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Abstract Rheumatoid arthritis (RA) is an autoimmune disease and is mainly characterized by

abnormal proliferation of fibroblast-like synoviocytes (FLS). The up-regulated cellular membrane expres-

sion of G protein coupled receptor kinase 2 (GRK2) of FLS plays a critical role in RA progression, the

increase of GRK2 translocation activity promotes dysfunctional prostaglandin E4 receptor (EP4)

signaling and FLS abnormal proliferation. Recently, although our group found that paeoniflorin-6ʹ-O-ben-
zene sulfonate (CP-25), a novel compound, could reverse FLS dysfunction via GRK2, little is known as to

how GRK2 translocation activity is suppressed. Our findings revealed that GRK2 expression up-regulated

and EP4 expression down-regulated in synovial tissues of RA patients and collagen-induced arthritis

(CIA) rats, and prostaglandin E2 (PGE2) level increased in arthritis. CP-25 could down-regulate

GRK2 expression, up-regulate EP4 expression, and improve synovitis of CIA rats. CP-25 and GRK2 in-

hibitors (paroxetine or GSK180736A) inhibited the abnormal proliferation of FLS in RA patients and

CIA rats by down-regulating GRK2 translocation to EP4 receptor. The results of microscale thermophor-

esis (MST), cellular thermal shift assay, and inhibition of kinase activity assay indicated that CP-25 could

directly target GRK2, increase the protein stability of GRK2 in cells, and inhibit GRK2 kinase activity.
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The docking of CP-25 and GRK2 suggested that the kinase domain of GRK2 might be an important

active pocket for CP-25. G201, K220, K230, A321, and D335 in kinase domain of GRK2 might form

hydrogen bonds with CP-25. Site-directed mutagenesis and co-immunoprecipitation assay further re-

vealed that CP-25 down-regulated the interaction of GRK2 and EP4 via controlling the key amino acid

residue of Ala321 of GRK2. Our data demonstrate that FLS proliferation is regulated by GRK2 translo-

cation to EP4. Targeted inhibition of GRK2 kinase domain by CP-25 improves FLS function and repre-

sents an innovative drug for the treatment of RA by targeting GRK2.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized
by systemic immune dysfunction and inflammation of the synovial
membrane, affecting approximately 0.5%e1% of the population
worldwide1. The pathological hallmarks of joint synovium in RA
is inflammatory immune cells infiltration at the joints, synovial
hyperplasia, micro-vessels and pannus formation, eventually
leading to articular cartilage and bone erosion and joint destruc-
tion, with the high disabilityrate2,3. Fibroblast-like synoviocytes
(FLS), as the important synovial lining cells, provide structure to
the joint by secreting synovial fluid and extracellular matrix. In
RA, FLS involve in joint destruction by invading cartilage and
promoting inflammation and bone erosion4.

FLS function is regulated by several different G protein-
coupled receptors (GPCRs) signaling involving in protein kinase
activation5e8. G protein-coupled receptor kinases (GRKs) are
crucial regulators of signaling, its role in FLS is still being
explored. Our group previously found that GRK2 expression is up-
regulated in spleen tissue of adjuvant arthritis (AA) rats9. Further
studies revealed that GRK2 is a highly expressed protein kinase in
FLS and its membrane expression is up-regulated in AA-FLS7,8.

GRK2, as one of the seven members in the family of serine
(Ser)/threonine (Thr) kinase, is a ubiquitously expressed in sy-
novial tissues10. It is increasingly clear that GRK2 plays a key
regulatory pathological role in the synovial hyperplasia7,8. The
structure of the 80 kDa protein GRK2 comprises N-terminal
domain, kinase domain (KD), and C-terminal domain. N-terminal
domain of GRK2 is responsible for mediating receptor recognition
and intracellular membrane anchoring11. C-terminal domain of
GRK2 binds to Gbg promoting membrane recruitment and sub-
sequent GPCR phosphorylation12. KD with some important re-
gions responsible for regulating kinase activity13. One mechanism
of FLS dysfunction by which continuously increased prosta-
glandin E2 (PGE2) levels contribute to synovial hyperplasia is
through dysregulation of GPCR function in FLS. Enhanced
stimulation of prostaglandin E4 receptor (EP4) followed by
increased activation of GRK2 leads to enhanced phosphorylation,
desensitization and down-regulation of EP4 signaling, promoting
FLS dysfunction. The levels and translocation activity of GRK2
are elevated in synovial tissue and synovial cells of AA rats7,8.
Increased GRK2 translocation activity has been shown to partic-
ipate in FLS abnormal proliferation during arthritis, whereas
GRK2 inhibition through paroxetine that specifically bound to
kinase domain of GRK2 could prevent and improve arthritis14.
These data present compelling evidence of a causal role for GRK2
in synovial hyperplasia leading to arthritis. Therefore, the
development of small-molecule inhibitors of GRK2 appears
warranted for pharmacologic treatment of RA.

Recently, the clinical drugs used in the treatment of RA mainly
include non-steroidal anti-inflammatory drugs, steroidal anti-
inflammatory drugs, disease modifying antirheumatic drugs
(DMARD), biological agents, etc. Although the current drugs for
treating RA can improve the pathological manifestations of RA
patients, there are still many adverse drug reactions (ADR).
Methotrexate (MTX) is the most widely used DMARD, which
remains the gold standard and the cornerstone of DMARD-based
RA treatment. However, MTX in treating RA patients has a
doseeresponse relation exists, and higher MTX doses are more
prone to result in ADR15e18. Although biological agents,
including rituximab and etanercept, have had a major impact on
the therapy of RA, they do not yet resolve all the clinical problems
due to their inconsistent efficacy and comorbidities, including
increased risk of infections and tumors19e23. Therefore, it is
necessary to better understand the pathogenesis of RA and
develop new molecularly targeted agents to improve the clinical
performance of RA patients and reduce ADR.

Paeoniflorin-6ʹ-O-benzene sulfonate (code: CP-25; chemical
formula: C29H32O13S; molecular weight: 620.62; Chinese patent
number: ZL201210030616.4), as a novel ester compound, is
esterification modification of paeoniflorin which is an active
ingredient extracted from the roots of Paeonia lactiflora Pall. with
anti-inflammatory and immunomodulatory effects24,25. Compared
the therapeutic effect of CP-25 and MTX in collagen-induced
arthritis (CIA) or AA rats, our studies found that both CP-25
and MTX are against joint damage, including cartilage and bone
erosion, cellular infiltration, and synovial proliferation. However,
MTX results in various side effects, including obvious signs of
weight loss, loss of appetite, and lack of movement, which may be
due to cytotoxicity, whereas no such symptoms are detected in
CP-25-treated rats, indicating that CP-25 is well tolerated at the
tested doses26. Compared the therapeutic effect of CP-25, eta-
nercept, and rituximab on B cell functions, our group found that
CP-25 down-regulates the percentage of total B cells, the activate
B cells and the plasma cells, and moderately activate B cell
subsets to the normal level. However, rituximab and etanercept
exerted severe inhibition effects on B cell function, leading to the
dysfunction and apoptosis of B cells, which was one of mecha-
nisms of ADR for biological agents in the treatment of autoim-
mune diseases27,28. Compared the effect of CP-25 and MTX on
FLS abnormal proliferation, our group found that CP-25 regulates
PGE2eEP4ecAMP signaling to mediate FLS abnormal prolifer-
ation by inhibiting GRK2 translocation to EP4, but MTX does not
inhibit GRK2 translocation to the membrane8. Structural analysis
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found that CP-25 with cyclohexane and two oxygen heterocyclic
rings was similar to the benzodioxole ring of GRK2 inhibitor
paroxetine, suggesting that CP-25 may bind to some amino acids
of kinase domain in GRK2 to exert the regulation of GRK2 ac-
tivity. All these data suggest a possible role of CP-25 in improving
immune cells and FLS function by targeting GRK2. Nevertheless,
the mechanistic role of CP-25 binding to kinase domain of GRK2
to inhibit EP4 desensitization mediated FLS abnormal prolifera-
tion was not explored so far.

Here, we found that GRK2 expression up-regulated during
synovial tissues of RA patients and CIA rats, and FLS abnormal
proliferation of RA patients and CIA rats was regulated by GRK2
translocation to EP4. CP-25 specifically bound to the kinase
domain of GRK2, inhibited kinase activity in the micromolar
range of affinity, and down-regulated GRK2 translocation by
controlling GRK2 Ala321, thereby inhibiting FLS abnormal pro-
liferation and improving synovitis. Finally, we show that CP-25,
target to GRK2, has therapeutic potential for CIA rats by inhib-
iting FLS abnormal proliferation.

2. Materials and methods

2.1. Patients and specimens

RA synovial tissue samples were obtained from RA patients
diagnosed by the criteria of American College of Rheumatology,
and they were undergoing surgical synovectomy of the knee.
Normal synovial samples were obtained from patients with
noninflammatory knee joint diseases, and they were generally
derived from trauma patients undergoing lower limb amputation,
and patients with bone tumor undergoing lower extremity ampu-
tation. All patients gave their informed consent, and the study
protocol was approved by Biomedical Ethic Committee of Anhui
Medical University (No. 20131321, Hefei, China).

2.2. Animals

Wistar rats aged 6e7 weeks, with the weight of (150�20 g), were
purchased from the Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The mice were housed
under standard laboratory conditions. All research adhered to the
principles of the laboratory animals care guidelines and was
approved by Biomedical Ethic Committee for Animal Experi-
mentation of Anhui Medical University (No. 20131321, Hefei,
China).

2.3. Drugs and reagents

CP-25 [C29H32O13S, molecular weight: 620] white crystalline
powder, purity>98%, was provided by the Chemistry Laboratory
of the Institute of Clinical Pharmacology of Anhui Medical Uni-
versity (Hefei, China); GSK180736A (Cat. HY-18990) was ob-
tained from MedChemExpress (USA). PGE2 (Cat. 14010) and
CAY10598 (Cat. 13281) were purchased from Cayman Chemical
(USA). Paroxetine was purchased from Zhejiang Huahai Phar-
maceutical Co., Ltd. (China). MTX (2.5 mg per tablet) was pur-
chased from XINYI Medical Ltd., Co. (China) in Shanghai.
Chicken collagen II (CCII) was obtained from Chondrex Corp.
(USA). Bacille calmette-guerin (BCG) was purchased from Bei-
jing Biologicals Institute (China). Enzyme-linked immunosorbent
assay (ELISA) kits for PGE2 and transforming growth factor b
(TGF-b) were the products from Raybiotech, Inc. and Nanjing
Fcmacs Biotech Co., Ltd. Luminex assay for tumor necrosis factor
a (TNF-a), granulocyte-macrophage colony-stimulating factor
(GM-CSF), interleukin (IL)-1b, IL-6, interferon g (IFN-g),
vascular endothelial growth factor (VEGF), and intercellular
adhesion molecule 1 (ICAM-1) were the products from Raybio-
tech, Inc. Fluorescein isothiocyanate (FITC)-CD3, allophycocya-
nin (APC)-CD4, phycoerythrin (PE)-IL-17, PE-CD25, eFluor 450-
forkhead box P3 (Foxp3), and regulatory T cell detection kit were
procured from eBioscience, Inc. Alexa-Fluor-488- and Alexa-
Fluor-594-tagged second antibodies were obtained from Pro-
teintech. Secondary antibodies, b-actin, EP4 (sc-55596), GRK2
(sc-562), protein A/G plus-agarose (sc-2003), normal rabbit lgG
(sc-2027), and GRK2 Alexa Fluor 488 (sc-13143 AF488) were
purchased from Santa Cruz Biotechnology. Dimethylsulfoxide
(DMSO) was obtained from SigmaeAldrich. ATP1alpha1/
NaþKþATPase1 (ATP1A1) was purchased from ZSGB-BIO.
GRK2 protein was purchased from Thermo Fisher Scientific.
Transwell chambers and Matrigel were purchased from Corning
Costar. 647-Vimentin (CST, Cat. 9856). ADP-Glo™ Kinase Assay
(Promega, Cat. V9351). GRKtide (Signalchem, Cat. G46-58).

2.4. Establishment of CIA model of rats

The CIA model of rats was induced according to the protocol
described previously29. Briefly, CCII was dissolved in 0.01 mol/L
filtered acetic acid by grinding on ice, and the concentration of
CCII reached 4 mg/mL. Meanwhile, BCG (50 mg/branch), with
water bath heating at 80 �C for 1 h, and was dissolved in sterile
liquid paraffin by grinding on ice, and the concentration of BCG
reached 6 mg/mL. The CCII was mixed and emulsified thoroughly
with the same volume of BCG. A total of 0.2 mL emulsion was
injected intradermally into the base of the tail or back at multiple
sites. Seven days later, the same emulsion was made and the rats
were given a booster injection. The first immunization day was
defined as Day 0. After the onset of CIA (around Day 17), model
rats were randomly divided into CIA group, CP-25 group, par-
oxetine group, and MTX group, according to the clinical scores.
CP-25 (50 mg/kg/day), paroxetine (15 mg/kg/day), and MTX
(0.5 mg/kg/3 days) were dissolved in 0.5% CMC-Na and
administered by gavage for 21 days.

2.5. Evaluation of arthritis

The rats were inspected every three days following the established
standard from the onset of secondary inflammation30. The body
weight, global assessment, arthritis index, swollen joints count,
and paw swelling were recorded and analyzed.

2.6. Histological examination

The rats were anesthetized and killed at the end of the experi-
mental period, the joints, and spleen were fixed in 4% para-
formaldehyde and then embedded in paraffin. Sections (5 mm)
were stained with hematoxylin and eosin (HE), and were exam-
ined microscopically. Representative micrographs of HE-stained
histological sections of the joints and spleen are shown. The
histology section shows the synoviocytes (S), the pannus (P), the
inflammatory cells (I), the bone (B), and the cartilage (C). The
grading scheme consisted of ordinal categories ranging from 0 (no
effect) to 3 (severe effect)31. The spleen was evaluated by
examining the white pulp (W), the red pulp (R), the marginal zone
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(MZ), the germinal center (GC), and the periarteriolar lymphoid
sheaths (PALS). The grading scheme consisted of ordinal cate-
gories ranging from 0 (no effect) to 3 (severe effect)32.

2.7. Determination of lymphocytes vitality

Thevitality of lymphocytes of spleen or thymuswas determined using
CCK-8 kit according to the instructions. 100 mL of 1 � 105/mL
lymphocytes were placed to 96 well plates in serum free media.
10 mg/mL concanavalin A (ConA) or lipopolysaccharide (LPS) was
used to stimulate lymphocytes for 48 h. Four hours before the end of
the culture, 10 mL of CCK-8 was added into individual well, the plate
was read on a microplate reader at 450 nm. Each sample was con-
ducted in triplicate.

2.8. Flow cytometry

PBMCs or lymphocytes of spleen were separated into different
tubes and stained with FITC-CD3, APC-CD4, PE-IL-17, PE-
CD25, and PB450-Foxp3. Regulatory T cells were detected by a
Treg kit (APC-CD4, PE-CD25, and PB450-Foxp3) according to
the manufacturer’s directions. As previously described33, GRK2
and EP4 antibodies were added in FLS, the samples were tested
with a flow cytometer (FC500, Beckman) and the results were
analyzed using CytExpert (Beckman).

2.9. Cytokines detection

Serum samples, spleen tissue, and the supernatant fluid of FLS
were extracted from rats. The expression of TNF-a, GM-CSF,
IL-1b, IL-6, IFN-g, VEGF, and ICAM-1 was detected by Lumi-
nex assay according to the instructions of the manufacturers.
The expression of PGE2 and TGF-b was detected by ELISA.
The plates were read under 450 nm, and each sample was
duplicated.

2.10. Immunohistochemistry (IHC)

Synovial tissues were deparaffinized in xylene and rehydrated in
ethanol. After that, 0.5% Triton X-100 [polyethylene glycol mono
(p-1,1,3,3-tetramethyl butyl) phenyl ether] was used for 30 min to
permeate cell. Then after rinsed in phosphate-buffered saline
(PBS), the sections were incubated with Tris-EDTA for 10 min.
Afterwards, following a 15 min hydrogen peroxide (3%) incuba-
tion, endogenous peroxidase activity was destroyed. After a rinse
of PBS, the sections were incubated with GRK2 antibody/EP4
antibody overnight at 4 �C Then the sections were incubated with
polymer helper after rinse of PBS for 20 min at 37 �C. After that,
the incubation with polyperoxidase-anti-mouse/rabbit IgG was
proceeded for 30 min at 37 �C. Finally, the specimens were
conducted with 3,3ʹ-diaminobenzidine tetrahydrochloride and then
counterstained with hematoxylin. All images were captured by an
optical microscope.

2.11. Confocal microscopy

Synovial tissues were incubated overnight at 4 �C with mono-
clonal anti-GRK2 and anti-EP4 antibodies in synovial tissues.
Synovial tissues were washed with PBS, and then they were
incubated for 2 h at room temperature with Alexa-Fluor-488- or
Alexa-Fluor-594-tagged second antibodies.
FLS was cultured in 35-mm glass-bottom dishes, fixed with
4% paraformaldehyde, permeabilized with 0.1% Triton X-100,
and then blocked with 0.5% bovine serum albumin (BSA). The
cells were then incubated with anti-GRK2 and anti-EP4 antibodies
overnight in a 4 �C wet chamber. After washing with PBS, sam-
ples were incubated with anti-rabbit-Alexa Fluor 488 and
antimouse-Alexa Fluor 594 for 1 h at 37 �C. Images of the fluo-
rescent signal were acquired under a TCS SP8 confocal micro-
scope (Leica Microsystems).

2.12. FLS culture and identification

FLS were isolated from synovial tissues. Cultures were main-
tained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 20% fetal bovine serum (FBS), penicillin
(100 units/mL) and streptomycin (100 mg/mL) in an incubator at
37 �C with 5% CO2. Synoviocytes were cultured with Anti-647-
Vimentin for 30 min, detected by a flow cytometer and the
results were analyzed using CytExpert, positive rate of Vimentin
more than 90% in synoviocytes diagnosed as FLS.

2.13. FLS proliferation

FLS were counted and seeded onto 96-well plates at a density of
5 � 103 cells/well. Cells cultured for 48 h at 37 �C with 5% CO2.
After washing with PBS, samples were incubated with 20 mL of
diaminophenyl indole (DAPI) for 5 min. Fluorescent images were
taken with an ImageX press micro four high content imaging
system (Molecular Devices).

2.14. Small interfering RNA (siRNA)

Grk2 siRNAs were chemically synthesized by Genepharma Co.,
Ltd. (Shanghai, China) to knockdown Grk2 in FLS as follows:
negative control (sense: 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ,
anti-sense: 5ʹ-ACGUGACACGUUCGGAGAATT-3ʹ); Grk2-rat-
796 (sense: 5ʹ-CCAUGAAGUGUCUGGACAATT-3ʹ, anti-sense:
5ʹ-UUGUCCAGACACUUCAUGGTT-3ʹ).

FLS were transfected at 70% confluency in 24-well plates
using siRNA-mate according to the manufacturer’s protocol. After
48 h, silencing of Grk2 was confirmed via Western blot from our
previous study7.

2.15. Isolation of proteins from the cytoplasm and the
membrane

FLS were lysed and centrifuged at 12,000�g for 15 min at 4 �C.
Some of the supernatant was centrifuged at 100,000�g for
60 min at 4 �C. The precipitate containing the membrane proteins
was resuspended in cell lysis buffer containing 1 mmol/L phe-
nylmethanesulfonyl fluoride (PMSF), then the supernatant was
analyzed, which to detect GRK2 and EP4. The protein concen-
tration was determined using the bicinchoninic acid (BCA) protein
assay.

2.16. Western blot

The proteins were electrophoresed on 10% SDS-polyacrylamide
gel electrophoresis (PAGE) gels at 110 V for 1.5 h and proteins
were transferred to PVDF membranes at 200 mA for 2 h. The
membrane was incubated with 5% fat-free milk in phosphate
buffer saline with tween-20 (TPBS) for 2 h at room temperature.
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The membranes were incubated and probed with the first antibody
at 4 �C overnight according to manufacturer’s instructions and
followed by the addition of secondary antibody, followed by
visualization of the proteins with imageQuant Las 4000 mini
(Sigma), and the density of each band was quantified using Pho-
toshop CS5 (Adobe). Protein quantification was normalized to the
corresponding levels of b-actin or ATP1alpha1/NaþKþATPase1,
which were not altered dramatically between the different treat-
ment conditions. Each blot is a representative of at least three
similar independent experiments.

2.17. Co-immunoprecipitation assay

Whole-cell lysate IP was performed by lysing cells in the lysis
buffer: 25 mmol/L hydroxyethyl piperazine ethylsulfonic acid
(HEPES), 150 mmol/L NaCl, 5 mmol/L EDTA, 1% Triton X-100,
10% (v/v) glycerin, protease inhibitors, and phosphatase in-
hibitors. The lysate was kept on ice for 30 min and insoluble
material was removed by centrifugation with 12,000�g for
15 min at 4 �C. Lysates were precleared using normal mouse lgG
for 2 h at 4 �C. Antibodies were added to protein A/G plus-agarose
for 2 h at 4 �C, with precleared lysates incubated at 4 �C over-
night. The immune complexes were collected using protein A/G
plus-agarose and beads were washed three times extensively with
the lysis buffer. To denature proteins, lysates were added to
5 � reducing SDS-PAGE loading buffer and heated to 95 �C for
10 min. Protein levels were assessed by standard SDS-PAGE and
transferred to PVDF membranes. The bands were then visualized
with imageQuant Las 4000 mini. The density of each band was
quantified using Photoshop CS5.

2.18. Data analysis and label-free quantitation

As described previously34, Label-free quantitative protein analysis
is a proteomics data analysis method based on mass spectrometry
(MS) detection platform. The basic process of hierarchical clus-
tering analysis of differentially expressed proteins is as follows:
first, the normal differential correction of the differentially
expressed protein expression values obtained from each group of
comparison is used as the input of the hierarchical clustering al-
gorithm. The distance is Euclidean distance, and the linkage is
Complete Linkage Method. Finally, a hierarchical cluster analysis
heat map is obtained.

The Gene Ontology (GO) database (geneontology.org) con-
tains functional information on the biological processes involved
in genes, the location of cells, and the molecular functions they
play. In this project, we map genes to each node of the GO
database and use GO (http://www.geneontology.org/) for func-
tional enrichment analysis. Differentially expressed proteins
compared in each group are classified and displayed in three in-
dependent ways: Biological Process (GO_BP), Cellular Compo-
nent (GO_CC), and Molecular Function (GO_MF).

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway Database (www.kegg.jp/kegg/pathway.html) store func-
tional information of genes and genomes, including illustrated
cellular biochemical processes, such as metabolism, membrane
transport, signaling, cell cycle, and conserved sub-pathways. By
analyzing the metabolic pathways in which differentially
expressed proteins are significantly enriched, one can understand
which pathways have undergone significant systemic changes
under different experimental conditions. The results were rendered
using the mapping module provided by the KEGG website
searching the Rattus norvegicus (rat) database for differentially
expressed protein expression content rendering.

2.19. Microscale thermophoresis (MST)

As described previously35, the equilibrium dissociation constant
(Kd) values were measured using the Monolith NT.115 instrument
(NanoTemper Technologies). The proteins were fluorescently
labeled according to the manufacturer’s protocol. A range of
concentrations of compounds such as CP-25, paroxetine (from
5 nmol/L to 1 mmol/L) were incubated with 200 nmol/L of pu-
rified labeled GRK2 protein (Invtrogen) for 10 min in assay buffer
(50 mmol/L Tris-HCl, 100 mmol/L NaCl, pH 7.5). The sample
was loaded into the NanoTemper glass capillaries and micro-
thermophoresis was carried out using 80% light emitting diode
(LED) power and 80% MST. The Kd values were calculated using
the mass action equation via the NanoTemper software from
duplicate reads of triplicate experiments. Paroxetine, as GRK2
inhibitor, is positive control in the experiment.

2.20. Docking of CP-25 to the GRK2 structural model

Docking simulation of CP-25 with GRK2 protein (PDB ID:
3KRW) was carried out with the program Discovery Studio 2.1
(DS 2.1, Accelrys Software Inc.). The active sites were defined
and sphere of 10 Å according to the reported important amino acid
residues of GRK2, which generate around the active site pocket,
with the active site pocket of BSAI model using C-DOCKER, a
molecular dynamics (MD) simulated-annealing based algorithm
module from DS 2.1. As previously described36, the structure of
protein, substrate was subjected to energy minimization using
CHARM force field as implemented in DS 2.1. A full potential
final minimization was then used to refine the substrate poses.
Based on C-DOCKER, energy docked conformation of the sub-
strate was retrieved for post-docking analysis.

2.21. Thermal shift assay

In vivo cellular thermal shift assay (CETSA): HepG2 cells (1 � 107)
were seeded into a 100 mm culture plate with 10�6 mol/L of
CP-25 or paroxetine and cultured for 2 h. GRK2-WT and GRK2-
G201A/A321G/D335A/K220R/K230R plasmids were transiently
transfected to HEK 293T cells with Lipofectamine 3000 (Invi-
trogen). Transfection of HEK 293T cells was performed 48 h ac-
cording to the manufacturer’s protocol, and cells cultured with
10�6 mol/L of CP-25 or paroxetine for 2 h. As previously
described37, control cells were incubated with the same volume.
Cells were cultivated and counted, followed by resuspending in PBS
(containing 1 mmol/L PMSF) to a final density of 2� 107/mL. Then
cells were subpackaged into seven PCR tubes, with 100 mL per PCR
tube, and heated with a thermal gradient from 37 to 67 �C for 3 min.
After freezeethawed twice with liquid nitrogen, the supernatant was
separated by centrifugation at 12,000�g for 20 min and collected.
20 mL of the supernatant was loaded onto an SDS-PAGE gel, fol-
lowed by an immunoblot.

2.22. GRK2 kinase assay

GRK2 kinase enzyme was detected by ADP-Glo Kinase Assay Kit
and performed the experiment as per manufacturer’s protocol. The
GRK2 inhibition assay was performed with the ADP-Glo system
using 200 ng of GRK2, 0.5 mg of GRKtide substrate, 25 mmol/L

http://geneontology.org
http://www.geneontology.org/
http://www.kegg.jp/kegg/pathway.html
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ATP, and the different concentration of CP-25 or GSK180736A
for 120 min. As previously described38, after the initial reaction,
ADP-Glo reagent was added to the reaction and allowed to
incubate for an additional 40 min. Lastly, the kinase detection
reagent was added and allowed to incubate for 30 min, and the
luminescence was measured with automatic microplate reader
(TECAN GENIOS). All data was analyzed, and inhibition curves
were fit via GraphPad Prism software.

2.23. Construction of GRK2 mutant plasmids and cell line

The coding sequence of GRK2 in pGEM-T-vector was obtained
from previously construction. Site-directed mutagenesis was per-
formed to obtain G201A, K220R, K230R, A321G, and D335A by
TaKaRa MutanBEST Kit (TaKaRa). GRK2 mutants were ampli-
fied by PCR, and the sequences of the forward and reverse primers
were as follows: GRK2G201A, forward 5ʹ-GGGCCTTTGGCGA
GGTCTATGG-3ʹ, reverse 5ʹ- TTGCCTGTGTCAGCCTTCCGG-
CAC-3ʹ; GRK2K220R, forward 5ʹ-TGAGGTGCCTGGACAAAA
AGCGCATC-3ʹ, reverse 5ʹ-TGGCGTACATCTTGCCTGTGTCA
GCCT-3ʹ; GRK2K230R, forward 5ʹ-CATCAAGATGAGGCAGG
GGGAGACC-3ʹ, reverse 5ʹ- AGAGCATGATGCGCTCGTTCAG
GGCCAG-3ʹ; GRK2A321G, forward 5ʹ-CATCCTTCTGGACGA
GCATGGCCACGT-3ʹ, reverse 5ʹ-TTGCCTGGCTTCAGGTCCC
GGTAGACCACG-3ʹ; GRK2D335A, forward 5ʹ-GGGCCTGGCC
TGTGACTTCTCCAAGAAG-3ʹ, reverse 5ʹ-AGGGCCGAGATC
CGCACGTGGCCAT-3ʹ.

The PCR fragments were subcloned into the Sal I and Apa I
sites of the pEGFP-C3 vector, then pEGFP-C3-GRK2 mutants
were cloned into the BamH I and Sal I sites of the pIRES-EGFP
vector. The coding sequence of every construct was verified. The
plasmids were transiently transfected to HEK 293T cells with
Lipofectamine 3000. Transfection of HEK 293T cells was per-
formed 48 h according to the manufacturer’s protocol. Unless
stated otherwise, transfection of GRK2 was performed using
2.5 mg of GRK2 plasmid DNA in 6-well plates. The transfection
effect was observed by LX-70 fluorescent inverted microscope
(OLYMPUS).

2.24. Statistical analysis

The data are expressed as mean � standard deviation (SD) of at
least three separate experiments in triplicate. Analysis of variance
(ANOVA) (SPSS software products, USA) was used to determine
significant differences between groups, t-test was applied for the
comparison between two groups and significance was established
at a P < 0.05. Data were carried out using GraphPad Prism.

3. Results

3.1. GRK2 membrane expression in synovial tissues of RA
patients and CIA rats

Our group reported that GRK2 membrane expression increased in
PGE2-induced FLS dysfunction7. In the attempt to identify
whether GRK2 expression regulates the change of synovial pa-
thology in RA, we assessed pathological feature of synovial tis-
sues in RA patients by HE and detected proteins expression, and
discovered that compared with normal group, synovial tissues of
RA patients (Fig. 1A) have obviously synovial hyperplasia, with
increase of FLS cell density, pannus formation, and inflammatory
cell infiltration. Compared with the normal group, GRK2
expression in synovial tissue of RA patients significantly
increased, EP4 expression significantly decreased, and the asso-
ciation of GRK2 and EP4 increased (Fig. 1BeD), suggesting that
GRK2 translocation to EP4 may be involved in synovial hyper-
plasia of RA patients.

To further reveal the role of GRK2 expression in the change of
synovial pathology of CIA rats and the effects of CP-25, we
established CIA rat arthritis model, and treated with CP-25, par-
oxetine (GRK2 inhibitor), and MTX, then assessed pathological
feature of synovial tissues in CIA rats by HE and detected proteins
expression. The results showed that normal synovial tissues have
one to three layers of synoviocytes. However, histopathologic
features of synovial tissues in CIA group encompass synovial
hyperplasia, large amounts of lymphocyte infiltration, pannus
formation, and destruction of cartilage and bone. CP-25 and par-
oxetine relieve the arthritis of CIA rats, reduce synovial hyper-
plasia and FLS cell density (Fig. 2A); compared with CIA group,
CP-25 and paroxetine treatment down-regulate GRK2 expression
and up-regulate EP4 expression (Fig. 2B and C), suggesting that
CP-25 down-regulates GRK2 expression and restores EP4
expression in synovial tissue of CIA rats.

To comprehensive evaluate the therapeutic effects of CP-25,
paroxetine, and MTX in CIA rats, we also examined clinical
manifestation in CIA rats and the effect of CP-25. The paw
swelling, global assessments, arthritis index, and swollen joint
count of CIA rats were reduced to varying degrees in the treatment
of CP-25, paroxetine, and MTX (Supporting Information Fig. S1).
CP-25, paroxetine, and MTX treatment helped improved patho-
logical of spleen, inhibited spleen and thymus index, and
lymphocyte of spleen and thymus proliferation (Supporting In-
formation Fig. S2), participated in regulating the percentage of
Th17 and Treg in peripheral blood mononuclear cell (PBMC) and
spleen (Supporting Information Fig. S3), inhibited secretion of
pro-inflammatory cytokines in serum and spleen, such as PGE2,
TNF-a, IL-1b, IL-6, IFN-g, GM-CSF, ICAM-1, and VEGF, and
up-regulated the expression of anti-inflammatory cytokines TGF-b
(Supporting Information Fig. S4). Collectively, our data reveal
that CP-25 has anti-inflammatory and immunomodulatory effects
on CIA rats.

3.2. CP-25 inhibits EP4 desensitization mediated FLS abnormal
proliferation by down-regulating GRK2 translocation

It has been reported that PGE2-induced GRK2 transloction to EP4
by cAMPePKA signaling pathway in FLS7. To determine what
induces GRK2 translocation during chronic arthritis, we consid-
ered the release of inflammatory factors in FLS during chronic
arthritis. We isolated primary synoviocytes from rats, and identi-
fied by flow cytometry, and the expression of Vimentin in cells
was more than 90%, which was identified as FLS (Supporting
Information Fig. S5A). We next screened 34 differential proteins
from FLS with the treatment of CP-25 by label analysis, CP-25
down-regulated 33 proteins, including Anxa2, Anxa5, Anxa6,
Arf 1, Atp5f1b, Capg, Ckb, Crk, Ctsd, Ctsh, Eif4a2, Eno 1,
Fkbp1a, Hexb, Hmgb1, Hnrnpa2b1, Hsp90ab1, Hspa5, Ldha, Mif,
Pdia3, Pgk1, Prdx2, Ptges3, Rack 1, S100a10, S100a11, S100a4,
Sod 2, Sparc, Stip1, Txn, and Vcp, and up-regulated Oat protein
(Supporting Information Fig. S5B), those proteins involved in
promoting joint inflammation, synoviocytes proliferation, and
migration, and regulating the release of pro-inflammatory medi-
ators, including PGE2, TNF-a, IL-1b, IL-6, etc.39e44. The result



Figure 1 G protein coupled receptor kinase 2 (GRK2) and prostaglandin E4 receptor (EP4) expression in synovial tissues (ST) of rheumatoid

arthritis (RA) patients. (A) Representative micrographs of haematoxylin and eosin (HE)-stained histological sections of synovial tissues. The

histology section shows the synoviocytes (S), the pannus (P), the inflammatory cells (I) (n Z 8). Scale bars Z 50 mm. (B) GRK2 and EP4

expression in synovial tissues paraffin section of RA patients were detected by immunohistochemistry (n Z 8). Data are expressed as

mean � standard deviation (SD). #P < 0.05 vs. normal group. Arrows indicated the fibroblast-like synoviocytes (FLS) of RA. Scale

bars Z 50 mm. (C) GRK2 and EP4 expression in synovial tissues paraffin section of RA patients were detected by laser scanning confocal

microscope (n Z 8). Arrows indicated the FLS of RA. Scale bars Z 25 mm. (D) GRK2/EP4 expression in synovial tissues frozen section of RA

patients were detected by laser scanning confocal microscope (n Z 8). Arrows indicated the FLS of RA. Scale bars Z 25 mm.
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of GO analysis (Supporting Information Fig. S5C) and KEGG
pathway analysis (Supporting Information Fig. S5D) showed these
proteins mainly located in cytoplasm, were most frequently
related to the regulation of molecular function, involved in MHC
protein binding, protein binding, and participated in antigen pro-
cessing and presentation, HIF-1 signaling pathway, and protein
processing in endoplasmic reticulum. Further research found that
inflammatory factors including PGE2, TNF-a, IL-1b, IL-6, IFN-g,
GM-CSF, ICAM-1, VEGF, and TGF-b are increased in the su-
pernatant fluid of FLS in CIA group. CP-25, paroxetine, and MTX
inhibited PGE2, TNF-a, IL-1b, IL-6, IFN-g, GM-CSF, ICAM-1,
VEGF, and TGF-b in the supernatant fluid of FLS (Supporting



Figure 2 GRK2 and EP4 expression in synovial tissues of CIA rats. (A) Representative micrographs of HE-stained histological sections of the

joints are shown. The histology section of the joints shows the synoviocytes (S), the pannus formation (P), the inflammatory cells (I), the bone (B),

and the cartilage (C) (n Z 6). Data are expressed as mean � SD. *P < 0.05, **P < 0.01 vs. CIA group. Scale bars Z 100 mm. (B) The effect of

CP-25 on the expression of GRK2 and EP4 in the synovial cells of CIA rats was detected by immunohistochemistry assay (n Z 6). Arrows

indicated the FLS of CIA rats. Scale barsZ 50 mm. (C) The effect of CP-25 on the distribution of GRK2 and EP4 in the synovial cells of CIA rats

was detected by laser scanning confocal microscope (n Z 6). Arrows indicated the FLS of CIA rats. Scale bars Z 25 mm. Data are expressed as

mean � SD. #P < 0.05 vs. normal group; *P < 0.05, **P < 0.01 vs. CIA group.
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Figure 3 CP-25 treatment improves FLS proliferation of CIA rats by down-regulating GRK2 translocation. (A) CP-25 inhibited FLS abnormal

proliferation was detected by high content cell imaging system (n Z 6). (B) The effect of CP-25 on the expression of GRK2 and EP4 on

membrane and cytoplasm of FLS (nZ 4). (C) FLS lysates were used anti-EP4 antibody by co-immunoprecipitate and subjected to Western blot to

visualize GRK2 to evaluate the association with EP4 (n Z 4). (D) EP4 membrane expression of FLS by flow cytometry (n Z 6). (E) GRK2

cytoplasm expression of FLS by flow cytometry (n Z 6). (F) The co-expression of GRK2 and EP4 was detected by laser confocal microscopy

(n Z 6). Scale bars Z 50 mm. Data are expressed as mean � SD. #P < 0.05, ##P < 0.01 vs. normal group; *P < 0.05, **P < 0.01 vs. CIA group.
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1844 Chenchen Han et al.
Information Fig. S5E), suggesting that endogenous PGE2-
mediated signaling pathway involves in the regulation of FLS
function in chronic arthritis, and CP-25 may improve FLS
dysfunction by down-regulating PGE2 signaling pathway.

PGE2 levels were increased in synovial tissues of RA patients
and AA rats7,8,45,46. Our study found that increased PGE2 levels in
FLS of CIA rats may be mediate the up-regulation of GRK2
membrane expression, increase of GRK2 and EP4 co-localization,
the down-regulation of EP4 membrane expression and decrease of
EP4 receptor sensitivity for PGE2, thereby inducing synovial
hyperplasia. CP-25 down-regulates GRK2 translocation, restores
EP4 receptor sensitivity for PGE2, inhibiting synovial hyperplasia.
Here, we hypothesized that the effect of CP-25 on FLS
Figure 4 GRK2 knockdown strongly inhibits the proliferation of FLS

transfected into FLS, the inhibition rate of GRK2 was detected by Western

imaging system images (n Z 6). (C) The co-expression of GRK2 an

bars Z 50 mm. Data are expressed as mean � SD. #P < 0.05, ##P < 0.0
dysfunction is due to down-regulation of interaction between
GRK2 and EP4. Firstly, we found that the abnormal proliferation
of FLS in CIA group obviously strengthened compared with the
control group, CP-25 and paroxetine significantly inhibit FLS
abnormal proliferation (Fig. 3A). In vitro, Western blot (Fig. 3B)
and flow cytometry (Fig. 3D and E) have been developed for
detecting GRK2 and EP4 membrane and cytoplasm expression,
found that GRK2 membrane expression and EP4 cytoplasm
expression increased, GRK2 cytoplasm expression and EP4
membrane expression decreased in CIA group. CP-25 and par-
oxetine significantly down-regulated GRK2 translocation and
restored EP4 membrane expression. Co-immunoprecipitate (Co-
IP) combined with laser confocal microscopy was detected the
, possibly via PGE2eEP4 signaling pathway. (A) Grk2 siRNA was

blot (n Z 4). (B) FLS proliferation was detected by high content cell

d EP4 was detected by laser confocal microscopy (n Z 6). Scale

1 vs. control group; $P < 0.05 vs. negative control group with PGE2.



Figure 5 CP-25 inhibits PGE2-induced MH7A proliferation by down-regulating GRK2 translocation. (A) CP-25 inhibited PGE2-induced

MH7A proliferation (n Z 3). (B) PGE2 induced EP4 receptor short-term desensitization and GRK2 membrane translocation. The membrane

expression of EP4 and GRK2 in MH7A treated by PGE2 were detected by Western blot (n Z 3). (C) The effect of CP-25 on the expression of

GRK2 and EP4 on membrane of MH7A stimulated by PGE2 (n Z 3). (D) PGE2 stimulated MH7A lysates were used anti-EP4 antibody by co-

immunoprecipitate and subjected to Western blot to visualize GRK2 to evaluate the association with EP4 (n Z 3). (E) and (F) The co-expression

of GRK2 and EP4 was detected by laser confocal microscopy (n Z 6). Scale bars Z 50 mm. Data are expressed as mean � SD. #P < 0.05 vs.

control group; *P < 0.05, **P < 0.01 vs. PGE2.

CP-25 inhibits GRK2 kinase domain to reverse FLS dysfunction 1845
interaction and co-localization of GRK2 and EP4 (Fig. 3C and F),
discovered that GRK2 and EP4 co-expression increased in CIA
group, CP-25 and paroxetine down-regulated the co-expression.
Above results suggested that CP-25 down-regulates GRK2 trans-
location to decrease the co-expression of GRK2 and EP4, and
restore EP4 membrane expression, thereby improving FLS
abnormal proliferation of CIA rats.
To further elucidate the functions of GRK2 in FLS, Grk2
siRNAwas transfected to knock down endogenous Grk2 in FLS of
CIA rats. Grk2 siRNA, with high inhibition rate, were selected for
further experiments (Fig. 4A). Exogenous PGE2 promoted FLS
abnormal proliferation by up-regulating GRK2 translocation to
EP4. Knockdown of Grk2 significantly decreased PGE2-induced
FLS proliferation (Fig. 4B), and down-regulated PGE2-induced



Figure 6 CP-25 directly binds to the kinase domain of GRK2 and inhibits GRK2 activity. (A) and (B) Microscale thermophoresis (MST) of

CP-25 and paroxetine. GRK2 (0.49 mg/mL) were incubated with increasing concentrations of CP-25 (A) and paroxetine (B). The interactions of

CP-25 or paroxetine and GRK2 were quantified by MST and binding data were plotted applying the Kd equation. (C) Molecular docking modeling

of compound CP-25 and GRK2, the small molecule and the critical interaction of 3KRW are represented by sticks. Panel is a view into the active

site cavity. (D) Schematic representation of the binding mode of CP-25 in the GRK2 binding site of 3KRW. (E) Cellular thermal shift assay

(CETSA) presented the thermal stability of endogenous GRK2, wild-type GRK2 (GRK2-WT), and GRK2 G201A/A321G/D335A/K220R/K230R

mutant proteins under treatment with CP-25 (10�6 mol/L) and paroxetine (10�6 mol/L). (F) CETSA curve and the thermal stability to reach 50%

of temperature (Tm50) value was performed using GraphPad Prism software. Data are expressed as mean � SD. *P < 0.05, **P < 0.01 vs. control

group. (G) and (H) Determining IC50 for CP-25 and GRK2 inhibitor. IC50 were determined using the ADP-Glo™ Kinase Assay. Curve fitting was

performed using GraphPad Prism software. All data are expressed as mean � SD.
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the co-expression of GRK2 and EP4 (Fig. 4C). Taken together,
GRK2 might be involved in PGE2-indued FLS abnormal
proliferation.

To test the role of exogenous PGE2 induced MH7A (FLS line
of patients with RA) abnormal proliferation and the effects of CP-
25, we found that under the stimulation of PGE2, MH7A prolif-
eration was increased, and PGE2-induced MH7A proliferation
was reduced by CP-25 (Fig. 5A). To establish PGE2-induced EP4
short-term desensitization model, we first analyzed that Western
blot has been developed for detecting GRK2 and EP4 membrane
expression in vitro. When the GRK2 membrane expression was
analyzed, it was increased continuously at 10 min but then grad-
ually dropped, and decreased to the basal level at 1 h. However,
EP4 membrane expression was decreased at 10 min, and was up to
the basal level at 1 h (Fig. 5B), suggesting that GRK2 may be
involved in EP4 desensitization. We further analyzed whether CP-
25 was responsible for the regulation of GRK2 to affect EP4
desensitization. CP-25 significantly down-regulated GRK2 mem-
brane expression and up-regulated EP4 membrane expression
(Fig. 5C). Co-IP assay combined with laser confocal detecting
GRK2 and EP4 co-expression showed that GRK2 and EP4 co-
expression increased at 10 min by PGE2 stimulation, and CP-25
significantly down-regulates GRK2 and EP4 co-expression
(Fig. 5DeF). Above results suggested that CP-25 inhibits FLS
abnormal proliferation by down-regulating GRK2 transmembrane
activity and promoting EP4 resensitization.

3.3. CP-25 directly binds to the kinase domain of GRK2 and
inhibits GRK2 activity

To further study whether CP-25 directly affect GRK2 trans-
location, we determined Kd between CP-25 or paroxetine and
GRK2 by MST. This method allows the determination of Kd

values in solution and requires GRK2 to be fluorescently labeled.
MST experiments were performed with increasing concentrations
of each of CP-25 or paroxetine (dilutions from 5 nmol/L to
1 mmol/L) with a constant amount of GRK2 protein. The results
indicated that increasing amounts of CP-25 and paroxetine clearly
affect the thermophoretic motion of GRK2, CP-25 and paroxetine
binding to GRK2 protein yielded Kd values of 1.75�0.38 and
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4.95�1.26 mmol/L, respectively (Fig. 6A and B). The results
showed that the combining capacity in the order of CP-
25>paroxetine.

Next, we investigated the binding site of CP-25 acting on
GRK2. Since CP-25 showing to target the GRK2 protein and no
references could be used to speculate the binding mode, molecular
docking of CP-25 into binding site of GRK2 was performed to
simulate a binding model derived from GRK2 (3KRW.pdb). The
docking simulation showed the binding model and sites of com-
pound CP-25 with GRK2 complex (Fig. 6C). CP-25 bind to the
kinase domain of GRK2 with R199, G200, G201, V205, K220,
K230, A321, L324, and D335. Benzoyl side chain of CP-25
mainly combine with V205, K220, and L324 in the small lobe,
cyclohexane and two oxygen heterocyclic rings mainly combine
with R199 and A321 in P-loop, benzene sulfonyl side chain
mainly combines with G200, G201, K230, and D335 in the large
lobe, especially K230 in aBeaC-loop of GRK2. Visual inspection
of the pose of CP-25 into the GRK2-site revealed that optimal
hydrogen bond is observed. In the flexible binding simulation, five
residues of GRK2, G201, K220, K230, A321, and D335 could
form hydrogen bonds with the small-molecule ligand CP-25 to
stabilize the binding conformation, which is important for the
potent inhibitory activity of CP-25 (Fig. 6D).

Using site-directed mutagenesis, we constructed G201A/
K220R/K230R/A321G/D335A mutant of GRK2. Moreover,
CETSA with HepG2 cells demonstrated that CP-25 largely
improved the thermal stability of GRK2, indicating the binding of
CP-25 with GRK2. Exogenous wild-type GRK2 (GRK2-WT)
showed a similar thermal stability shift under treatment of CP-25,
while CP-25 did not change the thermal stability of exogenous
GRK2-G201A/K220R/K230R/A321G/D335A, indicating G201,
K220, K230, A321, and D335 might be responsible for the
interaction between GRK2 and CP-25 (Fig. 6E and F), as pre-
dicted by molecular docking.

To determine whether CP-25 can regulate GRK2 activity,
GRKtide (CRRREEEEESAAA) fragment was used as substrates
in in vitro kinase reactions. Luminescence based GRK2 kinase
activity measurement was done by ADP-Glo™ kinase assay kit.
The maximum GRK2 activity was assessed without any inhibitor
was kept as negative control. CP-25 and GSK180736A, an in-
hibitor of GRK2, at various concentrations ranging from 0.032 to
100 mmol/L, 50% GRK2 inhibition was observed. According to
the experiment, half maximal inhibitory concentration (IC50) of
CP-25 and GSK180736A were observed to be 236.4 and
390.0 nmol/L, respectively. The results of kinase assay are rep-
resented graphically as percentage inhibition of kinase activity in
comparison with the maximum kinase activity (Fig. 6G and H).

3.4. CP-25 may regulate GRK2 transmembrane by controlling
Ala321 of GRK2

Using site-directed mutagenesis, we constructed some different
GRK2 mutants including G201A, K220R, K230R, A321G,
D335A, and G201A/K220R/K230R/A321G/D335A. In order to
tell whether the CP-25 binding to GRK2 modulated the action of
GRK2 in cells, we determined the interaction of GRK2 and EP4
under CP-25 and GSK180736A treatment. Using WT and mutants
of GRK2 transiently transfected to HEK 293T cells for 48 h, the
association of GRK2 and EP4 was detected by conventional
methods such as co-IP assays. In HEK 293T cells, approx. 50% of
the association of GRK2-WT and EP4 was contributed by PGE2
and CAY10598 (EP4 agonists). In the present study, we observed
that the presence of the CP-25 (10�6 mol/L) and GRK2 inhibitor
GSK180736A (5 mmol/L) inhibited agonists induced the associ-
ation of GRK2-WT and EP4 (Fig. 7A).

Molecular docking assay showed that G201, K220, K230,
A321, and D335 in kinase domain of GRK2 formed hydrogen
bonds with CP-25. To confirm and extend these observations, we
generated a wide range of single mutations within GRK2 kinase
domain (Fig. 7H). G201A, K220R, K230R, A321G, and D335A
caused significant decreasing of GRK2 translocation to EP4,
approx. 30% of the association of GRK2 and EP4 was contributed
by EP4 agonists. Notably, CP-25 and GSK180736A without
significantly effect on GRK2-A321G translocation to EP4, but
they decrease GRK2 mutants (G201A, K220R, K230R, and
D335A) transmembrane (Fig. 7BeF). Thereby, A321 of GRK2
may be a key amino acid for CP-25 to regulate GRK2 trans-
location to EP4 receptor.

To further confirm the results, we did multiple mutations
within GRK2 kinase domain (G201A/A321G/D335A/K220R/
K230R). The results showed that GRK2 mutants combined with
EP4 under the treatment of EP4 agonists, and CP-25 and
GSK180736A did not affect GRK2 mutants translocation to EP4
receptor (Fig. 7G), which further suggesting that Ala321 of GRK2
play an important role in mediating GRK2 binding to EP4
receptor.
4. Discussion

Joint destruction is one of the most typical pathological hallmarks
of RA. FLS contribute to joint destruction through increasing cell
density of FLS and releasing inflammatory factors. Established
CIA model of rats and collected synovial tissue of RA patients,
GRK2 expression increased, the co-localization of GRK2 and EP4
increased, and EP4 expression decreased in synovial tissue of CIA
rats and RA patients, suggesting that GRK2 translocation is
related to synovial hyperplasia. Then, differential proteins from
FLS of CIA rats were detected by label analysis, discovered that
33 differential proteins of FLS participate in regulating joint
inflammation, synoviocytes dysfunction and the release of PGE2,
TNF-a, IL-1b, IL-6, etc.39e44, and we also found that FLS of CIA
rats have an increased ability to secrete inflammatory factors
including PGE2, TNF-a, IL-1b, IL-6, IFN-g, etc. PGE2, as a vital
inflammatory factor, highly expresses in the serum and synovial
fluid of RA patients and AA rats, and involves in FLS abnormal
proliferation7,8,45,46, which is consistent with our current findings.
Under normal physiological conditions, PGE2 also binding to
EP4, activates cAMPePKA signaling pathway, and regulates EP4
phosphorylation to keep the balance of cells and exert the regu-
latory of cell functions. However, sustained PGE2 stimulation is
harmful effects over time, causing EP4 over-desensitization and
decrease of EP4 sensitivity for PGE2, and further synovial cells
dysfunction7,47e50. Here, we show that GRK2 translocation to
EP4 is increased in FLS during arthritis, promoting the association
of GRK2 and EP4, leading to EP4 desensitization, thereby
inducing FLS abnormal proliferation. To further identify the role
of GRK2 in FLS abnormal proliferation, the silencing of GRK2
blocks PGE2-induced FLS abnormal proliferation. These findings
suggested that GRK2 might be a novel potential therapeutic target
for regulating FLS abnormal proliferation of RA.

GRK2, as a vital Ser/Thr kinase, is widely distributed in
different tissues, its activity and expression might be modulated by
interactions with protein and lipid in specific cell types, which



Figure 7 Study on the binding sites of CP-25 and GRK2. HEK 293T cells transfection with pIRES-EGFP-GRK2 WT (A), pIRES-EGFP-GRK2

G201A (B), pIRES-EGFP-GRK2 K220R (C), pIRES-EGFP-GRK2 K230R (D), pIRES-EGFP-GRK2 A321G (E), pIRES-EGFP-GRK2 D335A

(F), and pIRES-EGFP-GRK2 G201A/K220R/K230R/A321G/D335A (G) plasmids were challenged with CAY10598 (1 mmol/L) following a 1 h

pre-treatment with PGE2 (10 mmol/L) for 30 min in the presence and absence of CP-25 (10�6 mol/L) or GSK180736A (5 mmol/L). The asso-

ciation of GRK2 mutants and EP4 was determined by co-IP using the EP4-specific antibody and subsequent blotting with GRK2-specific (nZ 3).

Data are expressed as mean � SD. #P < 0.05, ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. PGE2þCAY10598 group. (H) Location of

mutations made in the GRK2 domain. Light green bars represent the regulator of G-protein signaling (RGS) homology (RH) domain, light purple

bars represent kinase domain and pink bars represent Pleckstrin homology (PH) domain. G201, K220, K230, A321, and D335 residues are those

that were mutated in this study.
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Figure 8 Schematic illustration of CP-25 improves EP4 desensitization mediated FLS dysfunction via stabilizing KD and controlling Ala321 of

GRK2. PGE2 level in FLS of CIA rats was up-regulated, promoting PGE2 binding to the EP4 receptor, inducing the increasing of GRK2

translocation, leading to EP4 over-desensitization, thereby promoting FLS dysfunction. CP-25 can stabilize the kinase domain of GRK2 to

directly inhibit GRK2 kinase, leading to decreasing of GRK2 translocation to EP4 by controlling Ala321 of GRK2, thereby promoting EP4

resensitization, which was an important mechanism of CP-25 in improving FLS dysfunction.
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would be also critical to unveil key cellular and physiological
processes controlled by this protein. It has been reported that
increased GRK2 levels and/or activity may play an important role
in the development of diseases, such as relevant cardiovascular,
hypertension, inflammatory, cancer pathologies, and so on51.
Structural analysis of GRK2 indicated that it includes N-terminal
domain (1e184 aa), kinase domain (185e513 aa), and C-terminal
domain (514e689 aa). KD of GRK2 included the small lobe
(186e272 aa, 496e513 aa), hinge region (273e275 aa), the large
lobe (276e495 aa), P-loop (191e201 aa), the activation loop
(contains Ser334), and aBeaC-helix (224e248 aa), which was
the binding regions of ATP and GRK2 inhibitors52,53. The struc-
tural features of GRK2 play a vital role in the development of
GRK2 inhibitors.

GRK2 inhibitors have been classified several types according
to the different inhibition mechanisms. Such as, ATP mimetic and
competitive inhibitor of ATP (Balanol) combined specifically with
the P-loop and the aBeaC loop of the small lobe in GRK2,
leading to kinase domain of GRK2 adopted a slightly more closed
conformation54. Heterocyclic compounds Takeda inhibitors
(CMPD101 and CMPD103A) specifically bind to the active site of
GRK2 including the large lobe, the P-loop, and the aBeaC-loop
to stabilize non-active conformation with higher selectivity than
Balanol55. Paroxetine and derivatives (GSK180736A) specifically
integrated with the kinase domain of GRK2 by forming hydrogen
bonds at D272 and M274 to inhibit kinase activity38. Notably,
there have been a number of recent advances in GRK2 inhibitors
for treating cardiovascular, hypertension of animals. Especially,
paroxetine is a well-known antidepressant in clinic, and inhibits
GRK2 and increase b-adrenergic receptor (b-AR) mediated car-
diomyocyte contractility in normal mice and cells56e60. However,
the role of GRK2 inhibitors in treating RA remains unidentified.

CP-25, as a novel ester derivative of paeoniflorin, has anti-
inflammation and immunoregulation effects on CIA rats. CP-25
and GRK2 inhibitors improve the FLS abnormal proliferation by
down-regulating GRK2 translocation. In vitro, MST combined
with molecular docking found that CP-25 directly binds to GRK2
protein, kinase domain of GRK2 is the binding region of CP-25,
especially, the small lobe, P-loop, the large lobe, and aBeaC-
loop of kinase domain in GRK2 are the important binding do-
mains of CP-25, and CP-25 makes hydrogen bonds to G201,
K220, K230, A321, and D335 of kinase domain to stabilize CP-
25/GRK2 complex. Cellular thermal shift assay found that CP-
25 can bind and stabilize GRK2 protein in cells. To further
explore the effects of CP-25 on GRK2 functions, we detected the
GRK2 activity and the ability of GRK2 to interact with EP4
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receptor in the presence of CP-25 by transfecting with GRK2-WT,
G201A, K220R, K230R, A321G, D335A, and G201A/A321G/
D335A/K220R/K230R. Therefore, CP-25, as activity regulator of
GRK2, targets to GRK2 thereby down-regulating the association
of GRK2 and EP4 and mediating EP4 resensitization by control-
ling the key amino acid Ala321 of GRK2.

Currently, selective inhibitors targeting key molecules for
treating RA in clinic include celecoxib (cyclooxygenase-2 in-
hibitors), etanercept (TNF-a inhibitors), rituximab (CD20 mono-
clonal antibody), tocilizumab (IL-6R monoclonal antibody), and
so on. However, ADR would occur under the conditions of
inhibiting excessively molecules in FLS and immune cells, which
may induce malignant tumors, infections, myelosuppression, and
so on. In this study, CP-25 relieves the FLS abnormal prolifera-
tion, involving in the down-regulation of GRK2 membrane
expression, decrease of GRK2 and EP4 co-localization, thereby
restoring EP4 membrane expression in FLS to normal level, which
achieve the soft regulation of inflammatory immune responses
(SRIIR) of drug and represent an innovate avenue for the devel-
opment of new therapeutic strategy against RA61.
5. Conclusions

This study provides strong evidence that GRK2 translocation to
EP4 contributes to the regulation of EP4 over-desensitization
in synovial tissues and FLS of RA patients and CIA rats by
PGE2eEP4 signaling pathway, mediating FLS abnormal prolif-
eration, which suggest that GRK2 might be a potential biomarker
and attractive therapeutic target for RA. CP-25 directly targets
GRK2, regulates EP4 receptor over-desensitization to normal
physiological level, re-establishes EP4 signaling pathway func-
tions and thereby inhibiting FLS abnormal proliferation (Fig. 8).
Therefore, CP-25 is worthy to be applied in the treatment of RA in
clinic in the future.
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