesized by Shanghai GenePharma Co., Ltd.
After the PCR reaction is completed, the CUL4B gene frag-
ments were recovered by agarose electrophoresis. PEX-3 was
digested with SalI and BamHI at 37 °C for 2 h. After electro-
phoresis, double-digested pEX-3 plasmids were recovered
using a DNA gel recovery kit. The amplified fragments were
recombinantly cloned into the linearized pEX-3 plasmids
using the ClonExpress® Entry One Step Cloning Kit. Then
the competent cells were prepared and the ligation products
were transformed into competent cells. The colonies were
picked from the plate, vectors pumped, and the positive clones
identified. On a six-well cell culture plate, 250 μL of serum-

free DMEM medium was added to a 1.5-mL EP tube and
2.5 μg of vector was added. Another 1.5-mL EP tube was
taken, and 250 μL serum-free DMEM medium and 5 μL li-
pofectamine 2000 were added. After 5 min at room tempera-
ture, it was mixed and allowed to stand at room temperature
for 20 min. The medium from the six-well plate was removed
and the transfection mixture added to the six-well plate
dropwise. After that, the mixture was incubated for 5 h in
the incubator. The transfection solution was removed and
1 mL of DMEM containing 15% FBS was added, further
incubated for 24 or 48 h at 37 °C, 5% CO2, and samples were
used for further studies. PEX-3 empty vector served as a neg-
ative control for overexpression.

ELISA

We used the ELISA to determine the roles of CUL4B in the
production of IL-1β and IL-8 in FLS from AIA rats. The
quantification ELISA kit was purchased from Shanghai
YuanYe Bio-Technology Co., Ltd., the detection procedure
referred to the method provided by the kit, and the optical
density values were read at 450 nm. Three replicate wells were
quantified for every sample, and all experiments were per-
formed in triplicate.

Statistical analysis

Statistical significance was determined by either the Student’s
t test for comparison between means or one-way analysis of
variance with a post hoc Dunnett’s test. Data are represented
as mean ± SE. Significance was defined as p < 0.05 versus
controls.

Results

CUL4B and β-catenin are significantly up-regulated
in synovium and FLS of AIA rats

We firstly detected the levels of CUL4B and β-catenin in
synovium and FLS from AIA rats and controls. SD rats
were randomly assigned to each group: day 0, day 7,
day 14, day 21, and day 28. After these rats were treated
with complete Freund’s adjuvant, rats in each group were
sacrificed and their synovium were isolated on day 0,
day 7, day 14, day 21, and day 28, respectively. The
expression of CUL4B in each group of AIA rats and
control rats were detected by real-time qPCR, and results
showed that the expression of CUL4B mRNA was signif-
icantly up-regulated starting from the 14th day of model
preparation (Fig. 1a). The cells we used are the primary
cultured FLS of the second generation to fifth generation,
and we found that CUL4B mRNA was significantly up-
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regulated in all fourth-generation FLS (Fig. 1a). We de-
termined the levels of β-catenin, the key member of ca-
nonical Wnt signaling, in synovium and FLS from AIA
rats and controls, and found that the levels of β-catenin in
synovium and FLS from AIA rats were significantly
higher than that in normal rats (Fig. 1b). Furthermore,
we used western blotting to determine the protein expres-
sion of CUL4B and β-catenin in AIA rats and controls,
and found that the protein levels of CUL4B and β-catenin
were significantly higher in synovium (Fig. 1c) and FLS
(Fig. 1d) of AIA rats than that in normal rats. These
observations indicate that the abnormal up-regulated
CUL4B and β-catenin may contribute to the pathogenesis
of AIA rats.

CUL4B enhances the canonical Wnt signaling in AIA
rats

In view of the above findings, we next investigated the
role of CUL4B in the β-catenin mRNA and the total β-
catenin protein in AIA FLS by real-time qPCR and
western blotting. Data suggested that CUL4B knock-
down used in the CUL4B siRNA significantly sup-
pressed the expression of β-catenin mRNA and total
β-catenin protein (Fig. 1a) and that overexpression of
CUL4B could promote the expression of the β-catenin
mRNA and total β-catenin protein (Fig. 2a). Moreover,
the role of CUL4B in the nuclear β-catenin protein in
AIA FLS was detected by western blotting, and the
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Fig. 1 CUL4B and β-catenin are both significantly up-regulated during
the development of AIA rats. The expression of CUL4B and β-catenin in
AIA rats and normal rats was detected by real-time qPCR, western blot-
ting. Data showed that the mRNA expression of the CUL4B (a) and β-
catenin (b) in synovium and FLS from AIA rats was significantly up-

regulated compared with normal control. Western blotting assays con-
firmed that the CUL4B and β-catenin protein both up-regulated in
synovium (c) and FLS (d) from AIA rats compared with normal control.
*p < 0.05 and #p < 0.05 versus respective normal group. Values are the
mean ± SD of three different experiments
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results showed that down-regulated CUL4B significantly
reduced the nuclear β-catenin protein production and
overexpression of CUL4B significantly promoted the ex-
pression of nuclear β-catenin protein (Fig. 2b). c-Myc
and cyclin D1 are important downstream genes of the
canonical Wnt signaling, and the roles of CUL4B in
the expression of c-Myc and cyclin D1 were detected
by real-time qPCR and western blotting. Data suggested
that CUL4B knockdown significantly suppressed the
mRNA expression of c-Myc and cyclin D1 and
CUL4B overexpression up-regulated their production
(Fig. 2c). Western blotting showed a similar regulatory
role of CUL4B in protein expression of c-Myc and cy-
clin D1 (Fig. 2d). Altogether, these observations indicate
that CUL4B may display as a positive regulator of the
canonical Wnt signaling activity.

CUL4B activates the canonical Wnt signaling via
the GSK3β inhibition in AIA rats

GSK3β is an important regulator for β-catenin
ubiquitination degradation in the canonical Wnt signal-
ing, and the GSK3β expression in AIA FLS and the ef-
fect of GSK3β siRNA on the GSK3β expression were
determined by real-time qPCR. The results of real-time
qPCR showed that GSK3β was significantly up-
regulated in AIA FLS compared with control and

SiGSK3β interference significantly down-regulated the
production of GSK3β (Fig. 3a). Western blotting assays
suggested that SiGSK3β transfection for 12, 24, and 36 h
all could down-regulated the GSK3β production
(Fig. 3b). The roles of SiGSK3β in the regulation β-
catenin and the phospho-β-catenin in RA model FLS
were detected by real-time qPCR and western blotting.
Consistent with the classical Wnt signaling mechanism,
data suggested that treatment with SiGSK3β up-regulated
the β-catenin expression but reduced the phospho-β-
catenin expression. The GSK3β inhibitors LiCl,
CHIR99021, and SB216763 were used to investigate the
role of GSK3β in the regulation of β-catenin in AIA
FLS, and data indicated that GSK3β inhibition signifi-
cantly promoted the expression of β-catenin (Fig. 3c).
Furthermore, the GSK3β inhibitors were used to investi-
gate the role of GSK3β inhibition in the process that
CUL4B knockdown will suppress the β-catenin expres-
sion by targeting the up-regulated GSK3β in SiCUL4B-
treated AIA FLS, and data suggested that the GSK3β
inhibition significantly restored the inhibited β-catenin
in SiCUL4B-treated AIA FLS (Fig. 3d, e). In SiCUL4B-
treated AIA FLS, we also found the effect of GSK3β
knockdown on the c-Myc and cyclin D1 expression
(Fig. 3f). These findings confirm that the CUL4B acti-
vates the canonical Wnt signaling via the GSK3β inhibi-
tion in AIA rats.
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Fig. 2 CUL4B enhances the canonical Wnt signaling in AIA FLS. The
roles of CUL4B in the canonical Wnt signaling in AIA FLS were
determined by real-time qPCR and western blotting, respectively. The
results suggested that overexpression of CUL4B significantly promoted
the expression ofβ-catenin mRNA and CUL4B knockdown inhibited the
expression ofβ-catenin mRNA and total protein in AIA FLS (a). Western
blotting assays confirmed the regulatory role of CUL4B in β-catenin

protein in the nucleus of AIA FLS (b). Real-time qPCR (c) and western
blotting (d) results showed that CUL4B knockdown inhibited and over-
expression of CUL4B promoted the expression of c-Myc and cyclin D1,
two members of the canonical Wnt signaling pathway. *p < 0.05 versus
SiControl, #p < 0.05 versus vector control. Values are the mean ± SD of
three different experiments
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CUL4B promotes the pathology development of AIA
rats

Compared with the control, CUL4B expression was sig-
nificantly up-regulated in the synovium and FLS from
AIA rats, and increased CUL4B was related to the dis-
ordered β-catenin, suggesting that CUL4B may partici-
pate in the pathology of AIA rats. We firstly investigat-
ed the effect of CUL4B on the FLS growth using the
cell count method. Data suggested that the FLS prolif-
eration multiplication of SiCUL4B group is lower than
that in SiControl group in AIA FLS, while the CUL4B
overexpression accelerated the FLS proliferation com-
pared with control (Fig. 4a). MTT assays of CUL4B-

knockdown or CUL4B overexpression in AIA FLS con-
firmed these findings (Fig. 4b). IL-1β and IL-8 are in-
volved in the pathogenesis of RA, resulting in inflamed
synovium, increased angiogenesis, and decreased
lymphangiogensis during the disease development [19].
We next determined the effect of CUL4B on the pro-
duction of IL-1β and IL-8 in AIA FLS using ELISA.
After transfection of AIA FLS with SiCUL4B for 12 h,
the IL-1β and IL-8 were both significantly down-regu-
lated. However, transfection with CUL4B vectors for
24 h enhanced the expression of IL-1β and IL-8
(Fig. 4c). As far as we know, MMP3 and fibronectin
are RA pathology-related genes, and the abnormal in-
creased expression of two genes is accompanied by the
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Fig. 3 CUL4B activates the canonical Wnt signaling via the GSK
inhibition in RA model rats. Real-time qPCR results showed that the
GSK3β expression in AIA FLS was significantly higher than that in
untreated FLS, and that GSK3β knockdown reduced its expression in
AIA FLS (a). Western blotting assays confirmed the effect of SiGSK3β
on the GSK3β expression (b). Real-time qPCR and western blotting
results suggested that GSK3β knockdown significantly promoted the
β-catenin expression and inhibited the β-catenin phosphorylation degra-
dation in AIA FLS (c). The GSK3β inhibitors LiCl, SB216763, or
CHIR99021 up-regulated the β-catenin expression in AIA FLS (c).

Real-time qPCR (d) and western blotting (e) results found that the
GSK3β inhibitors LiCl, SB216763, or CHIR99021 significantly up-
regulated the β-catenin expression in SiCUL4B-treated AIA FLS. The
effect of SiGSK3β on the c-Myc and cyclin D1 expression in SiCUL4B-
treated AIA FLSwas detected by real-time qPCR, and data suggested that
SiGSK3β significantly promoted the expression of c-Myc and cyclin D1,
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signaling in AIA FLS (f). *p < 0.05 versus normal FLS or SiControl or
NaCl group or DMSO group or the group of SiCUL4B + SiControl in
AIA FLS. Values are the mean ± SD of three different experiments
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development of RA pathology. The test results show
that CUL4B knockdown by SiCUL4B significantly sup-
pressed the expression of MMP3 and fibronectin
(Fig. 4d), and that CUL4B overexpression promoted
their production in AIA FLS (Fig. 4e). These results
suggest that CUL4B may display a positive regulator
during development of AIA rats and may participate in
its pathogenesis.

Reduced miR-101-3p is related to the increased
CUL4B in AIA rats

Bioinformatics predicted that miR-101-3p may be a regu-
latory factor for disordered CUL4B in rats, thus we inves-
tigated the possible role of miR-101-3p in CUL4B-
induced AIA pathology. After analysis of real-time
qPCR, we found that miR-101-3p expression was
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significantly down-regulated both in synovium and FLS
of AIA rats compared with normal individuals (Fig. 5a).
Importantly, transfection of AIA FLS with miR-101-3p
mimics significantly down-regulated the CUL4B expres-
sion, and transfection with miR-101-3p inhibitors signifi-
cantly up-regulated the production of CUL4B in AIA FLS
(Fig. 5b, c). The influence of miR-101-3p on CUL4B
activity was also determined by a well-established dual-
luciferase reporter assay, the TOP/FOP Flash assay. The
TOP Flash reporter contains CUL4B 3′UTR, whereas the
FOP Flash reporter was used as a negative control. As
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Fig. 4 CUL4B promotes the pathology development of AIA rats. The
effect of CUL4B on the FLS growth was evaluated using the cell count
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and CUL4B overexpression promoted the FLS growth (a). MTT assays
confirmed the effect of CUL4B on the FLS proliferation in AIA FLS (b).
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shown in Fig. 5d, increased miR-101-3p significantly
down-regulated the TOP Flash luciferase activity
(Fig. 5d).

Compared with control, the expression of miR-144-
3p and miR-146-5p in AIA rats was not significantly
different. Taken together, these results indicate that
miR-101-3p is a negative regulator for increased
CUL4B in AIA rats, and miR-101-3p may participate
in the pathology of AIA through the disordered
CUL4B.

The CUL4B influences the regulation of β-catenin
by miR-101-3p

According to the previous study, the highly expressed
CUL4B promoted the expression of β-catenin through
GSK3β, while overexpression of miR-101-3p inhibited
CUL4B expression, so we hypothesized that miR-101-

3p might affect the canonical Wnt signaling in AIA rats.
In this part of the study, the effect of miR-101-3p on β-
catenin was investigated by real-time qPCR, and results
showed that overexpression of miR-101-3p significantly
inhibited the β-catenin expression, and decreased miR-
101-3p resulted in a significant up-regulation of β-
catenin (Fig. 6a). Western blotting assay confirmed this
control relationship (Fig. 6b). Furthermore, the effect of
miR-101-3p on c-Myc and cyclin D1 was investigated
by real-time qPCR, and results suggested that miR-101-
3p negative regulated the expression of c-Myc and cy-
clin D1 in AIA FLS (Fig. 6c). These findings indicated
that miR-101-3p might be a regulator of the canonical
Wnt signaling in AIA pathogenesis. In addition, the role
of CUL4B in the regulation of β-catenin by miR-101-
3p was detected by real-time qPCR and western blot-
ting. In model FLS transfected with miR-101-3p
mimics, CUL4B overexpression strongly promoted the
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expression of β-catenin, whereas SiCUL4B significantly
suppressed the β-catenin production in AIA FLS
transfected with miR-101-3p inhibitors (Fig. 6d, e).
These findings suggest that miR-101-3p influences the
canonical Wnt signaling through the CUL4B.

Discussion

RA is a chronic, systemic, autoimmune disease with
unknown etiology, and the disease is mainly character-
ized by multi-joint, symmetry, and invasive arthritis,
often accompanied by extra-articular organ involvement
and positive serum rheumatoid factors. The incidence of
RA may be related to genetics, infection, sex hormones,
and so on, and a variety of pathogenic factors cause the
synovial lining cell proliferation, interstitial inflammato-
ry cell infiltration, microvascular neonatal, pannus for-
mation, and cartilage and bone destruction [20]. The
pathogenesis of this disease is very complex and is still
not fully elucidated [21]. Although much knowledge
has been gained with respect to the regulation of RA
pathogenesis and prognosis, the precise molecular

mechanisms orchestrating and guiding persistent syno-
vial hyperplasia, cartilage erosion, and bone damage
during the RA development have not been fully eluci-
dated. However, much attention has been focused on the
RA FLS in this regard. For example, the abnormal pro-
liferation of FLS produces more chemokines and cyto-
kines such as stromal cell derived factor 1 (SDF-1), IL-
1β, IL-8, and IL-15, which can promote infiltration and
activation of lymphocytes in the synovial tissue [22]. In
addition, FLS foster the differentiation of B lympho-
cytes to plasma cells, and also make matrix metallopro-
teinases such as pro-MMP3, which in its mature form
enhances cartilage degradation [23]. In view of the key
role of FLS in RA pathology, our group used FLS as
the target cells to study the important role of CUL4B in
the pathogenesis of AIA in this work.

CUL4B is a member of the cullin4 family, and the
CUL4B is highly sequence homologous with CUL4A
with about sharing 83% sequence identity, whereas
more and more evidence indicates that there are almost
completely different roles and mechanisms between the
two molecules [24]. For example, CUL4A and CUL4B
both can interact with the substrate adaptor DDB21, and
they may target the same substrate and function
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compared with control (a). ThemiR-101-3p overexpression inhibited and
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redundantly in genome integrity maintenance, DNA rep-
lication, and cell cycle regulation. However, CUL4B can
target the WD repeat containing protein5 (WDR5) and
peroxiredoxin III (PrxIII), but these are not targeted by
CUL4A [25]. In addition, CUL4A is highly expressed
in the pancreas, testes, and T cells, while CUL4B is
most highly expressed in endocrine glands, pancreatic
tissue, the cerebellum, bone marrow, and the testes [26].

Evidence has shown that the expression of CUL4B is ab-
normal in a wide variety of human diseases and physiological
process [27]. The function of CUL4B in solid tumors has been
gradually uncovered and attracts a lot of interest, and these
studies have demonstrated clearly that CUL4B acts pivotal
roles in cell abnormal proliferation, invasion, DNA damage
and repair, DNA methylation, and histone acetylation modifi-
cation, also including the regulation of related signaling path-
ways [28].

In view of the important roles of CUL4B in human dis-
eases, we hypothesize that CUL4B may play an important

regulatory role in RA pathogenesis. In order to reveal the fact
that CUL4B is involved in the RA pathogenesis, we used the
AA rats as the RA model rats and firstly detected the expres-
sion levels of the CUL4B in synovium and FLS which were
isolated fromAA rats and normal rats. It was encouraging that
the expression of CUL4B mRNA was significantly up-
regulated starting from the 14th day after the model was pre-
pared. Many literatures reported that CUL4B could regulate
the β-catenin expression, a key member of the canonical Wnt
signaling pathway, affecting the canonical Wnt signaling, thus
we determined the levels of β-catenin in synovium and FLS
from AA rats and controls, and found that the β-catenin ex-
pression in AIA model rats were significantly higher than that
in normal rats. These data indicate that there may be a certain
regulated relationship between CUL4B and β-catenin in the
AIA pathogenesis.

In this work, data showed that abnormal CUL4B positive
regulated the production of β-catenin in AIA FLS, leading to
activation of the canonical Wnt signaling. GSK3β is an
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important regulator for β-catenin ubiquitination degradation
in the canonical Wnt signaling pathway, and disordered
GSK3β affects the activation of the Wnt signaling [29]. In
this work, we suggested that GSK3β mediated the positive
regulated role of CUL4B in β-catenin since the GSK3β
siRNA and the GSK3β inhibitors LiCl, CHIR99021, or
SB216763 all significantly restored the inhibited β-catenin
in SiCUL4B-treated AIA FLS. These findings revealed the
mechanism that the CUL4B activated the canonical Wnt sig-
naling in the pathogenesis of AIA rats. Results also suggested
that the FLS proliferation multiplication of SiCUL4B group is
lower than that in SiControl group in AIA FLS, whereas the
CUL4B overexpression accelerated the FLS proliferation
compared with control. Increased CUL4B enhanced the ex-
pression of IL-1β, IL-8, and RA pathology-related gene
MMP3 and fibronectin, suggesting that CUL4Bmight display
a positive regulator for the pathogenesis of AIA.

MicroRNAs are a class of endogenous, small RNAs of
about 20–24 nucleotides in length that have a number of im-
portant regulatory effects in pathophysiological mechanisms
[30, 31]. It is speculated that miRNA regulates one third of the
human gene [32]. Our group’s interest is to investigate the
relationship between miRNAs and the pathogenesis of AIA,
thus we particularly want to know whether the abnormal ex-
pression of CUL4B is related to specific miRNA in AIA rats.

Bioinformatics predicted that miR-101-3p, miR-144-3p, and
miR-146-5p are upstream regulatory factors for CUL4B, thus
we investigated the expression of these miRNA in AIA rats
and control, as well as their regulated roles in AIA rats. In
these miRNAs, miR-101-3p expression was significantly
down-regulated in both synovium and FLS from AIA rats
compared with normal rats. Transfection of miR-101-3p
mimics significantly down-regulated the CUL4B expression,
miR-101-3p inhibitors significantly up-regulated the expres-
sion of CUL4B in AIA FLS, and miR-101-3p was confirmed
as a direct negative regulator of CUL4B in the pathogenesis of
AIA.

Furthermore, data analysis showed that overexpression of
miR-101-3p significantly inhibited the β-catenin expression,
and decreased miR-101-3p resulted in a significant up-
regulation of β-catenin, leading to an activation of β-catenin
downstream signaling. In AIA FLS transfected with miR-101-
3p mimics, CUL4B overexpression strongly promoted the
expression of β-catenin, whereas SiCUL4B significantly sup-
pressed the β-catenin production in AIA FLS transfected with
miR-101-3p inhibitors. These findings suggest that miR-101-
3p influences the canonical Wnt signaling through the
CUL4B and that miR-101-3p may be a potential diagnostic
and therapeutic strategy targeting the CUL4B/GSK3β/β-ca-
tenin axis.

R
el

at
iv

e 
β

-c
at

en
in

 
m

R
N

A
 

ex
p

re
ss

io
n

0

0.2

0.4

0.6

0.8

1

1.2

Control miR-101-3p

mimics

*

*

R
el

at
iv

e 
β

-c
at

en
in

 
m

R
N

A
 

ex
p

re
ss

io
n

0

0.4

0.8

1.2

1.6

2

Control miR-101-3p

inhibitors

β-actin

β-catenin

Control
miR-101-3p

mimics

β-actin

β-catenin

Control
miR-101-3p

inhibitors

R
el

at
iv

e 
β

-c
at

en
in

 
p

ro
te

in
 

ex
p

re
ss

io
n

*

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Control miR-101-3p

mimics

0

0.4

0.8

1.2

1.6

2

Control miR-101-3p

inhibitors

*

R
el

at
iv

e 
β

-c
at

en
in

 
p

ro
te

in
 

ex
p

re
ss

io
n

ba

Fig. 6 MiR-101-3p affects the canonical Wnt signaling by targeting the
CUL4B in AIA rats. Real-time qPCR showed that miR-101-3p mimics
significantly inhibited and miR-101-3p inhibitors promoted the expres-
sion β-catenin in AIA FLS (a), and the western blotting assays confirmed
these regulatory effects (b). Similar to the effect on the β-catenin, further
analysis showed that miR-101-3p has negative regulatory roles in the
expression of c-Myc and cyclin D1 in AIA FLS (c). In AIA FLS
transfected with miR-101-3p mimics or inhibitors, the CUL4B vectors
or CUL4B siRNAs were added to investigate the role of CUL4B in the

expression of β-catenin regulated by miR-101-3p. Real-time qPCR (d)
and western blotting (e) assays showed that CUL4B mediated the β-
catenin expression regulated by miR-101-3p, indicating that miR-101-
3p affected the canonical Wnt signaling by targeting the CUL4B.
*p < 0.05 versus their respective control groups, #p < 0.05 versus miR-
101-3p mimic or inhibitor transfection, ##p < 0.05 versus miR-101-3p
mimics + vector control or miR-101-3p inhibitors + SiCUL4B control.
Values are the mean ± SD of three different experiments
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As far as we know, miRNAs play an important role in the
process of cell differentiation, biological development and
disease development, and more and more researchers concern
this research area [33]. With further research into the mecha-
nisms of RA and miRNAs, the combination of miRNA and
RAwill lead to a new level of understanding of the pathology
of RA regulation. This will also make miRNAs as new bio-
logical markers for the diagnosis of RA disease and may also
make these molecules as drug targets, or to mimic these mol-
ecules for new drug development, which may provide a new
treatment for human RA.
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