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KEY WORDS Abstract G protein-coupled receptor kinase 2 (GRK2) participates in the phosphorylation and desen-
sitization of G protein-coupled receptor (GPCR), impacting various biological processes such as inflam-
mation and cell proliferation. Dysregulated expression and activity of GRK2 have been reported in
multiple cells in rheumatoid arthritis (RA). However, whether and how GRK2 regulates synovial
hyperplasia and fibroblast-like synoviocytes (FLSs) proliferation is poorly understood. In this study,
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G protein-coupled we investigated the regulation of GRK2 and its biological function in RA. We found that GRK2 trans-
receptor kinase 2; membrane activity was increased in FLSs of RA patients and collagen-induced arthritis (CIA) rats. Addi-

Tumor necrosis factor tionally, we noted a positive correlation between high GRK2 expression on the cell membrane and
receptor-associated serological markers associated with RA and CIA. Immunoprecipitation—mass spectrometry and pull-
factor 2 down analyses revealed tumor necrosis factor receptor-associated factor 2 (TRAF2) as a novel substrate

of GRK2. Furthermore, surface plasmon resonance (SPR) and molecular docking assays determined that
the C-terminus of GRK2 binds to the C-terminus of TRAF?2 at the GIn340 residue. GRK2 knockdown and
the GRK2 inhibitor CP-25 attenuated synovial hyperplasia and FLS proliferation in CIA both in vitro and
in vivo by decreasing GRK2 membrane expression and activity. Mechanistically, increased GRK2 trans-
membrane activity contributed to the recruitment of TRAF2 on the cell membrane, promoting GRK2
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—TRAF2 interactions that facilitate the recruitment of the E3 ubiquitin ligase TRIM47 to TRAF2. This
enhanced TRAF2 Lys63 polyubiquitylation and induced nuclear factor (NF)-xB activation, leading to sy-
novial hyperplasia and abnormal proliferation of FLSs. Our study provides a mechanistic and preclinical
rationale for further evaluation of GRK2 as a therapeutic target for RA.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. 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 a prevalent chronic autoimmune
disease and is typically marked by ongoing synovial inflamma-
tion, synovium hyperplasia, and aggressive pannus formation,
which contributes to the destruction of cartilage and bone'.
Numerous studies have gradually revealed that fibroblast-like
synoviocytes (FLSs), as key resident cells in the synovial lining,
actively participate in and exacerbate the process of cartilage
injury by secreting a series of pro-inflammatory cytokines, such as
tumor necrosis faction-o (TNF-«), interleukin-18 (IL-18), IL-6,
and prostaglandin E2 (PGE2). They play a central role in the
pathogenesis of RA>”. Identifying the pivotal molecules driving
these pro-inflammatory cytokine-mediated signalling pathways
may clarify the mechanisms resulting in abnormal proliferation
and activation of FLSs, which may uncover novel molecular tar-
gets for precision therapies to treat RA.

G-protein-coupled receptor kinase 2 (GRK2) belongs to the
serine/threonine kinase family and plays an integral role in regu-
lating key biological processes such as phosphorylation, desensiti-
zation and internalization of G-protein-coupled receptors (GPCR).
Consequently, GRK2 is essential for various biological processes,
including cell proliferation and inflammation®''. GRK2 is char-
acterized by three important sequence features. The N-terminus
includes a conserved segment that forms an aN helix in the
active state of GRK?2, which is succeeded by the initial eight helices
of the regulatory G-protein signaling homology (RH) domain'?'3.
Secondly, the kinase domain consists of a nine-helix bundle that is
situated within a loop connecting helices 8 and 9 of the RH domain.
This kinase domain features critical amino acid residues, such as
Lys220, which is essential for determining kinase activity'*'.
Lastly, the C-terminal domains of GRK?2, which are less conserved,
follow the kinase domain. This C-terminus of GRK2 binds to
multiple proteins, such as GPCR, phosphatidylinositol 3-kinase
(PI3K), and protein kinase B (AKT). Importantly, phosphoryla-
tion at Ser685 within the C-terminus of GRK2 plays a crucial role
in facilitating the recruitment of GRK2 to the cell membrane'®'®,

Our previous work demonstrated that increased GRK2 trans-
location plays a specific role in improving arthritis and that the
binding of GRK2 to extracellular signal-regulated kinase (ERK1/
2), Salvador homolog-1 (SAV1), peroxisome proliferator-activated
receptor gamma (PPARY), or prostaglandin receptor 4 (EP4) leads
to the dysfunction of FLSs, endothelial cells, and immune cells.
Additionally, the GRK2 inhibitor CP-25 has been shown to
effectively suppress the abnormal proliferation and excessive
migration of FLSs'*%®. Despite progress, the underlying mecha-
nisms linking GRK2 to FLS hyperproliferation remain incom-
pletely understood.

In this study, we demonstrate that GRK2 facilitates the
recruitment of TRAF2 to the cell membrane, promoting the for-
mation of the TRAF2—tripartite motif-containing (TRIM) 47

complex. This interaction mediates the Lys63 polyubiquitylation
of TRAF2 and activates NF-«xB signalling in FLSs, contributing to
RA progression. Together, our findings report a novel role for
GRK2 in the development of RA and highlight the
GRK2—TRAF2—NF-kB pathway as a promising therapeutic
target to mitigate FLS hyperproliferation in RA.

2. Materials and methods

2.1.  Patients and specimens

RA blood samples were obtained from patients diagnosed with
RA?, and control blood samples were sourced from individuals
without a history of RA undergoing lower limb amputation owing
to traffic accidents and healthy controls. RA synovial tissue (ST)
was obtained from RA patients who received surgical synovec-
tomy of the knee, while normal ST was collected from donors
without a history of RA who underwent arthroscopic surgery after
traumatic fractures. This study obtained official ethical approval
(approval No. 2020KY74) from the Biomedical Ethics Review
Committee of the First Affiliated Hospital of the University of
Science and Technology of China (Hefei). In addition, all patients
participating in the study have given clear informed consent after
fully understanding the research content. Detailed clinical char-
acteristics are presented in Supporting Information Table S1.
Notably, there was no involvement of patients or the public in the
study’s design, execution, reporting, or dissemination plans.

2.2.  Animals

This experiment used 6—8 week-old Wistar rats provided by
Beijing Vital River Laboratory Animal Technology Co., Ltd.
(SYXK(Wan)-2020-001), whose body weight ranged from
approximately 150 + 20 g. The rats were housed in a specific
pathogen-free environment of Anhui Medical University, with
controlled room temperature set between 20 and 22 °C and hu-
midity maintained at 40%—60%. The study received ethical
approval from the Ethics Review Committee for Animal Experi-
mentation of Anhui Medical University, Hefei, China (approval
No. 20201002).

2.3.  Cells and reagents

Human embryonic kidney (HEK293) and RA FLS cell lines
(MH7A) were sourced from Beijing Jinheng Shengshi Technology
Co., Ltd. PGE2 (Cayman Chemical, cat. 14010), recombinant rat
TNF-a (Novoprotein, cat. CR38, purity >95%), recombinant
human TNF-«a (Novoprotein, cat. CO08, purity >95%), and eta-
nercept (dimeric fusion protein) were procured from TargetMol
and Shanghai Guojian Pharmaceutical Enterprise Co., Ltd.,
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Figure 1 Membrane expression of GRK?2 in FLSs of RA patients. (A) IHC staining of GRK2 expression in the joint synovium of healthy
donors and patients with RA (n = 6, scale bar = 50 um). (B) Images were captured with a high-content cell imager and the number of cells was
counted (n = 6, scale bar = 100 pm, Student’s r-test, **P < 0.01 vs. normal group). (C) CCK-8 was used to detect cell proliferation activity
(n = 6, Student’s r-test, **P < 0.01 vs. normal group). (D) p-Ser685 GRK2 and GRK2 protein levels in FLSs of RA were detected by Western
blot (n = 9, Student’s t-test, **P < 0.01 vs. normal group). (E) GRK2 membrane expression in FLSs of RA was detected by membrane protein
extraction kit and Western blot (n = 9, Student’s #-test, **P < 0.01 vs. normal group). (F) GRK2 intracellular localization in FLSs of RA was
detected by confocal microscope (n = 5, scale bar = 25 um). (G) Correlation analysis of GRK2 membrane expression of healthy donors and
patients with RA with RF (n = 30, Pearson coefficient analysis, r = 0.4253, P = 0.0007) and CRP (n = 30, Pearson coefficient analysis,
r = 0.5338, P < 0.0001). All data are presented as mean £ SD.
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GRK?2 activity inhibitor CP-25 was supplied by the Institute of
Clinical Pharmacology, Anhui Medical University (Hefei, China).
Dimethyl sulfoxide (DMSO) was sourced from Sigma—Aldrich,
and Chicken Collagen Type II (CCII) (cat. 20012) and complete
Freund’s adjuvant (CFA) (cat. 7001) were supplied by Chondrex.
Enzyme-linked immunosorbent assay (ELISA) kits for various
cytokines including PGE2, TNF-q, IL-6, IL-18, IL-17a, interferon
v (IFN-v), IL-4, IL-10, and transforming growth factor 8 (TGF-3)
were provided by Beijing Furui Runze Biotechnology Co., Ltd.
Membrane protein extraction kit was purchased from Bestbio.
Protein A/G binding agarose beads (cat. sc-2003) were purchased
from Santa Cruz Biotechnology. DAPI (cat. C1005) was sourced
from Beyotime. PlasMem Bright Red (cat. P505) was purchased
from DOJINDO. Human GRK2 protein (His Tag) and Human
TRAF2 protein (His Tag) were acquired from Tsingke Biotech-
nology Co., Ltd.

2.4.  Plasmids and antibodies

In this study, various tagged constructs of TRAF2 and GRK2 were
used. Plasmids with FLAG-tag were created by inserting the
relevant cDNAs into the pcDNA-3.1(+) vector. Similarly, plas-
mids with MYC-tag were formed by subcloning the relevant
cDNAs into the pcDNA-3.1(+) vector. The plasmids employed in
this research were developed in our laboratory and were purchased
from General Biol (Anhui) Co., Ltd., including FLAG-TRAF2-
WT, FLAG-TRAF2-AC (amino acids 1—272), MYC-GRK2-WT,
MYC-GRK2-AC (amino acids 1-—513), EGFP-TRAF2-
GIn340Arg, pcDNA3.1-FLAG, -MYC, and -EGFP.

Antibodies: TRAF2 from Santa Cruz Biotechnology (cat. sc-
136999) and Cell Signaling Technology (cat. 4712; GRK2 from
Huabio (cat. ET1609-72) and Santa Cruz Biotechnology (cat. sc-
13143); TRIM47 from Proteintech (cat. 26885-1-AP), FLAG from
Affinity Biosciences (cat. T0O03) and Cell Signaling Technology
(cat. 14793); C-Myc-Tag from Affinity Biosciences (cat. TO01) and
Cell Signaling Technology (cat. 2278); p-P65 from Cell Signaling
Technology (cat. 3033), P65 from Cell Signaling Technology (cat.
8242); K63-linkage specific polyubiquitin antibodies from Cell
Signaling Technology (cat. 5621), p-Ser685 GRK2 from CUSABIO
(cat. CSB-PA007551) and Sigma—Aldrich (cat. SAB4504682),
ATPlalphal/NatK"ATPasel (ATP1A1) from HUABIO (cat.
ET1609-76); Histone-H3 from Proteintech (cat. 17168-1-AP); 3-
actin from ZSGB-BIO (cat. TA-09). Alexa-Fluor-488 tagged sec-
ondary antibodies were sourced from Proteintech (cat. scbAF488-1).

2.5.  Collagen-induced arthritis (CIA) model of rats

CCII was effectively dissolved in a 0.01 mol/L acetic acid (4 mg/mL),
and then mixed with an equal volume of CFA (4 mg/mL) to create a
homogeneous emulsion. On Day 0, rats received intradermal in-
jections of 0.1 mL of this emulsion at various sites, including the base
of the tail, the back, and the right hind limb. On Day 7, the Wistar rats
were re-injected intradermally with another 0.1 mL of the CCII
emulsion at multiple locations on the tail or back. By Day 14, sec-
ondary joint swelling was observed, confirming a 98% success rate
for the CIA model, with unsuccessful models being excluded from
further analysis.

To identify the role of GRK2, recombinant adeno-associated
virus 5 (AAVS5) with or without Grk2 knockdown (20 pL, 1 x 10'2
vg/mL) was injected into the intra-articular cavity of CIA Wistar rats

for 3 weeks, namely CIA + AAVS5-Grk2-shRNA and CIA + AAVS-
NC group, each group with 6 rats. Lentiviral ShRNA targeting Grk2
was purchased from Genomeditech. The shRNA oligos were as
follows: NC: 5-TTCTCCGAACGTGTCACGT-3"; Grk2-shRNAT:
5'-GGGATGTGTTCCACAAGTTCA-3'; Grk2-shRNA2: 5'-GCA-
TCATGCATGGCTACATGT-3'; Grk2-shRNA3: 5'-GGTCTATGG
GTGCCGGAA-AGC-3'. Cells were transfected with lentiviral Grk2
shRNA oligos or the corresponding plasmids using jetPRIME
(Polyplus, 101000046), following the guidelines. Analysis of the
cells was conducted 36—48 h after transfection.

Grouping: a vehicle-treated CIA group, a group treated with
CP-25 [50 mg/kg/day, Intragastric administration (i.g.)] for three
weeks, and a group receiving etanercept [3 mg/kg/3 days, hypo-
dermic injection (i.h.)] for the same duration, with each group
consisting of six rats. Body weight, swollen joint count, arthritis
index, global assessment, and secondary paw swelling were
evaluated according to the principle of randomized controlled
trials. On Day 35, the rats were euthanized to analyse blood,
spleens, ST, and joint change.

2.6.  FLSs proliferation assay (High-Content Imaging System)

The cell suspension obtained after-digestion was placed into a 96-
well plate (5 x 10* cells/well). After overnight culture in 5% FBS,
the cells were treated with PGE2, TNF-«, CP-25, or etanercept for
24 h. After treatment, cells were fixed with 4% formaldehyde, and
stained using DAPI. High-Content Imaging System with
ImageXpress Micro-4 captured cell images to count cell number
(Molecular Devices LLC., USA).

2.7. FLSs proliferation assay (CCK-8 assay)

Cell suspension (5 x 10° cells/mL, 100 pL/well) was added to a 96-
well plate and incubated for 24 h with different stimulation. Then,
CCK-8 (10 pL/well) was introduced and incubated for 3 h. After
incubation, a microplate reader with Infinite M1000 PRO system
(Tecan, Switzerland) measured the absorbance of cells at 450 nm.

2.8.  Haematoxylin and eosin (H&E) staining

ST, knee and ankle joints samples were treated with paraffin
embedding followed by H&E staining. The pathological features
of these tissues were observed in detail with a scanning micro-
scope (Pannoramic MIDI II, provided by 3DHISTECH China) and
the related changes were recorded. Microscopic images of repre-
sentative histological sections demonstrated synovial hyperplasia
(S), pannus formation (P), significant infiltration of inflammatory
cells (I), destruction of bone tissue (B), and cartilage injury (C).

2.9.  Immunohistochemical (IHC) staining

IHC staining used PV-6000 universal 2-step immunohistochem-
istry (Zsbio, China), following the experimental instructions. The
tissue sections were permeabilized for 15 min, with antigen
retrieval for 15 min and endogenous peroxidase activity blocking
for 10 min, and serum blocking for 15 min. The primary antibody
was then added and incubated for 12 h at 4 °C. The next day, a
biotin-labeled secondary antibody was incubated for 20 min, and
then treated with horseradish peroxidase streptavidin solution.
After rinsing with PBS, color development was achieved using
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Figure 2 Membrane expression of GRK2 in FLSs of CIA rats. (A) Bone destruction of the ankle joint (front) in different inflammatory stages
of CIA rats was measured by micro-CT (n = 3). (B) Ankle joint in different inflammatory stages of CIA rats was measured by H&E staining
(n = 5, scale bar = 100 pm). (C) ELISA quantified pro-inflammatory and anti-inflammatory cytokines in the synovia of CIA rats (n = 6, one-
way ANOVA, *P < 0.05, **P < 0.01 vs. normal group). (D) High-content cell imager captured cell images to count cell number [n = 6, scale
bar = 100 pum, one-way ANOVA, *P < 0.05, **P < 0.01 vs. normal group; ““P < 0.01 vs. CIA (Initial) group; P < 0.01 vs. CIA (Peak)
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DBA, followed by hematoxylin staining. The results were finally
examined using a scanning microscope (Pannoramic MIDI II,
3DHISTECH, China).

2.10.  Micro-computed tomography (Micro-CT)

The ankle joints of the rats were fixed and then subjected to micro-
CT scanning (SkyScan 1276, Bruker, Germany), using an 85 kV
voltage and a 200 pA ray tube current, with a scanning angle of
180°. 3D reconstruction with NRecon software (v1.7.4.2) was
used to process the original images. The regions of interest were
subsequently analysed using Analyser software (v1.20.3.0).

2.11.  X-ray fluoroscopic imaging system

The ankle joints were placed in the animal X-ray irradiator
(LabScope, Glenbrook Technologies, USA) under the following
conditions, X-ray tube emission voltage: 0—25 KV; X-ray tube
focus: 10 um, 5 W power; image resolution 15 Ip/mm; the radi-
ation dose from 5 cm distance was less than 5 uSv/h (25 KV);
outside the radiation tube, the radiation dose was less than 0.5
nuSv/h. Swelling in joint soft tissue, joint deformation, and joint
space were observed.

2.12.  Ultrasonic testing

Before ultrasonography, each rat was anesthetized with 2% iso-
flurane, and hair around the knee joint was removed, and then a
coupling agent was added. In vitro ultrasound imaging was con-
ducted using B mode, and color Doppler functions (Vevo 2100,
VisualSonics, Canada), using an 18 MHz transducer. Changes in
echogenic signals were recorded.

2.13.  Confocal immunofluorescence

FLSs were incubated for 12 h at 4 °C with a 1:100 dilution of
rabbit anti-GRK2 antibody, and then anti-rabbit Alexa Fluor 488
(1:100) was incubated for 1 h at 37 °C. The cell membrane was
stained with PlasMem Bright Red working solution for 5 min, and
the cell nucleus was stained with DAPI solution for 3 min, fol-
lowed by four rinses with PBS. A confocal microscope (Leica
SP8, Germany) captured fluorescent images.

2.14.  Co-immunoprecipitation (Co-IP) and Western blot

The cells were lysed in lysis buffer with HEPES (25 mmol/L),
EDTA (5 mmol/L), NaCl (150 mmol/L), 1% Triton X-100, 10%
glycerol, and protease and phosphatase inhibitors, for 30 min on
ice. The supernatant lysates were obtained by centrifugation. To
preclear the lysates, normal mouse IgG (sc-2025, Santa Cruz
Biotechnology, USA) was added and incubated for 2 h at 4 °C.

After this, FLAG, MYC, GRK2, or TRAF2 antibodies were
introduced for immunoprecipitation, along with protein A/G
binding agarose beads, and incubated for 12—16 h at 4 °C. The
immunoprecipitates were eluted with 5 x SDS buffer, and
immunoblotting with the specified antibodies.

2.15.  Biochemical markers and serum or synovia cytokines
detection

Following the kit’s operating guidelines, the concentrations of
rheumatoid factor (RF), C-reactive protein (CRP), anti-keratin
antibody (AKA), and anti-cyclic citrullinated peptide antibody
(anti-CCP) in serum samples were measured by ELISA. They also
measured levels of a range of inflammatory and immunomodu-
latory factors in serum and synovial tissue. These include PGE2,
TNF-a, IL-6, IL-10, IL-17a, IFN-vy, IL-4, IL-10, and TGF-g.

2.16.  Quantitative PCR (qPCR)

The total RNA of cells was obtained by TRIzol reagent (Invi-
trogen, 15596018). RNA samples were used to perform reverse
transcription with MonScript RTase III reagent kit (Monad,
MR00201) and PCR amplification tests with MonScript ChemoHS
qPCR Mix (Monad, MQO00401). The design primers are shown in
Supporting Information Table S2. The internal reference gene was
GAPDH, and the 2~ 22T method analysed the relative expression
of the gene.

2.17.  RNA-sequencing (RNA-seq)

ST samples from both normal and CIA rats were subjected to
high-throughput transcriptome sequencing using an Illumina
HiSeq2500 instrument at Majorbio Co., Ltd. (China) to identify
genes that are abnormally and specifically expressed. Reactome
enrichment analysis was conducted to assess the functional im-
plications of the dysregulated genes in the ST of CIA rats. The
sequencing and analysis followed the standard RNA-seq protocol
as outlined by DEGseq.

2.18.  His-GRK?2 pull-down assay

After transfecting the cells, cells were lysed in lysis buffer for
20—30 min. The supernatant lysates were obtained by centrifu-
gation. Lysates containing His-tagged proteins were then incu-
bated with Ni Sepharose beads HP (Cytiva, USA) for 2 h at 4 °C.
The lysates were mixed with the Ni beads bound to His-tagged
proteins and incubated for 12 h at 4 °C. The protein—bead com-
plexes were washed with lysis buffer. Western blot analysis was
performed to visualize the pull-down bands.

group]. (E) CCK-8 analysis indicated cell proliferation activity across groups [n = 6, one-way ANOVA, *P < 0.05, **P < 0.01 vs. normal group;
&&p < 0.01 vs. CIA (Initial) group; *P < 0.01 vs. CIA (Peak) group]. (F) Western blotting detected p-Ser685 GRK2 and total GRK?2 protein
levels in FLSs of CIA rats [n = 5, one-way ANOVA, **P < 0.01 vs. normal group, ““P < 0.01 vs. CIA (Initial) group; *P < 0.05 vs. CIA (Peak)
group]. (G) Membrane protein extraction and Western blot analysis confirmed GRK2 membrane expression in FLSs of CIA rats [n = 5, one-way
ANOVA, *P < 0.05, **P < 0.01 vs. normal group, &p < 0.05 vs. CIA (Initial) group; #P < 0.05 vs. CIA (Peak) group]. (H) Confocal microscopy
illustrated GRK?2 intracellular localization in CIA rat FLSs (n = 5, scale bar = 25 pm). (I) Correlation analysis showed significant relationships
between GRK2 membrane expression and RF (n = 5, Pearson coefficient analysis, r = 0.8695, P < 0.0001), CRP (n = 5, Pearson coefficient
analysis, r = 0.7259, P = 0.0015), anti-CCP (n = 5, Pearson correlation analysis, r = 0.9147, P < 0.0001) and AKA (n = 5, Pearson
correlation analysis, » = 0.7858, P = 0.0003). All data are presented as mean + SD.
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Figure 3 GRK2 binds to GIn340 residue in the C-terminus of TRAF2. (A) TRAF2 proteins (296-VAMTAEACSR-305 and 332-
DLAMADLEQK-341) interacting with GRK2 from MS analysis of peptides pulled down using Ni beads in FLS. (B) Direct binding of
GRK2-His and TRAF2 using the His pull-down assay. The pull-down bands were detected by Coomassie brilliant blue staining (left) and Western
blot (right) (n = 3). (C) SPR was performed using human recombinant GRK2 full-length and TRAF2 full-length proteins. The
response—concentration curve was used to evaluate Ky value. (D) Docking between GRK2 and TRAF2. The figure shows that GRK2 formed
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2.19.  Label-free quantification protein assay

The human His-GRK2 protein was incubated with Ni-Sepharose
HP beads and then combined with lysates from MH7A cells at
4 °C overnight. The protein complex bound to the Ni beads was
eluted using a protein elution buffer and subsequently analysed
using mass spectrometry (MS) (Q Exactive HFX Orbitrap,
ThermoFisher Scientific, USA). Raw MS files were processed on a
Linux OS server (Debian 9) using MaxQuant software. The
UniProt FASTA databases and contaminant database were used to
search MS spectra. Quantification was based on the MS1 peak
area and maxLFQ, with all other parameters set to default. Pro-
teins and peptides matching the database were analysed.

2.20. SPR

Recombinant GRK2 (50 pg/mL) was immobilized on the CM5
sensor chip. TRAF2 protein solutions were prepared in a series of
concentrations (1.71875, 3.4375, 6.875, 13.75, 27.5, and 110
nmol/L) and flowed for 150 s during each run (rate of 10 pL/min).
BIAcore T200 Control software (v.2.0, GE Healthcare, USA)
recorded data from the sample and corrected the values. BIAcore
T200 Evaluation software determined the association and disso-
ciation constants (Ky). Finally, Origin 7 software exported the data
to generate the final figures.

2.21.  Molecular docking modelling

To confirm the binding sites and examine the binding mode, the
ZDOCK program in Discovery Studio (DS) 2020 Client (Accelrys
Software Inc., USA) was used. ZDOCK employs rigid-body dock-
ing of two molecules. This was followed by refinement using
RDOCK. The protein structures of human GRK?2 and TRAF2 were
sourced from the AlphaFold Protein Structure Database.

2.22.  Statistical analysis

The experimental data are based on at least three independent
replicates, and the results are presented in the form of mean fol-
lowed by standard deviation (SD) to ensure the reliability and
accuracy of the results. For statistical analysis, we adopted the
professional software GraphPad Prism (v8.3.0) for processing. For
the comparison between the two groups of data, we used Student’s
t-test to evaluate the significance of the difference. When
comparing more than two sets of data, one-way analysis of variance
(ANOVA) was used to comprehensively examine the differences
between the groups. In addition, Pearson correlation analysis was
used to explore the linear relationship between variables. In all
statistical tests, P < 0.05 represents a significant difference.

3. Results

3.1.  Expression and intracellular localization of GRK2 in
patients with RA

GRK2 has an N-terminal domain, a kinase domain, and a
C-terminal domain, but the role of GRK2 in the regulation of FLS
hyperproliferation requires further study. To this end, we first
detected GRK?2 expression in ST of RA patients and normal in-
dividuals. Elevated GRK2 protein levels were confirmed in ST of
RA patients compared to normal controls by IHC staining
(Fig. 1A). To characterise GRK2 expression in FLSs, we isolated
FLSs from ST of patients with RA and normal individuals. High-
content cell imager and CCK-8 proliferation assays both demon-
strated the proliferation of FLSs in RA patients increased (Fig. 1B
and C). Then, we compared GRK2 expression and intracellular
localization in FLSs. Interestingly, our results suggested that the
expression of GRK2 mRNA and protein in FLSs of patients with
RA was not significantly altered compared to their counterparts
from normal individuals (Fig. 1D; Supporting Information Fig.
S1A and S1B), whereas Ser685 phosphorylation of GRK2 and
GRK2 membrane expression was increased in FLSs (Fig. 1D—F).
We further examined the expression and intracellular of GRK2 in
peripheral blood mononuclear cells (PBMCs) of RA patients;
increased GRK2 transmembrane activity in PBMCs of RA pa-
tients was consistent with that in FLSs (Fig. SIB—SI1E). More-
over, in RA FLSs, GRK2 membrane expression was positively
correlated with RF and CRP levels (Fig. 1G), suggesting that the
translocation of GRK2 to the cell membrane may play a vital role
in the clinicopathology of patients with RA.

3.2.  Membrane-bound GRK?2 levels correlate with the
development of synovial hyperplasia and inflammation

RA is a chronic progressive disease. To explore the expression and
intracellular localization of GRK2 during the different stages of
RA, CIA animal models were established. We first examined
clinical indexes and serological biomarkers of CIA rats and
observed that the clinical indexes (the global assessment, arthritis
index, swollen joint count, and paw swelling of the secondary side
of the joint) were significantly higher during the peak of inflam-
mation compared to normal rats or to rats during the early stage
and remission stage of CIA (Supporting Information Fig. S2A and
S2B). Serological biomarkers, including RF and anti-CCP, were
also significantly higher during the peak of inflammation as well
as were positively correlated with levels of TNF-«, PGE2, IL-6,
IL-18, IFN-v, and IL-17a, and negatively correlated with levels
of IL-4, IL-10, and TGF- in serum (Fig. S2C—S2E).

conventional hydrogen bond with TRAF2 at GIn340, Glu344, Glu346, Lys357, Asp360, Arg363, Lys364, Arg372, Phe377, Asn438, Gln437,
Glu4d79, and Asp487. Arg, arginine; Asn, asparagine; Asp, aspartate; Glu, glutamate; Gln, glutamine; Lys, lysine; Phe, phenylalanine. (E) TRAF2
binds to the GRK2 C-terminus. Schematic of domain structures of GRK2 deletion mutants interaction with TRAF2 full-length (up); co-IP of
FLAG-tagged TRAF2 constructs with MYC-tagged GRK2 full length (amino acids 1—689) and GRK?2 deletion mutants (amino acids 1—513) in
HEK293 cells is shown (below) (n = 3). WCE, whole-cell extracts. (F) GRK2 bound to the TRAF2 C-terminus. Schematic of domain structures
of TRAF2 deletion mutants interaction with GRK2 full-length (up); co-IP of MYC-tagged GRK2 constructs with FLAG-tagged TRAF2 full-
length (amino acids 1—501) and TRAF2 deletion mutants (amino acids 1—272) in HEK293 cells is shown (below) (n = 3). (G) TRAF2

GIn340 was a key amino acid residue in the GRK2 interaction (n = 3).
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Figure 4  GRK2 mediates Lys63-linked polyubiquitination of TRAF2 depending on its kinase activity. (A) HEK293 cells transfected with MYC-tagged
GRK2-WTand EV plasmids were incubated with CHX (100 pg/mL) for 3, 6,9, and 12 h. Immunoblotting was performed with specific antibodies to evaluate
the stability and degradation of TRAF2 (n = 3, one-way ANOVA, **P < 0.01 vs. CHX 3 h). (B, D) HEK293 cells expressing either GRK2-WT or the kinase-
dead mutant GRK2-Lys220Arg were stimulated with 20 ng/mL TNF-« for 30 min. Western blot analysed the levels of total GRK2, TRIM47, TRAF2, P65,
and phosphorylated P65 (n = 3). (C, E) After TNF-a stimulation, HEK293 cell lysates underwent immunoprecipitation with anti-TRAF2. Immunoblotting
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Applying micro-CT to quantify the changes in bone destruction,
we found that bone damage of the ankle joint in CIA rats at the peak
of inflammation was more severe than that in the early-stage group
(Fig. 2A; Supporting Information Fig. S3A). We also used H&E
staining and ultrasound assays, which showed that the synovial
hyperplasia, joint destruction, and neovascularisation at the peak of
inflammation of CIA rats were more severe than those of normal rats
or CIA rats during the early stage or remission stage (Fig. 2B; Fig.
S3B and S3C). Next, we performed RNA-seq of ST of normal and
CIA rats to evaluate potential alterations in gene expression that
could alter signal transduction. Reactome enrichment analysis
showed that multifarious inflammatory-associated pathways,
including GPCR, TNF, and Toll-like signalling pathways, were
changed in CIA compared to normal rats, implying that these sig-
nalling pathways were abnormally activated at the peak of inflam-
mation (Fig. S3D). In addition, the expression of pro-inflammatory
cytokines (TNF-«, PGE2, IL-6, IL-18, IFN-vy, and IL-17a) in sy-
novial fluid (SF) from CIA rats were all upregulated; the expression
of anti-inflammatory cytokines (IL-4, IL-10, and TGF-) in SF from
CIA rats were all downregulated (Fig. 2C); and FLSs proliferation of
CIA rats was significantly increased, especially at the peak of
inflammation of CIA (Fig. 2D and E). We further determined that
the mRNA and protein expression of GRK2 in FLSs of CIA rats
were not different from that of controls, but phosphorylation of
GRK2 (Fig. 2F; Supporting Information Fig. S4A) and GRK2
membrane expression (Fig. 2G and H) in FLSs of CIA rats were
increased, especially at the peak of inflammation, which was similar
to our findings in clinical specimens. Similarly, GRK2 trans-
membrane activity was increased in PBMCs and spleen cells of CIA
rats (Fig. S4B—S4D). Pearson’s correlation test showed that GRK2
membrane expression was positively correlated with RF, CRP,
AKA, and anti-CCP levels (Fig. 2I). Together, these results
demonstrate that higher GRK2 membrane expression may predict
the aggravation of arthritis, indicating that increased GRK2 mem-
brane translocation might play a role in RA progression.

3.3.  The GRK2 C-terminus interacts with GIn340 on TRAF2
C-terminus

GRK2 is a key signalling protein, impacting various biological
processes, such as cell proliferation and inflammation, via its in-
teractions with all kinds of substrate proteins>®. To investigate the
potential interacting partners of GRK2 through which it may pro-
mote FLS hyperproliferation, we stably expressed and purified
GRK2-His in HEK293 cells and performed immunoprecipitation
(IP) experiments on purified GRK2-His protein and RA FLSs
(MH7A cells) lysates (Supporting Information Fig. S5A). Subse-
quent MS analysis identified TRAF2 as a candidate GRK2-binding
protein, and specifically that GRK2 bound to residues
Val296—Arg305 and Asp332—Lys341 of the C-terminal domain of
TRAF2 (Fig. 3A; Fig. S5B). The IP assay also found that GRK2
interacted with GIT1, HSP90, CDK2, P53, and NF-xB1, which was
consistent with previously reported results® (Fig. S5C). We bio-
chemically confirmed the interaction between GRK2 and TRAF2
by performing a pull-down assay using His-GRK2 and Sepharose

6FF beads exposed to HEK293 cells lysates overexpressing the
gene encoding for TRAF2 (Fig. 3B). We then used purified re-
combinant proteins to demonstrate GRK2—TRAF2 interaction by
SPR experiments, revealing K4 values of 31.2 nmol/L (Fig. 3C)
indicative of stable binding. We also performed molecular docking
simulations of GRK2 and TRAF2 crystal structures to predict the
modes of their interaction, finding that the C-terminal domain of
GRK2 formed extensive hydrogen bonding interactions with resi-
dues GIn340, Glu344, Glu346, Lys357, Asp360, Arg363, Lys364,
Arg372, Phe377, Asn438, GInd37, Glu479, and Asp487 of the
C-terminal domain of TRAF2 (Fig. 3D). Combined with the
IP—MS, these results demonstrate direct binding between GRK2
and TRAF2 and suggest that TRAF2 GIn340 may be a key residue
for GRK2—TRAF2 interaction.

To determine which GRK2 domain mediates the GRK2—TRAF2
binding, we transiently co-transfected vectors expressing MYC-
tagged GRK2 without the C-terminal domain (GRK2-AC;
comprising amino acids 1—513) along with full-length MY C-tagged
GRK2 and FLAG-tagged TRAF2 into HEK293 cells. The first
round of IP analysis of the cell lysate was performed with anti-
FLAG antibody, followed by the second round of Western blot
detection with anti-MYC antibody. Although full-length GRK2
bound to TRAF2, GRK2-AC failed to bind TRAF2 (Fig. 3E), sug-
gesting that the C-terminal GRK2 domain is responsible for TRAF2
binding. Similarly, TRAF2 also contains several conserved do-
mains, contributing to protein—protein interactions . Therefore, to
determine which domain of TRAF2 is required for the GRK2 as-
sociation, we co-expressed a FLAG-tagged truncated TRAF2 pro-
tein missing the C-terminal domain (TRAF2-AC, comprising amino
acids 1—272) with FLAG-tagged full-length TRAF2 and MYC-
GRK2. IP and immunoblotting analysis showed that only the full-
length TRAF2 could pull down GRK2 (Fig. 3F), indicating that
GRK2 binds to TRAF2 via its C-terminal domain. Finally, we
engineered a TRAF2 GIn340Arg mutant and evaluated the binding
of this construct or wild-type (WT) TRAF2 with GRK2. IP and
immunoblot analysis showed that GIn340 was required for TRAF2
binding (Fig. 3G). Taken together, our results demonstrate direct
binding of the C-terminal domains of GRK2 and TRAF2, with
GIn340 in TRAF?2 serving as an essential residue for this interaction.

3.4.  GRK2—TRAF? interaction promotes TRAF2 Lys63
polyubiquitination and NF-kB activation

To determine the effect of GRK2 on TRAF2 expression and ac-
tivity, we first investigated whether GRK?2 affects TRAF2 protein
expression by treating cells with protein synthesis inhibitor
cycloheximide (CHX). HEK293 cells were transfected with
GRK2-WT plasmids, or empty vector (EV), as control. TRAF2
protein levels began to gradually decline at 6 h in both the control
group and the GRK2 group (Fig. 4A), indicating that GRK2
binding does not affect TRAF2 protein expression. TRAF2 is an
important adaptor molecule in TNFR signalling, promoting
downstream signalling cascades, such as NF-«B activation. In
general, TRAF2 polyubiquitylation on Lys48 induces protein
degradation, whereas Lys63 polyubiquitylation modulates TRAF2

was subsequently conducted with anti-GRK2, anti-TRIM47, anti-K63-linked ubiquitin, and anti-TRAF2 antibodies (n = 3, one-way ANOVA, *P < 0.05,
#:P < 0.01, ##*P < 0.001 vs. TNF-o 0 min; *P < 0.05 vs. control group; P < 0.05 vs. GRK2 WT group). All data are presented as mean + SD.
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Figure 5  Knockdown of GRK2 improves synovial hyperplasia of CIA in vivo and in vitro. (A) Rats were used to establish a CIA model for 2
weeks, and then joints of rats were injected with AAVS5-NC or Grk2-shRNA immediately after CIA, and the rats were euthanized at 3 weeks.
GRK2 knockdown alleviated joint destruction of CIA (front) by micro-CT analyses (n = 3). (B) H&E staining revealed that GRK2 knockdown
significantly reduced overall pathological damage in the ankle joints of CIA rats (n = 5, scale bar = 100 pm). (C) The effect of GRK2
knockdown on cytokines expression in SF of CIA rats (n = 4, one-way ANOVA, *P < 0.05, **P < 0.01 vs. normal group; *P < 0.05 vs.
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activity, often leading to signalling activation and trafficking®". It
was reported that TRIM47 mediated the activation of NF-«B
possibly by increasing ubiquitylation of TRAF2 Lys63™,
prompting us to hypothesise that GRK2 binding to TRAF2 might
recruit TRIM47-mediated polyubiquitylation of TRAF2 Lys63,
thereby activating NF-«B signalling to trigger FLS hyper-
proliferation. To test this, GRK2-WT plasmids or EV plasmids
were transfected into HEK293 cells, and then the cells were
stimulated with TNF-«, followed by IP and Western blot. We
found that GRK2 strongly promoted interaction between TRAF2
and TRIM47 as well as mediated TRAF2 Lys63 poly-
ubiquitylation (Fig. 4B). Furthermore, GRK2-WT promotes TNF-
a-dependent NF-kB transcriptional activation, as shown by
increased phosphorylation of P65 (Fig. 4C), again supporting the
notion that the GRK2—TRAF2 interaction promotes NF-«B acti-
vation via TRAF2 polyubiquitylation. We next repeated the
aforementioned experiment with the kinase-deficient GRK2
Lys220Arg mutant, which showed that TNF-«a-induced
GRK2—TRAF2 interactions were decreased in the presence of
GRK2-Lys220Arg compared to GRK2-WT; as anticipated,
GRK2-Lys220Arg also resulted in downregulated TRIM47
recruitment, TRAF2 Lys63 polyubiquitylation, and NF-«B acti-
vation (Fig. 4D and E). Taken together, these data support that
regulation of TRAF2 Lys63 polyubiquitylation by GRK2 is
strictly dependent on GRK2 kinase activity.

3.5.  GRK2 knockdown decreases GRK2—TRAF?2 interactions
and improves synovial hyperplasia in CIA rats

Because our data indicate that GRK?2 binds to TRAF2 and pro-
motes its activation, we wondered whether GRK2 might play a
role in RA progression. We specifically posited that decreased
GRK2—TRAF2 interactions may inhibit the proliferation of FLSs
in CIA rats. To examine this, we initiated an experiment in the
knee joints of CIA rats using the AAVS5 vector carrying Grk2 short
hairpin RNA (shRNA) or non-targeting control shRNA (NC)
construct for the total Grk2 knockdown. Knockdown efficiency of
Grk2 in FLSs was confirmed by Western blot (Supporting Infor-
mation Fig. S6A) and qPCR (Fig. S6B), suggesting that Grk2-
shRNAT1 strongly downregulated GRK?2 expression in FLSs of rats
in vitro. Successful transduction of GFP with AAVS5 vector into
knee joints of rats was determined using a fluorescence micro-
scope (Fig. S6C), indicating that AAVS5 could infect FLSs of the
knee joint in vivo by injecting into the knee joint cavity, and
in vivo RNAI silencing of the Grk2 gene was achieved by AAVS
delivery of Grk2-shRNA. AAVS5-Grk2-shRNA was injected into
the knee joint cavities of rats, with all joint tissues collected 28

days after AAVS injection to analyze on-target silencing efficiency
and the pathological features of the synovium. qPCR results
showed that AAV5-Grk2-shRNA1 markedly downregulated
GRK2 mRNA levels in FLSs of ST in vivo compared to the AAVS5-
NC group (Fig. S6D). We found that, compared to the AAVS5-NC
group, GRK?2 knockdown in ST of CIA rats resulted in decreased
scores on clinical indexes (Supporting Information Fig. S7A and
S7B), decreased serological biomarkers of arthritis, decreased
serum pro-inflammatory factors, and increased serum anti-
inflammatory factors levels (Fig. S7C). GRK2 knockdown also
significantly alleviated bone damage of the ankle joint (Fig. 5A;
Supporting Information Fig. S§A and S8B) and inhibited synovial
hyperplasia of the knee joint, ankle joint, and ST in CIA rats
(Fig. 5B; Fig. S8C). In addition, in the SF of CIA rats, GRK2
knockdown reduced pro-inflammatory cytokines and increased
anti-inflammatory cytokines levels (Fig. 5C).

To investigate the regulatory role of GRK2 knockdown on pri-
mary FLSs proliferation and TRAF2—NF-«B signalling, we per-
formed proliferation assays on FLSs isolated from CIA rats. GRK2
knockdown cells had FLS proliferation levels similar to FLSs from
normal animals and significantly lower than those from CIA rats or
CIA rats treated with a control vector (Fig. 5D and E). GRK2
knockdown downregulated GRK2 membrane expression, and
decreased the recruitment of TRAF?2 to the cell membrane (Fig. 5F).
IP and immunoblot analyses demonstrated that GRK2 knockdown
significantly downregulated the association of GRK2 with TRAF2,
thereby decreasing TRIM47 recruitment and TRAF2 Lys63 poly-
ubiquitylation (Fig. 5G). Moreover, GRK?2 knockdown significantly
inhibited GRK2 Ser685 phosphorylation and NF-kB activation in
FLSs of CIA rats (Fig. SH). Collectively, our data support a role for
the decreased GRK2—TRAF?2 interaction in inhibiting proliferation
of FLSs in ST in a pathological animal model.

3.6. Decreased GRK2 translocation to the membrane
suppresses synovial hyperplasia in vitro and in vivo

GRK?2 is a vital Ser/Thr kinase, and, in our study, increased GRK2
membrane localization was positively correlated with abnormal
proliferation of FLSs. Some studies indicated that TRAF2 rapidly
initiates NF-«kB signalling by forming membrane complexes with
TNFR and kinase proteins®>>*. To gain a deeper understanding of
the mechanism through which GRK2 modulates synovial hyper-
plasia, we first studied the effects of exogenous stimuli (PGE2 and
TNF-a) on MH7A hyperproliferation and GRK2 expression.
MHT7A hyperproliferation was significantly upregulated by PGE2
and TNF-« (Supporting Information Fig. S9A—S9C), and 30 min
of exposure to PGE2 combined with TNF-« significantly pro-

CIA + AAV5-NC group). (D) FLSs were isolated from Normal, CIA, CIA + AAVS5-NC, and CIA + AAV5-Grk2-shRNA groups. High-content
cell imager captured cell images to count cell number (n = 5, scale bar = 100 pm, one-way ANOVA, **P < 0.01 vs. normal group; #p < 0.01
vs. CIA 4+ AAVS5-NC group). (E) CCK-8 analysis indicated cell proliferation activity across groups (n = 5, one-way ANOVA, **P < 0.01 vs.
normal group; "P < 0.01 vs. CIA + AAV5-NC group). (F) Membrane expression levels of GRK2 and TRAF2 in FLSs were analysed using a
membrane protein extraction kit and Western blotting (n = 3, one-way ANOVA, *P < 0.05, **P < 0.01 vs. normal group; p < 0.05, 7P < 0.01
vs. CIA + AAV5-NC group). (G) FLSs were cultured for 48 h. The first round of IP analysis of the cell lysate was performed with anti-TRAF2
antibody, followed by the second round of immunoblotting with anti-GRK?2, anti-TRIM47, anti-K63-linked ubiquitin, and anti-TRAF2 (n = 3).
(H) Western blot analysis of total GRK2, TRIM47, TRAF2, P65, phosphorylated GRK?2, and phosphorylated P65 was conducted on lysates from
FLSs cultured for 48 h (n = 3, one-way ANOVA, *P < 0.05, **P < 0.01 vs. normal group; *P < 0.05, P < 0.01 vs. CIA + AAV5-NC group).

All data are presented as mean + SD.
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Figure 6 GRK2 activity inhibitor CP-25 improves MH7A abnormal proliferation in vitro. (A) MH7A was treated with PGE2 and TNF-«, and
exposed to 1077, 107%, 10~ mol/L CP-25 for 24 h. High-content cell imager captured cell images to count cell number (n = 5, scale
bar = 100 pm, one-way ANOVA, **P < 0.01 vs. control group; P < 0.01 vs. PGE2+TNF-a group). (B) CCK-8 analysis indicated cell
proliferation activity across groups (n = 5, one-way ANOVA, *#P < 0.01 vs. control group; *P < 0.05, #P < 0.01 vs. PGE2+TNF-« group). (C)
GRK?2 and TRAF2 membrane expression in MH7A were detected by membrane protein extraction kit and Western blot (n = 3, one-way ANOVA,
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moted GRK2 transmembrane localization, GRK2 Ser685 phos-
phorylation and NF-«B activation (Fig. S9D). Both GRK?2 activity
inhibitor CP-25 and TNF-« inhibitor etanercept significantly
attenuated the proliferation of stimulated MH7A cells (Fig. 6A
and B). We then isolated membrane proteins from treated MH7A
cells and performed immunoblot analysis, which showed that PGE2
and TNF-« stimulation induced GRK2 transmembrane localization
and promoted TRAF2 recruitment to the cell membrane and
GRK2—TRAF2 complex formation, resulting in TRIM47-mediated
polyubiquitylation of TRAF2 Lys63 and NF-«B activation. Further
research showed that CP-25 impaired TRAF2 recruitment to the cell
membrane, GRK2—TRAF2 complex formation, and TRIM47
recruitment, decreasing TRAF2 Lys63 polyubiquitylation, GRK2
Ser685 phosphorylation and NF-kB activation by downregulating
GRK2 transmembrane activity. However, the inhibitory effect of
TNF-« inhibitor etanercept was not by affecting the phosphorylation
of GRK2 at Ser685, but by down-regulating GRK2—TRAF?2 inter-
action (Fig. 6C—E). This result was consistent with the previous
research findings that TNF-« induces the recruitment of TRAF2 on
the cell membrane, which is conducive to the binding of TRAF2 to
GRK2 and increases GRK2 membrane expression®”. These results
further suggest that GRK2—TRAF2 complex formation and GRK2
transmembrane localization may play a vital role in the abnormal
proliferation of FLSs.

To verify the role of membrane-localized GRK2 in synovial
hyperplasia in vivo, CIA rats were treated with CP-25 or positive
control drug etanercept. CP-25 and etanercept treatment decreased
clinical and serological biomarkers of arthritis (Supporting In-
formation Fig. SI0OA and S10B) as well as decreased serum pro-
inflammatory cytokines and increased serum anti-inflammatory
cytokines levels (Fig. S10C). Both CP-25 and etanercept also
significantly inhibited CIA-induced bone damage of the ankle
joint (Fig. 7A; Supporting Information Fig. S11A and S11B) and
inhibited synovial hyperplasia of the knee joint, ankle joint, and
ST (Fig. 7B; Fig. S11C and S11D) compared to control treatment.
In addition, in the SF, pro-inflammatory cytokines levels were
decreased and anti-inflammatory cytokines levels were increased
by CP-25 and etanercept compared to control treatment (Fig. 7C).
Finally, in primary FLSs isolated from the knee joint of CIA rats,
CP-25 and etanercept treatment both significantly inhibited CIA-
induced hyperproliferation (Fig. 7D and E). Consistent with our
in vitro results, CP-25 decreased the recruitment and association
of TRAF2 with GRK2, and inhibited GRK2 phosphorylation and
TRAF2—NF-kB activation, consistent with our proposed mecha-
nism of membrane translocation of GRK2 facilitating TRAF2
polyubiquitylation and NF-kB signalling. However, the positive
control drug TNF-« inhibitor etanercept also decreased GRK?2 and
TRAF2 membrane expression, inhibited interactions between
TRAF2 and GRK2, and attenuated TRAF2—NF-«B activation, but
it did not affect GRK2 Ser685 phosphorylation (Fig. 7F—H).
These data indicate that increased GRK?2 transmembrane activity
promotes the recruitment of TRAF2 to the cell membrane and
GRK2—TRAF?2 interaction, leading to TRIM47-mediated poly-
ubiquitylation of TRAF2 Lys63 and NF-«B activation, which may

be a novel mechanism for GRK2 to regulate FLS hyper-
proliferation (Fig. 8).

4. Discussion

The inhibition of FLS hyperproliferation is one of the investi-
gative focuses for treating RA. In this study, while confirming its
roles in synovial hyperplasia, we revealed that GRK2 trans-
membrane activity is positively correlated with abnormal pro-
liferation of FLSs and RA progression. Mechanistically, the
effect of GRK2 was executed through direct binding with TRAF2
and subsequent recruitment of the E3 ligase TRIM47, which
polyubiquitylated TRAF2, resulting in NF-«B activation and FLS
hyperproliferation.

GRK?2 influences multiple cellular functions related to auto-
immune diseases, such as RA**37. In addition to GRK2’s typical
role of regulating GPCR through phosphorylation-dependent
desensitization and internalization, it can also exert effects in a
phosphorylation-independent manner by participating in a variety
of protein—protein interactions’*>°. FLSs, macrophages, and
endothelial cells are all key cellular components involved in the
pathogenesis of RA. Our previous research has demonstrated that
GRK?2 Ser685 phosphorylation reflects increased GRK2 activity
and can promote GRK2 translocation, leading to angiogenesis and
FLS hyperproliferation®>**. Increased GRK2 transmembrane ac-
tivity promotes FLS hyperproliferation and macrophage polariza-
tion by binding to EP4*'>. Therefore, increased transmembrane
activity of GRK2 can regulate FLSs, macrophages, and endothelial
cell function in RA. In the present study, we found that GRK2 was
highly expressed in RA ST, but its total expression in isolated FLSs
from RA ST was not significantly different compared to FLSs from
normal ST. However, GRK2 membrane expression and GRK2
Ser685 phosphorylation were higher in FLSs from RA patients
versus normal ST. We also observed that GRK2 was significantly
expressed in the cell membranes of PBMCs from patients with RA,
and the phosphorylation of GRK2 at Ser685 was significantly
increased. Increased GRK2 transmembrane activity promoted RA
FLS hyperproliferation. High CRP and RF seropositivity are vali-
dated as clinical indices for the diagnosis of RA%’. In this study,
GRK2 translocation activity was positively correlated with CRP
and RF levels of RA patients. Accordingly, similar results were
observed in FLSs and PBMCs of CIA rats. These results suggest a
critical role for membrane-bound GRK?2 in regulating FLS func-
tions and inflammation in ST of RA patients and CIA rats.

TNF-«, as a multifunctional pro-inflammatory cytokine, is a
critical mediator in the pathogenesis of RA. TRAF2 acts as a
critical adaptor molecule that bridges TNF-« signalling from the
cell surface receptors to the intracellular machinery, thereby
activating NF-«kB signaling, mediating cell proliferation, and the
production of pro-inflammatory factor***?. Our previous research
has discovered that TNF-« induces the recruitment of TRAF2 to
the cell membrane, thereby upregulating the binding of TRAF2 to
GRK2 and GRK2 membrane expression, leading to FLS prolif-
eration®>. In addition, it was shown that increased

#P < 0.05, #*P < 0.01 vs. control group; *P < 0.05, #P < 0.01 vs. PGE2+TNF-a group). (D) MH7A was cultured for 48 h. The first round of IP
analysis of the cell lysate was performed with anti-TRAF2, followed by the second round of immunoblotting with anti-GRK2, anti-TRIM47, anti-
K63-linked ubiquitylation, and anti-TRAF2 (n = 3). (E) MH7A was cultured for 48 h. The cell lysates were analysed by Western blot analysis of
total GRK2, TRIM47, TRAF2, P65, phosphorylated GRK?2, and phosphorylated P65 (n = 3, one-way ANOVA, **P < 0.01 vs. control group;
"P > 0.05, *P < 0.05, P < 0.01 vs. PGE2+TNF-a group). All data are presented as mean £ SD.
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Figure 7 GRK?2 activity inhibitor CP-25 improves synovial hyperplasia of CIA in vivo and in vitro. (A) Rats were used to establish a CIA
model for 2 weeks, CP-25 (50 mg/kg/d) was administered by gavage for 3 weeks, and etanercept (3 mg/kg/3d) was given subcutaneously every
three days for 3 weeks. CP-25 alleviated joint destruction of CIA by micro-CT analyses (n = 3). (B) H&E staining indicated that CP-25
significantly reduced overall pathological damage in the ankle joints of CIA rats (n = 5, scale bar = 100 pm). (C) The effect of CP-25
treatment on cytokines expression in the SF of CIA rats (n = 4—5, one-way ANOVA, *P < 0.05, **P < 0.01 vs. normal group; p < 0.05,
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Figure 8
FLS:s.

polyubiquitylation of TRAF2 Lys63 in FLSs is associated with the
development of RA and that the E3 ligase TRIM47, a key
component of the TNF-« signalling pathway, promotes TRAF2
Lys63 polyubiquitylation®>**. Although GRK2 and TRAF2
perform different functions at the molecular level, the potential
interaction between the two and their regulation of signalling
pathways have fueled speculation that they may play a key role in
the course of RA. To further characterize this interaction, we
investigated FLSs derived from RA patients with the help of
advanced bioinformatic analysis. This study revealed the identity
of TRAF2 as a novel interacting partner of GRK2, and further
indicated that GRK2 could guide TRAF?2 to the cell membrane of
FLSs, which provided a new perspective for understanding the
synergistic role of the two in RA pathology. This led to TRIM47-
mediated polyubiquitylation of TRAF2 Lys63 and subsequent
activation of NF-«kB signalling. We specifically found that the
GRK2 C-terminus (amino acids 514—689) mediated the interac-
tion with TRAF2 and was required for NF-«B activation and that
TRAF2 GIn340 was also involved in the interaction. We further
demonstrated that GRK2 kinase activity (GRK2-Lys220) was
required to promote TRAF2 Lys63 polyubiquitylation, suggesting
that GRK2 may be important for TRIM47-mediated ubiquitylation
of TRAF2. These results provide strong support for a model in
which a GRK2—TRAF2—TRIM47—NF-«B axis is a key regulator
of synovial hyperplasia.

Schematic diagram depicting the mechanism by which activation of GRK2—TRAF2—NF-«B axis promotes hyperproliferation of RA

GRK?2 translocation to the membrane of FLSs was signifi-
cantly induced by PGE2 and TNF-¢, indicating that GRK2 might
be a sensor in response to stimulation. Exposure of FLSs from
CIA rats treated with GRK2 activity inhibitor CP-25 or genetic
GRK?2 knockdown decreased GRK2 membrane expression and
GRK2 Ser685 phosphorylation, decreased the inflammatory
response, and improved synovial hyperplasia both in vitro and
in vivo, indicating that GRK?2 subcellular localization in the cell
membrane is required for the activity of the GRK2—TRAF2—
TRIM47—NF-kB axis. It has been reported that the association of
TRAF2 with GRK2 contributes to bringing GRK2 to the cell
membrane in response to TNF-« stimulation, promoting EP4
desensitization and production of intracellular cAMP?®. Eta-
nercept is one of these drugs that is useful for RA treatment.
Etanercept inhibits TRAF2 and GRK2 membrane expression,
TRAF2—GRK?2 association, and NF-«B activation to prevent
initiation of FLSs proliferation without affecting the phosphory-
lation of GRK2 at Ser685 in this study.

5. Conclusions

Our study establishes an innovative pathological mechanism to
initiate  FLS hyperproliferation and RA progression, with
increased GRK2 translocation activity as a major driver of this
progression. Clinical studies have shown that in most samples

##p < 0.01 vs. CIA group). (D) FLSs were isolated from Normal, CIA, CP-25, and Etanercept groups. High-content cell imaging was used to
capture images and count cell numbers (n = 5, scale bar = 100 pm, one-way ANOVA, **P < 0.01 vs. normal group; *P < 0.05, P < 0.01 vs.
CIA group). (E) CCK-8 analysis indicated cell proliferation activity across groups (n = 5, one-way ANOVA, **P < 0.01 vs. normal group;
#P < 0.05, P < 0.01 vs. CIA group). (F) Membrane expression levels of GRK2 and TRAF2 in FLSs were analysed using a membrane protein
extraction kit and Western blotting (n = 3, one-way ANOVA, **P < 0.01 vs. normal group; #P < 0.05, 7P < 0.01 vs. CIA group). (G) FLSs were
cultured for 48 h. The first round of IP analysis of the cell lysate was performed with anti-TRAF2, followed by the second round of immuno-
blotting with anti-GRK2, anti-TRIM47, anti-K63-linked ubiquitylation, and anti-TRAF2 (n = 3). (H) Western blot analysis of total GRK2,
TRIMA47, TRAF2, P65, phosphorylated GRK2, and phosphorylated P65 was conducted on lysates from FLSs cultured for 48 h (n = 3, one-way
ANOVA, *P < 0.05 vs. normal group; ™P > 0.05, *P < 0.05 vs. CIA group). All data are presented as mean 4 SD.
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from patients with RA, the translocation activity of GRK?2 shows a
significant trend of enhancement and is positively correlated with
several serological RA biomarkers, further confirming its impor-
tance in the pathological process of RA. These findings encourage
further study of the role of the GRK2 transmembrane activity in
the pathogenesis of RA to develop novel therapeutic strategies.
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