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Abstract 

Background:  Fibroblast-like synoviocytes (FLS) are crucial for maintaining synovial 
homeostasis. SMYD5, a member of the histone lysine methyltransferase subfamily 
SMYDs, is involved in many pathological processes. This study aimed to investigate 
the role of SMYD5 in regulating synovial fibroblast homeostasis and the pathogenesis 
of rheumatoid arthritis (RA).

Methods:  Proteomic screening was conducted to assess SMYD5 expression 
in the synovium of patients with osteoarthritis (OA) and RA. In vitro, interleukin-1 beta 
(IL-1β) was used to induce proliferation and inflammation in FLS. Further, we per-
formed loss-of-function and gain-of-function experiments to investigate the biological 
function of SMYD5. In vivo, adeno-associated virus (AAV) vectors carrying SMYD5 short-
hairpin RNA (AAV-shSMYD5) were injected into the knee joints to knock down SMYD5 
in a collagen-induced arthritis (CIA) mouse model to evaluate its role in joint damage.

Results:  We observed a significant elevation of SMYD5 expression in the synovial 
tissues of patients with RA and IL-1β-induced FLS. SMYD5 facilitated posttranslational 
modifications and activated downstream signaling pathways, thereby promoting pro-
liferation and inflammation in FLS. Mechanistically, SMYD5 mediated the methylation 
of Forkhead box protein O1 (FoxO1), which accelerated its degradation through ubiq-
uitination, resulting in substantial FLS proliferation. Additionally, SMYD5 promoted lac-
tate release to activate NF-κB signaling pathways by upregulating hexokinases-2 (HK2) 
expression, a key glycolytic enzyme, thereby intensifying the inflammatory response 
in FLS. Supporting these findings, intraarticular delivery of AAV-mediated SMYD5 
knockdown in the CIA mice model effectively alleviated joint swelling, bone erosion, 
and overall arthritis severity.

Conclusions:  Together, these findings suggest that SMYD5 is a dual target for regu-
lating synovial fibroblast homeostasis and the pathogenesis of RA. Targeting SMYD5 
through local treatment strategies may provide a novel therapeutic approach for RA, 
particularly when combined with immunotherapy.
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Graphical abstract

Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune joint disease characterized by 
progressive bone and cartilage damage [1]. Despite advancements in targeted and 
immunosuppressive therapies, many patients experience persistent symptoms and 
poor responses to current treatments, highlighting the urgent need for new therapeu-
tic strategies [2–4]. In recent years, the role of fibroblast-like synoviocytes (FLS) in 
RA pathogenesis has gained increasing attention, with growing interest in targeting 
FLS for potential therapeutic benefits [5–7].

FLS are specialized mesenchymal cells that regulate synovial fluid composition in 
healthy joints by producing lubricants such as hyaluronic acid, which nourish and 
lubricate the cartilage surface. Additionally, FLS contribute to the maintenance of 
synovial extracellular matrix (ECM) by producing components such as fibronectin, 
collagen, and ECM-degrading enzymes. In RA, activation of immune cells leads to 
excessive secretion of cytokines, including interleukin-1 (IL-1), tumor necrosis factor 
(TNF), and platelet-derived growth factor (PDGF). These cytokines drive the prolif-
eration, invasion, and inflammation in the synovium, manifested by high expression 
of proteins related to cell proliferation (e.g., Cyclin D1, PCNA), matrix metallopro-
teinases (MMPs), and inflammatory factors (e.g., iNOS, COX2) in FLS. This transfor-
mation causes the synovium to form an aggressive, proliferative tissue mass known 
as pannus. At the pannus–cartilage interface, FLS produce high levels of MMPs, 
cytokines, and chemokines, which degrade the collagen-rich structure of the joints, 
leading to cartilage and bone destruction—key features of RA progression [5, 8]. 
Although research has focused on controlling FLS proliferation and inflammation, 
progress remains limited, highlighting the need for novel therapeutic targets and 
strategies.

Emerging evidence has revealed that epigenetics plays a key role in synovial pro-
liferation and RA pathogenesis by integrating genetic and environmental factors [9, 
10]. At the onset of RA, DNA hypomethylation and abnormal histone acetylation 
have been observed in pathways mediating FLS phenotypic changes and extracel-
lular matrix interactions [11, 12], suggesting that targeting epigenetic alterations in 
FLS may offer a novel therapeutic strategy. SMYD5, a member of the SET and MYND 
domain-containing protein family (SMYDs), maintains nucleosomal chromatin com-
paction by catalyzing histone H4 lysine 20 (H4K20) methylation, thereby regulating 
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DNA-templated processes and promoting transcriptional silencing [13]. Research 
on SMYD5 and its mediated H4K20 methylation mainly focuses on the self-renewal 
and differentiation of embryonic stem cells [14, 15]. A few studies have reported that 
SMYD5 plays a crucial role as an epigenetic regulator in immune-related diseases, 
such as inflammatory bowel disease (IBD) [13, 16]. However, its role in other auto-
immune diseases, including RA, remains largely unexplored. Our previous work has 
shown that SMYD2, another member of the SMYDs family, mediates RA progression 
by regulating the TRAF2–NF-κB signaling axis [17]. Given the conserved SET cata-
lytic domain shared by SMYD2 and SMYD5, it is worth investigating whether SMYD5 
also plays a regulatory role in RA.

In this study, we observed elevated expression of SMYD5 in synovial tissues from 
patients with RA and IL-1β-induced FLS. Further investigation revealed that SMYD5 
promoted posttranslational modifications and activated downstream signaling pathways 
that enhanced FLS proliferation and inflammation. Notably, SMYD5 knockdown in a 
collagen-induced arthritis (CIA) mouse model improved synovial repair and alleviated 
joint injury, suggesting that SMYD5 may serve as a potential therapeutic target for RA.

Materials and methods
Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were 
obtained from Gibco-BRL (Grand Island, NY, USA). Other cell culture reagents were 
obtained from HyClone (Logan, UT, USA) unless stated otherwise. Recombinant human 
IL-1β was obtained from PeproTech (Cranbury, NJ, USA). The 2-DG and AS1842856 
were purchased from MedChemExpress (Monmouth Junction, NJ, USA). Antibodies 
were obtained from the following commercial sources: antibody against SMYD5 was 
obtained from Absci (Vancouver, WA, USA); antibodies against iNOS, COX2, β-actin, 
β-tubulin, and GAPDH were purchased from Proteintech (Wuhan, China); antibodies 
against p65, p-p65, p-Ikk, p-IκBα, FoxO1, and HK2 were obtained from Cell Signaling 
Technology (Danvers, MA, USA); antibody against Cyclin D1 was obtained from Abcam 
(Cambridge, MA, USA); and antibody against MMP9 was obtained from Servicebio 
Technology (Wuhan, China). The catalog number and usage concentration of antibodies 
are shown in Additional file 1: Table S1.

Induction of CIA mice and treatment

Male DBA/1 mice (6–8  weeks of age) were purchased from SLAC Laboratory Ani-
mal (Shanghai, China) and were used to establish CIA mice model. Adeno-associated 
virus vectors carrying SMYD5 short-hairpin RNA (AAV-shSMYD5) or negative control 
short-hairpin RNA (AAV-shCtrl) were constructed and produced by HanBio (Shanghai, 
China), and were delivered intraarticularly for arthritis prevention. DBA/1 mice were 
randomly divided into three groups (n = 8 in each group): AAV-shCtrl + sham group, 
AAV-shCtrl + CIA group, and AAV-shSMYD5 + CIA group. All mice were housed 
under specific pathogen-free (SPF) conditions at a stable temperature of 24 °C, and the 
experimental protocol conformed to the Animal Welfare Act Guide for the Use and 
Care of Laboratory Animals and was approved by the Institutional Animal Care and 



Page 4 of 25Xiao et al. Cellular & Molecular Biology Letters           (2025) 30:38 

Use Committee, Fudan University, China. Only male mice were selected in our study to 
avoid potential interference of hormones.

The CIA mice model was established as previously described [18]. In brief, on day 0, 
DBA/1 mice were immunized intradermally at the base of the tail with bovine type II 
collagen (CII) (Chondrex, QA, USA) emulsified in Complete Freund’s adjuvant (CFA, 
Chondrex). On day 14, DBA/1 mice received first CII immunization were randomly 
chosen to receive an intraarticular injection of 10   μL AAV-shCtrl or AAV-shSMYD5 
for SMYD5 target intervention (1 × 1012 vg) after anesthesia with isoflurane. Two weeks 
after AAV delivery, secondary immunization was performed by intradermal injection 
of incomplete Freund’s adjuvant (IFA, Chondrex). Joint swelling of mice was evaluated 
every 2 days starting from day 18 based on the Arthritis Index (see Additional file  1: 
Table  S2). After 52  days, mice were subjected to micro-computed tomography (CT) 
assay and sacrificed. Knee joint tissues were harvested for subsequent experiments.

Cell isolation, culture, and treatment

The rat primary FLS were isolated from synovium tissues of rats as described previously 
[19]. In brief, synovium tissues were minced and digested with 2 mg/mL type II colla-
genase (Worthington, NJ, USA) for 2 h at 37 °C. Afterward, 2 mL of trypsin was added, 
and the incubation continued until the tissue was fully digested. The digested tissues 
were filtered through 100-μm filters. After centrifugation at 1200 rpm for 5 min, cells 
were resuspended and cultured in DMEM containing 10% FBS and 1% penicillin/strep-
tomycin in a 5% CO2 humidified atmosphere at 37 °C. IL-1β (10 ng/mL, 24 h) was used 
to stimulate FLS proliferation and inflammation in vitro.

Micro‑CT

Each mouse was positioned on a scanning table in sequence. The left and right knee 
joint regions were scanned separately using a high-speed in  vivo micro-CT scanner 
(Quantum GX, PerkinElmer, Waltham, MA, USA). After scanning, three-dimensional 
images were reconstructed.

Histological analysis of synovium

Knee joint tissues were fixed in 4% paraformaldehyde and embedded in paraffin to make 
8-µm-thick paraffin sections. After deparaffinization, tissue sections were stained with 
hematoxylin and eosin (H&E), Safranin O-Fast Green or Toluidine Blue O to assess joint 
inflammation and cartilage damage. Histological scores were assigned based on repre-
sentative H&E or Toluidine Blue and Safranin O images to quantify synovial inflamma-
tion and cartilage depletion in each group as described previously (see Additional file 1: 
Table S3) [20].

Immunohistochemistry (IHC)

Paraffin-embedded joint tissue sections were deparaffinized and rehydrated in xylene 
and graded ethanol in turn. Then antigen retrieval was performed by heating the sections 
at 96 °C for 15 min in improved citrate antigen retrieval solution (Beyotime, Shanghai, 
China) in a water bath. Following retrieval, immunohistochemistry was carried out using 
the mouse- and rabbit-specific horseradish peroxidase (HRP)/3,3′-diaminobenzidine 
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(DAB) (ABC) Detection IHC Kit (Abcam). In brief, the sections were placed in hydrogen 
peroxide block for 10 min to inhibit endogenous peroxidase activity, followed by pro-
tein block for 5 min to prevent nonspecific background staining. The sections were then 
incubated with primary antibodies including anti-Cyclin D1, anti-PCNA or anti-SMYD5 
overnight at 4 °C. The next day, the sections were reacted with the biotinylated second-
ary antibody and HRP-labeled-streptavidin for proper time at room temperature. DAB 
was used to visualize antibody binding, and hematoxylin was used to label nuclei. The 
images were captured using a Zeiss microscope.

Small interfering RNA (siRNA) transfection

Rat SMYD5, FoxO1, HK2 siRNA and control siRNA were produced by GenePharma 
(Shanghai, China). Cells with 30–50% confluence were transfected with siRNA for 24 h 
via Lipofectamine RNAiMax reagent (ThermoFisher Scientific, Waltham, MA, USA)) 
following the recommendations of the manufacturer, and then cells were cultured for an 
additional 48 h with fresh serum DMEM medium. The knockdown efficiency of SMYD5 
was verified by Western blot. The sequences of relevant siRNA are listed in Additional 
file 1: Table S4.

Plasmid transfection

pCMV-6 × His-SMYD5(human)-Neo (His-SMYD5), pCDNA3.1-
FOXO1(human)-3 × HA-SV40-Neo (HA-FoxO1), and pCMV-3 × FLAG-HK2(human)-
Neo (Flag-HK2) plasmids were purchased from Miaolingbio (Wuhan, China). HiPure 
Plasmid EF Maxi Kit (Magen, Guangzhou, China) was used to amplify these plasmids. 
HEK293T cells with 80–90% confluence were cotransfected with indicated plasmids 
for 24 h using Lipofectamine 2000 (ThermoFisher Scientific) according to the manufac-
turer’s instructions, and then cultured for an additional 48 h with fresh serum DMEM 
medium or performed other treatments. Cells were harvested 72 h after transfection.

Lentivirus generation and infection

Rat HA-SMYD5 overexpression lentivirus vector (pCMV-Smyd5 (rat)-HA-Neo) was 
purchased from Miaolingbio (Wuhan, China). SMYD5 expression plasmid, recombi-
nant plasmid, and packaging vectors (psPAX2 and PMD2.G) were cotransfected into 
HEK293T cells using Lipofectamine 2000 (ThermoFisher Scientific) according to the 
manufacturer’s instructions. The virus supernatant was collected at 48 and 72  h after 
transfection. After removing cell debris using a 0.45-μm filter, the virus supernatant was 
mixed with complete culture medium in 1:1 ratio and added into the culture medium of 
FLS together with polybrene. After 24 h, the medium was replaced with DMEM con-
taining 10% FBS. Cells were harvested 72 h after transfection to verify SMYD5 expres-
sion or perform other tests.

Nuclear and cytoplasmic extraction

FLS were harvested by trypsin–ethylenediaminetetraacetic acid (EDTA) and then cen-
trifuged at 500g for 5 min. The cytoplasmic and nuclear components were separated and 
extracted using NE-PER Nuclear and Cytoplasmic Extraction Kit (ThermoFisher Scien-
tific) in accordance with the manufacturer’s instructions.
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Cycloheximide chase analysis

FLS were pretreated as described in the text and corresponding figure legends prior to 
treatment with 50 μg/ml cycloheximide (CHX) for the indicated time. Cells were then 
lysed for Western blot analysis.

RNA isolation and quantitative real‑time polymerase chain reaction (RT‑qPCR)

Total RNA was extracted from FLS by Trizol Reagent (Takara, Japan). Total RNA (2 μg) 
from each sample was reverse-transcribed into cDNA by using AdvanceFast 1st Strand 
cDNA Synthesis Kit (Yeasen, Shanghai, China) following the manufacturer’s instruc-
tions. qPCR was performed using Universal Blue qPCR SYBR Green Master Mix 
(Yeasen) and normalized relative to β-actin expression. The primer sequences used are 
listed in Additional file 1: Table S5.

Western blotting

Cultured cells were lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer 
(Beyotime) supplemented with protease inhibitor (APExBIO, Houston, TX, USA) and 
phosphatase inhibitor (APExBIO). Protein quantification was performed using the 
Pierce™ BCA Protein Assay Kit (23227, ThermoFisher Scientific). Whole lysate sam-
ples were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred to the nitrocellulose membranes (Millipore, Burl-
ington, MA, USA). After being blocked by 5% nonfat dried milk for 2  h, membranes 
were incubated with the specified primary antibodies overnight at 4  °C and combined 
with HRP-conjugated goat anti-rabbit or goat anti-mouse antibodies (Jackson Immu-
noResearch Inc.) for another 2 h at room temperature. The images were then visualized 
using ChemiDoc+ (Bio-RAD, Hercules, CA, USA) after incubation with ECL (ShareBio, 
Shanghai, China). Signal intensity was detected and quantified by ImageJ software.

Cell proliferation assay

Cell proliferation assay was performed by using the BeyoClick™ EdU Cell Proliferation 
Kit with Alexa Fluor 488 (Beyotime). Briefly, FLS were seeded on coverslips placed in 
24-well plates. After different treatments, cells were labeled with 10  μM EdU for 2  h. 
After fixation with 4% paraformaldehyde and permeation through 0.3% Triton X-100, 
cells were incubated with Click Reaction Mixture for 30  min at room temperature in 
the dark environment, followed by staining the nuclei with DAPI. The number of EdU-
positive cells was observed using fluorescence microscopy and quantified via ImageJ 
software.

Cytokine analysis

The concentration of IL-6 and TNF-α in cell supernatant or mice blood samples were 
measured via enzyme-linked immunosorbent assay (ELISA) kits (Dakewe, Shanghai, 
China) according to the manufacturer’s instructions.

Immunofluorescence staining

FLS were seeded on coverslips placed in 24-well plates. After different treatments, the 
cells were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.25% Triton 
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X-100 for 10 min, and then blocked with 10% goat serum for 30 min at room tempera-
ture. The cells were then incubated with p65 primary antibody at 4  °C overnight. The 
following day, the cells were treated with Alexa Fluor 488 donkey anti-rabbit IgG (Ther-
moFisher Scientific) for 1.5 h at room temperature in the dark. DAPI was used to stain 
and locate nuclei. The images were observed by a fluorescence microscope (LSM780, 
Carl Zeiss).

Peptide preparation for MS analysis

Synovium tissues from patients with osteoarthritis (OA) or rheumatoid arthritis (RA) 
were collected in accordance with the guidelines of the Ningbo Ninth Hospital (approval 
no. 2024LIW20). The clinical characteristics and treatment history of the patients with 
OA and RA are summarized in Additional file 1: Table S6. Synovium tissues were lysed 
in 50 mM ammonium bicarbonate (ABC) buffer, heated at 95 °C for 30 min, and digested 
with trypsin at 37  °C for 16  h (enzyme-to-protein ratio 1:50). Peptides were dried at 
60 °C with SpeedVac (Eppendorf ), dissolved in 0.1% formic acid (FA), and desalted using 
3 M C18 columns. The effluent was dried in a vacuum drier at 60 °C and stored at −80 °C 
until liquid chromatography tandem mass spectrometry (LC–MS/MS) analysis.

LC–MS/MS proteome analysis

For the proteome profiling samples, peptides were analyzed on a Q Exactive HF-X mass 
spectrometer (ThermoFisher Scientific) coupled with a high-performance liquid chro-
matography system (EASY nLC 1200, ThermoFisher Scientific). Dried peptide samples 
redissolved in solvent A (0.1% formic acid in water) were loaded onto a 2-cm self-packed 
trap column (100  μm inner diameter, 3  μm ReproSil-Pur C18-AQ beads, Dr. Maisch 
GmbH) using solvent A and separated on a 150-μm-inner-diameter column with a 
length of 30 cm (1.9 μm ReproSil-Pur C18-AQ beads, Dr. Maisch GmbH) over a 150-
min gradient (solvent A: 0.1% formic acid in water; solvent B: 0.1% formic acid in 80% 
ACN) at a constant flow rate of 600 nL/min (0–150 min, 0 min, 4% B; 0–10 min, 4–13% 
B; 10–120  min, 13–28% B; 120–140  min, 28–50% B; 140–145  min, 50–100% B; 145–
150 min, 100% B). Eluted peptides were ionized at 2 kV and introduced into the mass 
spectrometer. Mass spectrometry was performed in data-dependent acquisition mode. 
For the MS1 spectra full scan, ions with m/z ranging from 300 to 1400 were acquired by 
an Orbitrap mass analyzer at a high resolution of 120,000. The automatic gain control 
(AGC) target value was set to 3 × 106. The maximal ion injection time was 80 ms. MS2 
spectral acquisition was performed in the ion trap in a rapid speed mode. Precursor ions 
were selected and fragmented with higher energy collision dissociation (HCD) with a 
normalized collision energy of 27%. Fragment ions were analyzed by an ion trap mass 
analyzer with an AGC target at 5 ×  104. The maximal ion injection time of MS2 was 
20  ms. Peptides that triggered MS/MS scans were dynamically excluded from further 
MS/MS scans for 12 s. MS raw files were processed with Firmiana (a one-stop proteomic 
cloud platform) [21] against the human National Center for Biotechnology Information 
(NCBI) RefSeq protein database (updated on 4/7/2013, 32,015 entries) using Mascot 2.4 
(Matrix Science Inc., London, UK). The maximum number of missed cleavages was set 
to two. For the quality control of protein identification, the target-decoy-based strategy 
was applied to confirm that the false discovery rate (FDR) of both peptides and proteins 



Page 8 of 25Xiao et al. Cellular & Molecular Biology Letters           (2025) 30:38 

was lower than 1%. The program percolator was used to obtain the probability value (q 
value) and showed that the FDR (measured by the decoy hits) of every peptide–spec-
trum match (PSM) was lower than 1%. Differential expression of proteins associated 
with histone methyltransferases was analyzed and visualized in a heat map.

Co‑immunoprecipitation (co‑IP)

The interactions of SMYD5 with other proteins were determined by co-IP. After trans-
fection with His-SMYD5, HA-FoxO1, or Flag-HK2, HEK293T cells were lysed in ice-
cold IP-RIPA buffer (Beyotime) supplemented with 1% protease inhibitor and 1% 
phenylmethylsulfonyl fluoride (PMSF) for 30 min and centrifuged at 12,000g at 4 °C for 
10 min, then the supernatant was transferred to a new EP tube and incubated with Pro-
tein A/G PLUS-Agarose (Santa Cruz Biotechnology) for 30 min to reduce nonspecific 
binding. After another centrifugation step, equal amounts of lysates (500–1000 μg) were 
immunoprecipitated with appropriate amounts of primary antibodies (IgG antibody as 
control) at 4  °C on a shaker overnight, then incubated with 20 μL Protein A/G PLUS-
Agarose at 4 °C for another 2 h to precipitate the immune complexes. The immunopre-
cipitates were collected by centrifugation at 2500 rpm for 5 min at 4 °C. The pellet was 
then washed three times with 1 mL ice-cold PBS buffer, and each time the centrifuga-
tion step above was repeated. After final wash, supernatant was discarded and pellet was 
resuspended in 60 μL of 2 × electrophoresis sample buffer (Invitrogen). The samples were 
then subjected to SDS-PAGE and immunoblotted with the corresponding antibodies.

IP‑MS

To identify proteins interacting with SMYD5, FLS expressing HA-SMYD5 were har-
vested and lysed in IP-RIPA buffer (Beyotime) containing PMSF and a protease inhibitor 
cocktail. We used anti-HA mouse mAbs to immunoprecipitated SMYD5 protein, and 
then obtained immunoprecipitation complexes using Protein A/G PLUS-Agarose as 
described in the “Co-immunoprecipitation” section. The immunoprecipitates were sepa-
rated by SDS-PAGE, and Coomassie Brilliant Blue R250 staining was used to visualize 
the proteins on the gel. The HA-SMYD5 band and a nearby region (~42 kd) were excised 
and subjected to mass spectrometry to identify proteins interacting with SMYD5.

In vitro methyltransferase assay

HA-SMYD5, HA-FoxO1, and Flag-HK2 recombinant proteins were purified using 
HA-tag or Flag-tag Protein IP Assay Kit with agarose gel (P2206S or P2202S, Beyo-
time). FoxO1 or HK2 recombinant protein was incubated with S-adenosylmethionine 
(10619ES02, Yeasen) and SMYD5 recombinant protein in a mixture of methylase buffer 
(50  mM Tris–HCl pH 8.0, 0.01%Tween-20, 1  mM 1,4-dithiothreitol (DTT), 5  mM 
MgCl2) for 1 h at 37 °C. The electrophoresis samples were then prepared and subjected 
to SDS-PAGE.

In vivo ubiquitination assay

HEK293T cells were cotransfected with indicated plasmids for 24 h using Lipofectamine 
2000 (ThermoFisher Scientific). Cells were treated with 10  μM MG132 for 6  h before 
harvest. After completing the cultivation, cells were resuspended in IP-RIPA buffer 
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(Beyotime). The protocol continued as described in the “Co-immunoprecipitation” sec-
tion. Finally, samples were subjected to immunoblotting with anti-ubiquitin antibodies.

Statistical analysis

Results are expressed as mean ± standard error on the mean (SEM). All data analyses 
were performed using GraphPad Prism software. Differences between mean values of 
multiple groups were analyzed by one-way analysis of variance (ANOVA), and when 
comparing two groups using unpaired Student’s t test. Statistical significance was con-
sidered as p ≤ 0.05.

Results
Prominent expression of SMYD5 in synovial tissues of patients with RA and IL‑1β‑induced 

FLS

To gain systemic insights into the epigenetic changes that occur in the synovium of 
patients with RA, we conducted proteomic screening on synovium from patients with 
OA and RA. Through proteomics screening, we found that SMYD5 expression was 
dramatically elevated in the synovial tissues of patients with RA compared with that of 
patients with OA (Fig. 1A), which was further confirmed by both Western blot (Fig. 1B) 
and immunofluorescence (IF) staining (Fig.  1C). In the joints of patients with RA, 
immune cells excessively secrete IL-1β and other cytokines, which promote the prolif-
eration and inflammation response in FLS, playing an important role in the pathogenesis 
and progression of RA. To model this immune environment, we treated primary rat FLS 
with IL-1β, simulating the disease condition in synovial tissues. Phenotypic changes in 
FLS were confirmed by the upregulation of proliferation-related proteins (e.g., Cyclin D1 
and MMP9) and inflammatory mediators (e.g., iNOS and COX2) in a time-dependent 
manner (Fig. 1D). Similarly, the transcription levels of pro-inflammatory genes such as 
Nos2, Ptsgs2 and Il6 and proliferation marker Ccnd1 were both increased in response to 
IL-1β treatment as detected by RT-qPCR analysis (Fig. 1E). The abnormal proliferation 
phenotype of FLS mentioned above was also confirmed by EdU staining, manifested as 
an increase in the number of cells stained EdU-positive after IL-1β stimulation (Fig. 1F). 
Consistent with observations in RA synovial tissues, we found that IL-1β treatment led 
to SMYD5 upregulation in both protein level and mRNA level in FLS (Fig. 1G, H). Con-
sidering the synchronous changes of SMYD5 and abnormal FLS phenotype after IL-1β 
treatment, we speculate that SMYD5 might be an important regulatory factor for syno-
vial injury in RA.

SMYD5 modulates FLS proliferation in response to IL‑1β

To further explore the regulatory role of SMYD5 in FLS proliferation phenotype, we 
used small interfering RNA targeting SMYD5 (siSMYD5) to silence its expression. 
Compared with IL-1β challenge, SMYD5 knockdown showed a remarkable reduction 
in Cyclin D1 and MMP9 expression (Fig. 2A), which was further confirmed by RT-
qPCR at the mRNA level (Fig. 2B). In agreement with these findings, the increased 
EdU incorporation during DNA synthesis in IL-1β-induced FLS was abrogated by 
SMYD5 knockdown (Fig. 2C). The above results indicated that silencing the SMYD5 
gene could inhibit FLS proliferation phenotype induced by IL-1β. Next, we aimed 
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to determine whether overexpression of SMYD5 alone can promote FLS prolifera-
tion in the absence of IL-1β. To do this, we used lentivirus vectors encoding SMYD5 
(LV-SMYD5) to infect FLS. Compared with the control group, LV-SMYD5 efficiently 
increased SMYD5 expression at both the protein and mRNA levels, accompanied by 
upregulation of proliferation marker Cyclin D1 and MMP9 expression (Fig. 2D, E). 

Fig. 1  Prominent expression of SMYD5 in synovial tissues of patients with RA and IL-1β treated FLS. A 
Heatmap showing the protein expression of histone methyltransferases in synovial tissues from patients 
with osteoarthritis (OA) and rheumatoid arthritis (RA). B Immunoblot analysis and quantification of SMYD5 
in synovial tissues from patients with OA or RA, n = 3. C Immunofluorescence detection of SMYD5 in synovial 
tissues from patients with OA or RA. Scale bars, 100 μm. D–H Rat fibroblast-like synoviocytes (FLS) were 
treated with IL-1β (10 ng/ml) for indicated times. D Immunoblot analysis and quantification of inflammation 
markers (iNOS and COX2) and proliferation markers (Cyclin D1 and MMP9), n = 4. E mRNA levels of Nos2, 
Ptgs2, Il6, and Ccnd1 measured by RT-qPCR, n = 3. F Representative images of EdU staining in IL-1β treated 
or untreated FLS. Scale bars, 50 μm. Quantification of EdU-positive cells in each group is shown in the right 
panel, n = 6. The protein expression (G) and mRNA level (H) of SMYD5 were detected by immunoblots and 
RT-qPCR, respectively, n = 3. Quantification of SMYD5 protein expression in G normalized to β-tubulin. Data 
presented as mean ± SEM, p values calculated by two-tailed Student’s t-test (B, F) or one-way ANOVA test (D, 
E, G, H), *p < 0.05, **p < 0.01, ***p < 0.001, n.s. means no significance
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Ccnd1 transcription was also activated after SMYD5 overexpression in FLS without 
IL-1β treatment (Fig. 2F). Notably, LV-SMYD5 significantly increased the incorpora-
tion of EdU into DNA (Fig. 2G). These findings strongly support a significant posi-
tive correlation between SMYD5 and FLS proliferation.

Fig. 2  SMYD5 modulates FLS proliferation response to IL-1β. A-C SMYD5 was knocked down using SMYD5 
siRNA in IL-1β (10 ng/ml, 24 h) induced FLS, with control siRNA (siNC) as a negative control. A Immunoblot 
analysis and quantification of SMYD5, Cyclin D1, and MMP9, with β-tubulin used as a loading control, n = 6. 
B Smyd5 and Ccnd1 mRNA levels were detected by RT-qPCR analysis, n = 3. C Representative images of 
EdU staining in IL-1β-induced FLS pre-transfected with control or SMYD5 siRNA. Scale bars, 50 μm. Right 
panel shows statistical analysis of the proportion of EdU-positive cells, n = 6. D–F FLS were infected with 
lentivirus vectors encoding SMYD5 (LV-SMYD5) to promote SMYD5 overexpression. D Immunoblot analysis 
and quantification of SMYD5, n = 4. E Immunoblot analysis and quantification of Cyclin D1 and MMP9, with 
β-tubulin used as a loading control, n = 6. F RT-qPCR analysis of Smyd5 and Ccnd1 mRNA levels, n = 3. G 
Representative images of EdU staining in LV-SMYD5-treated or untreated FLS. Scale bars, 100 μm. Right panel 
shows the quantification of EdU-positive cells, n = 6. Data presented as mean ± SEM, p values calculated by 
two-tailed Student’s t-test (D–G) or one-way ANOVA test (A–C), ***p < 0.001



Page 12 of 25Xiao et al. Cellular & Molecular Biology Letters           (2025) 30:38 

SMYD5 induces FoxO1 degradation through methylation modification, which promotes 

FLS proliferation

It has been well established that Forkhead box protein O1 (FoxO1), a member of the 
forkhead transcription factor family,  negatively modulates FLS cell proliferation and 
survival in RA [22]. Here, we compared FoxO1 expression in the joints of patients with 
RA and OA. Consistent with a previous report, FoxO1 level was significantly reduced 
in the joints of patients with RA (Fig. 3A). By using FoxO1 siRNA or selective inhibitor 
(AS1842856) to treat FLS, we confirmed the fact that knockdown or inhibition of FoxO1 
could promote FLS proliferation (Fig. S1A–D). Surprisingly, we discovered that IL-1β 
treatment decreased FoxO1 expression, and this decrease was recovered by knocking 
down SMYD5, accompanied by inhibition of IL-1β-induced FLS proliferation, as dem-
onstrated by Cyclin D1 expression (Fig. 3B). In contrast, SMYD5 overexpression down-
regulated FoxO1 level and promoted FLS proliferation (Fig. 3C), suggesting that FoxO1 
is involved in SMYD5 mediated FLS proliferation. To further confirm the regulatory 
effect of SMYD5 on FLS proliferation, we conducted a complementary experiment by 
blocking FoxO1 upon SMYD5 knockdown, and found that the inhibition of FLS prolif-
eration and inflammatory response caused by SMYD5 gene silencing was reversed by 
FoxO1 knockdown (Fig. 3D, E). Taken together, these results suggest that SMYD5-medi-
ated FLS proliferation depends on FoxO1.

Since SMYD5 primarily catalyzes H4K20 trimethylation and inhibits transcription, we 
examined the expression of H4K20me3 and the level of Foxo1 mRNA. Unfortunately, 
intervention targeting SMYD5 did not alter H4K20me3 levels or regulate FoxO1 tran-
scription (Fig. S2A–D), indicating that SMYD5-mediated inhibition of FoxO1 expres-
sion might depend on posttranslational modifications. Next, we utilized cycloheximide 
(CHX), a protein synthesis inhibitor, to assess FoxO1 stability. We observed that FoxO1 
stability diminished with SMYD5 overexpression (Fig. 3F), yet it persisted for up to 6 h 
when SMYD5 was knocked down (Fig. 3G). It has been reported that protein ubiquit-
ination is involved in FoxO1 degradation, so we used MG132, a proteasome inhibitor, 

(See figure on next page.)
Fig. 3  SMYD5 causes FoxO1 degradation through methylation modification, which promotes FLS 
proliferation. A Immunoblot analysis and quantification of FoxO1 in synovial tissues from patients with RA 
or OA, with GAPDH used as a loading control, n = 4. B FLS transfected with control or SMYD5 siRNA were 
incubated with or without IL-1β; immunoblot and quantification of SMYD5, FoxO1, and Cyclin D1 are shown, 
using β-tubulin as a loading control, n = 3. C FLS infected with vector or LV-SMYD5 were treated with or 
without IL-1β. Immunoblots for FoxO1 and Cyclin D1 were quantified relative to β-tubulin, n = 3. D FLS 
were transfected with SMYD5 siRNA or cotransfected with SMYD5 siRNA and FoxO1 siRNA, followed by IL-1β 
treatment. Immunoblot analysis of FoxO1, Cyclin D1, MMP9, iNOS, and COX2 was performed, with β-actin as 
a control, n = 3. E EdU staining and analysis of EdU-positive cells were conducted (scale bars, 50 μm, n = 4). 
F, G FLS with SMYD5 overexpression (F) or silencing (G) were treated with CHX (50 μg/ml) and harvested 
at the indicated times for FoxO1 immunoblotting, β-actin as a control. H IL-1β-induced FLS were treated 
with MG132 (20 μM) and/or CHX (50 μg/ml) for 6 h. FoxO1 expression were assessed by immunoblot, 
using β-actin as a loading control. I, J HEK293T cells were transfected with the indicated plasmids and then 
immunoprecipitated with anti-His (I) or anti-HA (J) antibodies. Target proteins were immunoblotted with 
anti-HA, anti-SMYD5 and anti-methyl lysine antibodies. K In vitro methyltransferase assays. Recombinant 
FoxO1 was incubated with recombinant SMYD5, and reactions were analyzed by SDS-PAGE. L HEK293T 
cells were transfected with the indicated plasmids, and a co-IP assay was performed to examine FoxO1 
polyubiquitylation in the presence of SMYD5. Data presented as mean ± SEM, p values calculated by 
two-tailed Student’s t-test (A) or one-way ANOVA test (B–E), *p < 0.05, **p < 0.01, ***p < 0.001
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to probe the degradation pathway. The reduction in FoxO1 protein level caused by 
CHX was markedly recovered by MG132 with or without IL-1β (Fig.  3H), indicating 
that FoxO1 is indeed degraded via ubiquitin–proteasome pathway. We further exog-
enously transfected HEK293T with His-SMYD5 and HA-FoxO1, and then conducted 
co-IP assay. We observed that SMYD5 coprecipitated with FoxO1 (Fig. 3I). Considering 
SMYD5 is a histone methyltransferase and FoxO1 protein is strictly regulated by modi-
fications on its protein [23], we hypothesized that SMYD5 could methylate FoxO1. As 
expected, cotransfection of SMYD5 and FoxO1 in HEK293T cells significantly increased 
the lysine methylation level of FoxO1 protein (Fig. 3J). Furthermore, the in vitro meth-
ylation experiment confirmed that SMYD5 could promote the methylation of FoxO1 in 

Fig. 3  (See legend on previous page.)
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a dose-dependent manner (Fig. 3K). Following this, we next tried to figure out whether 
SMYD5-mediated methylation affected FoxO1 stability, and found that FoxO1 polyubiq-
uitylation was markedly increased in the presence of SMYD5 (Fig. 3L). Collectively, the 
above results suggest that SMYD5 promotes FLS proliferation by methylating FoxO1 
and enhancing its ubiquitination-mediated degradation.

SMYD5 promotes inflammatory response by activating NF‑κB signaling pathway

Inflammation is another key phenotypic change that occurs in FLS. Subsequent research 
mainly focused on whether SMYD5 regulates the inflammatory response of FLS. As 
expected, SMYD5 gene silencing significantly inhibited the upregulation of protein 
expression and gene transcription of inflammatory factors in IL-1β-induced FLS, such 
as iNOS (Nos2), COX2 (Ptgs2), and Il6 (Fig. 4A, B), as well as reduced IL-6 secretion in 
the supernatant under IL-1β stimulation (Fig. 4C). We further explored whether SMYD5 
alone could drive inflammatory response in FLS in the absence of IL-1β, and found that 

Fig. 4  SMYD5 promotes inflammatory response in IL-1β-induced FLS. A–C SMYD5 was knocked down 
using SMYD5 siRNA in IL-1β (10 ng/ml, 24 h)-induced FLS, with control siRNA (siNC) as the negative control. A 
RT-qPCR analysis of Smyd5, Nos2, Ptgs2, and Il6 mRNA levels, n = 3. B Immunoblot analysis and quantification 
of SMYD5, iNOS, and COX2, with β-tubulin as a loading control, n = 5 or n = 6. C ELISA analysis for IL-6 in 
the supernatant from IL-1β induced FLS pretransfected with or without SMYD5 siRNA, n = 3. D–F SMYD5 
was overexpressed in FLS using lentivirus vectors encoding SMYD5 (LV-SMYD5). D Immunoblot analysis 
and quantification of SMYD5, iNOS, and COX2, with β-tubulin as a loading control, n = 4 or n = 6. E RT-qPCR 
analysis of Nos2, Ptgs2, and Il6 mRNA levels, n = 3. F ELISA for IL-6 and TNF-α levels in the supernatant of FLS 
with or without LV-SMYD5 treatment, n = 4. Data presented as mean ± SEM, p values calculated by two-tailed 
Student’s t-test (D–F) or one-way ANOVA test (A–C), *p < 0.05, ***p < 0.001
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SMYD5 overexpression not only enhances the gene transcription and protein expression 
of aforementioned inflammatory factors but also boosts the secretion of IL-6 and TNF-α 
(Fig.  4D–F). These data indicate a significant positive correlation between SMYD5 
expression and the inflammatory response in IL-1β-induced FLS.

Upon activation, nuclear factor-kappa B (NF-κB) translocates into the nucleus and 
promotes the transcription of downstream inflammatory factors such as Nos2 and Ptgs2, 
playing a crucial role in RA progression [24]. We found that IL-1β could activate NF-κB 
by promoting p65 phosphorylation (Fig. 5A). Notably, SMYD5 knockdown dramatically 
reduced the p65 phosphorylation (Fig. 5B) and nuclear translocation (Fig. 5C), consist-
ent with the immunofluorescence staining results (Fig. 5D). Conversely, overexpression 
of SMYD5 alone activated the NF-κB signaling pathway to a degree nearly equivalent to 
IL-1β treatment. When combined with IL-1β stimulation, it further increased the p65 
phosphorylation (Fig.  5E). Additionally, SMYD5 overexpression enhanced the nuclear 
accumulation of p65 (Fig. 5F, G). Collectively, these findings indicate that SMYD5 can 
promote the FLS inflammatory response via NF-κB signaling pathway.

SMYD5‑mediated inflammatory response depends on upregulation of HK2

To fully understand the mechanism by which SMYD5 regulates RA inflammation, we 
overexpressed SMYD5 in FLS and performed immunoprecipitation and mass spectrom-
etry analysis to unbiasedly identify the proteins that interact with SMYD5. Surprisingly, 
we found an interaction between HK2 and SMYD5 (Fig.  6A), which was validated in 
HEK293T cells via the co-IP assay (Fig. 6B). HK2 is the first key enzyme that catalyzes 
glycolysis. It has been reported that increased expression of HK2 in RA-FLS can pro-
mote the development of RA [25], which is supported by our experiments. We observed 
elevated HK2 expression in the synovium tissues of patients with RA (Fig. 6C) and in 
IL-1β-induced FLS (Fig.  6D). As expected, knocking down HK2 in FLS could reduce 
IL-1β-induced inflammatory response (Fig. S3). To further explore the regulatory effect 
of SMYD5 on HK2, we knocked down SMYD5 using SMYD5 siRNA and found a signifi-
cant decrease in HK2 expression in IL-1β-induced FLS (Fig. 6E). Lactate is a key metab-
olite of glycolysis; therefore, we measured the lactate level in the supernatant of FLS, and 
found that IL-1β induced an increase in lactate release, whereas knocking down SMYD5 
inhibited lactate accumulation (Fig. 6F). Furthermore, overexpression of SMYD5 in FLS 
significantly enhanced the expression of HK2 and inflammatory mediators, as well as 
increased lactate accumulation. This effect is partially counteracted by HK2 siRNA or 
2-DG (a competitive inhibitor of hexokinases) (Fig. 6G–I). Notably, neither HK2 gene 
silencing nor its inhibition impacted SMYD5 expression, suggesting that HK2 functions 
downstream of SMYD5 (Fig.  6G, H). Since SMYD5 upregulation can mediate NF-κB 
signaling pathway, we aimed to investigate whether HK2 plays a role in activating this 
pathway. To explore this, we knocked down HK2 and then stimulated FLS with IL-1β for 
15 min. We observed inhibition of NF-κB signaling pathway following HK2 knockdown 
(Fig. 6J). Previous reports indicate that lactate induces inflammatory responses in FLS 
through the NF-κB pathway [26], and our findings further support the viewpoint that 
lactate may participate in HK2-mediated activation of NF-κB signaling pathway in FLS.

The above data confirmed that the SMYD5–HK2–NF-κB signaling axis plays a crucial 
role in the inflammatory response of FLS. However, the mechanism by which SMYD5 
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regulates HK2 remains unclear. In  vitro methylation experiment demonstrated that 
SMYD5 could methylate HK2 in a dose-dependent manner (Fig.  6K). Consistent with 
this result, it was found that SMYD5 could methylate HK2 when His-SMYD5 and Flag-
HK2 were ectopically expressed in HEK293T cells (Fig. 6L). Notably, the ectopic expres-
sion of SMYD5 significantly inhibited the ubiquitination degradation of HK2 (Fig. 6M). 

Fig. 5  SMYD5 promotes inflammatory response by activating NF-κB signaling pathway. A FLS were treated 
with IL-1β (10 ng/ml) for indicated times, and cell lysates were analyzed using phosphor-specific antibodies 
for p65, p-IKKα/β, and p-IKBα to assess NF-κB signaling activation. (B–D) FLS were pretransfected with 
siNC or siSMYD5 and then incubated with 10 ng/ml IL-1β for 15 min. B Immunoblot analysis of whole-cell 
lysates for expression and phosphorylation of key NF-κB subunits. Right panel: quantification of p65 
phosphorylation (n = 6) and p-IKKα/β and p-IKBα expression (n = 8). C Immunoblot analysis of nuclear and 
cytoplasmic p65 distribution. p65 expression was normalized to Lamin A/C (nuclear) or GAPDH (cytoplasmic), 
n = 5. D Immunofluorescence staining to assess nuclear translocation of p65. Scale bars, 50 μm. E–G FLS 
pretransfected with or without LV-SMYD5 were treated with 10 ng/ml IL-1β for 15 min. E Immunoblot 
analysis of p65 phosphorylation. p-p65 expression was normalized to total p65, n = 3. F Immunofluorescence 
staining to examine p65 distribution between nuclear and cytoplasmic compartments. Scale bars, 100 μm. 
G Immunoblot analysis of nuclear and cytoplasmic p65 distribution. p65 expression was normalized to 
Lamin A/C (nuclear) or GAPDH (cytoplasmic), n = 5. Data presented as mean ± SEM, ***p < 0.001, at least 
three independent experiments were repeated. Data presented as mean ± SEM, p-Values were calculated by 
two-tailed Student’s t-test (G) or one-way ANOVA test (B, C, E), *p < 0.05, **p < 0.01, ***p < 0.001, n.s. means no 
significance
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Fig. 6  SMYD5-mediated inflammatory response depends on upregulation of HK2. A IP-MS was performed 
to identify SMYD5-interacting proteins. B HEK293T cells were transfected with His-SMYD5 and Flag-HK2 
plasmids, followed by co-IP using anti-His antibody. C Immunoblot analysis of HK2 in synovial tissues from 
patients with RA or OA; HK2 levels were quantified relative to β-actin, n = 3. D FLS were incubated with IL-1β. 
Immunoblot analysis and quantification of HK2 are shown with β-actin as a loading control, n = 3. E FLS 
transfected with control or SMYD5 siRNA were incubated with or without IL-1β. Immunoblot analysis and 
quantification of HK2 are shown with β-actin as a loading control, n = 3. F Lactate levels in the supernatant 
were measured using a lactate detection kit, n = 3. G–I FLS infected with LV-SMYD5 were challenged with HK2 
siRNA (G) or 10 mM 2-DG (H). Immunoblot of SMYD5, HK2, iNOS, and COX2 was quantified relative to β-actin 
(G, n = 4 or n = 8; H, n = 6). I Lactate levels in the supernatant were measured, n = 3. J FLS pretransfected with 
control or HK2 siRNA were treated with IL-1β. Immunoblot analysis detected expression and phosphorylation 
of NF-κB subunits. Phosphorylation of p65, p-IKKα/β, and p-IκBα was quantified, n = 4. K In vitro 
methyltransferase assay: recombinant HK2 was incubated with SMYD5 and analyzed by SDS-PAGE. L HEK293T 
cells transfected with Flag-HK2 and His-SMYD5 were immunoprecipitated with anti-Flag and probed for HK2 
methylation. M HEK293T cells were cotransfected, and co-IP showed decreased HK2 polyubiquitylation in the 
presence of SMYD5. Data presented as mean ± SEM, p values calculated by two-tailed Student’s t-test (C) or 
one-way ANOVA test (D–I), *p < 0.05, **p < 0.01, ***p < 0.001, n.s. means no significance
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On the basis of these findings, we concluded that SMYD5 upregulates HK2 by methylat-
ing it and reducing its ubiquitination, thereby promoting lactate release and activating 
NF-κB signaling pathway, ultimately leading to an inflammatory response.

Intraarticular delivery of AAV‑shSMYD5 alleviates arthritis severity in CIA mice

The CIA mice model shares many pathological features with human RA, including syno-
vial hyperplasia, joint swelling, and cartilage destruction [27], which can be established 
in genetically susceptible DBA/1J mice immunized with bovine type II collagen (CII) 
emulsified in complete Freund’s adjuvant (CFA). Given the potential role of SMYD5 in 
mediating proliferation and inflammation in FLS, we next validated these effects in CIA 
mice model via injecting adeno-associated virus vectors carrying SMYD5 short-hairpin 
RNA (AAV-shSMYD5) into knee joints to knock down SMYD5; the schedule is shown 
in Fig. 7A. As expected, increased expression of SMYD5 was found in the synovium of 
immunized mice, while intraarticular injection of AAV-shSMYD5 successfully reduced 
SMYD5 expression compared with mice injected with AAV control shRNA (AAV-shC-
trl) (Fig. 7B). According to the Arthritis Index, SMYD5 knockdown delayed the onset 
and alleviated the severity of arthritis in CIA mice (Fig. 7C). In line with this, representa-
tive images of mice’s hind paws also demonstrated that SMYD5 knockdown improved 
hind paw thickness and swelling in CIA mice (Fig. 7D). In addition, micro-CT showed a 
significant reduction in bone and cartilage damage in the joints treated with AAV-shS-
MYD5 (Fig. 7E). CIA mice were sacrificed on day 52 for further examination. The level 
of IL-6 in serum of CIA mice was increased, while knocking down SMYD5 resulted in 
a decrease in IL-6 secretion (Fig. 7F). Histological analysis revealed that SMYD5 knock-
down protected CIA mice from severe synovial inflammation and synovial hyperplasia. 
Safranin O and Toluidine Blue staining showed that cartilage injury induced by colla-
gen immunity was significantly alleviated after AAV-shSMYD5 injection (Fig.  7G, H). 
Immunohistochemical staining also indicated that AAV-shSMYD5 caused a dramatic 
decrease in the expression of Cyclin D1 and PCNA (Fig. 7I). Overall, these data suggest 
that SMYD5 knockdown has protective effects on synovial hyperplasia, joint inflamma-
tion, and cartilage destruction in CIA mice.

Discussion
Inflammation and abnormal proliferation of FLS are typical pathological features of 
RA. Intervention strategies targeting FLS proliferation and inflammation offer a new 
approach to treating RA, as they can be implemented without immune consequences. 
Epigenetic modifications play an important role in joint damage by epigenetically 
imprinting FLS in RA. Here, we observed that SMYD5, an H4K20 methyltransferase, 
was prominently expressed in synovial tissues of patients with RA and IL-1β-treated 
FLS. We showed that SMYD5 mediated the methylation of FoxO1 and HK2 to promote 
FLS proliferation and inflammation in RA pathogenesis. Importantly, administering 
AAV-shSMYD5 directly into the joints of CIA mice substantially reduced the severity of 
arthritis by decreasing joint inflammation, cartilage damage, and bone loss.

SMYD5 belongs to the SMYDs family, and studies on SMYD5 have primarily focused 
on self-renewal and differentiation of embryonic stem cells. The correlation between 
SMYD5 and inflammatory response has been discussed in macrophages, where SMYD5, 
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Fig. 7  Intraarticular delivery of AAV-shSMYD5 alleviates arthritis severity in CIA mice. A Schematic of 
the experimental design. Mice were immunized with CII and randomly assigned to receive intraarticular 
injections of 10 μl AAV-shCtrl or AAV-shSMYD5 on day 14. B Immunohistochemical staining of SMYD5 in the 
synovium of mice. Scale bars, 10 μm. C SMYD5 knockdown delayed disease onset and alleviated the arthritis 
score in CIA mice, n = 8. D Representative images of CIA mice ankles. Erythema and swelling were markedly 
observed in the CIA mice, while AAV-shSMYD5 treatment significantly alleviated the arthritis severity. E 
Micro-CT revealed significant reduction in bone and cartilage damage in the joints of CIA mice treated with 
AAV-shSMYD5. F ELISA analysis of IL-6 levels in mice serum on day 25 post-second immunization, n = 3. G 
Representative ankle joint images stained with hematoxylin and eosin (H&E), Toluidine Blue, and Safranin O. H 
Quantification of synovial inflammation and cartilage depletion based on H&E and Toluidine Blue/Safranin O 
staining, n = 6. I Immunohistochemical staining of Cyclin D1 and PCNA in synovial tissues of each group. Data 
presented as mean ± SEM, p values calculated by two-tailed Student’s t-test (H) or one-way ANOVA test (C, F), 
*p < 0.05, **p < 0.01, ***p < 0.001
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functioning as a component of NCoR corepressor complexes, controlled proinflamma-
tory gene programs by modulating the TLR4 promoter’s H4K20me3 modification [13]. 
In the current study, we confirmed that SMYD5 was abundantly expressed both in the 
synovium of patients with RA and in FLS induced by IL-1β. In response to immune 
microenvironment, activated FLS exhibit a consecutively higher proliferation rate and 
insufficient apoptotic ability, accompanied by the release of various pro-inflammatory 
mediators and tissue-degenerative enzymes such as MMPs, promoting inflammation 
and joint destruction [28, 29]. Our further study showed that the prominent expression 
of SMYD5 could promote the proliferation and inflammation in FLS, while knockdown 
of SMYD5 improved the aforementioned IL-1β-induced-FLS phenotype, suggesting that 
SMYD5 may be a potential therapeutic target for RA treatment.

FoxO1, a transcription factor, plays a crucial role in regulating the cell cycle and pro-
liferation, thus contributing to the development of RA [22, 30]. Studies have shown that 
the expression of FoxO1 in the synovium is negatively correlated with FLS prolifera-
tion and inflammation [22]. Consistently,  our preliminary findings from IL-1β-treated 
FLS demonstrated a decrease in FoxO1 levels, accompanied by increased proliferation. 
Notably, silencing SMYD5 led to a significant recovery of FoxO1 expression, which, in 
turn, effectively suppressed FLS proliferation and the inflammatory response triggered 
by IL-1β. This finding suggested that FoxO1 is a key mediator of the RA-FLS-like pheno-
type regulated by SMYD5. The opposite changes between FoxO1 and RA-FLS-like phe-
notype may correlate to transcriptional inactivation, marked by SMYD5 or H4K20me3. 
However, silencing or overexpressing SMYD5 failed to directly affect FoxO1 mRNA level 
in IL-1β-stimulated FLS, indicating the involvement of alternative regulatory mecha-
nisms. Besides transcriptional regulation, FoxO1 has also been widely reported to be 
regulated by methylation, acetylation, ubiquitination, and other posttranslational mech-
anisms [31]. For instance, the degradation of the FoxO1 protein through G9a-catalyzed 
methylation can boost cell proliferation and worsen colon cancer [32]. In an IBD study, 
SMYD5 was identified as a key factor in exacerbating intestinal inflammation and injury 
through a non-histone methylation-dependent manner [16]. Encouragingly, we came to 
a similar conclusion in IL-1β-induced FLS that SMYD5 enhances FoxO1’s ubiquitination 
and degradation by methylating it, thereby promoting FLS proliferation.

RA-FLS undergo metabolic changes and transform into a tumor cell-like phenotype 
characterized by accelerated glycolysis, gluconeogenesis, or the pentose phosphate path-
way. These processes aim to meet the increasing energy demands associated with FLS 
proliferation, invasive migration, and inflammatory responses [33–35], while glucose 
deprivation significantly improves RA-FLS-like phenotype [36]. Hexokinases (HKs) are 
key enzymes that catalyze the first step of glucose metabolism, converting glucose into 
glucose 6-phosphate (G6P) and initiating subsequent steps in glucose utilization. The 
evidence that HK2 selective overexpression in the inflammatory synovium of RA rather 
than in normal tissues suggests that HK2 can serve as a metabolic target for treating RA 
without compromising whole-body glucose homeostasis [25]. HK2 inhibitors, such as 
2-DG, have been widely studied and shown to counteract inflammation, proliferation, 
and invasion in RA-FLS, thereby reducing the severity of arthritis [2]. Consistent with 
these findings, our results indicated that SMYD5 could exacerbate RA-FLS inflamma-
tion in an HK2-dependent manner, wherein SMYD5 exerted positive regulation on HK2 
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through crosstalk of nonhistone methylation and ubiquitination. Furthermore, phar-
macological inhibition of HK2 could mitigate the upregulation of inflammatory genes 
induced by SMYD5 overexpression. Previous studies have shown that HK2 plays a pro-
inflammatory role by activating the NF-κB signaling pathway in neuroinflammatory 
diseases related to microglial activation [37]. Besides, the expression of HK2 has been 
positively correlated with extracellular lactate accumulation in RA-FLS [25], which could 
further activate NF-κB signaling transduction and lead to FLS inflammatory response 
[38]. Our results supported this viewpoint and demonstrated the important regulatory 
role of the SMYD5–HK2–NF-κB signaling cascade in RA-FLS inflammation. Moreover, 
our results also suggested that lactate may be involved in this process. Notably, SMYD5 
has been reported as a negative regulator of inflammatory genes in macrophages [13], 
arguing against our findings in FLS. This difference could be attributed to SMYD5 per-
forming different functions by methylating histone or nonhistone proteins, respectively.

Our study suggested that SMYD5 plays a functionally critical role in the pathogen-
esis of RA. In current mainstream RA treatments, long-term and high-dose systemic 
administration achieves a sustained therapeutic concentration in affected joints but 
also increases the risk of adverse reactions, including off-target organ toxicity [39, 
40]. Additionally, although RA is a systemic disease, some studies have indicated that 
joint inflammation tends to recur in the same joints during the RA disease course 
[41]. In recent years, various intraarticular drug delivery strategies, particularly with 
the AAV vector system, have emerged, which makes the combination of systemic 
and local treatment a promising therapeutic strategy [42, 43]. It has been reported 
that intraarticular delivery of AAV vectors encoding PD-L1 attenuates joint inflam-
mation and tissue damage in a mouse model of RA [42]. Compared with systemic 
administration of drugs through nonspecific routes, intraarticular drug intervention 
specifically targets the affected joint cavity, achieving precise treatment of RA at a 
lower drug dose and frequency, and avoids the systemic toxicity and immunosup-
pression [44]. It has been reported that one-time delivery of genes to the synovium 
using AAV vectors can induce sustained therapeutic gene expression locally in the 
joints and maintain stability for up to 10  years [45]. Although intraarticular gene 
therapy using AAV vectors has been considered a feasible treatment option for RA, 
and many clinical trials targeting a single cytokine such as IL-6 and TNF-α have been 
conducted [46, 47], the clinical benefits remain limited. Therefore, there is an urgent 
need for effective potential targets. According to data from the International Mouse 
Phenotyping Consortium, SMYD5 knockout does not affect mice fertility, and the 
overall phenotype of the mice remains largely normal. Thus, we hypothesize that the 
systemic consequences of SMYD5 knockout or inhibition are minimal, making it a 
promising candidate for combination therapy. On the basis of these considerations 
and the lack of a specific inhibitor for SMYD5, we chose to deliver SMYD5 shRNA 
into both the left and right knee joints using AAV vectors to knock down SMYD5. 
Compared with the AAV-control group, the AAV-shSMYD5 group exhibited reduced 
SMYD5 expression, decreased cartilage damage, and less joint swelling. Notably, local 
AAV-shSMYD5 injection also lowered serum IL-6 levels and alleviated swelling in the 
mouse toe joints, despite the virus not being directly injected into these sites. Given 
that the joint cavity is a relatively enclosed space, this observation was unexpected. It 
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was reported that local adenovirus-mediated gene transfer of viral IL-10 can have an 
anti-arthritic effect on distant, untreated joints [48]. Similar observations have been 
made in other studies [49, 50], though the underlying mechanisms remain unclear. 
Additionally, the possibility of viral leakage into the circulatory system cannot be 
excluded. This phenomenon warrants further investigation in future studies. Overall, 
these findings suggest that intraarticular administration of AAV-shSMYD5 may be a 
promising therapeutic approach for RA.

Conclusions
This study identified SMYD5 as a novel regulator for synovial injury in RA, which was 
supported by two lines of evidence: first, the SMYD5–FoxO1 signaling axis drives FLS 
proliferation; second, through the SMYD5–HK2–NF-κB pathway, FLS are activated 
to produce numerous inflammatory mediators. These findings suggest that targeting 
SMYD5 could offer a novel therapeutic approach for RA beyond conventional immuno-
therapies. Furthermore, we demonstrated that a single intraarticular injection of AAV-
shSMYD5 could induce robust gene silencing and relieve joint symptoms, highlighting 
the advantage of local treatment of RA. Further studies focusing on optimizing the 
transduction efficiency and maintaining the long-term efficiency of AAV-shSMYD5 vec-
tors will lay a foundation for potential clinical applications of SMYD5-based therapies.
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