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The expression level of CDK8 can affect
the nuclear translocation of p65.

h  i  g  h  l  i g h t s

CDK8 exerts its role in the 
progression of OA by influencing the 
transcriptional regulation of SASP 
genes through NF- B. 
The mechanism by which CDK8 
affects transcriptional regulation is 
through its cooperative recruitment 
with NF-jB to the promoters of SASP 
genes, followed by the promotion of 
Rpb1 CTD elongation 
phosphorylation in the gene-specific 
context induced by NF- B. 
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Our study shows that based on ELISA

n the development of OA, CDK8 not

detection of synovial fluid, serum, and 
cell culture supernatants, the secretion 
level of SASP may be positively 
correlated with the progression of OA, 
providing potential biomarkers for 
determining the severity of OA. 
I 
only affects the degradation of 
chondrocytes themselves but also 
promotes the inflammatory joint 
microenvironment and osteoclast 
differentiation of macrophages by 
regulating the secretion of SASP from 
chondrocytes. 
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Introduction: Cyclin-Dependent Kinase 8 (CDK8), a CDK family member, regulates the development of 
inflammatory processes through transcriptional activation. The involvement of CDK8 in osteoarthritis 
(OA) progression is not yet understood. 
Objectives: This study aims to investigate whether CDK8, through its transcriptional regulatory functions, 
collaborates with NF-jB in chondrocytes to regulate the transcription of senescence-associated secretory 
phenotype (SASP) genes, thereby exacerbating the inflammatory microenvironment in the progression of 
osteoarthritis (OA), and to explore the specific mechanisms involved. 
Methods: The effects of CDK8 silencing or overexpression will be assessed by measuring OA pathological 
markers through H&E staining, immunoblotting, Western blot, qRT-PCR, immunofluorescence and ELISA. 
The DMM surgery mouse model will be used as the OA model, and the PAM and Von Frey tests will be 
employed to measure the pain threshold in mice. Luciferase and ChIP assays will be conducted to explore 
the transcriptional regulation and elongation mechanisms of CDK8. 
Result: CDK8 influences OA advancement by being recruited to the SASP promoter region in cooperation 
with NF-jB, leading to the elongation phosphorylation of Rpb1 CTD within the context of NF-jB-induced 
gene specificity, thereby regulating SASP transcription. The SASP secreted by chondrocytes during this 
process promotes the inflammatory microenvironment in the joint and drives macrophage differentiation 
into osteoclasts, further worsening the severity of osteoarthritis. 
Conclusion: The SASP secreted by chondrocytes during the OA process plays a crucial role in worsening 
the severity of the disease. Inhibiting CDK8 expression can decrease its secretion by downregulating 
the transcription levels of SASP, which are co-regulated by CDK8 and NF-jB. This could offer a new target 
for osteoarthritis treatment.
© 2025 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC 

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
Introduction 

Osteoarthritis (OA) is a prevalent long-term joint condition, 
marked by the progressive breakdown of cartilage and subsequent 
inflammation of the synovium [1,2]. This process ultimately leads 
to cartilage erosion, osteophyte formation, and joint space narrow-
ing [3,4]. The main indicators of OA are pain and limited movement 
of the joints. In severe cases, osteoarthritis can lead to substantial 
impairment and is a major contributor to disability in the elderly 
population [5]. Currently, aside from surgery, effective treatments 
for OA remain limited [6,7]. Thus, obtaining a more complete 
understanding of the underlying biological pathways involved in 
the onset and development of OA is vital for improving patient out-
comes and developing more effective treatments. 

The pathogenesis of OA is complex, with inflammation being 
considered one of the key factors driving cartilage degradation 
and disease progression [8,9]. In particular, the senescence-
associated secretory phenotype (SASP)—a pro-inflammatory 
molecular secretion state induced by cellular senescence—plays a 
critical role in OA [10]. SASP consists of inflammatory cytokines, 
chemokines, and proteases, which promote cartilage degradation 
through local inflammatory responses [11,12]. The transcription 
factor NF-jB has been shown to be a key regulator in initiating 
and maintaining SASP [13]. Therefore, investigating molecular 
pathways related to NF-jB and SASP may provide new therapeutic 
strategies for alleviating inflammation in OA. 

In recent years, the role of cyclin-dependent kinases (CDKs) in 
the pathology of osteoarthritis (OA) has garnered widespread 
attention. As a class of multifunctional enzymes, CDKs can play 
important roles in inflammatory diseases and tissue degeneration 
by participating in cell cycle regulation and transcriptional control. 
For instance, CDK1 has been reported to accelerate OA progression 
by regulating the glycolytic pathway and promoting metabolic 
alterations in chondrocytes [14]. CDK4 and CDK6 primarily func-
tion through cell cycle regulation, playing key roles in chondrocyte 
proliferation and differentiation [15]. Additionally, CDK9 facilitates 
the transcriptional elongation of inflammation-related genes by 
phosphorylating the C-terminal domain (CTD) of RNA polymerase 
II (RNA Pol II) [16]. These studies indicate that different CDK family 
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members perform diverse functions during OA pathogenesis, pro-
viding significant insights into exploring the specific molecular 
mechanisms of CDKs. As a transcription-associated CDK, CDK8 
has attracted particular attention for its role in transcription and 
inflammation regulation [17]. CDK8 regulates the transcription 
process of RNA polymerase II (RNA Pol II) by forming a CDK8-
Cyclin C complex and interacting with the Mediator complex 
[18,19]. CDK8 not only influences the transition between transcrip-
tion initiation and elongation by phosphorylating the C-terminal 
domain (CTD) of RNA Pol II but also regulates transcriptional paus-
ing by interacting with pausing factors [19]. Previous studies have 
shown that CDK8 contributes to the development of inflammation 
in the digestive and respiratory systems by enhancing the tran-
scriptional activity of NF-jB [17,20]. However, whether CDK8 
plays a role in the progression of OA through similar mechanisms 
remains unclear. Notably, in addition to the NF-jB signaling path-
way, CDK8 also plays a significant role in other pathways closely 
associated with OA progression. Studies have shown that CDK8 
influences the formation and degradation of the extracellular 
matrix (ECM) through the regulation of transcriptional enhancer 
acetylation, and the dynamic changes of the ECM are a core char-
acteristic of OA development [21]. Furthermore, under mechanical 
stress, CDK8 is involved in the pathological processes of OA by reg-
ulating the expression of downstream factor mRNA levels [22]. 
Mechanical stress is not only a critical trigger for OA onset but also 
accelerates disease progression by regulating chondrocyte apopto-
sis and catabolic processes. These findings suggest that CDK8 may 
contribute to the pathophysiological processes of OA through mul-
tiple mechanisms, and its multifunctionality in transcriptional reg-
ulation makes it a potential breakthrough point for studying the 
mechanisms of OA pathogenesis. 

Based on the above background, we hypothesize that CDK8 may 
play a critical role in OA progression by enhancing the transcrip-
tional activity of NF-jB, initiating and sustaining SASP, as well as 
regulating the dynamic balance of the extracellular matrix and 
the transcriptional mechanisms responding to mechanical stress. 
This study aims to elucidate the specific molecular mechanisms 
of CDK8 in OA and evaluate its feasibility as a potential therapeutic 
target for OA. Notably, the development of CDK8 inhibitors has

http://creativecommons.org/licenses/by-nc-nd/4.0/
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shown significant therapeutic potential in other inflammatory dis-
eases and cancer research in recent years [17,20]. Given the pivotal 
role of CDK8 in the regulation of inflammation and pathological 
processes in OA, our findings may provide important theoretical 
evidence and practical guidance for the development of specific 
CDK8 inhibitors to mitigate OA progression. This not only offers a 
novel perspective for existing OA treatment strategies but also 
has the potential to shift OA therapy from symptomatic manage-
ment toward precise intervention. 

Materials and methods 

Ethics statement 

The research involving human participants were reviewed and 
approved by Ethics Committee of the Second Affiliated Hospital 
of Wenzhou Medical University. The animal study was reviewed 
and approved by Wenzhou Medical University Animal Care and 
Use Committee. 

Cell culture and treatment 

All cells were cultured in a 37 °󠇣C incubator with 5 % CO2. Human 
cartilage cell line C28/I2 (American Type Culture Collection 
(ATCC)), mouse macrophage cell line RAW 264.7 (ATCC), and 
mouse bone marrow-derived macrophages (BMDM) were all cul-
tured using Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 
Invitrogen) supplemented with 10 % fetal bovine serum (FBS) 
and 1 % penicillin–streptomycin (Beyotime, China). Mouse primary 
chondrocytes were cultured in DMEM/F12 (Gibco, Invitrogen) sup-
plemented with 10 % FBS and 1 % penicillin–streptomycin. Media 
were refreshed bi-daily, and passages were performed at 90 % cell 
confluence. At 50 % cell confluence, 10 ng/mL Interleukin (IL)-1b 
was introduced to C28/I2 or mouse primary chondrocytes to sim-
ulate the inflammatory conditions of osteoarthritis chondrocytes. 
Transfection was conducted at 50 % cell confluence. The supple-
mentary table provides a list of the siRNA sequences used. 

Quantitative Real-Time polymerase Chain Reaction (qPCR) 

Using the spin column-based RNAeasyTM Animal RNA Extraction 
Kit extract RNA. The extracted RNA was reverse transcribed into 
cDNA and amplified. The 2 DDCT method was used to determine 
the relative gene expression level normalized to GAPDH. The sup-
plementary table provides a list of the primers used. 

CCK-8 assay 

The cytotoxic effect of the CDK8 inhibitor CDK8-IN-6 (MCE, Cat. 
HY-147716) on C28/I2 cells and mouse chondrocytes was assessed 
using the Cell Counting Kit-8 (CCK-8, Elabscience). In serum-free 
medium, C28/I2 cells or mouse chondrocytes [8] were exposed to 
CDK8-IN-6 (0, 1, 2, 5, 10, or 20 lM) for 24 or 48 h. At the predeter-
mined time points, add 10 ll of CCK-8 reagent to each well and 
then incubate for 2 h. Finally, the optical density (OD) was detected 
at 450 nm. All experiments were randomized and repeated inde-
pendently in three separate experiments to ensure data repro-
ducibility. Additionally, a blinded approach was used during data 
analysis to eliminate subjective bias. 

Western blot 

Using RIPA lysis buffer (Beyotime, China) to lyse Cells, and total 
protein content was measured with a bicinchoninic acid assay kit 
(Sigma, USA) before being denatured by boiling. Proteins (10 mg 
587
per well) were separated on SDS-PAGE gels and then transferred 
to PVDF membranes (Bio-Rad, USA). Membranes were blocked 
with 5 % skim milk for 2 h, followed by an overnight incubation 
at 4 °󠇣C with the primary antibody. Membranes were incubated 
with HRP-conjugated secondary antibody for 2 h following TBST 
washing. Subsequently detected using ECL reagent (Fudebio, 
China). Image Lab 3.0 software (Bio-Rad) was utilized to measure 
blot intensity. All Western Blot experiments were performed in 
three independent repetitions to ensure the reproducibility and 
statistical significance of the results. The primary antibodies used 
are listed as follows: Aggrecan (HuaBio, Cat. ET1704-57), COL2A1 
(Abcam, Cat. ab34712), SOX9 (HuaBio, Cat. et1611-56), MMP3 
(Abcam, Cat. ab52915), MMP13 (Abcam, Cat. ab39012), CDK8 
(Proteintech, Cat. 22067–1-AP), p65 (CST, Cat. 8242), p-p65 (Affin-
ity, Cat. AF2006), IjBa (CST, Cat. 4814), p-IjBa (CST, Cat. 2859), 
Rpb1 CTD (CST, Cat. 2629), p-Rpb1 CTD（ser 2）(CST, Cat. 
13499), p-Rpb1 CTD（ser 5）(CST, Cat. 13523), Cleaved Caspase-
1(CST, Cat. 89332), Cleaved-IL-1b (CST, Cat. 63124), Caspase1 
(HuaBio, Cat. ET1608-69), NLRP3 (Abcam, Cat. ab214185), ASC 
(Proteintech, Cat. 10500–1-AP), FLAG (HuaBio, Cat. 0912–1), b-
Actin (Fudebio, Cat. FD0060), Histone H3 (Proteintech, Cat. 
68345–1-Ig), IgG (Proteintech, Cat. 30000–0-AP). 

Immunofluorescence (IF) 

Cells were fixed with 4 % paraformaldehyde and permeabilized 
using 0.5 % TritonX-100, each for 30 min. Blocking was performed 
for 1 h using a 10 % goat serum solution, followed by an overnight 
incubation with the primary antibody at 4 °󠇣C. Following PBS 
washes, the cells were incubated with Alexa Fluor 594 or Alexa 
Fluor 488-conjugated secondary antibodies (Beyotime, China) for 
1 h. Nuclei were DAPI-stained. Fluorescence microscopy was 
employed to capture images. For the immunofluorescence experi-
ments, cells from different regions were randomly selected for 
imaging, and the experiments were repeated three times. All sam-
ple processing and result acquisition were conducted by different 
researchers to implement blinding and minimize bias. 
Histology and immunohistochemistry 

Joint samples from mice were fixed in 4 % paraformaldehyde for 
48 h after excising surrounding tissues. The joints were decalcified 
at 4 °󠇣C for one month using a shaker with a 10 % EDTA solution. The 
decalcified tissues underwent dehydration using a graded alcohol 
series before being embedded in paraffin. Using a microtome, the 
material was sectioned into 5-lm slices. Histological analysis 
employed Safranin O-fast green (S-O) and Hematoxylin-Eosin 
(H&E) staining for morphological evaluation and quantification, 
focusing on cartilage microstructure alterations and synovitis 
severity. The OARSI scoring system and synovitis scoring were 
used for semi-quantitative analysis of OA progression and synovial 
inflammation status [23–25]. Sections for immunohistochemistry 
were deparaffinized using xylene and rehydrated with graded 
ethanol. The tissue sections were then treated with trypsin-EDTA 
solution (0.25 %) and 3 % hydrogen peroxide, after incubating with 
specific antibodies overnight, the sections were treated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies, and 
staining was performed using 3,3 -diaminobenzidine (DAB) (Bey-
otime, China). The sections were counterstained with hematoxylin 
(Beyotime, China), and after washing the sections, they were 
scanned using the KEYENCE BZ-H4XD fluorescence microscopy 
imaging system. To ensure consistency in scoring, all tissue sec-
tions were analyzed and scored by independent researchers under 
blinded conditions.
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DMM mouse model and drug administration. 

Eight-week-old male mice underwent either destabilization of 
the medial meniscus (DMM) surgery or a sham operation. In the 
DMM surgery, general anesthesia was administered, and a 0.5 cm 
incision was made on the medial parapatellar region of the right 
hind knee. The soft tissue was bluntly separated to expose the 
knee joint cavity. The anterior medial meniscotibial ligament 
was then transected. After the ligament was transected, the skin 
and joint capsule were sutured individually. During the sham sur-
gery, after the soft tissue was separated, the anterior medial 
meniscotibial ligament was preserved, and the skin and joint cap-
sule were sutured individually. For the CDK8 overexpression 
group (OE CDK8), two days after the DMM surgery, 10 ll of len-
tivirus (LV-CDK8) was administered into the joint cavity. The 
same batch of DMM and sham group mice received an injection 
of 10 ll lentivirus (LV-NC). For the CDK8 silencing group (sh-
CDK8), two days after DMM surgery, 10 ll of adeno-associated 
virus (AAV-sh-CDK8) was administered into the joint cavity. The 
same batch of DMM and sham group mice received an injection 
of 10 ll adeno-associated virus (AAV-sh-NC). The adeno-
associated virus serotype AAV5 was selected for the experiment. 
For the drug treatment group, one week after DMM surgery, 
10 ll of CDK8-IN-6 (5 mg/kg) dissolved in DMSO was adminis-
tered into the joint cavity twice a week. Conversely, the same 
batch of DMM and sham group mice received an injection of 
DMSO as a control. All injections were performed by the same 
individual. To minimize experimental bias, mouse grouping and 
surgeries were conducted using randomization methods, and 
the subsequent injection process was performed in a blinded 
manner. Eight weeks after the DMM surgery, the mice were euth-
anized, and knee joint samples were collected. The supplemen-
tary table provides a list of the shRNA sequences used. 
Behavioral assessment 

Pressure Application Measurement (PAM, Ugo Basile, 
Cat.38500) test and Von Fery (Aesthesio, USA, Cat.514000-20C) test 
were used to evaluate the pain of mice. In the PAM test, mice were 
gently restrained by hand, and their hind paws were lightly pinned 
to maintain consistent flexion at a similar angle for each mouse. 
The PAM transducer was applied with pressure to the medial side 
of the knee. The force exerted when the mice attempted to with-
draw their knee was recorded. For Von Frey test, the mice were 
restrained in the same manner as described above. We then began 
pricking the inside of the knee with a 1.0 g filament. If the mice 
attempted to withdraw their knee, it was recorded as a positive 
response. We used the up-down method to calculate the with-
drawal threshold [26]. Both tests were conducted before surgery 
and at 1, 2, 4, 6, and 8 weeks after DMM surgery. All behavioral 
assessments were conducted on randomly selected mice, and the 
experimenters were blinded to the grouping information to avoid 
subjective bias. 
RNA sequencing 

RNA sequencing was performed by Oebiotech (Shanghai, 
China). Briefly, C28/I2 cells were grouped and transfected with 
si-CDK8 or si-NC, then treated with or without IL-1b for 48 h before 
being sent to the technical provider, with three replicates per 
group. GO analysis was employed to interpret the biological signif-
icance of differentially expressed genes. Pathway analysis was 
based on the KEGG database to determine the pathways signifi-
cantly affected by differentially expressed genes. 
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Senescence-associated b-galactosidase (SA-b-Gal) 

SA-b-Gal staining was conducted using SA-b-Gal staining kit 
(Beyotime, China) following the provided instructions. After rins-
ing the stain with PBS, the blue staining of the cells was observed 
under a 10 magnification microscope. All staining experiments 
were repeated three times, and different fields of view were ran-
domly captured to obtain representative images. 
Drug Affinity Responsive target Stability (DARTS) 

The DARTS assay is used to screen for proteins that can bind to 
small molecule drugs. It operates on the principle that when a 
small molecule drug binds to its target proteins, it decreases the 
proteins’ sensitivity to proteases. Proteins were exposed to 
CDK8-IN-6 at concentrations of 0.5, 1, 2, and 5 lM, or to DMSO, 
for 1 h. They were then digested with 1 lg/ml Pronase E (MCE, 
Cat.HY-114158) for 10 min, then proteolysis was inhibited with 
phenylmethylsulfonyl fluoride (PMSF) on ice for 5 min. Target pro-
tein levels were evaluated using Western blot analysis. 
Co-immunoprecipitation assay 

After lysing the cells using cold IP lysis buffer (Servicebio, 
China), the cells were sonicated. The processed lysis buffer was 
centrifuged at 12,000 rpm for 10 min at 4 °󠇣C to collect the super-
natant. A specific antibody was added to the lysis buffer and incu-
bated overnight at 4 °󠇣C. After washing the protein A/G magnetic 
beads with PBS, they were incubated with the cell lysis buffer con-
taining the specific antibody for 1 h. The magnetic beads were 
washed and mixed thoroughly with 1 loading buffer, then heated 
at 95 °󠇣C for 5 min to elute the proteins. The eluted proteins were 
detected by Western blot. 
Micromass culture and DMMB assay of GAG for cells 

Micromass culture has been employed in prior research [27,28], 
to assess chondrogenesis and extracellular matrix deposition. 
Around 100,000 cells were seeded in the center of a 24-well plate 
and cultured for 7 days, with the medium changed every two days. 
The cells were fixed using 4 % paraformaldehyde and stained with 
either Safranin O (Solarbio, China) or Toluidine Blue (Solarbio, 
China). Glycosaminoglycans (GAG) were used to quantify cartilage 
degradation [29]. We determined the GAG content using the 
dimethylmethylene blue (DMMB) colorimetric assay. The medium 
from the last two days of culture in each well plate was collected 
and used to quantify the GAG released by the cells using the dye 
DMMB (Polysciences, USA). Chondroitin-6-sulfate sodium salt 
(Sigma, USA) was used as the standard control. The absorbance 
of each group was read at 520 nm to determine the amount of 
GAG in the medium. 
Chromatin immunoprecipitation (ChIP) assay and ChIP-qPCR 

ChIP assays were conducted following the manufacturer’s pro-
tocol (Cell Signaling Technology, USA). In summary, approximately 
5 million cells were exposed to 1 % formaldehyde to crosslink pro-
teins with DNA. Chromatin was isolated, fragmented by sonication, 
and subjected to immunoprecipitation using the specified antibod-
ies. The recovered DNA was analyzed by qPCR, and the supplemen-
tary table provides a list of the primers used. All ChIP experiments 
were repeated three times, and the amount of recovered DNA was 
measured using NanoDrop to verify the extraction quality.
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Nucleic acid electrophoresis 

The PCR-amplified DNA was examined via 2 % agarose gel elec-
trophoresis using TAE buffer. Electrophoresis was conducted at 
120 V for 30 min to separate the DNA. The bands were visualized 
under UV light. 

Luciferase reporter assay 

The reporter plasmids (containing sequences of IL-6, IL-8, MMP-
13, or their truncated sequences, respectively) were constructed 
using pGL3-Firefly_Luciferase-Renilla_Luciferase. C28/I2 cells were 
seeded in 24-well plates and transfected when they reached 30 % 
confluence. The cells were co-transfected with plasmids containing 
the reporter gene using Lipofectamine 3000 reagent (Thermo, Cat. 
L3000001). After 48 h, a dual-luciferase reporter assay kit (Bey-
otime, China) was used to assess the activities of firefly luciferase 
(LUC) and Renilla luciferase (RLUC). LUC activity was normalized 
to RLUC activity to determine the ratio, and fold changes were cal-
culated by comparing the ratios of each group to the control group. 
The luciferase assays were repeated three times, and the transfec-
tion efficiency of the reporter gene in each experimental group was 
validated using parallel samples. Statistical analysis was performed 
using one-way ANOVA, with the significance level set at p < 0.05. 
The experimental results were evaluated in a blinded manner by 
independent researchers. 

Cell co-culture 

Primary mouse chondrocytes at first passage were cultured in 
10 cm dishes until reaching 50 % confluence and divided into four 
groups. Each group of cells was transfected with siRNA-NC, siRNA-
CDK8 using Lipofectamine 3000 reagent (Thermo, Cat. L3000001), 
or with CDK8 lentivirus (LV-CDK8) or its control (LV-NC). After 
24 h of culture, the cells were washed and then continued to be 
cultured in complete medium containing 10 ng/ml IL-1b. After 
48 h of culture, the medium was collected. The medium was cen-
trifuged at 3,600 rpm for 5 min and filtered through a 0.2 lm filter 
to eliminate cell debris. The conditioned medium (CM) was con-
centrated about 50 times using Amicon Ultra-15 centrifugal filters 
with a 10 kDa molecular weight limit (Millipore). The concentrated 
conditioned medium was stored at 80 °󠇣C until it was used for co-
culture with other cells. 

Cell migration assay 

Serum-free DMEM (200 ll) containing 10,000 cells was added 
to the transwell (SAINING, Cat. 1102020-T) upper chamber. 
According to the grouping, conditional medium (300 ll) was added 
to the lower chamber. After 24 h, removed the cells in the upper 
chamber. Washing the bottom of the chamber with PBS, the cells 
were fixed with 4 % paraformaldehyde for 30 min. The cells were 
stained with 0.1 % crystal violet solution for 15 min and imaged 
using a microscope. 

ELISA assay 

Using commercial ELISA kits, the concentrations of target sub-
stances were measured in the culture supernatant, mouse serum, 
and human synovial fluid. The ELISA kits used are listed as follows: 
Human IL-8 ELISA Kit (Yeasen, Cat. 97035ES96), Mouse IL-6 ELISA 
Kit (Yeasen, Cat. 98027ES96), Human IL-6 ELISA Kit (Yeasen, Cat. 
97068ES96), Mouse MMP-13 ELISA Kit (Elabscience, Cat. E-EL-
M0076), Human MMP-13 ELISA Kit (Elabscience, Cat. E-EL-
H6023), Mouse IL-1b ELISA Kit (Yeasen, Cat. 98024ES96). Each 
group of samples was tested in parallel three times, and statistical 
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analysis of the experimental data was performed using Student’s t-
test, with the significance level set at p < 0.05. 

Osteoclast generation and TRAP staining 

BMDM cells (10,000 per well) were cultured in a 96-well plate 
with 50 ng/mL M CSF and 100 ng/mL RANKL. The conditioned 
medium was added according to the grouping. After a 7-day cul-
ture period, the wells were rinsed, and TRAP-positive cells were 
identified using a TRAP staining kit (Biocat). 

Microcomputed tomography (microCT) 

The fixed knee joint samples were scanned using a microcom-
puted tomography (microCT) scanner (Skyscan1276, Bruker) with 
an isotropic voxel size of 6 lm. The scanning covered a 3 mm 
region of the distal femur and a 3 mm region of the proximal tibia. 
The scanning parameters were set to an effective pixel size of 8.82 
lm, a current of 500 ÂlA, a voltage of 80 keV, with an exposure 
time of 1500 ms per 360 rotational steps. The image reconstruction 
and data analysis in microCT were performed by independent 
researchers in a blinded manner without knowledge of the exper-
imental groupings. All scanning parameters were calibrated before 
each scan and repeated three times to ensure data accuracy and 
consistency. 
Result 

The overexpression of CDK8 exacerbates knee cartilage degeneration 
and pain in mice, as well as osteoarthritis in cells 

To assess CDK8 s potential to induce OA in vivo, 10 ll of len-
tivirus (LV-CDK8) was administered into the joint cavity in the 
CDK8 overexpression group (OE CDK8) two days post-DMM sur-
gery. Both the DMM and Sham group mice were administered an 
injection of 10 ll lentivirus (LV-NC). Eight weeks after surgery, his-
tological analysis showed that the cartilage surface of the DMM 
group mice was incomplete, and matrix loss was observed. The 
CDK8 overexpression group showed a marked exacerbation of this 
phenomenon (Fig. 1A). The OARSI scores indicated that CDK8 over-
expression further increased the severity of knee joint damage in 
mice after DMM surgery (Fig. 1B). Additionally, immunohisto-
chemical staining confirmed a decrease in COL2A1 and aggrecan 
expression and an increase in MMP13 in cartilage exposed to 
CDK8 (Fig. 1C-F). 

Chronic pain is a primary clinical symptom of OA. The Pressure 
Application Measurement (PAM) test and Von Frey filament test 
were used to measure the pain threshold in mice. Beginning in 
the fourth week, the DMM and CDK8 overexpression groups exhib-
ited significantly lower pain thresholds compared to the Sham 
group. Moreover, compared to the DMM group, the CDK8 overex-
pression group exhibited even lower pain thresholds (Fig. 1G-H). 
To validate the effect of CDK8 overexpression on OA, C28/I2 cells 
were co-transfected with either pCMV-control or pCMV-CDK8 
based on the grouping, followed by a 48-hour treatment with or 
without 10 ng/ml IL-1b.IL-1b stimulation markedly decreased 
aggrecan, COL2A1, and SOX9 levels in cells while increasing 
MMP-3 and MMP-13 expression. Additionally, these effects were 
further enhanced in cells overexpressing CDK8 (Fig. 1I and 
Fig. S1). Safranin O and Toluidine Blue staining were applied to 
C28/I2 cells and mouse chondrocytes to evaluate cartilage forma-
tion and degradation. Both cell types were co-transfected with 
either pCMV-CDK8 or pCMV-control and cultured in complete 
medium with 10 ng/ml IL-1b for 7 days. After overexpression of 
CDK8, cartilage formation significantly decreased (Fig. 1J), while
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the GAG content resulting from cartilage degradation significantly 
increased (Fig. 1K). In summary, these data indicate that the over-
expression of CDK8 exacerbates cartilage degradation and the pro-
gression of OA. 

CDK8 knockdown alleviates knee cartilage degeneration and pain in 
mice and reduces osteoarthritis in cells 

To elucidate CDK8 s role in chondrocyte inflammatory 
responses, CDK8-specific siRNA was transfected into C28/I2 cells 
and mouse chondrocytes. The efficiency of siRNA transfection 
was validated through Western blotting (Fig. S2A) and quantita-
tively assessed (Fig. S2B). Based on the knockdown efficiency of 
CDK8, we chose si-hCDK8#2 and si-mCDK8#1 for further experi-
ments due to their effective CDK8 knockdown, transfecting them 
into C28/I2 cells and mouse chondrocytes, respectively.C28/I2 cells 
and mouse chondrocytes, with CDK8 knocked down, were exposed 
to IL-1b for 48 h.CDK8 knockdown restored the mRNA and protein 
levels of aggrecan, COL2A1, and SOX9, which were previously 
reduced by IL-1b stimulation, and decreased the levels of MMP-3 
and MMP-13 (Fig. 2A-B and Fig. S2C-E). These results were further 
confirmed by immunofluorescence (IF) assays conducted in C28/I2 
cells (Fig. 2C). Additionally, as shown by the results of Safranin O 
and Toluidine Blue staining, the decrease in cartilage formation 
induced by IL-1b stimulation was restored following co-
treatment with si-CDK8 (Fig. 2D, E). Meanwhile, the GAG content 
resulting from cartilage degradation was correspondingly reduced 
(Fig. S2F, G). To investigate the in vivo effects of CDK8 knockdown, 
10 ll of adenovirus (AAV-sh-CDK8) was administered into the joint 
cavity two days after DMM surgery in the CDK8 silencing group 
(sh-CDK8). The DMM group and Sham group mice received 10 ll 
of lentivirus (AAV-sh-NC) injections. Eight weeks after surgery, his-
tological analysis showed that CDK8 knockdown rescued the carti-
lage degradation and matrix loss induced by DMM surgery in mice 
(Fig. 2F). The OARSI scores confirmed that CDK8 knockdown allevi-
ated the severity of knee joint damage in mice post-DMM surgery 
(Fig. 2G). Additionally, results from the PAM test and Von Frey fil-
ament pain test indicated that CDK8 knockdown significantly 
reduced the degree of pain threshold reduction caused by DMM 
surgery in mice (Fig. 2H and Fig. S2H). 

CDK8 is associated with senescence in chondrocytes and regulate their 
secretion of SASP 

We conducted whole-transcriptome RNA sequencing on CDK8 
knockout cell lines to explore the mechanisms by which CDK8 
affects osteoarthritis progression and the associated signaling 
pathways. The volcano plot analysis identified 1,399 differentially 
expressed genes (DEGs) between CDK8 knockout cell lines and 
normal control C28/I2 cells, both treated with IL-1b. Among these, 
803 were downregulated, including the SASP members IL-6, CXCL8 
3

Fig. 1. The overexpression of CDK8 exacerbates knee cartilage degeneration and pain in 
each group of mice 8 weeks after DMM surgery, (B) followed by assessment of OA sev
COL2A1, and MMP-3 expression were detected by immunohistochemical staining in th
COL2A1, and MMP-3 positive cells in each segment. n = 6 per group. (G-H) The Pressure A
the pain threshold in mice. (I) C28/I2 cells were transfected with pCMV-control or pCMV
detect aggrecan, COL2A1, SOX9, MMP-3, and MMP-13. (J) C28/I2 and mouse chondrocyt
and Toluidine Blue staining were used to assess cartilage formation, (K) and the culture s
using the DMMB method to measure GAG content. Data are presented as mean ± SD; *, p
group or as indicated. (For interpretation of the references to colour in this figure legen
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(IL-8), and MMP-13 (Fig. 3A). GO enrichment analysis of the DEGs 
revealed CDK8 s involvement in diverse cellular processes such as 
the cell cycle, cell division, and DNA replication regulation 
(Fig. S3A). KEGG enrichment analysis revealed a significant associ-
ation of CDK8 with cellular senescence, NF-jB signaling, and 
cytokine-cytokine receptor interactions, as illustrated in Fig. 3B. 
Gene Set Enrichment Analysis (GSEA) validated CDK8 s role in che-
mokine signaling pathways and cytokine-cytokine receptor inter-
action (Fig. 3C-D).Comparable outcomes were noted in the GSEA 
analysis of differentially expressed genes between the Control 
and IL-1b treated groups (Fig. S3B-C).b-galactosidase assay was 
used to verify the impact of CDK8 on the progression of cellular 
senescence. After the second generation of mouse chondrocytes 
was transfected with si-CDK8 or si-NC according to the grouping, 
they were treated with tert-butyl hydroperoxide (t-BHP) for 24 h, 
followed by b-galactosidase staining. The results showed that 
CDK8 knockdown significantly suppressed the t-BHP-induced 
senescence progression in mouse chondrocytes (Fig. 3E).

The volcano plot results indicate a significant decrease in the 
expression of SASP members IL-6, IL-8, and MMP-13 following 
CDK8 knockdown. We conducted a retrospective study to deter-
mine if the levels of these three members were elevated in the syn-
ovial fluid of osteoarthritis (OA) patients. Eighty-seven OA patients 
were included based on the inclusion criteria and categorized into 
three stages using the Kellgren-Lawrence (KL) grading scale: mild 
(n = 23), moderate (n = 29), and severe (n = 35) (Fig. 3F).The levels 
of the three SASP members were notably elevated in the synovial 
fluid of OA patients compared to healthier individuals, with severe 
OA patients exhibiting significantly higher levels than those with 
moderate OA, indicating a potential positive correlation between 
SASP and OA progression (Fig. 3G). In mice, we conducted further 
validation. The ELISA results of mouse serum showed that CDK8 
overexpression indeed led to an increase in SASP secretion in OA 
mice (since the IL-8 gene is absent in the mouse genome [30], this 
experiment only measured the levels of IL-6 and MMP-13) 
(Fig. 3H). In cells, we verified through qPCR experiments that the 
IL-1b-induced increase in SASP levels was reduced after CDK8 
knockdown in C28/I2 cells and mouse chondrocytes (Fig. S3D). 
ELISA experiments showed similar results when C28/I2 cells and 
mouse chondrocytes with CDK8 knockdown were treated with 
IL-1b, TNF-a, and LPS, respectively (Fig. 3I). Therefore, we can con-
firm that CDK8 has a regulatory function on SASP. 

CDK8 activates the NF-jB pathway and regulates the transcription of 
SASP 

KEGG enrichment analysis indicates a close connection 
between CDK8 and the NF-jB signaling pathway. We found knock-
ing down CDK8 significantly reduced the phosphorylation of IjBa 
and p65, while increasing total IjBa levels (Fig. 4A and Fig. S4A). 
Co-immunoprecipitation experiments further confirmed the inter-
mice, as well as osteoarthritis in cells. (A) H&E and S-O staining of the knee joints in 
erity in the mice using the OARSI scoring system. n = 10 per group. (C) Aggrecan, 
e cartilage samples, (D-F) and quantitative analysis of the proportion of Aggrecan, 
pplication Measurement (PAM) test and Von Frey filament test were used to assess 
-CDK8 and then exposed to IL-1b for 48 h. Western blot analysis was performed to 
es were transfected with pCMV-CDK8 and treated with IL-1b for 7 days. Safranin O 
upernatants from the last two days were collected to analyze cartilage degradation 
 < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance; comparisons with the control 
d, the reader is referred to the web version of this article.) 
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action between CDK8 and p65. CDK8-IN-6, an inhibitor of CDK8, 
was shown to weaken this interaction (Fig. 4B). Treatment with 
IL-1b significantly enhances the nuclear translocation of p65, 
resulting in increased colocalization of CDK8 and p65 in the 
nucleus (Fig. 4C). Conversely, knocking down CDK8 markedly 
reduces the nuclear translocation of p65 (Fig. S4B). The impact of 
CDK8 on p65 nuclear translocation can be further observed in 
the Western blot results (Fig. 4D). These findings confirm the close 
interaction between the transcription factor p65 and CDK8. To 
investigate how the interaction between CDK8 and p65 affects 
the content of SASP, we aimed to verify whether CDK8 regulates 
the transcription of SASP by influencing the function of p65 as a 
transcription factor. We identified the binding sequence of Verte-
brata p65 on the JSAPAR website (Fig. S4C) and found the human 
IL-6, IL-8, and MMP-13 gene sequences on NCBI. There are p65 
binding sites present in the promoter sequences of all three genes. 
The three pGL3 plasmids, each containing one of the three genes, 
were co-transfected into C28/I2 cells that had been transfected 
with either si-CDK8 or si-NC. Through a luciferase reporter assay, 
we confirmed that NF-jB can regulate the transcription of these 
three genes, and inhibiting CDK8 expression reduces the transcrip-
tion levels of these NF-jB-regulated genes (Fig. 4E). To determine 
the position of the binding sites involved in NF-jB-regulated tran-
scription in the promoters of these three genes, we listed the pre-
dicted p65 binding sites in the promoter sequences of these genes 
(Fig. S4D) and amplified several truncated fragments of the pro-
moters from genomic DNA of C28/I2 cells to construct various luci-
ferase reporter plasmids driven by different promoter regions. 
Based on the evaluation of the luciferase reporter assay, mutation 
of the predicted binding site 3 in the IL-6 promoter, and site 2 in 
the IL-8 and MMP promoters weakened the NF-jB-mediated 
enhancement of promoter reporter gene activity, indicating that 
these regions are direct binding sites for p65. (Fig. 4F). Using Chro-
matin immunoprecipitation (ChIP) assay, we further studied the 
effect of CDK8 on the binding of p65 to the SASP promoter regions 
in C28/I2 cells. According to the results of the luciferase reporter 
assay, we selected site 3 of the IL-6 gene and site 2 of the IL-8 
and MMP-13 genes as the experimental sites. As shown by nucleic 
acid electrophoresis (Fig. 4G) and ChIP-qPCR analysis (Fig. 4H), 
knocking down CDK8 reduced the physical binding of p65 to the 
SASP gene promoter regions, while overexpressing CDK8 enhanced 
this effect. 

CDK8 and NF-jB are cooperatively recruited to SASP promoters, 
leading to elongation phosphorylation of the Rpb1 CTD 

To explore the precise mechanism through which CDK8 and NF-
jB trigger SASP transcription, we analyzed the expression levels of 
the total RNA Pol II large subunit C-terminal domain (Rpb1 CTD) 
and its phosphorylated forms, Ser5 (promoting Pol II release from 
promoters) and Ser2 (allowing transcription elongation) [31,32], 
using western blot (Fig. S5A and B). We found that knocking down 
CDK8 inhibits IL-1b-induced phosphorylation of both forms of 
3

Fig. 2. CDK8 knockdown alleviates knee cartilage degeneration and pain in mice and
transfected with si-CDK8 or si-NC and then exposed to IL-1b for 48 h. (A) qRT-PCR and
COL2A1, SOX9, MMP-3, and MMP-13. (C) IF analysis was used to detect the expression of
to IL-1b for 48 h. (D, E) Safranin O and Toluidine Blue staining were used to assess cartilag
with si-CDK8 and treated with IL-1b for 7 days. (F) Hematoxylin and Eosin (H&E) staining 
and (G) the severity of osteoarthritis in mice was subsequently assessed using the OARSI 
pressure application measurement (PAM) test. Data are presented as mean ± SD; *, p < 0.0
or as indicated. (For interpretation of the references to colour in this figure legend, the 
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Rpb1 CTD. To further confirm this, in C28/I2 cells transfected with 
si-CDK8 or si-NC, we conducted a series of ChIP experiments after 
treatment with or without IL-1b. The ChIP analysis results for NF-
jB-induced SASP members IL-6, IL-8, MMP-13, and the constitu-
tively expressed housekeeping gene GAPDH are shown in Fig. 5. 
As anticipated, after IL-1b stimulation, the activated NF-jB p65 
subunit binds to the promoter regions of SASP genes but not to 
the housekeeping genes. Knockdown of CDK8 reduces the binding 
of p65 to gene promoter regions (Fig. 5A). Additionally, CDK8 coop-
eratively recruits with p65 to the promoters and adjacent body 
regions of SASP genes but not to housekeeping genes. Knockdown 
of CDK8 similarly affects the IL-1b-induced recruitment of CDK8 
(Fig. 5B). Subsequently, we examined the impact of IL-1b treat-
ment and CDK8 knockdown on the binding of Rpb1 CTD 
(Fig. 5C), p-Rpb1 CTD (Ser5) (Fig. 5D), and p-Rpb1 CTD (Ser2) 
(Fig. 5E) to the promoters. IL-1b stimulated the binding of all three 
forms of Rpb1 CTD to the promoters and bodies of SASP genes, but 
did not stimulate their binding to housekeeping genes. Knocking 
down CDK8 strongly inhibits the binding of elongation-
competent p-Rpb1 CTD (Ser2) to the gene bodies, with a weaker 
but still significant effect on total Rpb1 CTD and p-Rpb1 CTD 
(Ser5). This effect observed upon CDK8 depletion is pronounced 
for SASP genes but not observed for housekeeping genes. There-
fore, we confirm that the specific mechanism by which CDK8 and 
NF-jB induce SASP transcription involves their cooperative 
recruitment to SASP promoters, followed by elongation phospho-
rylation of Rpb1 CTD in the gene-specific context induced by NF-
jB.

CDK8 promotes the inflammatory microenvironment and osteoclast 
differentiation of macrophages by regulating the SASP in chondrocytes 

Synovial macrophages are important immune cells in the syn-
ovial tissue, primarily located in the inner layer of the synovium. 
They are involved in the immune regulation and inflammatory 
response of the joint and play a key role in joint diseases, especially 
inflammatory diseases [33]. To investigate whether CDK8 influ-
ences the progression of OA by affecting synovial macrophages, 
we prepared conditional medium (CM) from the culture medium 
of mouse chondrocytes for the migration assay (Fig. 6A). To deter-
mine the appropriate concentration of CM, a CCK-8 assay was con-
ducted. The results showed that at a 5-fold concentration, CM 
exhibited no cytotoxicity to RAW 264.7 cells and mouse BMDMs 
at 24 and 48 h (Fig. S6A). Therefore, this concentration of CM 
was used in all subsequent experiments. Additionally, we com-
pared the SASP content between the supernatant of normal mouse 
chondrocytes and the 5-fold concentrated CM (Fig. S6B). According 
to the experimental groups, RAW 264.7 cells was cultured with CM 
for 48 h to perform the migration assay to assess the effect of CDK8 
on the migration ability of mouse macrophages. The results 
showed that CDK8 knockdown reduced the migration ability of 
RAW 264.7 cells (Fig. 6B), whereas CDK8 overexpression had the 
opposite effect (Fig. 6C). Subsequently, BMDMs from mice were
 reduces osteoarthritis in cells. (A-B) C28/I2 cells and mouse chondrocytes were 
 (B) Western blot analyses were used to detect the expression levels of aggrecan, 
 aggrecan and COL2A1 in C28/I2 cells transfected with si-CDK8 or si-NC and exposed 
e formation, analyzed in (D) C28/I2 cells or (E) mouse chondrocytes, both transfected 
and Safranin O/Fast Green staining of mouse knee joints 8 weeks after DMM surgery, 
scoring system. Each group, n = 6. (H) Pain threshold in mice was assessed using the 
5; **, p < 0.01; ***, p < 0.001; ns, no significance; comparisons with the control group 
reader is referred to the web version of this article.) 

move_f0025
move_f0030


Z. Lin, Y. Xu, H. Jiang et al. Journal of Advanced Research 77 (2025) 585–603

Fig. 3. CDK8 is associated with senescence in chondrocytes and regulate their secretion of SASP. (A) Volcano plot of differentially expressed genes from RNA sequencing data. 
(B) KEGG enrichment analysis of differentially expressed genes. (C-D) GSEA of differentially expressed genes. (E) b-galactosidase staining images of mouse chondrocytes with 
CDK8 knockdown, co-treated with t-BHP. (F) Representative knee X-rays of patients at different stages of osteoarthritis. According to the Kellgren-Lawrence (KL) grading of 
the tibiofemoral joint, patients were classified into four stages. Stage I is classified as mild osteoarthritis, n = 23; middle osteoarthritis included stages II and III, n = 29; and 
stage IV was defined as severe osteoarthritis, n = 35. (G-I) ELISA detection of SASP levels in (G) synovial fluid of patients with mild, moderate, and severe OA, (H) serum of 
mice, and (I) C28/I2 cells and mouse chondrocytes. Data are presented as mean ± SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance; comparisons with the control 
group or as indicated.
cultured with CM according to the grouping, and qPCR was used to 
analyze their M1 polarization markers. The study found that CDK8 
knockdown inhibited M1 polarization markers such as iNOS, IL-1b, 
TNF-a, and CD86 in mouse BMDMs (Fig. S6C), whereas CDK8 over-
594
expression increased the levels of these markers (Fig. S6D). Next, 
Western blot analysis was used to evaluate the impact of CDK8 
on inflammasome activation in mouse BMDMs. As expected, 
CDK8 knockout inhibited inflammasome activation, reducing the
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maturation and secretion of IL-1b and Caspase-1 (Fig. 6D). In con-
trast, CDK8 overexpression resulted in the opposite effect (Fig. 6E). 
ELISA results further demonstrated that the secretion of IL-1b was 
tightly regulated by CDK8 (Fig. S6E-F). To verify the effect of CDK8 
on promoting the inflammatory microenvironment in vivo, we 
analyzed the performance of CDK8 knockdown and overexpression 
in mouse synovitis. Consistent with the in vitro results, CDK8 
knockdown alleviated the severity of DMM surgery-induced syn-
ovitis (Fig. 6F and Fig. S6G), while CDK8 overexpression exacer-
bated these changes (Fig. 6G and Fig. S6H). The 
immunohistochemical staining results of synovial tissue further 
confirmed these effects (Fig. S6I and J). During OA progression, 
there is bone loss and destruction, a process driven by osteoclasts. 
To explore whether CDK8 also affects the generation of osteoclasts, 
we used conditional medium for each group with the same con-
centrations of M CSF and RANKL to induce the differentiation of 
mouse BMDMs into osteoclasts. TRAP staining results showed that 
CDK8 knockdown inhibited the formation of TRAP-positive multi-
nucleated osteoclasts. The average size of the formed osteoclasts 
was significantly reduced, and their fusion capacity was impaired 
(Fig. 6H and I). In contrast, CDK8 overexpression significantly 
enhanced these parameters (Fig. 6J and K). qPCR analysis of osteo-
clast differentiation markers also supported these findings (Fig. S6-
K-L). To verify whether these effects were consistent in vivo, we 
performed a comprehensive evaluation using micro-CT and tissue 
TRAP staining. The micro-CT results further confirmed that inhibit-
ing CDK8 expression alleviated DMM surgery-induced bone 
destruction (Fig. 6L), while CDK8 overexpression exacerbated these 
changes (Fig. 6M). Tissue TRAP staining also showed similar results 
(Fig. S6M). Overall, the results indicate that CDK8 controls the 
secretion of SASP by chondrocytes, contributing to the formation 
of an inflammatory microenvironment within the joint, which 
enhances M1 polarization and inflammasome activation in syn-
ovial macrophages, as well as promotes their differentiation into 
osteoclasts. This series of changes, in turn, accelerates the progres-
sion of OA.

CDK8 inhibitors alleviated the progression of OA 

To further investigate whether CDK8 inhibitors could be used as 
a treatment for OA, we selected the CDK8 inhibitor CDK8-IN-6 
(Fig. 7A). To study the potential cytotoxicity of CDK8-IN-6, a 
CCK-8 assay was conducted. At a concentration of 5 lM, no cyto-
toxic effects were detected in either C28/I2 cells or murine chon-
drocytes at 24 and 48 h (Fig. 7B). The use of CDK8-IN-6 increased 
the mRNA and protein levels of aggrecan, COL2A1, and SOX9, 
which were reduced by IL-1b stimulation, and decreased the ele-
vated levels of MMP-3 and MMP-13 (Fig. 7C-D, and Fig. S7A–C). 
Similar results were obtained from the IF assay conducted in 
C28/I2 cells (Fig. 7E). In addition, we observed that CDK8-IN-6 
could also inhibit IL-1b-induced phosphorylation of two forms of 
Rpb1 CTD (Fig. S7D) and affect p65 nuclear translocation in a 
3

Fig. 4. CDK8 activates the NF-jB pathway and regulates the transcription of SASP. (A) We
p65. (B) Immunoprecipitation was performed to assess the co-precipitation of CDK8 and 
localization was conducted to examine the co-localization of p65 and CDK8 in C28/I2 c
pCMV3-CDK8, followed by IL-1b treatment for 24 h, and then subjected to western 
demonstrated NF-jB’s regulatory role in SASP transcriptional activation (E) and confirmed
(F), the statistical results indicating the significance of the differences between the trunca
(H) ChIP-qPCR further investigated the influence of CDK8 on the binding of p65 to SASP
expression levels of Rpb1 CTD, p-Rpb1 CTD (Ser2), and p-Rpb1 CTD (Ser5). Data are pr
comparisons with the control group or as indicated.
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dose-dependent manner (Fig. S7E). In the results of Safranin O 
and Toluidine Blue staining, treatment with CDK8-IN-6 reversed 
the decreased cartilage formation levels in chondrocytes induced 
by IL-1b stimulation (Fig. 7F, H) and reduced the GAG content 
resulting from cartilage degradation (Fig. 7G, I).

CDK8-IN-6 selectively inhibits CDK8 to alleviate OA 

To understand how CDK8-IN-6 interacts with CDK8, we per-
formed molecular docking simulations. These simulation results 
revealed nine possible binding sites between CDK8-IN-6 and 
CDK8, including THR-31, PHE-176, VAL-194/195, PHE-197, ARG-
200, LEU-204/205, TYR-211, PRO-246, and HIS-248 (where VAL-
194/195 and LEU-204/205 are each considered as a single site) 
(Fig. 8A). We used DARTS analysis and Western blotting to validate 
the binding of CDK8-IN-6 to CDK8 and its protection against prote-
olytic degradation, with the protective effect becoming more pro-
nounced as the concentration of CDK8-IN-6 increased (Fig. 8B). 
To further investigate the binding mechanism, we mutated these 
sites to explore which sites have a greater impact on the binding 
of CDK8-IN-6 to CDK8. According to the results of the DARTS anal-
ysis and Western blotting, mutations at all nine sites affected the 
binding between CDK8-IN-6 and CDK8. However, mutations at 
the PHE-197, ARG-200, and LEU-204/205 sites had a particularly 
significant impact on the binding of CDK8-IN-6 to CDK8, almost 
completely abolishing the protective effect of CDK8-IN-6 against 
CDK8 proteolysis. This indicates that PHE-197, ARG-200, and 
LEU-204/205 are crucial for the binding of CDK8-IN-6 to CDK8 
(Fig. 8C). To assess CDK8-IN-6 s impact on OA progression 
in vivo, we administered it twice weekly into the joint cavity of 
mice, beginning one week post-DMM surgery and continuing until 
eight weeks post-surgery. Histological analysis showed that the 
cartilage surface in the DMM group was incomplete with matrix 
loss. However, treatment with CDK8-IN-6 partially restored carti-
lage surface integrity and reduced matrix loss (Fig. 8D).The OARSI 
score indicated that CDK8-IN-6 significantly alleviated the severity 
of knee joint damage in mice following DMM surgery (Fig. 8E). 
Immunohistochemical staining demonstrated that intra-articular 
injection of CDK8-IN-6 enhanced COL2A1 and aggrecan expression 
and reduced MMP13 levels in mouse cartilage post-DMM surgery 
(Fig. 8F to I).From the third week onward, the PAM and Von Frey 
tests indicated a significantly higher pain threshold in the CDK8-
IN-6 treatment group compared to the DMM group. This indicates 
that the use of CDK8-IN-6 not only rescued the cartilage morphol-
ogy in OA mice but also had a significant alleviated on pain, which 
is a major clinical symptom of OA (Fig. 8J and Fig. S8).

Discussion 

Aside from surgical intervention, effective treatment options for 
OA are currently unavailable in clinical practice. Improving our 
understanding of the cellular pathways involved in osteoarthritis
stern blot assay was used to detect the expression levels of p-IjBa,  IjBa, p-p65, and 
p65 in C28/I2 cells treated with or without CDK8-IN-6. (C) Immunofluorescence co-
ells treated with IL-1b for 24 h. (D) C28/I2 cells were transfected with si-CDK8 or 
blot analysis of nuclear and cytoplasmic proteins. (E-F) Dual-luciferase analysis 
 the direct binding sites of p65 in the promoters of the IL-6, IL-8, and MMP-13 genes 
ted promoter groups and the full-length group. (G) Nucleic acid electrophoresis and 
 promoter region sites in C28/I2 cells. (I) Western blot assay was used to detect the 
esented as mean ± SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance; 
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Fig. 5. CDK8 and NF-jB are cooperatively recruited to SASP promoters, leading to elongation phosphorylation of the Rpb1 CTD. In C28/I2 cells transfected with si-NC or si-
CDK8, with or without IL-1b treatment for one hour, (A–E) ChIP analysis shows the effects of CDK8 knockdown and IL-1b treatment on the binding of p65 (A), CDK8 (B), Rpb1 
CTD (C), Rpb1 CTD phosphorylated at Ser5 (D), and Rpb1 CTD phosphorylated at Ser2 (E) to three SASP genes and a housekeeping gene. The gene diagrams are displayed at the 
top.
onset and advancement is crucial for enhancing prognosis and cre-
ating effective treatments. This study highlights the crucial role of 
CDK8 in OA progression, investigates the mechanisms of its effect 
and determines whether CDK8 has potential as a new target for OA 
treatment. Research has demonstrated that CDK8 is involved in 
several physiological processes, such as immune response and 
inflammation [17,34], its effect on OA progression remains unex-
597
plored. Our preliminary studies found that overexpression or 
knockdown of CDK8 in mice and cells correspondingly leads to 
the exacerbation or alleviation of OA. Our data indicate that 
inhibiting the expression of CDK8 in chondrocytes under normal 
conditions does not significantly affect the expression levels of 
inflammation-related proteins in chondrocytes. This may be 
because the binding level of CDK8 with NF-jB is relatively low in
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Fig. 6. CDK8 promotes the inflammatory microenvironment and osteoclast differentiation of macrophages by regulating the SASP in chondrocytes. (A) Schematic diagram of 
the migration assay for RAW 264.7 cells. (B-C) Cell migration ability was evaluated using the migration assay (top) and quantification of migrated cells (bottom). (D-E) 
Western blotting was used to assess the impact of CDK8 on inflammasome activation in murine synovial macrophages. (F-G) The degree of synovitis was evaluated using 
H&E-stained sections of mouse knee joints. (H and J) TRAP staining was used to detect the extent of osteoclast differentiation. (I and K) The number and average area of TRAP-
positive multinucleated osteoclasts were quantified. The number of TRAP-positive osteoclasts with 3–5, 5–10, or more than 10 nuclei was also determined. (L-M) Bone 
destruction was assessed by microCT of mouse knee joints, with arrows in the figure indicating the medial side of the knee joints. Data are presented as mean ± SD; *, p < 0.05; 
**, p < 0.01; ***, p < 0.001; ns, no significance; comparisons with the control group or as indicated.
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Fig. 7. CDK8 inhibitors alleviated the progression of OA. (A) Molecular structure of CDK8-IN-6. (B) Use the Cell Counting Kit-8 (CCK-8) assay to evaluate the cytotoxic effects 
of CDK8-IN-6 on C28/I2 cells and mouse chondrocytes at 24 and 48 h. (C-D) C28/I2 cells and mouse chondrocytes were co-treated with IL-1b and CDK8-IN-6 for 48 h. (C) qRT-
PCR and (D) Western blot analyses were performed to detect the expression of aggrecan, COL2A1, SOX9, MMP-3, and MMP-13. (E) Immunofluorescence analysis was used to 
determine the expression of aggrecan and COL2A1 in C28/I2 cells co-treated with IL-1b and CDK8-IN-6 for 48 h. (F, H) Safranin O and Toluidine Blue staining were used to 
assess cartilage formation in (F) C28/I2 cells and (H) mouse chondrocytes, both treated with IL-1b and CDK8-IN-6 for 7 days. (G, I) The collected supernatants were used to 
detect GAG content. Data are presented as mean ± SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance; comparisons with the control group or as indicated. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. CDK8-IN-6 selectively inhibits CDK8 to alleviate OA. (A) Docking-predicted binding mode of CDK8 protein with CDK8-IN-6. The overall structure of CDK8 in complex 
with CDK8-IN-6 in cartoon view. CDK8 and CDK8-IN-6 are colored green and sky blue, respectively (top). Detailed interaction network between CDK8 and CDK8-IN-6, 
showing all potential binding sites (bottom). (B) Proteins extracted from C28/I2 cells and mouse chondrocytes were used to evaluate the binding of CDK8-IN-6 to CDK8 
protein at different concentrations of CDK8-IN-6 and Pronase in DARTS experiments. The binding of CDK8-IN-6 to CDK8 protein was detected by Western blotting. (C) C28/I2 
cells were transfected with the indicated CDK8 mutant plasmids for 24 h and subjected to DARTS experiments. Protein expression of the mutated sites was then detected by 
Western blotting (bottom) and quantified (top). (D) At 8 weeks post-DMM surgery, knee joints from each group of mice were stained with H&E and S-O. (E) Subsequently, the 
severity of osteoarthritis in mice was assessed using the OARSI scoring system. Each group had n = 10. (F) Expression of Aggrecan, COL2A1, and MMP-3 in cartilage samples 
was detected by immunohistochemical staining, (G-I) and the proportion of Aggrecan, COL2A1, and MMP-3 positive cells in each section was quantified. Each group had n = 6. 
(J) Pressure Application Measurement (PAM) test was used to assess the pain threshold in mice. Data are presented as mean ± SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no 
significance; comparisons with the control group or as indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
the absence of inflammatory stimuli. Therefore, under normal 
physiological conditions, inhibiting the expression of CDK8 may 
not have a significant effect on alleviating osteoarthritis.
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The onset and progression of OA are associated with many 
physiological and pathological factors [35,36], and during this pro-
cess, a series of transcriptional and expression changes occur, such
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as changes in the expression of inflammatory factors, lipid expres-
sion [37], and amino acid expression [38]. According to our RNA 
sequencing results, CDK8 is closely linked to the NF-jB pathway 
and cellular senescence. Furthermore, the volcano plot shows that 
three representative members of the SASP—IL-6, IL-8, and MMP-
13—are regulated by CDK8. Cellular senescence plays a important 
role in the progression of OA. As the progression of OA advances, 
the number of senescent chondrocytes in the joints continuously 
increases [39,40]. These senescent chondrocytes exhibit character-
istics such as telomere shortening, increased secretion of SASP, ele-
vated production of reactive oxygen species and mitochondrial 
dysfunction [41–43]. Additionally, intra-articular injection of 
senescent chondrocytes into mouse joints can induce the forma-
tion of OA [44]. Conversely, Intra-articular drug injections targeting 
senescent cells in cartilage or synovium can markedly decrease 
SASP secretion and mitigate OA symptoms in mice [45]. Our anal-
ysis revealed a notable rise in IL-6, IL-8, and MMP-13 levels in the 
synovial fluid of OA patients, with this elevation positively corre-
lating with OA severity. The metabolic levels of these three factors 
in body fluids and cells are also regulated by CDK8, as we verified 
through detection in mouse body fluids and the supernatant of 
mouse chondrocytes. 

CDK8 is a serine/threonine protein kinase and a member of the 
CDK family [46,47]. Another member of the CDK family, CDK9, has 
been shown to have a significant role in regulating transcriptional 
elongation [18]. This function is primarily achieved through its 
involvement as part of the P-TEFb (positive transcription elonga-
tion factor b) complex, which phosphorylates the CTD of RNA Pol 
II, thereby promoting transcriptional elongation. Similar to CDK9, 
CDK8 can also form a kinase module with its corresponding regu-
latory subunits Cyclin C, MED12, and MED13, acting as part of the 
mediator complex and playing a crucial role in the transcriptional 
regulation of RNA Pol II [48–50]. The regulatory role of CDK8 in 
transcription is likely the mechanism by which CDK8 influences 
the progression of OA. In previous studies, although CDK8 has been 
reported to have a regulatory effect on inflammatory factors 
[17,34] and to interact with NF-jB, influencing its downstream fac-
tors [51,52], there is still no definitive conclusion on whether CDK8 
affects SASP through its transcriptional regulatory function and the 
specific mechanisms involved. In this study, we found that in OA, 
CDK8 influences disease progression by regulating the transcrip-
tion of the SASP through its interaction with NF-jB. Knocking 
down CDK8 using siRNA inhibits the transcriptional induction acti-
vated by NF-jB. ChIP analysis shows that CDK8 and NF-jB are co-
recruited to the promoters of SASP genes. Inhibition of CDK8 kinase 
affects the binding of p65 to the gene promoter region and slightly 
affects IL-1b-mediated recruitment of CDK8 to promoters. Cru-
cially, this inhibition reduces the phosphorylation of the C-
terminal domain (Rpb1 CTD) of the RNA polymerase II large sub-
unit at the Ser2 and Ser5 sites, thereby impeding the movement 
of polymerase II along the gene body.CDK8 inhibition specifically 
affects NF-jB-induced genes without impacting constitutively 
expressed housekeeping genes. That is, CDK8 interacts with NF-
jB to co-recruit to SASP gene promoters, regulating transcription 
by inducing elongation-specific phosphorylation of the Rpb1 CTD 
in a gene-specific context. 

During the development of OA, in addition to chondrocytes, 
synovial macrophages also play a critical role as key regulators in 
the physiological and pathological processes [53], maintaining an 
active state in OA joints. Increasing evidence indicates that imbal-
anced M1/M2 synovial macrophages are closely linked to synovial 
inflammation, cartilage damage, and OA severity. We utilized con-
ditioned medium (CM) prepared from the culture medium of 
mouse chondrocytes to culture mouse synovial macrophages, aim-
ing to explore the crosstalk between chondrocytes and synovial 
macrophages during the OA process. We found that CM prepared 
601
from chondrocytes with high CDK8 expression drove synovial 
macrophages towards M1 polarization and promoted inflamma-
some activation in these macrophages. This process leads to the 
maturation and secretion of the inflammatory factors IL-1b and 
Caspase-1, further promoting the formation of an inflammatory 
microenvironment within the joint, inducing chondrocytes to 
secrete more SASP. At the same time, synovial macrophages are 
also driven toward osteoclast differentiation, resulting in bone loss 
and destruction. These processes together cause the progression of 
OA to fall into a vicious cycle. 

We also used the CDK8 inhibitor CDK8-IN-6 to further investi-
gate whether CDK8 inhibitors could be used as a drug for OA treat-
ment. Through various in vitro and in vivo methods, including cell 
studies, micromass culture, and mouse models, we demonstrated 
that CDK8 inhibitors can slow the progression of OA. Using meth-
ods such as molecular docking simulations and DARTS, we con-
firmed the binding of CDK8-IN-6 to the CDK8 protein and 
identified their main binding sites. In summary, our research 
demonstrates that the mechanism by which CDK8 influences the 
progression of OA is through its interaction with NF-jB to regulate 
the transcription of SASP, while also promoting M1 polarization of 
synovial macrophages and inflammasome activation in these 
macrophages, thereby affecting the development of osteoarthritis. 

However, this study still has several limitations that need to be 
further addressed in future research. Firstly, the study findings are 
primarily based on preclinical models (e.g., mouse models and 
in vitro systems). While these models provide critical evidence 
for elucidating the functions and mechanisms of CDK8, they may 
not fully capture the complex pathology of human OA. For exam-
ple, there are certain differences between the joint structures and 
inflammatory responses of mice and humans, which may limit 
the translational potential of the study findings to clinical applica-
tions. Therefore, further validation of CDK8 s role in large animal 
models and human samples is needed, particularly in terms of its 
specific effects under physiological and pathological conditions of 
the joint. In addition, we did not delve into the off-target effects 
or potential toxicity of CDK8 inhibitors. Although CDK8-IN-6 
demonstrated the potential to slow OA progression in our study, 
CDK8, as a serine/threonine protein kinase, may have other unde-
fined roles in different cells and tissues. Consequently, CDK8 inhi-
bitors may induce nonspecific effects, leading to off-target effects 
or toxicity. For example, CDK8 s broad roles in immune regulation 
and metabolic pathways could disrupt systemic immune balance 
or metabolic homeostasis. Future research should focus on system-
atically evaluating the safety and toxicity of CDK8 inhibitors, par-
ticularly regarding potential adverse effects from long-term 
treatment.Additionally, this study primarily relied on CDK8 knock-
down and inhibitors without explicitly investigating whether 
CDK8 modulation might trigger unintended systemic effects. For 
instance, CDK8 s impact on RNA Pol II transcription regulation 
could interfere with the expression of normal genes, potentially 
leading to unexpected systemic side effects. Although our data sug-
gest that CDK8 primarily affects NF-jB-induced gene expression 
without disrupting essential housekeeping genes, this conclusion 
requires validation in broader in vivo systems. Future studies could 
leverage gene-editing technologies, such as CRISPR/Cas9, to further 
evaluate the systemic regulatory role of CDK8 and its potential 
nonspecific effects. Long-term treatment experiments should also 
be designed to assess the impact of CDK8 inhibitors on multiple 
tissues and systems, especially regarding potential toxicity in the 
skeletal, immune, and cardiovascular systems. Additionally, stud-
ies should investigate the efficacy and safety of CDK8 inhibitors 
under different doses and administration routes to optimize ther-
apeutic strategies. In future research, we also plan to explore the 
role of CDK8 in other joint tissues, such as synovium and bone. This 
study primarily focused on the function of CDK8 in chondrocytes,
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but synovium and bone tissues also play significant roles in the 
onset and progression of OA. How CDK8 contributes to OA pathol-
ogy through its effects on synovial cell proliferation and inflamma-
tory responses or its regulation of bone remodeling processes (e.g., 
osteoclast differentiation) remains to be further explored. Future 
studies could use tissue-specific CDK8 knockout mouse models 
(e.g., cartilage-specific or synovium-specific knockout models) to 
address these questions. 

In summary, this study provides preliminary scientific evidence 
for CDK8 as a therapeutic target for OA. However, multiple issues 
remain to be resolved before its clinical application, including val-
idation in different OA models, exploration of its role in other joint 
tissues, and systematic studies on the long-term safety and efficacy 
of CDK8 inhibitors. We believe that with further research into 
CDK8 functions and the mechanisms of its inhibitors, this target 
has the potential to play an important role in future OA therapies. 
Conclusion 

During the progression of OA, the SASP secreted by chondro-
cytes is an important factor in exacerbating OA. This study reveals 
that CDK8 regulates the transcriptional levels of SASP by being 
cooperatively recruited with NF-jB to the promoters of SASP 
genes, and subsequently promoting elongation phosphorylation 
of Rpb1 CTD in the NF-jB-induced gene-specific context. Inhibiting 
CDK8 expression can reduce the secretion of SASP and alleviate the 
inflammatory microenvironment resulting from its secretion. 
Therefore, targeting CDK8 inhibition could serve as a promising 
approach for OA treatment. 
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