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Abstract Hyperplasia and migration of fibroblast-like synoviocytes (FLSs) are the key drivers in the

pathogenesis of rheumatoid arthritis (RA) and joint destruction. Abundant Yes-associated protein

(YAP), which is a powerful transcription co-activator for proliferative genes, was observed in the nucleus

of inflammatory FLSs with unknown upstream mechanisms. Using Gene Expression Omnibus database

analysis, it was found that Salvador homolog-1 (SAV1), the pivotal negative regulator of the Hippo-YAP

pathway, was slightly downregulated in RA synovium. However, SAV1 protein expression is extremely

reduced. Subsequently, it was revealed that SAV1 is phosphorylated, ubiquitinated, and degraded by

interacting with an important serine-threonine kinase, G protein-coupled receptor (GPCR) kinase 2

(GRK2), which was predominately upregulated by GPCR activation induced by ligands such as

prostaglandin E2 (PGE2) in RA. This process further contributes to the decreased phosphorylation,

nuclear translocation, and transcriptional potency of YAP, and leads to aberrant FLSs proliferation.

Genetic depletion of GRK2 or inhibition of GRK2 by paroxetine rescued SAV1 expression and restored
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YAP phosphorylation and finally inhibited RA FLSs proliferation and migration. Similarly, paroxetine

treatment effectively reduced the abnormal proliferation of FLSs in a rat model of collagen-induced

arthritis which was accompanied by a significant improvement in clinical manifestations. Collectively,

these results elucidate the significance of GRK2 regulation of Hippo-YAP signaling in FLSs proliferation

and migration and the potential application of GRK2 inhibition in the treatment of FLSs-driven joint

destruction in RA.

ª 2024 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

The tumor-like abnormal proliferation of fibroblast-like synovio-
cytes (FLSs) is a critical initiator of rheumatoid arthritis (RA)1.
Numerous studies have been conducted to explore the patholog-
ical mechanisms of FLSs hyperplasia in RA which indicate the
importance of nuclear factor-kB, Janus kinase (JAK)-signal
transducer and activator of transcription, and mitogen-activated
protein kinase signaling induced by multiple pro-inflammatory
cytokines2e4. Despite traditional disease-modifying anti-rheu-
matic drugs, tumor necrosis factor-a (TNF-a) inhibitors, and the
latest JAK inhibitor treatments that effectively inhibit immune
response, the activation and migration of FLSs-induced bone
damage and joint deformity is still a significant clinical prob-
lem5,6. Therefore, a novel and critical mechanism that promotes
FLSs proliferation needs to be elucidated.

Accumulating evidence has depicted that aberrant activation of
Yes-associated protein (YAP), a downstream transcriptional co-
activator of the Hippo pathway, stimulates cell proliferation,
leading to tissue or organ hyperplasia and tumorigenesis7. Under
normal physiological conditions, activation of upstream Salvador
homolog1 (SAV1)8, mammalian Ste20-like 1 and 2 (MST1/2)7,
large tumor suppressor 1 and 2 (Lats1/2)9, and MOB kinase
activator 1 (MOB1) in the Hippo pathway promotes YAP phos-
phorylation and degradation. The inhibition of Hippo signaling
promotes YAP’s nuclear translocation, where it binds to TEA
domain transcription factor1/4 (TEAD1/4) to induce the tran-
scription of genes involved in proliferation and migration, such as
connective tissue growth factor (CTGF) and cysteine-rich inducer
of angiogenesis 61 (Cyr61)9. Previous work has determined that
nuclear expression of YAP was present in synovial linings with
hyperplasia, whereas YAP expression was barely discernible in
non-proliferative or normal synovial linings10. Verteporfin, an
inhibitor of the YAP-TEAD binding interaction, ameliorates the
severity of K/BxN serum-transfer arthritis in mice11. Although
previous studies have implicated YAP in the progression of
arthritis, there are still some important connections that need to be
established, such as changes in YAP activity across different
species of FLSs, the correlation between altered YAP activity and
abnormal proliferation of FLSs, and the mechanisms by which
upstream pro-inflammatory factors regulate YAP. SAV1, a known
tumor suppressor in various cancer types, exhibits downregulation
in cancerous tissues or cells, thereby promoting tumor progres-
sion, cancer aggressiveness, and unfavorable prognosis8,12. How-
ever, SAV1 downregulation has not been investigated in RA, with
the mechanism of expression and regulation of SAV1 in many
diseases including RA remaining ambiguous. Here, a systematic
investigation of the regulatory mechanisms and functional role of
SAV1 in inflammatory FLSs was performed to elucidate the role
of SAV1 in RA.

G protein-coupled receptor kinase 2 (GRK2) is a serine/thre-
onine protein kinase that is widely distributed throughout the
body11. It is a multi-domain protein involved in various cellular
functions, including cell proliferation and migration, cell cycle
regulation, cardiac contraction, vasodilation and generation, as
well as inflammation13,14. Dysregulation of GRK2 is implicated in
various human diseases, including secondary progressive multiple
sclerosis, RA, cardiovascular disease, and cancers13,15. Our pre-
vious studies have indicated that GRK2 is highly expressed in the
synovium of RA patients and animal models of arthritis, in which
increased levels of GRK2 are involved in the abnormal prolifer-
ation of FLSs. Moreover, targeted inhibition of GRK2 can prevent
and ameliorate arthritis16. This evidence suggests that GRK2 plays
a crucial role in the abnormal proliferation of FLSs, which leads to
arthritis. However, further studies are needed to confirm this hy-
pothesis. Therefore, understanding the regulatory network of
GRK2 is essential for comprehending the mechanism behind FLSs
proliferation.

Data presented here depict that SAV1 is downregulated in both
human RA and rat arthritis, and overexpression of SAV1 inhibits
the proliferation and migration of FLSs. Mechanistically, the
interaction between GRK2 and SAV1 promotes the nuclear
translocation of YAP and drives hyperplasia of FLSs. Our findings
identify the GRK2-SAV1-YAP signaling axis as an FLSs-specific
therapeutic target in RA synovitis.

2. Materials and methods

2.1. Patients and specimens

RA synovium was obtained from RA patients who received sur-
gical synovectomy of the knee, while normal synovium was
collected from donors without a history of RA who underwent
lower limb amputation due to traffic accidents. These procedures
were approved by the Biomedical Ethics Committee of Anhui
Medical University (Approval No: 20200609, Hefei, China), and
informed consent from patients was acquired.

2.2. Animals

SD rats (male, 200 � 20 g), aged 6e8 weeks were procured from
Zhejiang Vital River Laboratory Animal Technology Co. Ltd.
(Jiaxing, China). Heterozygous knockout GRK2 (GRK2þ/�) mice
(male, 20 � 4 g) between 6 and 8 weeks were designed by our
group and constructed by the Model Animal Research Center of

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Nanjing University (Nanjing, China)17. Heterozygous mice were
implemented in the study since the homozygous GRK2 gene
deletion is lethal. All animals were housed in the specific
pathogen-free (SPF) animal laboratory of Anhui Medical
University (Hefei, China), in compliance with ARRIVE and NIH
guidelines for laboratory animal care and use. The Ethics Review
Committee for Animal Experimentation of Anhui Medical
University approved these experiments (No: PZ-2020-005, Hefei,
China).

2.3. Inducing and treating the collagen induced arthritis (CIA)
model in rats

Chicken type II collagen (Chondrex, Redmond, WA, USA) was
mixed with Freund’s complete adjuvant containing 4 mg/mL heat-
denatured mycobacterium (Chondrex) to prepare an emulsion. On
Day 0, the emulsion was injected intracutaneously into the toes
and tail roots of rats to establish the CIA rat model. On Day 7, the
rats were challenged in the same manner. After presenting
secondary joint swelling on Day 14, the CIA rats were randomly
divided into vehicle-treated CIA group (CIA-Veh), 2.5 mg/kg/day
of indomethacin (Linfen Qilin Pharmaceutical Co., Ltd., Linfen,
China) treated group (CIA-Indo), 15 mg/kg/day of Paroxetine
(China-US Tianjin Shike Pharmaceutical, Tianjin, China) treated
group (CIA-PAR) and 0.5 mg/kg/3 day of methotrexate (MTX)
(Tonghua Maoxiang Pharmaceutical, Tonghua, China) treated
group (CIA-MTX) and treated for 14 days. Body weight change,
global assessment, arthritis index, swollen joints count, and sec-
ondary paw swelling were assessed every three days by two
blinded, independent observers.

2.4. Induction of collagen antibody induced arthritis (CAIA)
model

On Day 0, GRK2þ/� mice and wild-type C57BL/6 littermates
were intraperitoneally injected with 5 mg of type II collagen
antibody (#53100, Chondrex, Redmond). On Day 3, an abdominal
injection of 50 mg lipopolysaccharide was administered to enhance
stimulation18.

2.5. Thymus index and spleen index calculation

Rats were weighed and the thymus and spleen were excised for
weighing. Spleen or thymus index calculated as a percentage of
body weight, spleen or thymus weight (g)/body weight (g) � 100.

2.6. Histopathological examination

The secondary swollen ankle joints of the rats were fixed in
formalin for 24 h and then decalcified in 10% ethylene diamine
tetraacetic acid (EDTA) (#E671001-0500, Sangon Biotech
(Shanghai) Co., Ltd., Shanghai, China). The paraffin-embedded
joints were sectioned and stained with hematoxylin and eosin
(H&E). Pathological changes in the joints are graded from 0 (no
pathological change) to 4 (severe pathological change) based on
five aspects including inflammation, pannus formation, cartilage
erosion, cellular infiltration, and synoviocyte proliferation.

2.7. Cell proliferation and migration determination

The human FLSs cell line MH7A, purchased from JENNIO Bio-
logical Technology (Guangzhou, China), was cultured in DMEM
(#01-100-1ACS, Biological Industries, Kibbutz Beit Haemek,
Israel) medium with 10% fetal bovine serum (FBS) (#04-001-1A,
Biological Industries) at 37 �C in a 5% CO2 incubator. The primary
rat FLSs were obtained from the knee joints of rats through synovial
tissue block culture.

The cell suspension obtained after digestion was transferred into
a 96-well plate (3� 104 cells/well). Cells were cultured overnight in
5% FBS and then treated with verteporfin (VP) (#129497-78-5,
Selleck Chemicals, Houston, TX, USA), PGE2 (#363-24-6,
Cayman Chemical, Ann Arbor, MI, USA), H89 (#HY-15979A,
MedChemExpress LLC., Monmouth Junction, NJ, USA), or par-
oxetine (#P9623, SigmaeAldrich Pty Ltd., St. Louis,MO,USA) for
24 h. The plate was washed with PBS and fixed with 4% formal-
dehyde and stained with DAPI (#C1005, Beyotime, Shanghai,
China) before fluorescent images were captured and cell number
was counted using a High-Content Imaging system (ImageXpress
Micro-4, Molecular Devices LLC., San Jose, CA, USA)15.

For migration determination, normal or in vivo treated-FLSs or
FLSs transfected with GRK2 siRNA (si-GRK2), control siRNA
(si-NC), flag vector, or flag-SAV1 with 100 mL serum-free me-
dium were added into the upper chamber of a Transwell plate
(#3378, Corning Incorporated, NY, USA) and 500 mL of 10% FBS
medium was added into the lower chamber. In indicated experi-
ments, cells pretreated with VP or paroxetine, or with prosta-
glandin E2 (PGE2) were added into the lower chamber as a
stimulant. 24 h later, the upper chamber was stained with 0.2%
crystal violet for 30 min, and five images were taken using an
inverted microscope (Olympus, Tokyo, Japan) to count the num-
ber of migrated cells. The relative ability of cell migration was
then calculated by normalizing the number of migrated cells in
each group to the control group.

2.8. Immunofluorescence

FLSs (4 � 105 cells/well) were grown and treated as described
above in individual experiments on sterile glass coverslips in
24-well plates. The plate was washed three times with PBS and
fixed with 4% paraformaldehyde for 20 min. Cells were then
permeabilized with 0.5% Triton X-100 (#P-0096, Beyotime,
Shanghai, China) for 5 min and blocked with 5% bovine serum
albumin (BSA) (#ST025-5g, Beyotime) for 1 h. Alternatively,
synovial tissue sections from RA patients or treated CIA rats were
dewaxed, rehydrated, and permeabilized with 0.05% Triton-X 100
for 30 min. Antigen retrieval was performed on the tissue using
EDTA antigen retrieval solution (#ZSGB-BIO, Beijing, China) for
10 min followed by a 1 h-blocking in 5% BSA. The coverslips or
tissue sections were then incubated with primary antibodies at
4 �C overnight, followed by the staining of fluorescently conju-
gated secondary antibodies. The primary and secondary antibodies
were listed in Supporting Information Tables S1 and S2. After
being incubated with DAPI, the coverslips and sections were
mounted onto a glass slide and imaged on a Leica TCS SP8
confocal microscope (Leica Microsystems, Wetzlar, Germany).
The mean fluorescence intensity (MFI) of YAP in the nucleus
(N) and in the cytoplasm (C) was compared and the percentage of
cells with N < C, N]C, or N > C YAP expression was analyzed.

2.9. Immunohistochemistry (IHC)

Paraffin-embedded synovium sections were subjected to IHC for
YAP analysis. The sections were firstly dewaxed with xylene and
rehydrated in a series of graded ethanol solutions and then were
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heated in EDTA (pH Z 8.0) for 30 min for antigen retrieval.
Subsequently, the tissues were incubated overnight at 4 �C
with rabbit anti-YAP (1:200), followed by the incubation of
enzyme-labeled sheep anti-mouse/rabbit IgG polymer (PV-9000,
ZSGB-BIO, Beijing, China) for 30 min at room temperature,
diaminobenzidine (DAB) (#ZLI-9018, ZSGB-BIO) substrate was
added for coloration. Finally, the slides were counterstained with
hematoxylin and sealed.

2.10. Separation of total, cytoplasmic and nuclear protein of
FLSs

For total protein extraction, cells were lysed on ice with RIPA
lysis buffer (#P0013B, Beyotime, Shanghai, China) supplemented
with phosphatase inhibitors (#P1081, Beyotime) and protease
inhibitors (#ST506, Beyotime). After incubation for 30 min at
4 �C, the total protein was obtained by centrifugation at 12,000 �g
for 10 min. Cytoplasmic and nuclear proteins were extracted using
a nuclear protein extraction kit (#P0027, Beyotime) following the
manufacturer’s instructions. Briefly, cells were suspended in
Cytoplasmic Protein Extraction Reagent A and incubated at 4 �C
for 15 min. The mixture was centrifuged at 16,000 �g for 5 min at
4 �C, and the resulting supernatant contained the extracted
cytoplasmic protein. To extract nuclear protein from the pellet,
spin by suction was implemented to completely remove the
supernatant. The pellet was resuspended in nuclear protein
extraction buffer and incubated with constant shaking for 30 min
at 4 �C. The supernatant after centrifugation at 16,000 �g for
10 min at 4 �C contained the nuclear protein.

2.11. Immunoblotting

The extracted protein was mixed with loading buffer and sepa-
rated by electrophoresis in 10% SDS-polyacrylamide gels. The
separated proteins were then transferred onto PVDF membranes
(#IPVH00010, Merck Millipore, Billerica, MA, USA) and
blocked with Tris-Tween-20 (TBST) buffer containing 5% non-fat
milk for 1 h at 37 �C. The membranes were incubated overnight at
4 �C with the appropriate antibody. After being washed with
TBST, the membranes were incubated with the corresponding
horseradish peroxidase-conjugated secondary antibodies for 2 h at
37 �C. All the primary antibodies and secondary antibodies were
listed in Tables S1 and S2. The bands were then displayed with
Immobilon Western Chemiluminescent HRP Substrate
(#WBKLS0100, EMD Millipore Corporation, Burlington, MA,
USA) and captured on an ImageQuant LAS 4000 Micro Instru-
ment (GE Healthcare Bio-Science AB, Uppsala, Sweden). The
mean grey value of the protein samples was quantified using
Image J. In the phos-tag assay, MH7A cells were transfected with
indicated plasmids or treated with paroxetine. 48 h post-
transfection, cells were lysed and immunoprecipitated with anti-
Flag antibody. Phosphorylation of SAV1 proteins was detected
using gels containing phos-tag Acrylamide AAL-107 (#304-
93521, FUJIFILM Wako Pure Chemical Corporation).

2.12. Cycloheximide (CHX) chase assay

CHX (#HY-12320, MedChemExpress LLC., Monmouth Junction,
NJ, USA), a protein synthesis inhibitor was used to evaluate
the stability of SAV1 at 0, 1, 3, 6, 9, or 12 h. Alternatively,
MH7A cells were pretreated with proteasome inhibitor MG-132
(#HY-13259, MedChemExpress LLC.) or paroxetine for 8 h
before to the CHX treatment. Immunoblotting was performed to
detect the expression level of SAV1 protein.

2.13. Real-time qPCR

The mRNA expressions of CTGF and Cyr61 were detected using
real-time qPCR. Total RNA was extracted with TRIzol reagent
(#267309, Life Technologies Corporation, Carlsbad, CA, USA).
The isolated mRNA was reversely transcribed into cDNA using
the PrimeScript RT Kit (#RR037A, TaKaRa, Tokyo, Japan)
according to the manufacturer’s instructions. Real-time PCR was
performed using the TB Green Premix Ex Taq II Kit (#RR820A,
TaKaRa), and data were collected on an Applied Biosystems 7500
Real-Time PCR System (Life Technologies Corporation). The
relative amount of individual mRNA level was normalized to
GAPDH level, and quantified by the 2eDDCt method. The primer
sequences were listed in Supporting Information Table S3.

2.14. Transfection of small interfering RNA (siRNA) and
plasmids

GRK2, SAV1, and YAP siRNAs were chemically synthesized by
General biological co., Ltd. (Anhui, China) to knock down gene
expression in rat FLSs or MH7A cells. When rat FLSs or MH7A
cells reached 60%e70% confluency in 6-well plates, the cells
were transfected with siRNA by applying Lipofectamine 3000
(#L3000015, Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. The deletion was
confirmed by immunoblotting after 48 h. The sequences of the
siRNA were listed in Supporting Information Table S4. MH7A
cells were seeded into 10 cm dishes and transfected with
HA-vector, Flag-vector, HA-GRK2, Flag-SAV1, Flag-YAP, and/or
Myc-Ub as indicated with Lipofectamine 3000.

2.15. Co-immunoprecipitation assay

Cells were seeded in a 10 cm dish and treated as described. Then
the cells were washed three times with PBS and lysed in lysis
buffer (25 mmol/L HEPES, 5 mmol/L EDTA, 150 mmol/L NaCl,
1% Triton X-100, 10% (v/v) glycerin and protease inhibitors) for
30 min on ice. Cell lysates were centrifuged at 15,000 �g for
15 min. The lysate was precleaned by IgG-coated protein A/G
plus-agarose beads (sc-2003, Santa Cruz, CA, USA) and then
mixed with the indicated primary antibody-coated beads and
incubated overnight at 4 �C. The immune complexes were
collected by spin and eluted with 5 � SDS loading buffer, which
were then subjected to immunoblotting.

2.16. Mass spectrometry

HEK293T cells were transfected with Flag-vector or Flag-SAV1.
Flag was immunoprecipitated as described above, and IgG served
as the control group. After electrophoretic separation of the
immunoprecipitated proteins, excised gel fragments were digested
by in-gel trypsin digestion and dried, then dissolved in 0.1%
formic acid, and auto-sampled directly on a C18 PepMap
(75 mm � 15 cm, 2 mm, 100 Å). Samples were eluted in a
linear gradient of 3%e35% acetonitrile in 0.1% formic acid for
60 min at a flow rate of 300 nL/min. Mass spectrometry data were
obtained by using the Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The Thermo
Fisher RAW files were imported into Proteome Discoverer v3.0



Figure 1 Expression of YAP in the inflammatory synovium or FLSs. (A) Paraffin sections of human synovium were stained for vimentin

(green) and YAP (red). Images were taken by confocal microscope. Scale bar, 50 mm. White arrow: positive vimentin and YAP staining in FLSs.

(B) The MFI of Vimentin and YAP was analyzed by ImageJ software (n Z 5). (C) The distribution analysis graph of YAP in 200 randomly

selected cells was displayed. (D) Representative IHC images reveal the protein expression of YAP in human synovium (nZ 6). Scale bars, 50 mm.

Black arrow: positive YAP staining in FLSs. (E) The expression of phospho-YAP and total YAP in the human FLSs was detected by immu-

noblotting (n Z 5). (F) Paraffin sections of rat synovium stained for vimentin (green) and YAP (red). Images were taken by confocal microscope.

Scale bar, 50 mm. White arrow: positive vimentin and YAP staining in FLSs. (G) The MFI of Vimentin and YAP was analyzed by ImageJ software

(n Z 5). (H) The distribution analysis graph of YAP in 200 randomly selected cells was plotted. (I) Representative IHC images depict the protein

1226 Paipai Guo et al.
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for independent searches against the UniProt database. The
criteria for protein identification require a false discovery rate of
no more than 1% and at least 1 peptide match per protein.

2.17. Bioinformatic data mining

Analysis of SAV1 mRNA expression in RA synovium and control
samples was conducted utilizing the GSE5523519 and GSE205320

datasets from the Gene Expression Omnibus (GEO) database.
Volcano plots were generated to visualize the expression data
of each microarray probe, with relative fold change (logFC, RA
versus Normal) plotted on the x-axis, and P value (�10log
(P-value)) plotted on the y-axis.

2.18. Statistical analysis

GraphPad Prism 8.0.0 was used for data processing and statistical
analysis, and the results are presented as mean � SD. Differences
between two groups of data were compared using independent
t-tests, and differences among multiple groups of data were
compared using one-way analysis of variance (ANOVA) with
Tukey’s post-test. Two-way-ANOVA followed by Tukey’s multi-
ple comparisons test was applied to compare differences between
groups of data with 2 variables. P < 0.05 was considered statis-
tically significant.

3. Results

3.1. YAP is upregulated in inflammatory FLSs and is associated
with the proliferation and migration of FLSs

The specific role of the Hippo pathway in the aberrant prolifera-
tion of RA FLSs remains elusive. Abnormal activation of YAP is
frequently observed in human cancers, where tumor cells exploit
aberrant YAP or nuclear translocation to promote their prolifera-
tion, migration, and metastasis21. To determine the subcellular
localization of YAP in RA FLSs, immunofluorescence of syno-
vium sections from both normal individuals and RA patients was
performed (Fig. 1A). Compared to normal controls, the expression
levels of vimentin, a biomarker for FLSs, and YAP were signifi-
cantly increased in the synovium of RA patients (Fig. 1B).
Notably, YAP was predominantly localized within the nucleus of
RA synovium (Fig. 1C) and IHC also revealed stronger YAP
staining in RA tissue than in normal tissue (Fig. 1D). The synovial
tissue was cultured using the tissue block adherence method to
obtain FLSs. More total YAP, but less phosphorylated YAP was
found in RA FLSs (Fig. 1E). Consistent with findings in human
samples, synovium collected from rats at the peak of inflammation
on Day 29 of the CIA rat arthritis model (Supporting Information
Fig. S1AeE) depicted significantly upregulated YAP abundance
that was predominantly localized in the nucleus (Fig. 1FeI).
expression of YAP in CIA rat synovium (n Z 6). Scale bars, 50 mm. Black

total YAP in rat FLSs was detected by immunoblotting (n Z 5). (K, L) FLS

were labeled with DAPI. Images were captured with a high-content cell im

(M, N) FLSs of CIA rats were treated with VP (5 mmol/L) for 24 h and visu

of CIA rats were treated with VP (5 mmol/L) for 24 h, and the transcription

by real-time qPCR (n Z 5). All data were presented as mean � SD, and

post-test, **P < 0.01, ***P < 0.001.
Moreover, an increase in YAP protein level and a decrease in its
phosphorylation were detected in the FLSs from CIA rats using
immunoblotting (Fig. 1J). To further clarify the role of YAP in
inflammatory FLSs, FLSs from CIA rats were subjected to in vitro
treatment with a YAP-TEAD binding inhibitor VP, which signif-
icantly suppressed the increased proliferation and migration of
FLSs in the CIA group, resulting in cell numbers similar to those
observed in normal rats after 24 h of culture (Fig. 1KeN).
Compared to the CIA group, VP significantly reduced the YAP
fluorescence intensity (Fig. S1F and S1G) and inhibited its nuclear
distribution (Fig. S1H). It has been demonstrated that YAP bind-
ing to TEAD is capable of enhancing the transcriptional activation
of target genes, such as CTGF and Cyr61, under pathological
conditions. This ultimately promotes fibroblast proliferation and
migration, leading to tissue fibrosis22,23. The mRNA levels of
CTGF and Cyr61 were hence quantified by qPCR in each group,
revealing a significant upregulation of both transcripts in the CIA
group compared to normal controls. Importantly, VP treatment
significantly reduced the expression of both genes within the CIA
cohort (Fig. 1O). The function of YAP on the growth and
metastasis of MH7A cells was therefore examined. Over-
expression of YAP with Flag-YAP transfection (Supporting
Information Fig. S2A) greatly promoted cell proliferation and
migration (Fig. S2B and S2C). On the contrary, when YAP
expression was knocked down by specific siRNA (Fig. S2D), the
proliferation and migration of MH7A cells were significantly
inhibited (Fig. S2E and S2F). Together, these data suggest that
increased YAP expression or the interaction of YAP with TEAD
promotes aberrant proliferation and migration of FLSs, confirming
YAP functions as a promoter for FLSs hyperplasia and inflam-
matory arthritis development.

3.2. SAV1 is downregulated in inflammatory FLSs and
correlates with FLSs proliferation and migration

To further elucidate the specific component of Hippo signaling
that is modulated in RA, a comparative analysis of genetic alter-
ations was conducted between RA and normal synovium in
datasets obtained from GEO (GSE55235, GSE2053). Volcano
plots generated to visualize the expression data of each microarray
probe, with relative fold change (logFC, RA versus Normal)
plotted on the x-axis, and P value (�10log (P-value)) plotted on
the y-axis (Fig. 2A) revealed that SAV1 mRNA was significantly
downregulated in RA tissues compared with that of normal
synovium (Fig. 2B). No significant differences in the mRNA
levels of other Hippo signaling members including MST1, MST2,
Lats1 and YAP were observed between normal and RA synovium
in the database (Supporting Information Fig. S3AeD). Then the
GEO data was validated by qPCR using isolated FLSs and dis-
played that SAV1 was downregulated and YAP was elevated in
RA FLSs, but not MST1, MST2, Lats1, and Lats2 (Fig. 2C;
Fig. S3EeI). Additionally, the inflammatory FLSs exhibited a
arrow: positive YAP staining in FLSs. (J) Expression of phospho-YAP,

s from CIA rats were treated with VP (5 mmol/L) for 24 h, and nuclei

ager and the number of cells was counted (n Z 5). Scale bar, 100 mm.

alized by crystal violet staining (n Z 5). Scale bar, 200 mm. (O) FLSs

levels of the YAP downstream genes CTGF and Cyr61 were examined

were analyzed by t-tests or one-way ANOVA followed by a Tukey’s
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Table 1 Proteins interactingwith SAV1 inmass spectrometry.

Protein Peptide

Serine/threonine-protein kinase 4 (STK4/MST1)a 9

LIM domain and actin-binding protein 1 (LIMA1) 8

POTE ankyrin domain family member E (POTEE) 8

Unconventional myosin-Id (MYO1D) 8

Kelch-like protein 22 (KLHL22) 7

BAG family molecular chaperone regulator 2

(BAG2)

7

Serine/threonine-protein kinase 3 (STK3/MST2)a 7

Beta-adrenergic receptor kinase 1 (GRK2) 6

Lamin-B receptor (LBR) 5

Maleylacetoacetate isomerase (GSTZ1) 4

Tropomodulin-3 (TMOD3) 4

Plectin (PLEC) 3

Collagen alpha-1(I) chain (COL1A1) 3

Calmodulin-1 (CALM1) 2

Angiomotin (AMOT)a 2

Serine/arginine-rich splicing factor 10 (SRSF10) 2

ATP-binding cassette sub-family F member 2

(ABCF2)

2

Superkiller viralicidic activity 2-like 2 (SKIV2L2) 2

aKnown SAV1-interacting partner.
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significant reduction in SAV1 protein levels (Fig. 2D and E).
When Flag-SAV1 was overexpressed in MH7A cells through
transduction, the resulting impact on cellular function was that
Flag-SAV1 inhibited both cell proliferation and migration (Fig. 2F
and G). Further, immunoblotting determined that SAV1 over-
expression promoted the phosphorylation of MOB1, Lats1, and
YAP (Fig. 2H). To confirm that SAV1 downregulation is a key
factor in promoting FLSs proliferation, MH7A cells were trans-
fected with specific SAV1 siRNA (Fig. 2I), and cell proliferation
was determined using a high-content cell imaging assay. Silencing
SAV1 in MH7A cells significantly enhanced the proliferation of
MH7A cells (Fig. 2J). Transwell migration assay revealed an
improved migratory ability of MH7A cells when lacking SAV1
(Fig. 2K). The downregulation of SAV1 also inhibited the phos-
phorylation of MOB1, Lats1, and YAP (Fig. 2L). Collectively,
these experiments indicate that SAV1 effectively inhibits both
growth and migration of MH7A cells while promoting phos-
phorylation of YAP and its upstream effectors, strongly suggesting
that SAV1 functions as a proliferation suppressor in RA FLSs.
Figure 2 SAV1 is involved in MH7A cell proliferation and migration in

with differential expression plotted along the x-axis in LogFC and st

Down-regulated genes are colored blue, up-regulated genes are colored re

Hippo pathway members were highlighted with black spots. (B) The lev

accession numbers: GSE55235 and GSE2053) were compared. (C) The m

qPCR (n Z 5). (D) The protein expression of SAV1 was detected in hum

sion of SAV1 protein was detected in human and rat FLSs by immunoblotti

SAV1 for 48 h, and nuclei were labeled with DAPI. Images were captured

(n Z 5). Scale bar, 100 mm. (G) MH7A cells were transfected with Flag

(n Z 5). Scale bar, 200 mm. (H) MH7A cells were transfected with Flag-ve

antibodies against the indicated proteins (n Z 5). (I) SAV1 siRNAwas tra

immunoblotting (n Z 3). (J) The SAV1 gene was silenced by siRNA in M

captured with a high-content cell imager (n Z 5). Scale bar, 100 mm. (K)

and visualized by crystal violet staining (nZ 5). Scale bar, 200 mm. (L) Th

immunoblotting was performed using antibodies against the indicated prote

by t-tests or one-way ANOVA followed by a Tukey’s post-test, *P < 0.05
3.3. GRK2 interacts with SAV1 and induces SAV1
phosphorylation, ubiquitination and degradation

As detected in inflammatory FLSs, the protein levels of SAV1
changed more significantly than the mRNA levels, indicating
that certain proteins may affect the degradation process of
SAV1. To identify proteins that interact with SAV1, immuno-
precipitation followed by mass spectrometry sequencing was
performed. The enrichment of several proteins including pre-
viously reported interactors MST1/224 and AMOT25 were
observed. Among the novel interactions of SAV1, it was found
that GRK2, a serine/threonine protein kinase, has a significant
binding interaction (Table 1; Supporting Information Fig. S4A).
We have previously demonstrated that GRK2 plays a crucial
role as a negative regulator of GPCR signaling in FLSs26, with
GRK2 expression being significantly increased in inflammatory
FLSs (Fig. 3A), and its expression correlated positively with
synovitis severity15. To investigate the mechanisms underlying
GRK2-mediated regulation of Hippo-YAP signaling in RA
FLSs, the potential interaction between GRK2 and SAV1 was
explored. Co-immunoprecipitation assays depicted a constitu-
tive interaction between endogenous GRK2 and SAV1 in
MH7A cells (Fig. 3B). Consistent with these results, exogenous
interaction between SAV1 and GRK2 was also observed in
MH7A cells when co-transfected with Flag-SAV1 and HA-
GRK2 (Fig. 3C and D). Up-regulation of GRK2 in MH7A
cells inhibited the phosphorylation of MOB1, Lats1, and YAP.
Surprisingly, overexpression of GRK2 suppressed the protein
levels of SAV1 (Fig. 3E). Hence, the mechanism by which
GRK2 promotes the degradation of SAV1 was further investi-
gated. Specifically, GRK2 functions as a kinase, and its over-
expression significantly enhances the phosphorylation level of
SAV1. Notably, treatment with the GRK2 inhibitor paroxetine27

markedly suppresses SAV1 phosphorylation (Fig. 3F). To
investigate the impact of GRK2 on SAV1 ubiquitination and
subsequent degradation, MH7A cells were co-transfected with
Flag-SAV1, HA-GRK2, and Myc-Ub. The findings from these
experiments demonstrate that the upregulation of GRK2
significantly enhances SAV1 ubiquitination. Furthermore, pro-
teasome inhibitor MG-132 treatment promoted the ubiquitina-
tion of SAV1 in the presence of GRK2, while paroxetine
inhibited SAV1 ubiquitination (Fig. 3G; Fig. S4B). To evaluate
the impact of GRK2 on the post-translational stability of SAV1,
vitro. (A) Volcano plots compared RA and normal synovium analyses,

atistical significance plotted along the y-axis in �10log(P-value).

d, and stable genes are colored grey. Selected genes with changes in

els of SAV1 mRNA in RA and normal synovium from GEO (GEO

RNA expression of SAV1 was detected in human FLSs by real-time

an FLSs and rat FLSs by immunoblotting (n Z 5). (E) The expres-

ng (nZ 5). (F) MH7A cells were transfected with Flag-vector or Flag-

with a high-content cell imager and the number of cells was counted

-vector or Flag-SAV1 for 48 h, visualized by crystal violet staining

ctor or Flag-SAV1 for 48 h, and immunoblotting was performed using

nsfected into MH7A, and the inhibition rate of SAV1 was detected by

H7A cells for 48 h. Nuclei were labeled with DAPI and images were

The SAV1 gene was knocked down by siRNA in MH7A cells for 48 h

e SAV1 gene was knocked down by siRNA in MH7A cells for 48 h and

ins (nZ 5). All data were presented as mean � SD, and were analyzed

, **P < 0.01, ***P < 0.001.



Figure 3 GRK2 promoted the phosphorylation and ubiquitin-mediated degradation of SAV1 in MH7A cells. (A) The protein expression of

GRK2 in inflammatory FLSs was detected by immunoblotting (n Z 5). All data were presented as mean � SD and were analyzed by t-tests,

**P < 0.01. (B) Cell lysates from MH7A cells were immunoprecipitated with anti-GRK2 or anti-SAV1 antibodies, followed by immunoblotting

with anti-GRK2 or anti-SAV1 antibodies. IgG was used as a control (n Z 3). (C, D) Immunoblotting analysis was performed on lysates from

MH7A cells transfected with Flag-SAV1 and HA-GRK2 after immunoprecipitation (n Z 3). (E) MH7A cells were transfected with HA-vector or

HA-GRK2 for 48 h, and immunoblotting was performed using antibodies against the indicated proteins (nZ 5). (F) Flag-SAV1 or HA-GRK2 was

overexpressed and treated with paroxetine (10 mmol/L) in MH7A cells. SAV1 phosphorylation was then determined by immunoblotting (n Z 3).

(G) Myc-ubiquitin and HA-GRK2 were simultaneously overexpressed and treated with MG-132 (10 mmol/L) in MH7A cells. SAV1 ubiquitination

was then determined by immunoblotting (n Z 3). (H) MH7A cells were transfected with HA vector or HA-GRK2 for 48 h. The cells were then

treated with 10 mg/mL CHX and harvested at the indicated time points. SAV1 protein expression was assessed by immunoblotting (n Z 3).

(I) MH7A cells were transfected with HA-GRK2 and treated with MG-132 (10 mmol/L). The cells were then treated with 10 mg/mL CHX and

harvested at the indicated time points. The SAV1 protein expression was assessed by immunoblotting (n Z 3). All data were presented as

mean � SD and were analyzed by two-way ANOVA followed by a Tukey’s post-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 The deficiency ofGRK2 inmice reduces the severity of inflammatory arthritis. (A) RepresentativeH&Epathological images of ankle joints

were presented, and graded analysis was conducted on pathological changes, including synovial hyperplasia, pannus formation, bone erosion,

inflammation, and cellular infiltration (nZ5). Scale bar, 50mm. (B) Inparaffin sectionsof ankle tissues fromCAIAmice,GRK2was stained in green, and

SAV1was labeled in red. Images were taken by a confocal microscope. Scale bar, 50 mm.White arrow: positive GRK2 and SAV1 staining in FLSs. (C)

TheMFI of GRK2 and SAV1 was analyzed using ImageJ software (nZ 5). (D) Ankle tissues fromCAIAmicewere sectioned and stained for vimentin

(green) andYAP (red) using paraffin. A confocalmicroscopewas used to capture the images. Scale bar, 50 mm.White arrow: positive vimentin andYAP

staining in FLSs. (E) The MFI of Vimentin and YAP was analyzed using ImageJ software (nZ 5). (F) The distribution analysis graph of YAP in 200

randomly selected cells was shown. All data were presented as mean � SD, and were analyzed by one-way ANOVA followed by a Tukey’s post-test,

*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 PGE2 regulates YAP activation via GRK2 and is involved in FLSs proliferation and migration. (A) Rat FLSs were serum-starved for

24 h, treated with PGE2 (5 mmol/L) for 24 h, and then subjected to immunofluorescence staining. YAP was stained in red and images were

captured using a confocal microscope (nZ 5). Scale bar, 50 mm. White arrow: positive YAP staining in FLSs. (B) The distribution analysis graph

of YAP in 200 randomly selected cells was profiled. (C) Cytoplasmic and nuclear components were fractionated after treatment of rat FLSs with

PGE2 (5 mmol/L) for 24 h. The expression of YAP in the cytoplasm and nucleus was detected by immunoblotting (n Z 5). (D) Rat FLSs were

serum-starved for 24 h and treated with PGE2 (5 mmol/L) for different time durations. Immunoblotting was performed using antibodies against the
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Figure 6 GRK2 inhibitor effectively improves the clinical manifestation of CIA rats. (A) Body weights. (B) Global assessment. (C) Arthritis

index. (D) Swollen joints count. (E) Secondary paw swelling. The data were presented as mean � SD and analyzed by two-way ANOVA followed

by a Tukey’s post-test, ***P < 0.001 vs. normal group, #P < 0.05, ##P < 0.01; ###P < 0.001 vs. CIA group, n Z 7e10. (F) Representative H&E

pathological images of ankle joints were analyzed for graded changes, including synovial hyperplasia, pannus formation, bone erosion,

inflammation, and cell infiltration (n Z 5). Scale bar, 200 mm. All data were presented as mean � SD and were analyzed by one-way ANOVA

followed by a Tukey’s post-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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CHX chase assays were conducted in MH7A cells transfected
with HA-GRK2. The results demonstrated that overexpression
of GRK2 led to an accelerated degradation rate of SAV1 upon
CHX treatment compared to the empty vector control (Fig. 3H).
In contrast, MG-132 or paroxetine-treated GRK2-
overexpressing cells exhibit a decelerated degradation rate of
indicated proteins (nZ 5). The data were presented as mean � SD and ana

**P < 0.01, ***P < 0.001 vs. 0 min (p-MOB1/MOB1); #P < 0.05, ###P <

vs. 0 min (p-YAP/YAP); &&P < 0.01, &&&P < 0.001 vs. 0 min (p-GRK2/GR

the interaction between SAV1 and GRK2 was evaluated (n Z 3). All data w

(F) Rat FLSs were serum-starved for 24 h and treated with PGE2 (5 mmol/L

indicated proteins (n Z 5). (G) Rat FLSs treated with GRK2 siRNA or par

Immunoblotting was performed using antibodies against the indicated prote

by one-way ANOVA followed by a Tukey’s post-test, *P < 0.05, **P <
SAV1 relative to GRK2-overexpressing cells (Fig. 3I; Fig. S4C)
indicating a ubiquitination and proteasome-dependent degra-
dation of phosphorylated SAV1 by GRK2. Collectively, these
results suggest that the interaction between GRK2 and SAV1
initiates phosphorylation, ubiquitination, and subsequent
degradation of SAV1, turning off the Hippo pathway.
lyzed by two-way ANOVA followed by a Tukey’s post-test, *P < 0.05,

0.001 vs. 0 min (p-Lats1/Lats1); $P < 0.05, $$P < 0.01, $$$P < 0.001

K2). (E) Rat FLSs were pretreated with PGE2 (5 mmol/L) for 1 h, and

ere presented as mean � SD and were analyzed by t-tests, *P < 0.05.

) for 24 h. Immunoblotting was performed using antibodies against the

oxetine (10 mmol/L) were then treated with PGE2 (5 mmol/L) for 24 h.

ins (nZ 5). All data were presented as mean � SD and were analyzed

0.01, ***P < 0.001.



Figure 7 Paroxetine inhibits GRK2 and restores the Hippo-YAP signaling pathway. (A) For the FLSs of treated rats, nuclei were labeled with

DAPI and captured using a high-content cell imager to count the number of cells (n Z 5). Scale bar, 100 mm. (B) The FLSs of treated rats were

visualized by crystal violet staining (nZ 5). Scale bar, 200 mm. (C) For the FLSs of treated rats, GRK2 was stained in green and YAP was labeled
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3.4. Knockout of GRK2 prevents and reduces the severity of
arthritis in the CAIA model

To further illustrate the regulatory function of GRK2 in the Hippo-
YAP pathway, GRK2þ/� mice were utilized to establish a CAIA
model. Histopathological examination of ankle joints in CAIA
mice revealed joint space narrowing accompanied by synovial cell
hyperproliferation, lymphocyte infiltration, and local inflamma-
tion. The deficiency of GRK2 significantly impeded synovial cell
proliferation, lymphocyte infiltration, and inflammation (Fig. 4A).
Namely, GRK2 haploinsufficiency had a significant inhibitory
effect on the development of CAIA disease. The deficiency of
GRK2 was examined for its effect on SAV1 expression within the
ankle joint. SAV1 levels were significantly reduced in the
WT-CAIA group compared with the WT-Control group. However,
the heterozygosity of GRK2 restored SAV1 expression (Fig. 4B
and C). In addition, the results of ankle joint fluorescence depicted
that the MFI of Vimentin and YAP were significantly increased in
the WT-CAIA group compared with the WT-Control group.
Conversely, the MFI of Vimentin and YAP in GRK2þ/�CAIAwas
significantly reduced compared with the WT-CAIA group, and
there was no significant difference between the WT-Control group
(Fig. 4D and E). Furthermore, the localization of YAP in ankle
FLSs was examined, and haploinsufficiency of GRK2 signifi-
cantly reduced the nuclear localization of YAP in FLSs, which is
consistent with the results from cultured cells (Fig. 4F). Alto-
gether, these findings suggest that GRK2 plays a role in promoting
FLSs proliferation, inflammation, and joint destruction by regu-
lating the Hippo pathway.
3.5. PGE2 activates YAP via GRK2 to drive the aberrant
proliferation of FLSs

As a Ser/Thr kinase, GRK2 specifically phosphorylates GPCRs
and mediates receptor desensitization. Our previous study
revealed that in response to PGE2 stimulation, the activity and
transmembrane localization of GRK2 are enhanced, resulting in
the desensitization of the Prostaglandin E receptor (EP), which
plays a crucial role in the abnormal proliferation of FLSs15. PGE2

is commonly used as a stimulant to investigate the functional
properties of FLSs. Our previous findings have demonstrated that
elevated concentrations of PGE2 can effectively promote the
proliferation and activation of FLSs in vitro26. Here, PGE2

significantly promoted the proliferation and migration of FLSs in
normal rats (Supporting Information Fig. S5A and S5B). Inter-
estingly, PGE2 markedly facilitated the nuclear localization of
YAP, as seen by immunofluorescence and by immunoblotting of
fractionations while promoting FLSs proliferation (Fig. 5AeC).
Additionally, PGE2 facilitated the upregulation of CTGF and
Cyr61 mRNA levels (Fig. S5C). The impact of PGE2 on the
phosphorylation levels of constituents in the Hippo signaling
pathway was then subsequently examined. PGE2 acutely pro-
moted the activation of GRK2 while exerting a time-dependent
in red. Images were captured using a confocal microscope. Scale bar, 50

MFI of GRK2 and YAP was analyzed by ImageJ software (nZ 5). (E) The

plotted. (F) The expression and activity of Lats1, YAP, SAV1, and GRK2

(G) The expressions of total proteins were analyzed. (H) The expressions of

the YAP downstream genes CTGF and Cyr61 were examined by real-time q

one-way ANOVA followed by a Tukey’s post-test, *P < 0.05, **P < 0.0
inhibitory effect on the phosphorylation of MOB1, Lats1, and
YAP (Fig. 5D). The expression of SAV1 was not significantly
changed in response to acute stimulation with PGE2 (Fig. 5D),
indicating that PGE2 acute treatment would not affect the stability
of SAV1. Meanwhile, PGE2 acute stimulation promoted the
combination between GRK2 and SAV1 (Fig. 5E). However, pro-
longed exposure to PGE2 in rat FLSs resulted in decreased SAV1
levels and increased expression of GRK2 and YAP, with varying
degrees of inhibition observed for the phosphorylation levels of
MOB1, Lats1, and YAP (Fig. 5F). The classical downstream
signaling pathway of PGE2 involves the cyclic adenosine
monophosphate-protein kinase A (PKA) pathway28. After treat-
ment with a PKA inhibitor H89, there was no significant differ-
ence observed in YAP expression and activity compared to the
PGE2 group (Fig. S5D), indicating an insignificance of PKA in the
system. Therefore, further investigation was focused on the effect
of GRK2 on the Hippo-YAP pathway in vitro. Either GRK2-
siRNA or paroxetine effectively inhibited PGE2-induced prolif-
eration and migration of FLSs (Supporting Information
Fig. S6AeC). Reduction in expression or activity of GRK2 in rat
FLSs resulted in altered phosphorylation patterns of MOB1,
Lats1, and YAP, which led to the downregulation of YAP and
upregulation of SAV1 (Fig. 5G). Moreover, GRK2-siRNA or
paroxetine in rat FLSs resulted in the downregulation and cyto-
plasmic retention of YAP, as evidenced by immunofluorescence
(Fig. S6DeF). Taken collectively, PGE2 facilitates the degradation
of SAV1 through GRK2-mediated mechanisms, resulting in
reduced YAP phosphorylation and subsequent nuclear trans-
location, thereby contributing to the proliferation and migration of
FLSs.
3.6. Inhibition of GRK2 reduced the clinical parameters of CIA
rats

Since it has been demonstrated here that paroxetine reduces YAP
expression in vitro, thereby inhibiting the proliferation of FLSs
and previous work has revealed that indomethacin prevents
spontaneous tumor formation in mice by suppressing YAP
expression29, the potential in vivo therapeutic benefits of paroxe-
tine and indomethacin via modulation of the Hippo pathway was
investigated in CIA rats. After d14 of CIA model induction, CIA
rats were treated with indomethacin (2.5 mg/kg/day), paroxetine
(15 mg/kg/day), and MTX (0.5 mg/kg/3 day) for 21 days.
Compared to normal rats, CIA rats exhibited significantly lower
body weight and more severe global assessment, arthritis index,
swollen joints count, and secondary paw swelling. Indomethacin,
paroxetine, and MTX exhibited varying degrees of efficacy in
ameliorating the symptoms of CIA rats (Fig. 6AeE; Supporting
Information Fig. S7A). Compared with normal rats, CIA rats
exhibited splenomegaly and thymic atrophy. However, treatment
with indomethacin, paroxetine, and MTX restored the size of both
organs (Fig. S7B and S7C). Additionally, the ankle joints and toes
of CIA rats were severely swollen compared to normal rats, with
mm. White arrow: positive GRK2 and YAP staining in FLSs. (D) The

distribution analysis graph of YAP in 200 randomly selected cells was

in FLSs from treated rats were detected by Immunoblotting (n Z 5).

phosphorylated proteins were analyzed. (I) The transcription levels of

PCR (nZ 5). The data were presented as mean � SD and analyzed by

1, ***P < 0.001.



Figure 8 Schematic diagram depicting the mechanism by which GRK2 activates YAP to promote FLSs proliferation and migration. In normal

joints, inactive GRK2 fails to promote SAV1 degradation, resulting in YAP phosphorylation and subsequent proteasomal degradation. While in

RA FLSs with active GRK2, the interaction between GRK2 and SAV1 promotes SAV1 phosphorylation, ubiquitination, and degradation. This

leads to an increase in un-phosphorylated Lats1, MOB1, and YAP, allowing the nuclear translocation of YAP and ultimately induces downstream

gene expression, promoting RA FLSs proliferation and migration. Paroxetine prevents RA progression by inhibiting GRK2 activity.
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X-rays revealing significant erosion in the bones of the ankle
joints. Compared to the CIA rats, the treated groups effectively
eliminated ankle joint and toe swelling, as well as inhibited bone
erosion (Fig. S7D). Histological examination of the joints of
CIA rats demonstrated that synovial cell hyperproliferation
resulted in joint space narrowing, massive immune cell infiltration
accompanied by pannus formation, marked cartilage erosion, and
leukocyte aggregation. The treated groups significantly suppressed
joint tissue inflammation, inflammatory cell infiltration, and bone
tissue damage. Paroxetine and MTX exhibited significant inhibi-
tion of pannus formation and abnormal synovial cell proliferation,
while indomethacin depicted insignificant inhibition of synovial
cell proliferation and pannus formation (Fig. 6F).

3.7. Paroxetine down-regulates GRK2 expression to inhibit YAP
nuclear translocation mediating abnormal FLSs proliferation

Synovial tissue was obtained from the knee joint of rats in each
group, and FLSs were cultured using the tissue block adherence
method. Aberrant FLSs proliferation was significantly increased in
the CIA group compared to the control group, with paroxetine and
MTX effectively suppressing aberrant proliferation and migration
of FLSs (Fig. 7A and B). Immunofluorescence analysis revealed
that the MFI of YAP and GRK2 were significantly increased in the
CIA-Veh FLSs, accompanied by enhanced nuclear translocation
of YAP. Compared with the CIA-Veh group, the paroxetine group
significantly inhibited the MFI of GRK2 and YAP, as well as the
nuclear translocation of YAP (Fig. 7CeE). Similarly, high
expression of YAP and abundant nuclear distribution was
observed in FLSs throughout the erosive injury sites when
observed by in situ immunofluorescence and IHC staining of rat
ankle joints from individual treatment groups. As expected, par-
oxetine alleviated the proliferation of FLSs while inhibiting the
high expression and nuclear accumulation of YAP (Supporting
Information Fig. S8A and S8B). To further investigate the impact
of the tested drugs on components of Hippo signaling,
immunoblotting was conducted. The results revealed that YAP and
GRK2 protein levels were elevated in the CIA group, while
MOB1, Lats1, and YAP activity as well as SAV1 expression were
suppressed. Notably, treatment with paroxetine significantly
increased both SAV1 protein levels and MOB1, Lats1, and YAP
phosphorylation (Fig. 7FeH). In addition, qPCR results demon-
strated significant enrichment of CTGF and Cyr61 in the CIA
group, which was effectively attenuated by paroxetine (Fig. 7I).
The above data indicate that YAP-mediated promotion of prolif-
eration and migration in CIA FLSs is mediated by GRK2, and
paroxetine may serve as an effective inhibitor to prevent RA
progression in cases with high GRK2 expression. Thus, the
aforementioned data present a molecular framework of GRK2
pathway activity that facilitates the proliferation and migration of
RA FLSs, as illustrated in Fig. 8.

4. Discussion

The aberrant proliferation of FLSs is a crucial factor in inducing
tissue damage and perpetuating inflammation in RA30, but the
molecular mechanisms involved in promoting FLSs proliferation
remain to be completely understood. Therefore, inhibition of FLSs
proliferation is considered a key therapeutic strategy intervention
of RA. In the present study, it was discovered that GRK2 interacts
with SAV1 and promotes SAV1 degradation, which in turn trig-
gers YAP nuclear translocation and FLSs proliferation and
migration, ultimately exacerbating arthritis severity. Furthermore,
it was determined that the elimination of GRK2 ameliorates
immune-mediated inflammatory arthritis by inhibiting SAV1
degradation and YAP nuclear input. Collectively, GRK2 regulates
the proliferation and migration of FLSs through the SAV1-
mediated Hippo-YAP signaling pathway. These results provide
an important complement to the understanding of the mechanisms
of FLSs hyperplasia and arthritis development.

SAV1 has long been recognized as a scaffolding protein, but its
expression is reduced invarious cancers and themechanismof SAV1
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reduction remains unclear31. One of the key findings here was that
protein expression of SAV1 was significantly reduced in inflamma-
tory FLSs, which was consistent with previous studies19,20. Recent
cancer-related studies have determined that certain proteins (e.g.,
BCL-2, P4HA2) interactwith SAV1, leading to its ubiquitination and
proteasomal degradation32,33. However, the regulatorymolecules for
SAV1 in RA FLSs remain unknown. When screening the previously
reported interactor proteins including MST1/2 and AMOT, a large
amount of GRK2 binds with SAV1.Moreover, it was then confirmed
that over-expression of GRK2 resulted in decreased levels of the
proteinofSAV1,whereasknockdownand inhibitionofGRK2did the
opposite. This study further demonstrated that GRK2 interactedwith
SAV1, leading to its phosphorylation, ubiquitination, and proteaso-
mal degradation. This interaction inhibits YAP phosphorylation and
cytoplasmic reduction, which leads to YAP’s nuclear translocation
and role as a transcriptional coactivator to prompt the expression of
proliferation and migration genes, such as Cyr61 and CTGF. CTGF
and Cyr61 have also been demonstrated to play a role in the patho-
physiology ofRAand are indispensable for the aggressive phenotype
of FLSs34,35. The mass spectrometry data also revealed some other
proteins that abundantly combined with SAV1. Many of these
interacting proteins are highly upregulated in cancer. For instance,
POTEE,PLEC,COL1A1,CALM1,SRSF10,KLHL22, andABCF2,
are involved in functions such as abnormal proliferation and migra-
tion of tumor cells36, while LIMA1, GSTZ1, and SKIV2L2 are
involved in the regulation of oxidative stress and energy meta-
bolism37. There is a paucity of studies on SAV1, and understanding
these protein interactions is essential for enriching comprehension of
the regulatory mechanisms of the SAV1 or Hippo pathway.

In addition, it is well known that GRK2 phosphorylates
numerous non-receptor substrates involved in the regulation of
multiple cellular phenomena13. The current findings suggest that
SAV1 is also a substrate for GRK2, although the exact site of
phosphorylation remains unclear. So far, the deficiency of SAV1
has been reported in various kinds of tumors, and the regulatory
mechanisms have been primarily described as gene mutation and
epigenetic regulations. Here it was revealed that the phosphory-
lation of SAV1 could lead to its degradation through poly-
ubiquitination. Accumulating data have indicated that most of the
components in the Hippo signaling pathway are precisely regu-
lated via proteasomal degradation through ubiquitination
including MST1/2, TAZ, and YAP38. Of note, phosphorylation of
Ser381 at YAP or Ser311 at TAZ leads to phosphodegron-induced,
ubiquitination-mediated protein degradation39,40. The phospho-
degron is a short linear motif in the substrate proteins that is
activated by phosphorylation and subsequently interacts with a
ubiquitin ligase41. As previously demonstrated, SAV1 is also the
substrate of E3 ubiquitin ligase HERC442. The phos-tag assay
confirmed that GRK2 interacted with and phosphorylated SAV1,
meanwhile, it promoted the degradation of SAV1 in a proteasome-
dependent manner, suggesting that the degradation of SAV1 is
mediated by phosphodegrons.

It has also been claimed that phosphorylation of GRK2 on
S670 enables the phosphorylation of MST2 resulting in NIMA-
related kinases 2A activation-induced centrosomal linker disas-
sembly43. However, the phosphorylation of GRK2 at S670 is
basically ERK-mediated. In PGE2-stimulated FLSs, GRK2 is
primarily phosphorylated at S685 by PKA13. This explains why an
activation in MST2 and its downstream Hippo pathway, including
the phosphorylation of Lats and YAP in the PGE2-treated FLSs,
was not observed. This also allows us to hypothesize that GRK2
may phosphorylate SAV1 by residue S685 in this system.
Accumulating evidence has revealed the crucial function of
Hippo-YAP pathway dysregulation in RA11,44. For instance, YAP
plays a specific role in pathological behavior associated with
arthritis by promoting synovial angiogenesis and regulating
vascular endothelial cell proliferation, migration, and survival45.
Indeed, functional assays reported here determined that YAP
promotes the proliferation and migration of FLSs in vitro and is
involved in the development of inflammatory arthritis, which
confirms the critical role of YAP in RA FLSs tumor-like prolif-
eration. Various studies on RA disease have identified multiple
pro-inflammatory cytokines (Interleukin-6, Interleukin-17, or
TNF-a) that regulate the Hippo-YAP pathway44,46. Shreds of
evidence have shown that cAMP-PKA signaling promotes the
phosphorylation of YAP at serine 127 and leads to the degradation
of YAP in hepatocellular carcinoma (HCC) cells47. In mouse
cardiomyocytes, some GPCR agonists including isoproterenol
phosphorylates both MST1 and YAP48. Alternatively, cAMP
activates Lats first, then Lats phosphorylates YAP on Ser381
during neurological development49. Moreover, nuclear cAMP
phosphorylates nuclear YAP at serine 397, resulting in the nuclear
exclusion of YAP during tumorigenesis50. However, some studies
have different conclusions. YAP inhibition could be resisted by
cAMP-PKA-induced activation of ERK signaling in NF2-deficient
tumor cells51. Also, cAMP-response element binding protein
(CREB), an important downstream transcriptional factor of cAMP,
promotes YAP expression and activation, exerting anti-apoptotic
function in liver cancer or facilitating HCC proliferation52,53. In
the present study, it was revealed that SAV1 was degraded by
directly interacting with GRK2 under prolonged stimulation by
PGE2, and this process was not affected by PKA or cAMP
demonstrating a novel crosstalk pattern between GPCR and Hippo
signaling. Therefore, PGE2 inhibits the phosphorylation levels of
Lats1 and YAP in a time-dependent manner and promotes the
expression and nuclear translocation of YAP. In addition, evidence
has shown that distinct GPCR-cAMP signaling can trigger indi-
vidual PKA isoforms type I and type II, which have different
intracellular locations and functions54. This contradictory effect of
PGE2 and isoproterenol on YAP phosphorylation is probably
because PGE2 stimulation increases the activity of PKA isoforms
type I, while isoproterenol activates PKA isoforms type II55.
Alternatively, the role of numerous GPCR signals in the regulation
of YAP in RA FLSs proliferation and even in other pathogenic
factors of RA (e.g., synovial angiogenesis, T helper cell subpop-
ulation imbalance) remains to be investigated.

Although studies have demonstrated that VP treatment
significantly reduces the severity of antigen-induced arthritis
(AIA)46, it should be noted that VP has YAP-independent cyto-
static and highly cytotoxic effects, and previous research has
denoted that its amelioration of AIA models is achieved through
inducing immune cell apoptosis56,57. Indomethacin ameliorates
some animal models of inflammation by inhibiting YAP-mediated
COX-2 production29,58. However, in the current work, indometh-
acin was less effective than paroxetine and failed to significantly
inhibit the proliferation of FLSs. Indomethacin inhibits COX-2 to
reduce PGE2 production, but it is weak in reducing GRK2
expression in CIA FLSs, since PGE2 is not the only inducer of
high GRK2 expression in an inflammatory environment59,60. This
also suggests one of the possible reasons for the lack of effect of
indomethacin in the clinical treatment of RA patients. Paroxetine
is a well-known clinical antidepressant that also has a potent
inhibitory effect on GRK2. Therefore, paroxetine was used to
inhibit GRK2. GRK2 inhibition blocked inflammation-induced
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YAP activation, effectively preventing the proliferation of in-
flammatory FLSs. The potential side effects of paroxetine on the
central nervous system have limited its use in clinical practice for
GRK2 inhibition. Several GRK2 inhibitors with milder side
effects are in preclinical trials due to the importance of GRK2 in
many diseases61. Further refinement of the network of regulatory
mechanisms of GRK2 is essential for basic science and trans-
lational applications. The Hippo-YAP signaling pathway presents
an attractive target for disease treatment, but a challenge in this
area is the lack of a well-established cell surface marker or
regulator as a therapeutic target. Results presented here suggest
that targeting GRK2 to restore the balance of the Hippo-YAP
pathway may be an effective strategy to inhibit FLSs prolifera-
tion and ameliorate arthritis. Hence, there is an urgent need to
conduct further research and develop novel drugs that specifically
target GRK2 for the treatment of RA.

5. Conclusions

Data presented here demonstrate the physiological significance of
GRK2-SAV1 interaction in regulating YAP. We report a novel
PGE2-GRK2-SAV1-YAP signaling axis that links inflammation
mediated by inflammatory factors to tumor-like proliferation of
RA FLSs. GRK2 was identified as a novel regulator of the Hippo-
YAP pathway in RA FLSs proliferation and migration. These
results accentuate a meaningful clinical application of targeting
the GRK2-mediated Hippo-YAP pathway for treating RA.
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