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A B S T R A C T

The self-repair ability of articular cartilage is limited, which is one of the most difficult diseases to treat clinically. 
Kartogenin (KGN) induces chondrogenesis by regulating RUNX1 mRNA translation and the small molecule 
compound TD-198946 (TD) promotes chondrogenic differentiation of mesenchymal stem cells (MSCs) through 
increasing the transcription of RUNX1 mRNA. GelMA hydrogel and liposomes are respectively similar to the 
extracellular matrix (ECM) and extracellular vesicles (EVs). So, we developed an “EVs-in-ECM” mimicking sys
tem by incorporating GelMA and KGN/TD-loaded liposomes to investigate the repair effects of cartilage defect. 
First, western-blot, RNA fluorescence in situ hybridization (FISH), cellular immuno-fluorescence, co-immuno- 
precipitation (CO-IP), and qRT-PCR techniques showed that KGN regulated RUNX1 mRNA expression, and then 
promote chondrogenic differentiation of MSCs. Second, the role of RUNX1 was amplified by orchestrating 
RUNX1 transcription and translation through TD-198946 (TD) and KGN respectively, and the synergistic effects 
of TD and KGN on chondrogenesis of MSCs in vitro were discovered. Finally, an “EVs-in-ECM” mimicking system 
was designed for in situ cartilage repair. When GelMA loaded with KGN and TD liposomes, the hydrogel (KGN +
TD@ GelMA) showed biological functions by the continuously controlled release of KGN and TD while main
taining its porous structure and mechanical strength, which enhanced the chondrogenesis of MSCs in one system. 
The repair performance of “EVs-in-ECM” in vivo was assessed using the articular osteochondral defect model of 
rat. The implantation of KGN + TD@ GelMA hydrogels effectively exerted favorable osteochondral repair effects 
showing structures similar to the native tissue, and prevented chondrocyte hypertrophy. The study indicate that 
the “EVs-in-ECM” mimicking system can act as a highly efficient and potent scaffold for osteochondral defect 
regeneration.

1. Introduction

Osteochondral defects caused by trauma, necrosis, inflammation, 
and degeneration are some common orthopedic diseases resulting in 
significant pain and disability [1]. Cartilage regeneration following 
injury remains a great challenge clinically, which suffers from its avas
cularity and poor proliferative ability to restrict its spontaneous regen
eration. Nowadays, several clinical management methods for cartilage 

repair, including allografts, mosaicplasty (MO), and autologous chon
drocyte implantation (ACI), are limited by disease transmission, fibro
cartilage repair, immunogenic rejection, and mechanical inferiority [2,
3]. To overcome these limitations, tissue engineering using effective 
chondrogenesis of mesenchymal stem cells (MSCs) is considered as a 
favorable alternative to cartilage repair.

Runt-related transcription factor 1 (RUNX1) is a main regulator of 
articular cartilage homeostasis, which acts by the signaling pathways of 
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TGF-β signaling and Wnt signaling in the formation of articular cartilage 
and osteoarthritis (OA) [4–7]. Increased levels of RUNX1 in MSCs have 
been demonstrated to stimulate the development of chondrocytes. 
RUNX1 can effectively promote the expression of chondrogenic tran
scription factors SOX9 and further enhance cartilage matrix production 
through interactions with SOX9 [8,9]. Soung et al. [10] have revealed 
that the gradual loss of RUNX1 function induces a reduction of SOX9 and 
a delay in the chondrocyte differentiation process. Zhang et al. [4] 
verified that the deficiency of RUNX1 could facilitate cartilage ossifi
cation and osteophyte formation by activating the Wnt pathway. 
Moreover, the lack of RUNX1 can impede the nuclear translocation of 
YAP, reducing their ability to interact with RUNX1 in the nucleus, which 
hinders the expression of target genes like type II collagen(Col II) and 
SOX9,ultimately worsening cartilage loss [11]. In vivo, Zhou et al. [12] 
found that the knockout of RUNX1 aggravated cartilage destruction by 
accelerating the loss of proteoglycan and Col II in the early stage of OA. 
However, RUNX1 was overexpressed in articular cartilage through 
adeno-associated virus (AAV). Its protective effect was identified by 
decelerating the destruction of cartilage during the early stage of OA. 
Therefore, focusing on RUNX1 may be a successful treatment way for 
repairing cartilage.

The recent research results have demonstrated that the combination 
of MSCs with cartilage induced growth factor kartogenin (KGN) pro
vides a promising alternative for repairing injured cartilage [13–15]. 
However, the mechanism through which KGN regulates the develop
ment of cartilage and bone is still unclear. The currently accepted 
mechanism involves KGN binding to the intracellular protein filamin A 
(FLNA),leading to the disruption of its interaction with the core-binding 
factor beta subunit(CBFβ) [16]. CBFβ is a subunit of the CBF family of 
heterodimeric transcription factors and is crucial in skeletal develop
ment by interacting with the CBFα subunits (RUNX1) in the nucleus and 
enhances the RUNX1-dependent chondrogenesis transcription activity 
[17]. However, the RUNX1 protein containing a nuclear localization 
sequence is found only in the nuclei of most cells and tissues, while CBFβ 
lacking a nuclear localization sequence is unable to autonomously enter 
the nucleus and is primarily situated in the cytoplasm [18]. This suggests 
a spatial barrier in the interaction between RUNX1 and CBFβ and reveals 
unidentified mechanisms through which KGN causes CBFβ to regulate 
RUNX1. Many studies suggest that CBFβ may be important in the 
expression of RUNX1, in addition to improving the transcriptional ac
tivity of RUNX1. Yan et al. [15] reported that KGN showed little effect 
on the mRNA level of RUNX1 in MSCs. The in vivo study exhibited that 
RUNX1 was barely found in the CBFβ− /− mouse [19]. Recent research 
has shown that eukaryotic translation initiation factor eIF4B may act as 
a bridging factor for CBFβ to stimulate the attachment of RUNX1 mRNA 
in the cytoplasm, which is proposed to facilitate translation [17,20]. 
Thus, this study aims to clarify the role of CBFβ in chondrogenesis and 
uncover its involvement in regulating RUNX1 translation following KGN 
treatment.

Though KGN is accepted as an effective drug in cartilage repair, the 
efficiency is low, and side-effects of KGN are still non-negligible [3,15]. 
Considering the significant roles of RUNX1 in cartilage regeneration and 
repair,as well as the involvement of CBFβ in the post-transcriptional 
translation of RUNX1, the study investigated the potential of certain 
drugs to enhance RUNX1 mRNA expression in stem cells. Furthermore, 
the synergistic effect of co-treating with KGN was evaluated to deter
mine if it could increase RUNX1 protein expression by the transcription 
and translation, thereby enhancing the potential of KGN in promoting 
chondrogenesis. TD-198946 (TD) is another small molecule promoting 
chondrogenesis of several stem cells by regulating transcription of 
RUNX1 mRNA [21]. It has been reported to effectively induce the pro
duction of glycosaminoglycan (GAG) and Col II from chondrocytes 
without promoting endochondral ossification or hypertrophy [22]. 
Therefore, TD might be a candidate for amplifying the cartilage regen
eration effect of KGN by orchestrating RUNX1 transcription in cartilage 
repair.

The extracellular matrix (ECM) is crucial for providing the requisite 
microenvironment for the proper regeneration of cartilage tissue [23]. 
Extracellular vesicles (EVs), which are small particles derived from the 
plasma membrane and released into the extracellular space by nearly all 
cell types, are regarded as one of the structural and functional compo
nents of the ECM. Recently, EVs have attracted more attention due to 
their ability to carry nucleic acids, proteins, lipids, and signaling mole
cules and transfer these contents to target cells [24]. In the development 
of biomaterial scaffolds, gelatin methacrylate (GelMA) shares compa
rable characteristics with ECM and supports the proliferation and dif
ferentiation of MSCs or chondrocytes. Thus, the recent researches have 
shown that the hydrogels in combination with growth factors have 
extensive applications in cartilage tissue engineering [25–27]. However, 
KGN and TD are both hydrophobic drugs whose application in GelMA 
might be restricted by their poor aqueous solubility, low drug loading 
efficiency, and rapid diffusion [28–30]. Liposomes are a preferred 
choice for KGN and TD loading due to they are similar with EVs in 
function to protect and transport protein or small molecule effectively 
[31,32]. Considering the above rationale, an “EVs-in-ECM” mimicking 
system with controlled release of KGN and TD stimulating RUNX1 
transcription and translation for cartilage repair is hereby presented. A 
phospholipid- and cholesterol-based liposome was utilized to load the 
bioactive drugs KGN (KGN@Lipo) and TD (TD@Lipo), and further 
embeded in GelMA hydrogel. Subsequently, the characterization of an 
“EVs-in-ECM” mimicking system and the synergistic effect of TD and 
KGN in cartilage repair and subchondral bone reconstruction were 
investigated in a full-thickness rat knee cartilage defect.

In this work, the function of KGN in the chondrogenesis of MSCs as 
well as the combined effects of KGN and TD on the in-vitro chondro
genesis of MSCs by regulating RUNX1 transcription and translation were 
explored, and the mechanism on how KGN targeted CBFβ to regulate the 
expression of RUNX1 was revealed. Then, an “EVs-in-ECM” mimicking 
system was established by encapsulating KGN and TD, and the effect of 
this system on the treatment of MSCs for in-vivo cartilage defects was 
assessed. It was proposed that the hydrogel loaded with KGN and TD 
liposomes could facilitate in-situ cartilage repair within a one-step sur
gical operation by promoting the chondrogenesis of MSCs (Scheme 1).

2. Materials and methods

2.1. Materials

GelMA(EFL-GM-60) and LAP were acquired from Suzhou Intelligent 
Manufacturing Research Institute in Suzhou, China. Toluidine blue, 
Safranine O, dexamethasone, insulin-transferrin-sodium selenite, L- 
proline, ascorbate-2-phosphate, and sodium pyruvate were all acquired 
from Sigma-Aldrich (St Louis, MO, USA). Cycloheximide(CHX) and 
MG132 were acquired from MedChemExpress (USA),while KGN and TD 
were sourced from the same supplier. The eIF4B antibody was pur
chased from Novus Biologicals (USA). The particulars of other reagents 
are provided in the experimental methods.

2.2. Cells culture

MSCs were collected from 6-week-old male Sprague-Dawley rats. 
The cells were kept in an incubator where the temperature was main
tained steadily at 37 ◦C, with constant humidity and a 5 % CO2 atmo
sphere. The growth medium for MSCs was refreshed every three days. 
For all experimental procedures, third-passage MSCs were utilized.

2.3. MSCs differentiation

For the differentiation experiments, MSCs were seeded in 24-well 
plates at a density of 5 × 104 per well and cultured in the incomplete 
chondrogenic differentiation medium lacking TGF-β1, with various 
concentrations (10 nM–1 μM) of KGN, or TD (10 nM–1 μM) + 100 nM 
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KGN group. The chondrogenic medium was composed of 50 mg/mL 
insulin-transferrin-selenium, 100 mg/L sodium pyruvate, 50 mg/L 
ascorbate-2-phosphate, 40 mg/L L-proline, and 100 nM dexamethasone 
[33,34]. Following one week of incubation, the cells were treated with 
paraformaldehyde for fixation and subsequently analyzed using Tolui
dine blue and Safranine O staining.

2.4. Western blot analysis

The MSCs were cultured in 6-well plates and exposed to KGN, TD, or 
a combination of KGN and TD for either one or seven days in order to 
assess their potential for chondrogenic differentiation. The RIPA buffer 
from Beyotime (China) was employed for cell lysis under low- 
temperature conditions. In particular experiments, nuclear proteins 
were extracted using a specialized kit for Nuclear Protein Extraction 
(Beyotime, China). The protein levels were measured utilizing a BCA 
protein assay kit (Beyotime, China). Before undergoing electrophoresis, 
the proteins were combined with loading buffer and heated to ensure 
denaturation. The samples were loaded and separated using SDS-PAGE 
gels, either 10 % or 15 % (Beyotime, China). The proteins were then 
transferred onto polyvinylidene fluoride (PVDF) membranes (Beyotime, 
China). These membranes were then blocked with 5 % bovine serum 
albumin (BSA) in TBST for half an hour and later incubated with primary 
antibodies for RUNX1 antibody (ab229482, Abcam, UK); CBFβ antibody 
(ab133600, Abcam, UK); Col II antibody (ab34712, Abcam, UK); 
Aggrecan (ACAN) antibody (ab3778, Abcam, UK); SOX9 antibody 
(ab185230, Abcam, UK); Col X antibody (ab182563, Abcam, UK); H3 
antibody (10265-1-AP, Proteintech, UK) and GAPDH antibody 
(A190156, Abclonal, China) overnight at 4 ◦C. The membranes were 
subsequently incubated for 2 h with HRP-conjugated secondary anti
bodies against rabbit or mouse IgG(H + L) (Beyotime, China). Following 
washing, signals were detected by an enhanced chemiluminescence 
system (ECL, Bio-Rad, USA) detection system.

The MSCs were seeded into each well of 6-well plates. After 24 h,the 
cells were exposed to 100 nM KGN. The culture system was supple
mented with CHX(10 μg/mL),a protein synthesis inhibitor,and MG132 
(10 μmol/L),a proteasome inhibitor. Subsequently,the expression of 
RUNX1 was assessed using western blot analysis.

2.5. Quantitative real-time PCR

The MSCs were seeded into 6-well plates, with three replicates being 
set up for each group. Once the cells had been collected, the total RNA 
was extracted using a commercial kit (Vazyme, China). The concentra
tion and purity of the RNA were assessed with the NanoDrop 2000 
spectrophotometers (Thermo Fisher Scientific, USA). All polymerase 
chain reaction (PCR) analyses were performed on the CFX96 Real-time 
system (Bio-Rad, USA), and the gene expression levels were measured 
with SYBR Green Master (Bio-Rad, USA) according to the manufac
turer’s instructions. The genes and their corresponding primers are lis
ted in Table S1 of the Supporting Information. The relative gene levels 
was normalized to the housekeeping gene GAPDH and analyzed by the 2 
− ΔΔCt method.

2.6. Plasmid transfection and Co-immunoprecipitation

All HA-tagged CBFβ plasmids were generated and their sequencing 
was verified by GenePharma (Shanghai, China). The cells were plated in 
6-well culture dishes and transfected at 80 % density using Lip
ofectamineTM3000 transfection reagent, following the manufacturer’s 
instructions from Thermofisher,USA. First, the medium was changed 
with serum-free DMEM. Next, the HA-tagged CBFβ (2, 3, 4 μg) and the 
empty plasmids were individually combined with 5 μL of P3000TM 
Reagent in 125 μL serum-free DMEM for 5 min, while 5 μL lipo3000 was 
mixed with 125 μL serum-free DMEM for 5 min. The plasmids solution 
was mixed with lipo3000 solution for 20 min, then added to the cells. 
The cell medium was changed to DMEM with 10 % serum after 6 h. 
Transfection efficiency was assessed through immunofluorescence and 
western blot after 48 h.

Co-IP was performed according to the protocol of Co- 
immunoprecipitation Kit (Med ChemExpress, USA). Following 6 h of 
transfection, the medium was removed and replaced with DMEM with 
10 % serum cultured for 48 h, followed by combination with or without 
100 nM KGN for 24 h. The Protein A/G Magnetic Beads were mixed with 
HA antibody (Proteintech, USA) or IgG antibody (Proteintech, USA) and 
incubated at room temperature for 30 min. The MSCs lysates were 
incubated with the Protein A/G Magnetic Beads, which were bound to 
the antibody against HA or IgG, followed by rotation for 2 h at 4 ◦C. The 

Scheme 1. Schematic diagram of the construction of an “EVs-in-ECM” mimicking system containing KGN@Lipo, TD@Lipo, and GelMA for osteochondral 
defect repair.
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magnetic beads were then collected by magnetic separator. All proteins 
that were not specifically bound were eliminated with washing buffer. 
The bounded proteins HA-CBFβ and eIF4B were eluted from the beads 
with SDS-PAGE loading buffer for 10 min at 95 ◦C, then followed by 
western blotting analysis.

2.7. Immunofluorescence

The cells attached to glass cover slips were treated with 4 % para
formaldehyde for fixation, followed by permeabilization with 0.1 % 
Triton X-100 (Sigma-Aldrich, USA) for 10 min. Blocking was performed 
with 1 % BSA over a period of 30 min, followed by an overnight incu
bation with primary antibody Col II, ACAN, RUNX1, eIF4B and CBFβ (sc- 
56751, Santa Cruz; ab133600, Abcam) at a dilution of 1:200. After 
washing three times with PBS,the cells were exposed to Alexa Fluor® 
647 or 488 conjugated secondary antibodies (Abcam, USA) for 1 h. The 
cell nuclei were subsequently stained using DAPI (Beyotime, China). 
Fluorescence microscopy was used to capture the images of the stained 
cells.

2.8. RNA fluorescence in situ hybridization

The fluorescence in situ Hybridization (FISH) assay was carried out 
on MSCs. GenePharma (Shanghai, China) designed and synthesized Cy3- 
labeled RUNX1 mRNA probes (Table S2) for the FISH assay. The hy
bridization was carried out using a FISH kit accordance to the manu
facturer’s instructions. After conducting in situ hybridization,the 
samples were subsequently blocked for 1 h in 1 % BSA. Subsequently, 
samples were incubated with the primary antibody anti-CBFβ (1:200) 
overnight at 4 ◦C; washed three times with 1 × PBS; and incubated with 
the secondary antibody Anti-Rabbit IgG (H + L) for 1 h. DAPI was used 
for nuclear staining. Images were captured using fluorescence 
microscopy.

2.9. The “EVs-in-ECM” mimicking system preparation and 
characterization

The liposomes were fabricated using the thin-film dispersion method 
according to the previous report [30]. First, 3 mg KGN or TD, 80 mg 
lecithin, and 20 mg cholesterol were fully dissolved in 30 mL of chlo
roform. Then, the mixed solution was placed in a rotary vacuum evap
orator at a speed of 100 r/min and 35 ◦C for 30 min to remove the 
chloroform and generate a thin lipid film. Then, 5 mL of phosphate 
buffer saline (PBS) was added to hydrate the lipid film. The liposomal 
pellet was washed and filtered to remove impurities. The fabrication of 
Liposomes/GelMA composite hydrogels was carried out by incorpo
rating liposomes into a 5 % w/v GelMA solution that contained 0.25 % 
LAP. Subsequently, the mixture was irradiated with a UV light having a 
wavelength of 405 nm for a duration of 1 min.

The diameter of the liposome was evaluated at 25 ◦C through the 
application of dynamic light scattering (DLS) technology, utilizing the 
NanoBrook Omni particle size analyzer provided by Brookhaven In
struments. The cryo-TEM images were taken with the JEM-2100 LaB6 
TEM (JEOL) at the Advanced Imaging and Microscopy Laboratory 
located within the Maryland Nano Center. The freeze-dried Liposomes/ 
GelMA composite hydrogels were examined for their morphologies by 
utilizing scanning electron microscopy (SEM, S-4800, Hitachi, Kyoto, 
Japan).

2.10. Swelling behaviors of an “EVs-in-ECM” mimicking system

The swelling properties of all hydrogels were evaluated following a 
previous study [35]. Hydrogels with varying solid contents were sub
merged in PBS at a temperature of 37 ◦C. At the predetermined interval 
time points, the hydrogels were taken out from the PBS and their 
weights were measured after the surface water was removed. The 

measured weight was noted as Wt, while the initial weight of the 
hydrogels was recorded as W0. The swelling ratio (SR) was computed in 
accordance with the following formula: SR = (Wt− W0)/W0 × 100 %.

2.11. In vitro drug release of an “EVs-in-ECM” mimicking system

The release curves of KGN@lipo and TD@lipo from the composite 
hydrogels were investigated to establish their respective release kinetics. 
Each drug-infused composite hydrogel was submerged in PBS at a 
temperature of 37 ◦C and agitated at a speed of 100 revolutions per 
minute to simulate in vitro release. The release medium was exchanged 
with fresh PBS at scheduled time intervals, and the NanoDrop 2000 
spectrophotometers from Thermo Fisher Scientific in the USA were 
employed to measure the concentration of the released drugs.

2.12. Degradation rate

The dry scaffolds were measured for their weight, which was 
recorded as M0. Subsequently, they were immersed in PBS for a period 
of 50 days at a temperature of 37 ◦C. At the pre-established time points, 
the scaffolds were taken out, dried at 60 ◦C for 4 h, and then their 
weights were measured and recorded as Mt. The degradation rate was 
calculated in the following manner: Mt/M0 × 100 %.

2.13. Cell culture on hydrogels

MSCs were harvested and subsequently seeded directly onto various 
liposomes/GelMA composite hydrogels, followed by chondrogenic in
duction culture for a period of 7 days. Toluidine blue and Safranine O 
staining were used to assess the successful induction of chondrogenesis.

2.14. In vitro biocompatibility of hydrogels

The assessment of cell morphology was carried out by seeding 2 ×
104 cells onto hydrogels placed in 24-well plates and then culturing 
them for three days. Then, the F-actin of the samples was stained with 
phalloidin-Rhodamine (Beyotime, China) for 40 min, and the nucleus 
was stained with DAPI for 10 min. Finally, images were taken by means 
of fluorescence microscopy. The assessment of cell viability was con
ducted by employing a Cell Counting Kit-8 sourced from Kumamoto, 
Japan. 2 × 104 MSCs were seeded in the lower chamber of a 24-well 
transwell plate, while different hydrogels were positioned in the upper 
chamber. The cells were incubated on the first, third, and fifth days for 1 
h with a 10 % CCK-8 solution at a temperature of 37 ◦C, then measured 
at 450 nm.

MSCs were seeded on different hydrogels within a 24-well plate and 
then incubated for three days with cell culture medium at 37 ◦C. Sub
sequently, the cell-seeded hydrogel was incubated with 200 μL working 
solution of the Calcein-AM/PI Double Staining Kit (Invitrogen, USA) at 
37 ◦C for 15 min. The cells were then observed and images were 
captured by means of fluorescence microscopy.

2.15. The repairing effects on osteochondral defects

All animal studies were performed in accordance with the Public 
Health Service policies and the Animal Welfare Act, and were authorized 
by the Institutional Animal Care and Use Committee of Soochow Uni
versity (SUDA20231211A04). Seventy-two male Sprague-Dawley rats, 
aged eight weeks, were divided into six groups with six animals each: (1) 
sham group (the joint capsule was exposed, and the wound was sutured 
after reduction of the patella immediately after dislocation); (2) defect 
group(defect washed with normal saline and wound sutured); (3) GelMA 
group (injection of 20 μL GelMA solution), (4) KGN@GelMA group 
(injection of 20 μL KGN@GelMA solution), (5) TD@GelMA group (in
jection of 20 μL TD@GelMA solution), (6) KGN + TD@GelMA group 
(injection of 20 μL KGN + TD@GelMA solution). Critical size volumetric 
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bilateral femur defects sized 2 mm × 2 mm (diameter × height) were 
created on the trochlea of the distal femur and rinsed with 0.9 % saline.

2.16. Macroscopic assessment, μ-CT, and histological evaluation

Initially, images of the osteochondral defects were taken using a 
camera. Three experts independently assessed the efficacy of cartilage 
repairs using the macroscopic evaluation criteria established by the In
ternational Cartilage Repair Society (ICRS). The evaluation included the 
extent of defect filling, integration with adjacent cartilage, visual quality 
of the repair, and an overall assessment of the repair work [36]. Next, 
the samples were examined with a μ-CT scanner (SkyScan 1176, Sky
Scan, Aartselaar, Belgium) to evaluate the reconstruction of the sub
chondral bone, with a focus on parameters such as bone volume fraction 
(BVF), trabecular thickness (Tb.Th), and bone mineral density (BMD) 
within the specified area of interest. The decalcified samples were 
embedded in paraffin for histological studies, and then thinly sliced into 
5 mm sections using a microtome (LE-ICA, SM2000R). Then, the spec
imens were stained with hematoxylin and eosin (H&E) for histological 
observation and Safranine O-fast green staining (SO/FG) for dis
tinguishing normal cartilage from bone tissue. Three independent 

observers scored cartilage using modified O’Driscoll grading system 
(MODS). Additional sections underwent immunohistochemical analysis. 
The deparaffinized tissue sections were treated with citric acid for an
tigen retrieval, followed by incubation with primary antibodies against 
Col II (1:150 dilution)and Col X (1:150 dilution), and visualization using 
the HRP/DAB kit from Abcam, UK. The sections were additionally 
stained with Mayer’s hematoxylin. The Image J software was used to 
quantitatively evaluate the percentage of positive cells.

2.17. Statistical analysis

The data are presented in the form of mean ± standard deviation 
(SD). For analyzing the differences between two groups, Student’s t-test 
was employed when the data followed a normal distribution, and the 
Mann–Whitney test was utilized for data that did not conform to a 
normal distribution. In the case of comparisons involving more than two 
groups, for data with a normal distribution, one-way analysis of variance 
(ANOVA) was carried out followed by Tukey’s multiple comparison test. 
Meanwhile, for data not adhering to a normal distribution, the post hoc 
test with Dunnett’s T3 was used for assessment. A significant difference 
is denoted as *(p < 0.05).

Fig. 1. KGN regulates CBFβ and RUNX1 of MSCs. (A–B). The levels of RUNX1 and CBFβ expression after 24 h of KGN intervention were assessed by western blot 
analysis. The protein levels were measured using Image J and normalized to GAPDH. (C–E). Protein levels of RUNX1 and CBFβ in the cytoplasm and nucleus were 
measured after KGN treatment for 24 h. The protein levels were measured using Image J and normalized to GAPDH. F. Immuno-fluorescence staining images of MSCs 
after 24-h KGN intervention; red (CBFβ), green (RUNX1), and blue (nuclei). Scale bar: 50 μm. (n = 3, *: p < 0.05; ns: no significant difference).
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3. Results

3.1. KGN regulates CBFβ and RUNX1 of MSCs

Initially, two dimensional cultures of MSCs were performed with 
supplementation of 10 nM to 1 μM KGN for seven days to select the 
optimal drug concentration (Fig. S1). At the 100 nM concentration, 
exposure to KGN led to the chondrogenesis of MSCs in vitro, which 
appeared as strongly stained by Toluidine blue. To explore the effect of 
KGN on the expression of RUNX1, cells were treated with KGN at a 
concentration of 100 nM for 12 and 24 h (Fig. S2). Immunofluorescence 
analysis showed that more RUNX1 proteins were detected in MSCs 
treated with KGN than those in control-treated MSCs at 24 h. Western 
blot was further employed to investigate the protein expression of 
RUNX1 and CBFβ under the identical cell culture conditions. The 
RUNX1 and CBFβ protein expression was significantly upregulated upon 
treatment with KGN for 24 h (Fig. 1A–B). After the separation of nuclear 
and cytoplasmic proteins, western blot analysis was conducted once 
more. The results indicated that, compared with the control group, there 

was an evident increase in the CBFβ protein within the cytoplasm and 
the RUNX1 protein within the nucleus in the KGN group. No obvious 
upregulation of CBFβ expression was observed in the KGN group in the 
nucleus (Fig. 1C–E). For the purpose of evaluating the subcellular 
localization of RUNX1 and CBFβ more directly, cell immunofluorescence 
staining of RUNX1 and CBFβ was performed. The findings showed that 
CBFβ and RUNX1 were localized in different cellular compartments, 
with CBFβ predominantly found in the cytoplasm and RUNX1 mainly 
presented in the nucleus. However, KGN intervention did not show 
translocation of CBFβ into the nucleus and binding to RUNX1 (Fig. 1F). 
Moreover, qRT-PCR analysis showed that, compared with the control 
group, the mRNA level of RUNX1 in the KGN group had no significant 
alteration (Fig. S3). These results indicated that although KGN did not 
influence the transcription level of RUNX1, it might regulate the 
expression of RUNX1 at the translational level.

3.2. CBFβ regulates RUNX1 mRNA translation via eIF4B

The interaction between the translation initiation factor eIF4B and 

Fig. 2. CBFβ regulates RUNX1 mRNA translation via eIF4B. A An immunofluorescence double staining of eIF4B(green), CBFβ(red), and nuclei(blue) was conducted 
on MSCs cultured with KGN for 24 h. Scale bar: 50 μm. (B-C) Co-IP assay and western blot analysis reveal the interaction between CBFβ and eIF4B with 24 h 
treatment of KGN. The levels of the indicated proteins were quantified by Image J and normalized to HA-CBFβ. D Fluorescence in situ hybridization (FISH) (RUNX1)- 
IF (CBFβ) staining in the MSCs after 24 h. Scale bar: 50 μm. (E-F) MSCs treated with KGN and incubated with CHX or MG132 for 24 h. RUNX1 protein amounts were 
assessed by immunoblot. The levels of indicated proteins were quantitated by Image J and normalized to GAPDH. G Schematic model of KGN regulating MSCs 
differentiation by regulating RUNX1 mRNA translation. (n = 3, *: p < 0.05; ns: no significant difference).
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CBFβ was investigated to determine whether KGN can regulate the 
translation of RUNX1 by CBFβ. The localization of eIF4B and CBFβ was 
visualized using fluorescence microscopy, in which the proteins were 
observed with the point structure distribution and colocalization was 
marked in the cytoplasm, and KGN treatment was confirmed to enhance 
the co-localized expression of CBFβ and eIF4B (Fig. 2A). To further 
confirm that KGN promotes the binding of CBFβ and eIF4B, transfection 
and Co-IP experiments were performed. MSCs were transfected with 
pcDNA3.1 plasmids containing HA-tagged CBFβ, resulting in a signifi
cant increase of CBFβ expression observed via immunofluorescence and 
western blot analysis when the transfected plasmid dosage was 4 μg 
(Fig. S4). Then, the HA-tagged CBFβ plasmid was transfected into MSCs 
to perform reciprocal Co-IP experiments treated with or without KGN. 
The result showed that KGN could enhance the interaction between HA- 
tagged CBFβ and endogenous eIF4B (Fig. 2B–C). The above results 
consistently proved the effect of KGN on the interactions of CBFβ and 
eIF4B in MSCs. Furthermore, immunofluorescence (CBFβ)-FISH 
(RUNX1) staining revealed the increased CBFβ aggregation of cytoplasm 
in response to KGN stimulation and the co-localization of CBFβ and 
RUNX1 mRNA (Fig. 2D). Thus, it is postulated that the interaction be
tween CBFβ and eIF4B is crucial for the translation of RUNX1 mRNA. 
The stability of RUNX1 was further assessed using protein synthesis 
inhibitor-CHX and the proteasome inhibitor MG-132 in KGN treatment. 
Immunoblot suggested that the expression of RUNX1 was significantly 
inhibited and reduced by CHX, indicating that CBFβ and eIF4B coop
eratively enhance RUNX1 translation. Additionally, RUNX1 protein 
level reduction was alleviated by the proteasome inhibitor MG-132, 
suggesting that CBFβ is also essential for RUNX1 stability (Fig. 2E–F). 
Thus, CBFβ and eIF4B are crucial in RUNX1 translation regulation 
(Fig. 2G).

3.3. Synergistic effects of KGN and TD on chondrogenesis of MSCs

Since KGN can significantly promote the translation of RUNX1, the 
hypothesis of whether KGN combined with the inducible factor, which 
increases the transcription level of RUNX1, can synergistically enhance 
the expression of RUNX1 at the level of transcription and translation, 
and effectively promote the chondrogenesis of MSCs. TD has been re
ported to efficiently induce chondrogenic differentiation by enhancing 
transcription of RUNX1 mRNA [22]. Therefore, the combination of KGN 
and TD was hereby chosen to investigate the potential chondrogenic 
differentiation of MSCs. Various concentrations of TD were tested to 
determine the ideal dose to induce chondrocyte differentiation when 
combined with KGN. The results showed that when coupled with >10 
nM TD, the clear deposition of cartilaginous matrices was observed with 
Toluidine blue and Safranin O staining, comparing with 100 nM KGN 
alone, suggesting that the cultures were augmented with TD, and the 
peak was at 100 nM. In contrast, the concentrations of TD exceeding 
100 nM inhibited chondrogenesis (Fig. 3A). Therefore, the combination 
of 100 nM TD plus 100 nM KGN was chosen to obtain significant 
chondrogenesis of MSCs. The strong ability of TD and KGN on chon
drogenesis was also assayed by immunofluorescence (CBFβ)-FISH 
(RUNX1) staining. As shown in Fig. 3B, the expression of RUNX1 mRNA 
and CBFβ in the cytoplasm was both upregulated in TD + KGN group, 
compared to the other three groups. Meanwhile, the level of related 
genes on chondrogenesis at seven days was analyzed through qPCR 
(Fig. 4A). The results revealed that the mRNA level of RUNX1was also 
elevated by the induction of TD, and that it was not further up-regulated 
by the co-treatment of KGN, which were fully consistent with the pre
vious results. Moreover,the upregulation of cartilage-specific genes 
(SOX9, Acan, Col II) was notably enhanced when KGN was combined 
with TD, in comparison to cells treated with KGN or TD individually. The 
hypertrophy gene (Col X expression) of chondrogenesis was also exam
ined, and no difference was detected between the groups. These results 
demonstrated the synergistic effects of KGN and TD on the enhanced 
chondrogenesis of MSCs without affecting hypertrophy.

Western blotting was used to analyze the levels of related proteins at 
seven days. Compared with the control group, the treatment with KGN, 
TD, or the combination of KGN and TD significantly increased the 
expression levels of transcription factors RUNX1 and SOX9. It was found 
that the combined treatment of KGN and TD led to significantly higher 
expression levels of SOX9 and RUNX1 than those from treatment with 
either KGN or TD alone (Fig. 4B–C). Previous studies have provided no 
evidence supporting that KGN upregulates RUNX1 expression through 
transcriptional activation. However, our current findings demonstrate 
that KGN enhances RUNX1 protein levels through a post-transcriptional 
mechanism, specifically by promoting the translational efficiency of 
RUNX1 mRNA rather than modulating its transcriptional activity. As a 
result, the expression of ACAN and Col II, which are the downstream 
target genes of SOX9 and RUNX1, also changed in a similar manner at 
seven days. There was no significant difference in the expression levels 
of Col X, which causes the formation of fibrocartilage in vivo, between 
the KGN + TD group and the other three groups (Fig. 4D–E). To further 
confirm the chondrogenic differentiation of MSCs, the cells were sub
jected to immunostaining for the expression of RUNX1, ACAN, and COL 
II proteins after induction. Among all the experimental groups, the 
control group had the lowest fluorescence signal. This indicates that 
MSCs do not undergo chondrogenesis without external cytokines. The 
group induced by KGN had a staining pattern similar to that of the group 
induced by TD. The group induced by both KGN and TD had increased 
staining compared with both single-induced groups (Fig. 4F–G). In brief, 
KGN alone is not enough to effectively form cartilage-related proteins. 
The combination of KGN and TD shows a promising strategy for appli
cation in cartilage tissue engineering through RUNX1 regulation.

3.4. Preparation and characterization of liposomes and hydrogels

The liposome nanocomposite, which serves as an outstanding 
bioactive delivery carrier, has been extensively utilized in controllable 
delivery systems as well as tissue regeneration [32,37]. In the present 
study, both KGN and TD are hydrophobic substances. They are encap
sulated within liposomes through the thin film hydration method to 
enhance their loading and delivery efficiency and to ensure their uni
form distribution within hydrogels. To verify the successful preparation 
of the liposomes, the sizes of the synthesized liposomes loaded with KGN 
(KGN@Lipo) and TD (TD@Lipo) were determined by DLS. The results 
demonstrated that the size distribution was around 294.8 ± 46.3 nm for 
KGN@Lipo and 312.1 ± 48.2 nm for TD@Lipo. Additionally, the 
morphology and size of the synthesized liposomes were further 
confirmed by TEM, which showed a uniform spherical shape with a 
diameter of approximately 300 nm (Fig. 5A–B). GelMA hydrogels were 
prepared containing various concentrations of 1:1 ratio of KGN@Lipo 
and TD@Lipo (0–1000 nM) to verify the synergistic effect of KGN and 
TD on chondrogenesis. MSCs were grown on the hydrogels for seven 
days and subsequently stained using Safranin O and Toluidine blue. 
These results revealed that the 500 nM concentration group exhibited 
higher cartilage matrix synthesis following induction. Additionally, the 
KGN + TD@ GelMA resulted in stronger staining of Safranin O and 
Toluidine blue than KGN@GelMA or TD@GelMA for cells on hydrogels 
(Fig. S5). Furthermore, macroscopic observation revealed that the 
KGN@GelMA hydrogel was milky white, while the TD@GelMA and TD 
+ KGN@GelMA hydrogel was creamy yellow due to the addition of 
TD-loaded liposomes. The hydrogel microscopic structures were viewed 
using SEM. All hydrogels exhibited uniform-sized pores, with similar 
pore sizes in different groups (Fig. 5C–D). The swelling properties of 
hydrogels were also tested, showing that the swelling ratios were also 
similar in different groups (Fig. 5E). Next, the estimation of the release 
of KGN and TD from the composite hydrogel was carried out. The 
KGN@lipo and TD@lipo can be released from GelMA slowly for nearly 
30 days, without a burst release at the early stage in vitro (Fig. 5F). The 
findings suggested that the presence of liposomes had no impact on the 
overall structure-property of GelMA. Following an 50-day degradation 
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Fig. 3. Synergistic effects of KGN and TD on chondrogenesis of MSCs. A Toluidine blue and Safranin O staining in 24-well plates cultured with KGN and various 
concentrations of TD for seven days. Scale bar: 200 μm. B Double staining for IF (CBFβ)-fluorescence in situ hybridization (FISH) (RUNX1) in MSCs with the treatment 
of KGN or/and TD for 24 h. Scale bar: 50 μm.
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period in vitro, the hydrogel scaffolds demonstrated degradation rates 
was less than 80 %, which sustained a prolonged release of KGN@lipo 
and TD@lipo (Fig. 5G).

In tissue engineering, the biocompatibility of liposome hydrogels 
plays a crucial role in maintaining cell viability, promoting cell prolif
eration, and facilitating cell differentiation. To assess the biocompati
bility of the hydrogels, MSCs were cultured on their surfaces for three 
days. Subsequently, the cytoskeleton of the MSCs was stained with 
phalloidin. It was observed that the MSCs spread well on all of the 
hydrogels, and no differences were detected among each group 
(Fig. S6A). In this study, the cell viability on the liposome hydrogel was 
also examined using the CCK-8 assay. MSCs were seeded onto different 
types of hydrogels for one, three, and five days. The OD value, which 
indicates cell viability, increased gradually with the prolongation of the 
culture time, demonstrating that the proliferation of MSCs also 
increased gradually. Moreover, there was no significant difference in 

cell viability among the various groups, implying that the application of 
liposomes did not exert any adverse impacts on the cells (Fig. S6B). As 
revealed by the live/dead assay (Fig. S6C), nearly all cells were stained 
with green fluorescence, while the red fluorescence was scarcely visible 
from three days in the different hydrogels. This indicates the excellent 
biocompatibility of the liposome hydrogels. Consequently, these results 
show that liposome hydrogels possess remarkable biocompatibility and 
can enhance the proliferation of MSCs.

3.5. The “EVs-in-ECM” mimicking system promotes in-situ cartilage 
regeneration in vivo

For the in vivo experiments, a cartilage defect was created on the 
trochlear groove of male Sprague - Dawley rats using the modified 
corneal trephine. The cartilage regeneration capabilities of different 
groups, namely the defect group (receiving no treatment), GelMA group, 

Fig. 4. Analysis of MSCs in different treatments using Western blot and immune-fluorescence techniques. (A) Gene expression analysis, including Runx1, Sox9, Acan, 
Col II, and Col X of MSCs after culturing for 7 days. (B-E) Protein levels of CBFβ, RUNX1, SOX9, Col II, ACAN, and Col X on the day 7 were determined by western blot. 
The levels of indicated proteins were quantified by Image J and normalized to GAPDH. (F-G) The immuno-staining and quantitative analysis of chondrocyte marker 
proteins (RUNX1, ACAN, COL II) in the induced cells, Scale bar: 100 μm. (n = 3, *: p < 0.05; ns: no significant difference).
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KGN@GelMA group, TD@GelMA group, and KGN + TD@GelMA group, 
were evaluated in a cartilage defect model at six and twelve weeks. At 
six weeks, although defects remained in all groups, the defects in the 
KGN@GelMA, TD@GelMA, and KGN + TD@GelMA groups started to be 
covered with a certain amount of white, cartilage-like tissue. In contrast, 
the defects in the untreated defect group and GelMA group were only 
filled with reddish tissue. When the treatment period was extended to 
twelve weeks, the KGN + TD@GelMA group presented a smooth surface 
similar to that of the normal group, and the boundary of the newly 
formed tissue was well integrated with the surrounding cartilage.The 
KGN@GelMA and TD@GelMA groups formed just a small amount 
regeneration of organized hyaline cartilage in the defective area of the 
patellar grooves and clearly demarcated from surrounding tissue at 
twelve weeks after surgery. However, for the defect and GelMA groups, 
the defected site was only filled with fibrous tissue and osteophytes 
appeared in areas of normal cartilage (Fig. 6A). Moreover, the ICRS 

cartilage repair macroscopic score revealed a significantly superior 
repair outcome in the KGN + TD@GelMA groups compared to the other 
groups, approaching the level of the sham group twelve weeks after 
implantation (Fig. 6B). Meanwhile, μ-CT imaging revealed that the 
subchondral bone defect was filled with newly regenerated bone tissue 
and the surface of the bone was completed in the KGN + TD@GelMA 
group. In contrast, fewer newly formed bones were observed around the 
border of the subchondral bone defect in other groups, with the center of 
the defect remaining empty (Fig. 6C). Based on the μ-CT imaging results, 
several bone parameters, such as BVF, Tb.Th, and BMD (Figs. S7A–C), 
underwent changes with time and treatment intervention. Compared to 
the normal group, the defect group exhibited a significant decline in the 
BVF, Tb.Th, and BMD both at six weeks and twelve weeks. However, 
following the treatment with KGN + TD@GelMA, the bone parameters 
were improved and approached the normal level. No statistical differ
ence was detected between the KGN + TD@GelMA group and normal 

Fig. 5. Preparation and characterization of liposomes and hydrogels A The particle size and TEM images of KGN@Lipo B The particle size and TEM images of 
TD@Lipo C Gross morphology and SEM images of hydrogels. Scale bar: up, 5 mm; down, 300 μm. D Pore sizes of hydrogels. E Swelling behaviors of hydrogels. F 
Cumulative release of KGN@lipo and TD@lipo from GelMA hydrogels at each time point. G The degradation of hydrogels. (n = 3, *: p < 0.05; ns: no signifi
cant difference).
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Fig. 6. Cartilage repair efficacy in vivo. A Macroscopic appearances of cartilage repair were observed at six and twelve weeks following the creation of 2 mm defects. 
B The ICRS macroscopic scores of the repaired cartilages were evaluated at six and twelve weeks. C μ-CT scans. The red rectangles show the defect sites of the 
subchondral bone, scale bar, 2 mm. D HE staining. E SO/FG staining. F The MODS histological score was utilized to assess the extent of cartilage healing. Scale bars: 
down (enlarged area), 200 μm; up, 500 μm. (n = 3, *: p < 0.05; ns: no significant difference).
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group at twelve weeks. Moreover, KGN + TD@GelMA exhibited a 
notably higher recovery level compared to KGN@GelMA and 
TD@GelMA, indicating superior restoration of subchondral bone with 
increased bone content. In summary, the combination of KGN and TD 
exerted favorable subchondral bone repair effects.

The histomorphological staining technique was employed to 
demonstrate the types of repaired tissues resulting from different 
treatment methods. The structure of regenerated bone tissues as well as 
the organization of chondrocytes was assessed through HE staining. In 
both the defect and GelMA groups, fibrous tissue filled the defect, 
resulting in joint surfaces that were rough and exhibited uneven density. 
In contrast, in the KGN + TD@GelMA group, there was significant re
covery of the subchondral bone at six weeks, and as time progressed to 
twelve weeks, the defect disappeared and was structurally similar to the 
sham group. In the KGN@GelMA or TD@GelMA groups, a gap was still 
present between the newly formed tissue and the surrounding original 
tissue at twelve weeks. This clearly demonstrates that the combined 
action of KGN and TD was highly effective in promoting the repair of 
osteochondral defects (Fig. 6D). The results of SO/FG were similar to 
HE. The cartilage layer was reconstructed in the KGN + TD@GelMA 
group, with a thickness similar to the normal group and a smooth sur
face. However, for the TD@GelMA or KGN@GelMA groups, the carti
lage at the defect failed to be restored to the same level as the adjacent 
normal cartilage layer, with thinner thickness, lighter Safranin O, and 
even localized concavity. For both the defect and GelMA groups, the 
effect was worse, with no significant cartilage repair observed until 
twelve weeks (Fig. 6E). Six weeks after the surgery, the KGN + TD@ 
GelMA group showed an 8.3 % rise in the MODS histological scores 
when compared to the KGN@ GelMA group. Similarly, twelve weeks 
after the surgery, the KGN + TD@GelMA group demonstrated an 
anticipated improvement in its cartilage repair potential, which was 
manifested by a 13.2 % increase in the MODS histological scores in 
comparison with the control group (Fig. 6F).

Col II is the hyaline cartilage marker protein, which shows the 
cartilage matrix synthesis of chondrocytes. Immunohistochemical 
staining was carried out to assess the amount of Col II in the repaired 
tissue(Fig. 7A). The results showed that there was no clear positive 
staining present in either the defect group or the GelMA group at any 
time. For the TD@GelMA or KGN@GelMA groups, the expression of Col 
II in the defect area was higher compared to the defect or GelMA groups, 
yet it remained lower than the surrounding normal tissue. However, in 
the KGN + TD@GelMA group, the content of Col II increased at six 
weeks and further increased at twelve weeks, showing no significant 
disparities from the adjacent native cartilage. Moreover, the level of COL 
II of the KGN + TD@KGN group was notably raised by 18.3 % and 26.3 
% at 6 and 12 weeks respectively, when compared with the 
KGN@GelMA group (Fig. 7B). The efficiency of inhibiting chondrocyte 
hypertrophy during the treatment process in vivo was investigated by 
evaluating the expression of Col X by immunohistochemical staining 
(Fig. 7C). The results further confirmed that KGN + TD@ GelMA 
enhanced chondrogenic differentiation without affecting hypertrophy. 
However, in the other surgical groups, there was varying upregulation in 
the expression of Col X, especially in the defect and GelMA groups. 
Additionally, the immunostaining examination of Col X revealed 
reduced expression in the KGN + TD@GelMA group (Fig. 7D). 
Furthermore, The expression of RUNX1 protein was consistent with the 
in-vitro experiments. In both the 6-weeks and 12-weeks, the RUNX1 
expression in the KGN + TD@GelMA group was significantly higher 
than that in the KGN@GelMA group and the TD@GelMA group. 
(Fig. S8). These findings suggest that the combination of KGN and TD 
acts as a promoter of chondrogenic differentiation while inhibiting 
hypertrophy.

4. Discussion

Due to its lack of self-repair in chronic degenerative joint diseases 

like OA, cartilage is lost in an irreversible manner, which leads to an 
imbalance in its synthesis and accelerates its degradation [38,39]. 
Certain traumatic injuries reach the subchondral bone, which may 
trigger some intrinsic fibrocartilage repair response. However, this tis
sue has been demonstrated not to be a substitute for hyaline articular 
cartilage [40]. Furthermore, MSCs possess the capability to regenerate 
cartilage and differentiate into a range of other connective tissues [41]. 
It has been reported in the literature that KGN promotes MSC chon
drogenesis and proliferation, but these effects are limited [16,30,
42–44]. According to published research, KGN had little effect on 
chondrogenesis and nodule formation, whereas TGF-β stimulation could 
enhance the chondrogenesis in MSCs [30,42,45–47]. Previous studies 
have suggested that KGN induces chondrogenesis through enhancing the 
formation of CBFβ-RUNX1 dimer in nucleus [16]. However, in this 
study, RUNX1 was found to locate in nucleus whereas CBFβ was pre
dominantly dispersed in cytoplasm. The translocation of CBFβ into nu
cleus was not observed after KGN treating. This finding were double 
confirmed by IF using different types of antibodies anti-CBFβ as well as 
western blot, and consistent with the present study that CBFβ domi
nantly located in cytoplasm for lacking nuclear localization sequence 
[17]. Therefore, understanding the molecular mechanisms of KGN is 
important to develop novel therapeutic approaches to promote chon
drocyte differentiation.

Previous investigation has demonstrated that KGN is capable of 
regulating the expression of RUNX1 so as to prompting the chondrogenic 
differentiation of MSCs [3,48,49]. Obvious alterations in RUNX1 protein 
levels were hereby detected in MSCs after short-term treatment with 
KGN, but RUNX1 mRNA levels were stable. Fan et al. [15] suggest that 
KGN facilitates the chondrogenesis of MSCs by reducing the degradation 
of RUNX1. Other studies also found that CBFβ can endogenously make a 
complex with RUNX1 and protect RUNX1 from 
polyubiquitination-mediated proteasomal degradation [50–52]. How
ever, the protein declination of RUNX1 was prolonged in the presence of 
CHX, which implies that KGN might not only regulate the stability of 
RUNX1 but also be involved in enhancing its expression. Co-IP assays 
were employed to confirm that during the process of chondrogenic 
differentiation of MSCs, translation initiation factor eIF4B was strongly 
bound to CBFβ to form a complex intervened by KGN. The experiment in 
FISH revealed that the CBFβ protein and RUNX1 mRNA are predomi
nantly located in the cytoplasm, suggesting that CBFβ functions as a 
translation enhancer by binding to eIF4B to regulate the target RUNX1 
mRNA in the cytoplasm. Furthermore, Malik et al. [17] also reported 
that RUNX1 mRNA is bound and translationally regulated by CBFβ. 
Together, these results support a model in which KGN regulates RUNX1 
translation through CBFβ to accelerate cartilage regeneration and 
rehabilitation.

Members of the RUNX family, comprising RUNX1, RUNX2, and 
RUNX3, play crucial roles in the development of the skeletal system [53,
54]. RUNX1 is a crucial transcription factor that is necessary for chon
drogenesis and the suppression of hypertrophy [12,21,55,56]. The levels 
of CBFβ and RUNX1 decrease with aging and OA progression [57]. Aini 
et al. [58] showed that injecting RUNX1 mRNA intra-articularly resulted 
in increased expression of chondrogenic genes and reduced IL-1β levels 
in the articular cartilage of mouse with osteoarthritis. Tang et al. [55] 
discovered that the elimination of RUNX1 led to a decrease in the 
expression of SOX9, Ihh, Ptc, and CyclinD1, and also damaged the 
proliferative and hypertrophic zones within the growth plate, indicating 
that RUNX1 plays a central part in the proliferation of chondrocytes. In 
order to improve the expression of RUNX1, a new intervention method 
of the combined application of KGN and TD is hereby proposed. The 
target molecule of TD significantly enhances the expression of RUNX1 
mRNA,a well-known chondrogenic factor [22]. It was verified that the 
rate of de-differentiated cells could re-differentiate into chondrocytes 
after TD treatment, which was demonstrated by the enhancement of 
various chondrogenic markers, such as the expression of Col II and GAG, 
as well as the results of alcian blue staining and toluidine blue staining. 

Q. Cheng et al.                                                                                                                                                                                                                                  Materials Today Bio 31 (2025) 101569 

12 



Fig. 7. The expression of matrix protein at six and twelve weeks post-surgery. A Immuno-histochemical staining of Col II in the articular cartilage. B Measuring the 
proportion of Col II-positive cells in the articular cartilage. C Immunohistochemical staining of Col X in the articular cartilage. D Quantifying the percentage of Col X- 
positive in the articular cartilage. Scale bars: down (enlarged area), 200 μm; up, 500 μm. (n = 3, *: p < 0.05; ns: no significant difference).
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However, there was no enhancement in the expression of Col X or Col I 
[59]. The findings in this study indicate that KGN further up-regulates 
the expression of RUNX1 when cooperating with TD through orches
trating RUNX1 translation and transcription. Moreover, SOX9 is also 
highly expressed when KGN combined with TD. SOX9 is a predominant 
transcription factor that is of crucial importance for the chondrogenic 
differentiation and development from MSCs [60]. Yano et al. [21] 
identified that RUNX1 directly bound regulatory sequences of the pro
moters of SOX9, induced the SOX9 expression during chondrogenesis, 
and their downstream targets included ACAN and Col II at both mRNA 
level and protein level in vitro. Furthermore,SOX9 not only functions as 
a transcriptional activator for chondrogenesis but also serves as a tran
scriptional repressor for osteoblast differentiation and chondrocyte hy
pertrophy by inhibiting the osteoblast target genes [61]. By harvesting 
MSCs from the femur of the Sprague-Dawley rats and culturing with 
KGN and/or TD, the results showed that the KGN + TD treatment 
significantly upregulated the expression of cartilage related protein and 
genes, without affecting hypertrophy (Col X). The results of safranine O 
and toluidine blue staining also showed that the chondrogenic effect was 
stronger in the KGN + TD group than in the KGN or TD group alone. 
These results indicate that KGN + TD had a stronger synergistic effect 
than KGN in terms of enhancing chondrogenic differentiation via the 
activation of RUNX1.

Free KGN and TD is the hydrophobic small molecule, which will be 
cleared from the synovial fluid very quickly when injected into the joint 
cavity. Repeated joint cavity injections pose the risk of bleeding, infec
tion, and exacerbation of inflammation. Therefore, it is necessary to 
delay the intra-articular residence time of KGN and TD by means of a 
drug-carrying slow-release system. Liposomes are particularly suitable 
for delivering hydrophobic drugs, with a 90 % higher drug loading rate 
for corticosteroid delivery [62]. Nanoscale carriers have the ability to 
penetrate the ECM and cell membranes, enabling direct drug release in 
the ECM or cells [63]. Due to their excellent biocompatibility and de
gradability, liposomes have been proposed as appropriate nano/
microparticles for transporting therapeutic agents. Up to now, numerous 
liposomal drug formulations have been commercialized and given 
approval in medical practice [64,65]. In this study, lecithin and 
cholesterol were used to encapsulate the drug to form liposomes aiming 
to enhance the stability of nanoparticles, alleviate burst release, and 
provide matrix for cell homing and regeneration, and GelMA was used as 
the final carrier to mix the liposomes. Due to its excellent biocompati
bility, low immunity, adjustable mechanical properties, and abundant 
availability, GelMA has been widely used in cartilage repair [26,66,67]. 
At the same time, the porous structure of GelMA can provide space to 
contain and protect liposomes [68]. Both CCK-8 and live-dead staining 
results indicated that KGN@GelMA and TD@GelMA were not signifi
cantly cytotoxic. The relative literature reported that the slowed 
degradation of the GelMA further prolonged the release time of liposome 
drug [69,70]. The assay on release behavior indicated that both KGN 
and TD were continuously released from the GelMA hydrogel over a 
period of more than four weeks. Continuous drug delivery stimulates 
MSCs to undergo differentiation into cartilage tissue and facilitate the 
repair of damaged cartilage. The incorporation of KGN@Lipo and 
TD@Lipo into GelMA did not exert any significant influence on its me
chanical characteristics and biocompatibility, enabling the scaffold to 
provide a comparable mechanical environment for the cells and 
encourage them to spread and grow well within the hydrogel. Conse
quently, an "EVs-in-ECM" mimicking system was capable of filling the 
cartilage defect and supplying the requisite mechanical support after 
being crosslinked, alleviating the degeneration process of articular 
cartilage.

Finally, to achieve in situ cartilage regeneration, the hydrogels can 
be implanted in knee cartilage defect sites in rats [71]. After implanting 
hydrogels into the defect site, the defects in the KGN + TD@GelMA 
group were nearly completely filled with regenerated tissue, while the 
defects in the other groups were just partially covered according to μ-CT, 

HE and SO/FG staining. The immunohistochemical imaging also showed 
intense staining for Col II in the KGN + TD@GelMA group, more 
effective than KGN@GelMA or TD@GelMA for promoting cartilage 
repair. Ono et al. [44] also reported that the efficiency of chondrogenesis 
induced by KGN alone is impeding its further clinical application. 
However, combining KGN with TGF-β3 or BMP-2 could induce chon
drogenesis [47,72]. Though KGN and TD exhibited the capacity in 
promoting cartilage matrix synthesis and inhibiting chonodrocytes 
hypertropy compared to KGN + TD. However, the in vitro result dis
played different effect. The combination of KGN and TD not only sig
nificant enhanced the formation of cartilage matrix but also prevented 
the expression of ColX. The different result might be derived from 
different culture condition in vitro and in vivo. In the in vitro study, 
MSCs were cultured in a chondrogenic induction medium with low 
concentration of serum, which was prone to promote chondrogenic 
differentiation but inhibit chondrocyte hypertrophy in all the groups 
including control, KGN, TD and KGN + TD. While in vivo, the compli
cated components in subchondral bone, the interference from other cells 
such as fibroblasts, and the possible inflammatory environment in defect 
might led to cartilage hypertrophy [30]. However, the combination of 
KGN and TD in “EVs-in-ECM” mimicking system obviously prevented 
the expression of Col X and showed superior effect on cartilage regen
eration, hinting the necessity and potential of KGN and TD in cartilage 
repair. All of these results powerfully indicate the synergistic potential of 
KGN and TD in facilitating long-term cartilage regeneration. This is 
demonstrated by the fact that the defected bone tissues have been 
restored to the normal level in various aspects, such as the structure, 
morphology, composition and organization of bone tissues.

This research offers fresh perspectives on the mechanism of chon
drocyte differentiation for KGN, which will contribute to the formula
tion of innovative approaches for treating cartilage injuries. 
Nevertheless, some limitations still remain to be addressed. First, this 
study only focused on a single RUNX1 target gene. CBFβ may control 
numerous target genes and modulate multiple signaling pathways. 
Therefore, further studies are needed to answer these questions. Second, 
the rat cartilage defect model was hereby used, in which the injured 
cartilage environment is quite different from the microenvironment of 
injury in daily human life [73]. Third, the biomechanical tests such as 
indentation testing, will be adopted to better verify the functions of the 
repaired cartilage. Furthermore, it is necessary to conduct studies using 
a large animal model with a long-term follow-up in order to verify its 
clinical potential in the future.

5. Conclusion

In this study, we demonstrate a novel mechanism in which KGN 
promotes the translation of RUNX1 mRNA through CBFβ binding with 
eIF4B. Based on this finding, we propose the strategy of efficiently 
chondrogenesis through an “EVs-in-ECM” mimicking system orches
trating RUNX1 transcription and translation. Finally, we demonstrated 
the in vivo effects through animal experiments, providing a new and 
convenient method for in-situ cartilage repair.

CRediT authorship contribution statement

Qi Cheng: Conceptualization. Qianping Guo: Data curation. 
Xiaoyu Zhang: Funding acquisition. Yuanchen Zhu: Methodology. 
Chengyuan Liu: Project administration. Huan Wang: Software. Cai
hong Zhu: Supervision. Li Ni: Formal analysis. Bin Li: Validation. 
Huilin Yang: Writing – original draft.

Founding

The authors are grateful to the funding support from the National 
Natural Science Foundation of China (82072424, 81871805, 
81902248), the Postdoctoral Science Foundation of China 

Q. Cheng et al.                                                                                                                                                                                                                                  Materials Today Bio 31 (2025) 101569 

14 



(2021M702393) and the Suzhou Science and Technology Bureau Project 
(SKY2022185).

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mtbio.2025.101569.

Data availability

Data will be made available on request.

References

[1] J. Wang, F. Zhang, W.P. Tsang, C. Wan, C. Wu, Fabrication of injectable high 
strength hydrogel based on 4-arm star PEG for cartilage tissue engineering, 
Biomaterials 120 (2017) 11–21.

[2] J. Wu, Q. Chen, C. Deng, B. Xu, Z. Zhang, Y. Yang, et al., Exquisite design of 
injectable hydrogels in cartilage repair, Theranostics 10 (21) (2020) 9843–9864.

[3] D. Shi, X. Xu, Y. Ye, K. Song, Y. Cheng, J. Di, et al., Photo-cross-linked scaffold with 
kartogenin-encapsulated nanoparticles for cartilage regeneration, ACS Nano 10 (1) 
(2016) 1292–1299.

[4] Y. Zhang, T. Zuo, A. McVicar, H.L. Yang, Y.P. Li, W. Chen, Runx1 is a key regulator 
of articular cartilage homeostasis by orchestrating YAP, TGFβ, and Wnt signaling in 
articular cartilage formation and osteoarthritis, Bone Res. 10 (1) (2022) 63.

[5] C.Y. Tang, M. Wu, D. Zhao, D. Edwards, A. McVicar, Y. Luo, et al., Runx1 is a 
central regulator of osteogenesis for bone homeostasis by orchestrating BMP and 
WNT signaling pathways, PLoS Genet. 17 (1) (2021) e1009233.
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