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Nonunions and delayed unions pose significant challenges in orthopedic treatment, with current therapies often
proving inadequate. Bone tissue engineering (BTE), particularly through endochondral ossification (ECO),
emerges as a promising strategy for addressing critical bone defects. This study introduces mesenchymal stem
cells overexpressing Exendin-4 (MSC-E4), designed to modulate bone remodeling via their autocrine and para-
crine functions. We established a type I collagen (Col-I) sponge-based in vitro model that effectively recapitulates
the ECO pathway. MSC-E4 demonstrated superior chondrogenic and hypertrophic differentiation and enhanced
the ECO cell fate in single-cell sequencing analysis. Furthermore, MSC-E4 encapsulated in microscaffold, effec-

tively facilitated bone regeneration in a rat calvarial defect model, underscoring its potential as a therapeutic
agent for bone regeneration. Our findings advocate for MSC-E4 within a BTE framework as a novel and potent
approach for treating significant bone defects, leveraging the intrinsic ECO process.

1. Introduction

Nonunions and delayed unions not only represent significant clinical
challenges but also pose substantial implications for patients’ quality of
life and healthcare systems. Accounting for approximately 10 % of all
fractures [1], they are often linked to prolonged hospital stays, increased
medical expenses, and long-term functional and psychological conse-
quences. Each year, an estimated 100,000 fractures in the United States
progress to nonunion, highlighting the vast number of individuals
grappling with its repercussions [2]. These conditions, characterized by
pain, functional impairment, and significant psychological distress [3],
demand efficient therapeutic interventions. A prevalent causative factor
is critical-size defects—defined as the smallest intraosseous wound that
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will not spontaneously heal, emphasizing the gravity of such defects in
bone repair processes [4]. Despite the availability of various treatments,
many conventional methods, especially operative fixations, often over-
look the intricate biological aspects of bone healing, leading to subop-
timal outcomes and recurrent medical consultations [5]. Recognizing
these challenges, the scientific community is increasingly veering to-
wards bone tissue engineering (BTE) as a promising avenue [6].

BTE, an avant-garde interdisciplinary domain, integrates principles
of bioengineering, cellular transplantation, and materials science to
devise biological alternatives that can effectively mend injured bone [7].
This approach harnesses the synergy of stem cells, scaffolds, and growth
factors to recreate an optimal biomimetic milieu that fosters the
regeneration of native tissues and cells [8]. Mesenchymal stem cells
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(MSCs), owing to their multilineage differentiation potential and innate
ability to target and repair tissue damage, emerge as promising candi-
dates for bone regeneration [9]. Notably, MSC-derived secreted bioac-
tive molecules can modulate the immune response, amplifying tissue
regenerative capabilities [10]. Genetic engineering offers a method to
further potentiate MSCs’ therapeutic benefits, enabling the production
of specific trophic cytokines or other advantageous gene products in
experimental models [11,12].

Three-dimensional (3D) in vitro models surpass traditional 2D
cellular counterparts by more closely emulating the in vivo cellular
milieu characterized by multi-dimensional cell-cell interactions [13].
Microscaffolds employed in 3D micro-tissue culture systems aim to
foster cellular interactions and potentiate extracellular matrix (ECM)
secretion [10]. Prior investigations conducted by our team underscored
the significance of microscaffold encapsulation, highlighting its role in
providing an essential 3D microenvironment conducive to tissue repair
[14]. Furthermore, we delved into the application of 3D microscaffolds
infused with MSCs in addressing rat calvarial defects [15,16]. Such
endeavors corroborated the practicality of the proposed in vivo system
for cell therapy and in-depth mechanistic scrutiny. Consequently, the
amalgamation of in vitro engineering models with 3D microscaffold
systems emerges as a promising avenue for bone regeneration.

Endochondral ossification (ECO) stands as a paramount pathway
underpinning bone morphogenesis and rejuvenation, commencing with
cartilaginous mold establishment [17]. This intricate process sees the
aggregation of MSCs differentiating into nascent chondrocytes, which in
turn synthesize glycosaminoglycan and cartilage-specific matrix pro-
teins. The ensuing maturation stages witness chondrocyte proliferation,
with their terminal differentiation hallmarked by hypertrophy, type X
collagen (Col-X) expression, and matrix calcification. ECO’s distinct
capability to persevere in hypoxic conditions and foster neo-
vascularization alongside ossification is noteworthy [18]. By mimicking
the local niche, MSCs implicated in the ECO cascade offer an insightful
avenue to explore in vitro bone remodeling. Developmental engineering
constructs thus emerge as bio-inspired templates, accelerating bone
revival in extensive defect sites [19,20]. Contemporary research
centered on ECO’s role in calvarial defect repair has unearthed the
contributions of skeletal stem cells residing in calvarial sutures to
post-fracture ECO, despite the calvaria being primarily associated with
intramembranous ossification [21,22]. Hence, devising an in vitro en-
gineering paradigm that adeptly replicates ECO regulatory dynamics
remains indispensable for bone regeneration research.

Incretins, encompassing glucose-dependent insulinotropic poly-
peptide (GIP) and glucagon-like peptide 1 (GLP-1), purportedly influ-
ence bone homeostasis within the gut-bone axis [23]. The GLP-1
receptor (GLP-1R), categorized as a class B G protein-coupled receptor,
exhibits crucial roles in bone dynamics. Demonstratively, GLP-1R defi-
cient mice (Glp-1r—/—) manifest reduced cortical bone mass in spinal
and tibial regions [24], concurrently revealing compromised biome-
chanical attributes and maturation of the collagen matrix [25].
Intriguingly, GLP-1R presence in bone constituents suggests GLP-1R
agonists (GLP-1RAs) as influential agents in bone remodeling, notably
during regenerative phases [24,26]. Certain GLP-1RAs, including exe-
natide (exendin-4) [27-31] and liraglutide [32-35], have been vali-
dated to foster bone genesis in varied pathological models, such as
post-ovariectomy, type 2 diabetes, and hyperlipidemia. Complemen-
tary findings associate exendin-4 with a diminished bone fracture pro-
pensity [36]. Nonetheless, constraints tied to localized delivery and
fleeting half-life circumscribe the therapeutic potential of GLP-RAs,
exendin-4 included, in bone rejuvenation. In preceding investigations,
we engineered MSCs fortified with exendin-4 (MSC-E4) and discerned
their sustained therapeutic efficacy in diabetes mitigation, amplified by
autocrine and paracrine synergies with our documented 3D micro-
scaffold [37]. The aim of this study is to evaluate the efficacy of MSC-E4
in fostering endochondral ossification for augmented bone regeneration.
In this discourse, we elucidate the propensity of MSC-E4 to augment
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ECO via autocrine and paracrine modalities. A pioneering in vitro ECO
prototype was also introduced, simulating genuine ECO dynamics,
wherein distinct cellular subsets and developmental trajectories were
demystified through single-cell sequencing. The culmination of our
endeavor realized bone regeneration by harmonizing MSC-E4 with
microscaffolds in vivo contexts.

2. Results
2.1. Study design

Fig. 1 encapsulates the overarching schema of our investigation.
Commencing with the bioengineering of MSC-E4 via lentiviral trans-
duction, we delved into its potential in modulating bone turnover,
elucidating both its autocrine and paracrine influences on osteogenesis
and osteoclastogenesis. The unique attributes of MSC-E4 were further
probed, particularly its competency to facilitate in vitro ECO within a
type I collagen (Col-I) matrix. Transcending in vitro assessments, an
amalgamation of MSC-E4 and microscaffold encapsulation was har-
nessed for bone regenerative applications, specifically within a rat
critical-sized calvarial defect paradigm.

2.2. Construction of MSC-E4 and its anti-aging and anti-apoptosis activity

We have successfully constructed the MSC-E4 derived from human
umbilical cord MSCs using a lentivirus-mediated transfection approach
(Fig. 2A). Examination under light microscopy demonstrated no
noticeable morphological distinctions between MSC-E4 and MSC-C
(Fig. 2B). The MSC-E4 cells preserved the typical MSC surface marker
expression (Fig. S1 A). Additionally, both cell types maintained similar
viability profiles (Fig. S1B).

Remarkably, Exendin-4 expression in MSC-E4 manifested a surge,
with levels amplifying by approximately 10,000-fold at the mRNA level
as gauged by qRT-PCR (Fig. 2C). ELISA assessments of the extracellular
medium showed a 20-fold increase in Exendin-4 protein levels (Fig. 2D),
and this finding was corroborated by Western blot analysis (Fig. 2E). In
contrast, only trace amounts of Exendin-4 were discerned in exosomes
(Fig. S1 C & D) relative to the conditioned medium (CM) post-
ultrafiltration, implying that Exendin-4 is not predominantly secreted
via exosomes. This secretion pattern is consistent with our previous
observations [37]. Consequently, we believe that CM obtained through
ultrafiltration adequately represents the complete secretome, encom-
passing exosomes, for the functional examination of MSC-E4.

Functionally, MSC-E4 presented a heightened resilience against ROS.
In the presence of H202-induced oxidative stress, MSC-E4 also show-
cased marked anti-apoptotic and anti-aging capabilities (Fig. 2F-H),
which are in agreement with previously reported research [37].

2.3. Enrichment analysis of MSC-E4 by secretome and transcriptome

We employed an ultrafiltration technique to isolate the secretome
from MSC-C and MSC-E4, followed by detailed liquid chromatography-
mass spectrometry (LC-MS) analysis (Fig. 3 A-C, S2 A-B). The secretome
analysis identify differential expression in 146 proteins, with 39
exhibiting pronounced secretion discrepancies (Fig. 3 B). A subset of
these genes were intricately associated with the extracellular matrix,
collagen binding and cell communication in GO (Fig. S2 A) and KEGG
(Fig. S2 B) enrichment analysis. Protein-Protein Interaction (PPI)
network analysis demonstrated that these proteins predominantly
associate with cellular components and are central to the metabolism
and organization of the extracellular matrix (Fig. 3C). Transcriptome
profiling clearly differentiated the global gene expression profiles of
MSC-E4 from MSC-C (Fig. 3D), identifying 898 differentially expressed
genes (DEGs) between the two groups (Fig. 3E and F). GO enrichment
analysis highlighted alterations related to the ECM and cytoskeleton
(Fig. S2C). KEGG enrichment underscored the pivotal role of multiple
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Fig. 1. Conceptual overview of the investigative framework. The left segment delineates the bioengineering of MSC-E4. Central segment elucidate autocrine and
paracrine-mediated bone remodeling dynamics. The final segment of our study confirms that MSC-E4, encapsulated within a collagen sponge or a microscaffold,
effectively enhances bone regeneration through the ECO process, as demonstrated in both in vitro and in vivo models, aligning with the principles of BTE.

pathways, including Wnt and PI3K-Akt, in bone remodeling (Fig. 3 G &
H). Integrating the findings from secretomic and transcriptomic ana-
lyses, we propose that MSC-E4 may play a functional role in bone
remodeling through both autocrine and paracrine mechanisms.

2.4. MSC-E4 modulates bone remodeling through autocrine and paracrine
mechanisms

To discern the role of MSC-E4 in bone remodeling, we initially
focused on its autocrine effects on osteogenic differentiation (Fig. 4 A).
During osteogenic induction, MSC-E4 exhibited notable ALP activity by
day 7 (Fig. 4 B), and by day 21, there was significant mineralization
(Fig. 4C & D). Essential osteogenic markers, such as ALP, COL1A1, and
RUNX2, were upregulated by day 7 (Fig. 4 E). Notably, Exendin-4 levels
in the CM remained stable throughout the osteogenic induction period
(Fig. 4 F).

Regarding paracrine effects, we assessed the influence of MSC-E4 CM
on the osteogenic differentiation of MLO-A5 cells, a late osteoblast-early
osteocyte lineage, and on osteoclast differentiation of mouse bone
marrow macrophages (BMMs) (Fig. 4 G). When MLO-A5 cells were
treated with CM along with osteogenic induction solution, enhanced
ALP staining was evident at day 7 (Fig. 4H), with marked increases in
mineralization by day 14 (Fig. 4 I & J). Additionally, there was a sig-
nificant upregulation in mRNA expression of osteogenic markers Runx2
and Ocn.

In mouse BMM osteoclastogenesis, we observed a noticeable reduc-
tion in Trap-positive osteoclasts (Fig. 4 L), with quantitative analysis
revealing a significant decrease in both the size and number of Trap-
positive cells (Fig. 4 M). MSC-E4 CM induced a reduction in osteoclas-
togenic gene markers, including Trap, Ctsk, and Dcstamp (Fig. 4 N).

2.5. MSC-E4 mediated endochondral osteogenesis: an in vitro model

In the MSC-E4 sequencing results, a potential for ECM regulation was
unveiled, which, when compared with a previously compiled list of 33
cartilage-specific proteins [38,39] (Fig. S3A), revealed a set of 15
common proteins (Fig. S3 B). Given both the autocrine and paracrine
roles of MSC-E4 in bone remodeling, delving into mechanisms within
the context of ECO is of significant value. The ECO pathway involves the
differentiation of MSCs through chondrogenesis, which accelerates
fibrosis and ECM mineralization via hypertrophic chondrocyte forma-
tion, culminating in osteogenesis. To simulate this process, an in vitro
ECO model was developed. Leveraging the facilitative properties of Col-I
ECM on MSC condensation [40] and its role in stimulating cell
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proliferation and differentiation within limb-bud mesenchyme cell cul-
tures [41], our design drew inspiration from established models
[42-44]. MSCs were embedded in a Col-I sponge matrix and subjected to
4 weeks of chondrogenesis induction followed by 2 weeks of hypertro-
phic induction (Fig. 5 A, Fig. S3 C).

After 4 weeks of chondrogenesis, both MSC-C and MSC-E4 exhibited
typical red Safranin-O staining and positive type II collagen (Col-II)
immunolocalization. MSC-E4, notably, showed intensified staining and
uniformity, suggestive of enhanced cartilaginous tissue formation (Fig. 5
B). The Bern Score was significantly higher in the MSC-E4 group [44]
(Fig. 5C). Following the hypertrophic stage, there was a marked increase
in collagen fiber staining and Col-X expression in MSC-E4 (Fig. 5 D).
Micro-CT analysis showed a higher bone volume in the MSC-E4 group
(Fig. 5 E & F). After 6 weeks, an upregulation of the hypertrophic marker
COL10A1 and osteoblast marker COL1A1 was observed in MSC-E4
samples, with no change in the chondrogenic marker COL2A1 (Fig. 5
G). Interestingly, Exendin-4 protein levels remained stable at week 4 but
decreased during the 6-week ECO phase in CM, possibly due to the
initiation of cartilage hypertrophy [44] (Fig. 5H).

2.6. Single cell sequencing in MSC-E4 ECO in vitro model

To further explore the differentiation characteristics of MSCs during
ECO, samples of cell of ECO after induction for 6 weeks were digested
and processed for single-cell sequencing (Fig. 6 A). Dimensionality
reduction of all cellular data was visualized using UMAP (Fig. 6 B).
Characteristic markers defined four subsets: cartilage progenitor cells
(CPCs), intermediate chondrocytes (ICs), regulatory chondrocytes
(RCs), and pre-osteoblasts (POs) (Fig. 6 D), with distinct cluster marker
genes identified among DEGs, including CPCs (HMGB2, FGF2), ICs
(COL1A1, COL1A2), RCs (TPT1, MIF), and POs (COL10Al, Runx2)
(Fig. 6 E). CPCs are initiating cells in ECO. ICs were an intermediate state
of chondrogenic differentiation. RCs are thought to govern MSC
migration and proliferation [45], and POs are hypertrophic, osteogenic
cells marked by COL10A1 and Runx2 expression [46].

Comparative analysis between MSC-C and MSC-E4 revealed an in-
crease in the proportion of CPCs and POs, with a decrease in ICs and RCs
in the MSC-E4 group (Fig. 6 F), suggesting MSC-E4’s enhancement of
osteogenesis.

Developmental trajectories of these cell subsets were mapped to
understand their interrelations. The four clusters spanned two pseudo-
time branches (Fig. 6 G), with branch 1 (cell fate 1) marked by increased
COL10A and RUNX2 and decreased MIF and TPT1, while branch 2 (cell
fate 2) showed the opposite trend (Fig. 6H & I). Cell fate 1, more closely
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Fig. 2. Construction and Characterization of MSC-E4. A) Schematic illustration depicting the generation of MSC-E4. B) Morphological comparison of control MSCs
(MSC-C) and MSC-E4 using light microscopy. C) Quantitative RT-PCR results presenting the relative mRNA expression levels of Exendin-4 in MSC-E4 as compared to
MSC-C. D) Exendin-4 protein levels in the conditioned medium of MSC-E4 as determined by enzyme-linked immunosorbent assay (ELISA). E) Western blot analysis
indicating the protein levels of GLP-1 receptor (GLP-1R) in MSC-C and MSC-E4. GAPDH was used as an internal loading control. F) Assessment of reactive oxygen
species (ROS)-induced senescence in MSC-C and MSC-E4. The cells were stained for senescence-associated p-galactosidase (SA-p-Gal) activity in the absence (—) or
presence (+) of H202. G) Analysis of cell viability via CCK-8 under ROS stress conditions. MSC-C and MSC-E4 were exposed to H202 for 0, 12, and 24 h. H) TUNEL
staining of apoptosis in MSC-C and MSC-E4 after exposure to H202. Cells were stained with DAPI (blue) to highlight nuclei and TUNEL (red) to detect apoptotic cells.
Scale bar, 200 pm. For all charts, data are presented as means + SEM (standard error of the mean), *p < 0.05, **p < 0.01, ***p < 0.001, n > 3 per group.

aligned with the ECO process (designated as ECO cell fate), saw its
proportion increase within the MSC-E4 group. Conversely, cell fate 2,
termed the regulatory cell fate, was reduced (Fig. S3 E).

Furthermore, KEGG and GO enrichment analyses were performed for
MSC-C and MSC-E4 across different clusters (Fig. S3 F). DEGs were
highlighted, implicating MSC-E4’s regulatory influence on ECO
(Fig. S3G).

2.7. Enhanced bone regeneration using MSC-E4 encapsulated in
microscaffold in a rat critical-sized calvarial defect model

We integrated MSC-E4 with a microscaffold to assess its bone
regeneration capabilities in a rat calvarial defect model (Fig. S4 A for
scanning electron microscopy results). After a week of chondrogenic
differentiation in vitro, we implanted the microscaffold into the rats 5-
mm critical-sized calvaria bone defect (Fig. S4 B), and monitored cell
survival in vivo using AkaLuc fluorescence eight days post-implantation
(Fig. 7 B).

Rats were euthanized at 6 weeks and 12 weeks after surgery
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respectively. At 6 weeks, to assess cartilage formation, significant
Safranin-O staining and Col-II expression were observed at the defect
edges in both MSC-C and MSC-E4 groups, whereas barely no cartilage
formation was noted in the control group (Fig. 7C & D). This indicates
that endochondral bone formation relies on the presence of exogenous
MSCs and scaffolds. Histological assessments at the 12-week disclosed a
pronounced expression of Col-I in the MSC-E4 group. Despite similar
densities of Col-I positive cells in the Ctrl and MSC-C groups, the relative
bone thickness of defect area was significantly lower than both MSC-C
and MSC-E4 groups. Within Masson’s trichrome staining, newly
formed collagens appeared blue, and newly formed mature bone
appeared red. Notably, a more pronounced bone tissue formation was
observed in the MSC-E4 group, consistent with Col-I expression (Fig. 7 E
& F). Micro-CT scans of the calvarial defects demonstrated a substantial
increase in bone volume fraction (BV/TV), bone mineral density (BMD),
and the relative bone growth surface area (Fig. 7 G & H) in MSC-E4
group. Furthermore, a higher mineral apposition rate (MAR) was
recorded in the MSC-E4 group compared to the control and MSC-C
groups (Fig. 7 I & J), indicating that MSC-E4 with microscaffold
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Fig. 3. Secretome and Transcriptome Analysis of MSC-E4. A) Schematic representation of secretome extraction from MSC-E4 via ultrafiltration and subsequent
analysis through liquid chromatography-mass spectrometry (LC-MS), along with transcriptome sequencing workflow. B) Heatmap demonstrating the distinct protein
expression profiles between MSC-E4 and MSC-C, as identified through secretome analysis. C) Protein-Protein Interaction (PPI) network visualizing the interplay
among differentially expressed proteins, established using the STRING database. D) Principal Component Analysis (PCA) plot illustrating the global gene expression
differences between MSC-E4 and MSC-C. E) Volcano plot illustrating the differential gene expression between MSC-C and MSC-E4 based on transcriptome data. F)
Heatmap showcasing the differential gene expression patterns between MSC-E4 and MSC-C. G) Scatter plot highlighting the most significant pathways influenced by
MSC-E4, determined through KEGG pathway enrichment analysis. H) Chord diagram elucidating the intricate relationships between various signaling pathways and

their corresponding differentially expressed genes (DEGs) in MSC-E4.

facilitates bone defect repair by promoting endochondral ossification.
To exclude the independent effects of the microscaffold, a vehicle group
without cells was also examined, showing no significant differences in
micro-CT parameters, quantitative measurements, or histological
staining compared to the control group (Figure S4 C-E).

3. Discussion
In this study, we established an in vitro MSC-E4 ECO model to

simulate the bone regeneration process, revealing both autocrine and
paracrine roles in bone remodeling. MSC-E4 demonstrated superior
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differentiation in chondrogenesis and hypertrophic conditions during
ECO process, with an increased cell ratio in ECO cell fate, as shown by
single-cell sequencing. In a rat critical-sized calvarial defect model,
MSC-E4 encapsulated in microscaffolds effectively guided bone regen-
eration. Our findings suggest that MSC-E4 hold therapeutic promise for
bone regeneration through ECO process.

3.1. GLP-1RA and bone regeneration

Past research on GLP-1R in bone metabolism primarily focused on its
role in postprandial suppression of bone resorption, and studies have
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Fig. 4. Effects of MSC-E4 on autocrine and paracrine during bone remodeling. A) Schematic depicting the study of MSC-E4’s autocrine effects on osteogenic function.
B) ALP activity in MSCs following 7 days of osteogenic induction. C) Alizarin Red S staining of MSCs after 21 days of osteogenic induction. D) Quantification of MSC
mineralization at 570 nm using a spectrophotometer. E) mRNA expression levels of osteogenic markers in MSCs at day 7 of osteogenesis. F) Excedin-4 expression in
MSC medium during osteogenesis was tested via ELISA. G) Schematic illustrating the study of MSC-E4’s paracrine effects on bone remodeling. H) ALP activity in
MLO-AS cells following 7 days of osteogenic induction. I) Alizarin Red S staining of MLO-AS5 cells after 14 days of osteogenic induction. J) Mineralization of MLO-A5
cells measured at 570 nm with a spectrophotometer. K) mRNA expression of osteogenic markers in MLO-AS5 cells at day 7 of osteogenesis. L) TRAP staining of mouse
bone marrow macrophages (BMMs) during osteoclastogenesis. M) Quantitative analysis of relative cell size and number of Trap-positive multinucleated cells (n > 3)
per field. N) mRNA expression levels of osteoclastogenesis markers in mBMMs. Scale bar, 200 pm. For all charts, data are presented as means + SEM (standard error
gf the mean), *p < 0.05, **p < 0.01, ***p < 0.01, n > 3 per group.
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Fig. 5. Developing in vitro ECO Model. A) Schematic diagram of MSC-E4 in ECO in vitro model. B) Histological analysis at 4 weeks with Safranin-O staining and
immunohistochemical detection of Col-II. C) Bern score evaluation of the neocartilage formed in the ECO model at 4 weeks. D) Histological assessment at 6 weeks
with Goldner’s trichrome, Safranin-O staining, and immunostaining for Col-X. E & F) Micro-CT results of (E) the 3D reconstruction figure and (F) parameters of the
ECO model. G) mRNA expression of chondrogenic, hypertrophic and osteogenic collagen markers in ECO model. H) Excedin-4 expression in MSC-E4 CM during ECO,

determined via ELISA. Scale bar, 200 pm *p < 0.05, **p < 0.01, n > 3 per group.

linked parenteral feeding to reduced bone mass and altered bone
remodeling markers [23,47,48]. Clinical data indicate that GLP-1RA can
enhance bone formation and modulate bone resorption in patients [49,
50]. Lower serum GLP-1 levels have been reported in elderly fracture
patients compared to healthy adults [51]. Glp-1r -/- mice exhibited
cortical osteopenia, diminished mechanical properties, a less mature
collagen matrix, increased osteoclast numbers, and heightened resorp-
tion activity [24,25]. GLP-1 R A treatment in diabetic or hyperlipidemic
animal models improved bone metabolic parameters and micro-
architecture, suggesting GLP-1’s potential anabolic effects on bone tis-
sue independent of insulin [27-29,52]. GLP-1R expression has been
confirmed in osteoblast and early osteocyte cell lines, and GLP-1RA has
been shown to foster osteogenic differentiation via the cAMP-p-AMPK
pathway [26] [27,53,54]. Additionally, GLP-1RA inhibits osteoclasto-
genesis [55]. The precise mechanisms of GLP-1RA’s action on bone
turnover remain unclear, with theories involving nervous, endocrine, or
direct regulation of bone cells [23,56,57]. Exendin-4, identified from the
Gila Monster’s saliva in 1992, contrasts with human GLP-1’s brief
half-life due to its extended half-life of about 2.4 h [30,58,59]. This
discovery led to the first FDA-approved GLP-1RA, Byetta, in 2005 [60].
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However, for bone defect treatment spanning weeks, even this extended
half-life is inadequate. Addressing this, we genetically engineered MSCs
for prolonged Exendin-4 expression, enabling a deeper exploration of its
bone repair mechanisms. Furthermore, the challenges of short half-life
and targeted delivery in bone repair are addressed by our approach,
where Exendin-4 modified MSCs foster bone remodeling and regenera-
tion via endochondral ossification, overcoming the limitations of
localized administration.

3.2. A newly designed ECO in vitro model aligned with BTE principles

The model we utilized was inspired by previously established models
and involved a commercially available Col-I sponge [42-44], aligning
well with BTE requirements including scaffolds, MSCs, and bioactive
factors. Single-cell sequencing was employed to elucidate MSC cell
clusters and fates within the ECO model, enhancing our understanding
of in vitro ECO.

Single-cell sequencing identified four cell clusters—CPCs, ICs, RCs,
and POs—within the ECO process. We observed two primary cell fates
originating from CPCs: one leading to osteogenic differentiation (ECO
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Fig. 6. Mechanism of MSC-E4 in ECO depicted by single-cell transcriptomic analysis. A) A schematic overview of the single-cell RNA sequencing process for MSC-E4
model. B) UMAP plot illustrating the transcriptomic landscape of both MSC-C and MSC-E4 cell populations. C) Heatmap presenting the top 10 differentially expressed
genes (DEGs) across identified cell subsets. D) UMAP plot depicting the distribution of clustered cell populations. E) DotPlot highlighting specific marker genes
characterizing the defined cell clusters. F) Comparative analysis of the distribution of cell clusters between the MSC-C and MSC-E4 groups. G) Developmental
trajectory inferred by Monocle 3, showcasing potential lineage progression. H) Branched heatmap visualization of marker gene expression, delineating divergence
into two cell fates. I) Expression profiles of marker genes associated with two distinct cell fates set against the backdrop of the various cell clusters.
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Fig. 7. Effects of MSC-E4 with Microscaffold for Bone Regeneration in Rat Critical-Sized Calvarial Defect Model. A) Schematic illustration of the in vivo rat calvarial
critical-sized bone defect model. B) in vivo imaging displaying AkaLuc fluorescence. C) Histological sections stained with hematoxylin and eosin (H&E), Safranin-O
(Saf-0), and Col-1II, highlighting cartilage (indicated by black arrows) at 6 weeks post-implantation, the black arrows denote Col-II positive cells, scale bar, 500 pm. D)
Quantification of Col-II positive cells. E) Histological sections stained with H&E, Masson’s trichrome, and Col-I at 12 weeks post-implantation, the black arrows
denote Col-I positive cells, scale bar, 500 pm. F) Quantification of Col-I positive cells and relative bone thickness at 12 weeks post-implantation. G) Three-dimensional
reconstruction of regenerated bone via micro-CT. H) Analysis of bone mineral density (BMD), bone volume fraction (BV/TV), and relative bone growth surface area.
I) Histological sections of calvaria labeled with calcein (green) and Alizarin Red S (red). Green denotes calcein injected 2 weeks prior to euthanasia; red indicates
Alizarin Red S injected 3 days prior to euthanasia. J) Quantitative assessment of the mineral apposition rate (MAR), calculated as the average distance between two

lines divided by the number of days, scale bar, 50 pm*p < 0.05, **p < 0.01, ***p < 0.01; n > 3 per group.

fate) and the other serving a regulatory function (RCs). MSC-E4
increased the proportion of cells in the ECO fate and decreased those
in the regulatory role. Transcriptome and secretome analyses suggest
that inflammatory cytokines early in ECO differentiation and subse-
quent pro-angiogenic factors are crucial [61-68]. Our findings indicate
that the ECO model effectively evaluates the regenerative capabilities of
MSC-E4.

4. Guiding bone regeneration with MSC-E4 and microscaffold

In the in vivo study, we used a rat critical-size calvarial defect model,
which had been recently used in the study of endochondral osteogenesis
[21,69-71]. Despite intramembranous ossification being the predomi-
nant process in calvarial development, the presence of cartilage has been
documented in parietal bone regions [72]. Preclinical investigations
have established that an in vitro ECO approach necessitates a Col-I
sponge to foster MSC aggregation and maturation. Addressing the
initial inflammatory response and cell migration at the defect site, as
well as ectopic bone formation, our microscaffold served as a 3D
microcarrier, enhancing cellular activity and targeted regenerative
outcomes [14,16,37]. The cellular microcarriers, post-chondrogenic
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induction, yielded a cartilaginous matrix within calvarial defects,
whereas the absence of cells resulted in inadequate osteogenic recov-
ery—a hallmark of critical-sized defects. The ECO-driven chondro-
genesis and hypertrophic transitions were instrumental in bone repair
[22,39,73], mirrored by marked chondrogenesis in the MSC-E4 group at
6 weeks, potentially pivotal to the overall healing process. Thus, our
study establishes that MSC-E4, encapsulated in microscaffolds, effica-
ciously fosters bone regeneration via the ECO process.

4.1. Strengths and limitations

We elucidated MSC-E4’s potential regulatory function in bone
remodeling, characterized cell clustering and fate changes in the ECO
model via single-cell sequencing, and enhanced bone regeneration in a
rat model using MSC-E4 with microcarriers. Nonetheless, understanding
the spatial cellular communication and structure during in vitro ECO is
needed, and other factors like hydrostatic pressure [74], material stiff-
ness, and porosity may influence ECO or differentiation, warranting
further research. Challenges include ethical considerations in stem cell
and gene therapies, potential immunogenic risks of human stem cell
transplants, and costs related to cell transfection and microscaffold
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cultivation.

On the positive side, this research aligns with BTE strategies,
promising for bone disease treatment, especially bone defect repair.
Additionally, our secretome analysis provides a foundation for further
therapeutic developments, exploring the potential of extracellular
secretome components.

5. Conclusion

In conclusion, MSC-E4 has been engineered and its role in modu-
lating bone remodeling via autocrine and paracrine pathways has been
validated. An in vitro MSC-E4 ECO model was used to simulate the bone
regeneration process, showcasing enhanced differentiation during
chondrogenesis and hypertrophic induction. Our innovative approach
employed single-cell sequencing within the ECO model to delineate four
distinct cell subsets, providing deeper insights into cellular fates during
endochondral osteogenesis. Ultimately, we demonstrated that an ECO
construct combining MSC-E4 with microscaffolds effectively orches-
trates bone regeneration in a rat critical-sized calvarial defect model.
This research paves the way for new bone defect treatments utilizing the
principles of BTE with ECO constructs.

6. Materials and methods
6.1. Generation of MSC-E4

For the construction of recombinant cells, the Exendin-4 cDNA
sequence (EU790959) from the Gila monster was sourced from the NCBI
database. The coding sequence for Exendin-4 was: 5-atgcatggtgaag-
gaacatttaccagtgacttgtcaaaacagatggaa-
gaggaggcagtgcggttatttattgagtggcettaa-
gaacggaggaccaagtagcggggcaccteegecateg-3'. This sequence was inserted
into the lentiviral mammalian expression vector pLV-CMV-puro empty
plasmids. Lentiviral particles were produced by co-transfecting the
expression vector with the packaging vectors pVSVG and pA8.9 into
293 F T cells using the Neofect transfection agent (Neofect biotech).
After 72 h, the supernatant was harvested and centrifuged at 19,500 rpm
for 2.5 h to concentrate the viral particles, which were then recon-
stituted in Opti-MEM for infection of MSCs in the presence of polybrene
(8 pg/ml) to enhance viral entry. Post-infection, cells were expanded to
full confluence before passaging. Puromycin was introduced at 2.5 pg/
ml to select stably transduced cells. The pcDNA3-Venus-Akaluc template
was courtesy of Dr. Atsushi Miyawaki.

6.2. Cell culture and differentiation

MSCs was grown in MEM (Gibco, Carlsbad, CA, USA) and contained
10 % FBS. MLO-A5 was grown in «MEM (Gibco, Carlsbad, CA, USA) and
contained 5 % FBS and 5 % fetal calf serum. For osteogenesis differen-
tiation, MSCs and MLO-A5s were treated with 500 pM ascorbic acid, 10
mM B-glycerophosphate, and 100 nM dexamethasone.

For osteoclasts differentiation, bone marrow-derived mononuclear
cells (BMMs), isolated from the tibiae of 6-week-old male C57 mice,
were cultured for 7 days in a-MEM supplemented with 10 % FBS and M-
CSF (30 ng/ml, R&D). The cells were subsequently passaged and further
cultured with M-CSF (30 ng/ml) and sRANKL (50 ng/ml, R&D) for
approximately 5-7 days until multinucleated cell fusion was observed.
Conditioned media from MSC-C (MSC-C-CM) or MSC-E4 (MSC-E4-CM)
were added to the cultures at a 1:100 dilution in «-MEM. For TRAP
staining, cells were fixed and stained to identify TRAP-positive multi-
nucleated cells, which, possessing more than three nuclei, were quan-
tified as osteoclasts based on size and number. Concurrently, mRNA was
extracted to quantify genes associated with osteoclast differentiation.
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6.3. H202 treatment

The antioxidant and antiaging responses of MSC-E4 were evaluated
following H202 stimulation at a concentration of 100 pM. Cell viability
was assessed using a CCK-8 kit (Dojindo, Japan) at 12 and 24 h post-
treatment. At the 12-h mark, MSCs underwent TUNEL staining and
were analyzed via FITC-PI flow cytometry (Beyotime Biotechnology,
Beijing, China). Senescence was gauged using the Senescence f$-Galac-
tosidase Staining Kit (#C0602, Beyotime Biotechnology, Beijing,
China), adhering to the provided protocol. Specifically, passage 7 MSCs
were treated with 200 pM H202 for 6 h, followed by a period of incu-
bation, and then f-galactosidase staining was performed for quantitative
analysis.

6.4. Preparation of conditioned medium and secretome analysis

Cells were cultured in T75 flasks until they reached 80 % confluence.
They were then rinsed with PBS and cultured for an additional 24 h in 8
ml of serum-free medium (NC0103, You Kang). The supernatant was
then harvested, centrifuged, and passed through a 0.45-pm filter. CM
was prepared by concentrating the filtered supernatant using ultrafil-
tration with an ultrafiltration tubes (Vivaspin Turbo 15 P ES, 3000
MWCO PES). The CM were then mixed with cold acetone (12,377,
Tongguang Chem) in a ratio of 5:1 (v/v), followed by incubation at
-20 °C. After 4 h of incubation, the samples were centrifuged at 7500
rpm for 20 min, and the supernatants were removed. The remaining
protein pellets were collected and resuspended with 300 pl of 8 M urea
buffer (BDH4602, VWR). Each 100 pg of proteins was reduced with
dithiothreitol (D9760, Sigma-Aldrich), alkylated with iodoacetamide
(16125, Sigma-Aldrich), and digested with sequencing grade-modified
trypsin (V5111, Promega). The resulted peptides solution was desalted
with Sep-Pak C18 (Waters) and labeled with tandem mass tag reagent
(Thermo Fisher Scientific). Then, the resulted peptides were divided into
12 fractions through first-dimension reverse phase liquid chromatog-
raphy separation.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)-
based quantitative secretome analysis was performed using Orbitrap
Fusion Lumos mass spectrometer (Thermo Fisher Scientific) and online-
coupled nano-high-performance liquid chromatography system
(Thermo Fisher Scientific). Peptides were separated by gradient elution
in elution buffer at a flow rate of 0.25 pl/min for 2 h, containing mobile
phase A (0.1 % formic acid in water) and mobile phase B (0.1 % formic
acid in acetonitrile). The mass spectrometer with Xcalibur software
(version 3.0) was fixed to data-dependent acquisition mode, followed by
the acquisition of full-scan mass spectrum. Data-dependent MS2 scans
were performed 20 times at higher-energy collisional-based fragmen-
tation. Data of each LC-MS/MS run were examined through the
SEQUEST search engine from Proteome Discoverer software (version
2.1, Thermo Fisher Scientific) against the UniProt database.

6.5. Exendin-4 concentration measurement

The concentration of Exendin-4 in the supernatant and exosomes was
quantified 24 h post-construction using an exenatide ELISA kit (EK-070-
94, Phoenix Pharmaceuticals), with values calculated against Exendin-4
standard curves. Samples were collected for analysis at three key time
points—2, 4, and 6 weeks—during both osteogenic and ECO induction
phases.

6.6. RNA extraction and RT-gPCR

Total RNA was extracted from the cultured cells, villous tissues, and
placental tissues using Simply P Total RNA (Bioer, Hangzhou) according
to the manufacturer’s instructions. The RNA concentration was
measured by ultraviolet spectroscopy (Microdrop; Bio-DL Corporation).
Total RNA (1 pg) was used for reverse transcription with a Prime Script
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RT reagent kit (Takara Bio). Primers were synthesized by Sangon
Biotech; GAPDH was used as an endogenous control for gene expression
analysis. The sequences of the PCR primer pairs for each gene are shown
in Table 1. Quantitative RT-PCR was carried out using a Bio-Rad CFX
Connect Detection System (Bio-Rad, Hercules, USA). PCR cycling con-
ditions included predenaturing at 95 °C for 3 min, followed by 40 cycles
(94 °C for 55,58 °C for 15 s, and 72 °C for 15 s) and extension at 72 °C
for 30 s. The threshold cycle Ct value was defined as the fractional cycle
number at which the fluorescence passed the fixed threshold.

6.7. RNA sequencing

RNA-seq analysis was conducted on MSC-C and MSC-E4, using 1 ug
of total RNA for each sample. RNA-seq was conducted by Anoroad Gene
Technology (Beijing, China). Differential expression genes were identi-
fied by the DESeq2 package, and functional enrichment for GO and
KEGG was performed with the GOstats package.

6.8. Western blots

Briefly, cells or tissues were homogenized in radio-
immunoprecipitation assay buffer (PS0012, Leagene). Protein concen-
trations were determined using the BCA Protein Assay Kit (P0010S,
Beyotime). Samples were loaded on 10 % SDS-polyacrylamide gel
electrophoresis gels and then transferred to nitrocellulose membranes.
Immunoblotting was done in primary antibody dilution buffer (A1810,
Solarbio) with the corresponding antibodies. The antibodies were pur-
chased as follows: anti-GLP-1R (bs-1559 R, Bioss) and anti-GAPDH
(881, YEASEN).

6.9. Endochondral ossification (ECO) induction protocol

Drawing on methodologies from prior in vitro research [42-44], we
encapsulated MSCs within COL-I sponges (Collagen Sponge, Bonanga)
fashioned to 2.5 mm in diameter and 5 mm in height. P7 MSC-C or
MSC-E4 cells were resuspended and seeded into the scaffolds at a vol-
ume of 12.5 pl and concentration of 40,000 cells/pl. The cultures were
maintained with bi-daily replacement of the ECO induction medium.
This induction involved two distinct phases: chondrogenesis followed by

Table 1
Primer list.

Primer name Sequence (5' to 3"

h-Exendin-4-F CGCTCTAGAATGCATGGTGAAGGAACATTTAC
h-Exendin-4-R CGCGGATCCTTACGATGGCGGAGGTGCCCCGC
h-ALP-F ACCACCACGAGAGTGAACCA
h-ALP-R CGTTGTCTGAGTACCAGTCCC
h-COL1A1-F ATGTTCAGCTTTGTGGACCTC
h-COL1A1-R CTGTACGCAGGTGATTGGTG
h-Runx2-F TGGTTACTGTCATGGCGGGTA
h-Runx2-R TCTCAGATCGTTGAACCTTGCTA
h-COL2A1-F TGGACGATCAGGCGAAACC
h-COL2A1-R GCTGCGGATGCTCTCAATCT
h-COL10A1-F ATGCTGCCACAAATACCCTTT
h-COL10A1-R GGTAGTGGGCCTTTTATGCCT
h-GAPDH-F AGGTCGGTGTGAACGGATTTG
h-GAPDH-R GGGGTCGTTGATGGCAACA
m-Runx2-F AACGATCTGAGATTTGTGGGC
m-Runx2-F CCTGCGTGGGATTTCTTGGTT
m-OCN-F AGGGAGGATCAAGTCCCG
m-OCN-R GAACAGACTCCGGCGCTA
m-Trap-F CACTCCCACCCTGAGATTTGT
m-Trap-R CCCCAGAGACATGATGAAGTCA
m-Ctsk-F CTCGGCGTTTAATTTGGGAGA
m-Ctsk-R TCGAGAGGGAGGTATTCTGAGT

GGGGACTTATGTGTTTCCACG
ACAAAGCAACAGACTCCCAAAT
CAGTGCCAGCCTCGTCCCGTAGA
CTGCAAATGGCAGCCCTGGTGAC

m-Dcstamp-F
m-Dcestamp-R
m-GAPDH-F
m-GAPDH-R
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hypertrophy. The chondro-inductive medium was composed of 10
ng/ml TGF-$3 (P02149, Solarbio), 100 nM dexamethasone (Sigma-Al-
drich), and 10 pM ascorbic acid (Sigma-Aldrich). The
hyperchondro-inductive medium included 50 pM L-thyroxin (IT0210,
Solarbio), 100 nM dexamethasone, 50 pg/ml interleukin 1-p (Solarbio),
and 0.01 M B-glycerolphosphate (Sigma-Aldrich).

6.10. Morphological observation of microscaffolds

The architecture of the microscaffolds (3D TableTrix® Microcarriers,
CytoNiche Biotech, Beijing) was scrutinized using scanning electron
microscopy (SEM, JSM-7900 F, Japan). This was performed both in the
presence and absence of MSC cultures. The microscaffolds were sub-
jected to freeze-drying, followed by a 90-s gold sputter coating to
enhance electrical conductivity prior to SEM imaging, facilitating
detailed microstructural assessment.

6.11. Establishment of critical-size rat calvarial defect and MSC
implantation

The rat calvarial defect model and subsequent animal experiments
were conducted under the approval of the Peking University Ethics
Committee (LA2019365). Forty male Sprague-Dawley (SD) rats, aged 8
weeks and weighing 220-240 g, were acclimatized to specific-pathogen-
free conditions with ad libitum access to food and water, and a
controlled 12-h light/dark cycle, before the experiments began. After a
week of acclimatization, rats were randomized into four groups (n = 10
each): control, cell-free microscaffold (Vehicle), MSC-C with micro-
scaffold (MSC-C), and MSC-E4 with microscaffold (MSC-E4). Under
isoflurane anesthesia and semi-sterile conditions, a longitudinal incision
was made on the scalp, followed by periosteal dissection. A 5 mm
diameter defect was carefully created using a trephine bur, with
continuous saline irrigation to reduce heat injury. The dura mater was
meticulously preserved to prevent hemorrhage and ensure optimal bone
healing conditions. The respective group implants were placed into the
defects, and the surgical site was closed with sutures. Post-operative care
included the administration of 100 mg/kg cefazolin for two days to
prevent infection.

6.12. Micro-CT scanning and analysis

Twelve weeks post-operation, rats were euthanized with carbon di-
oxide. The excised calvarial specimens, encompassing the defect area,
were fixed in 4 % paraformaldehyde for 24 h. Subsequently, they were
assessed using micro-CT (SCANCO pCT-100, Switzerland). Parameters
including bone volume/tissue volume (BV/TV), bone mineral density
(BMD), and the relative bone growth surface area of the regenerated
tissue were quantified using the Evaluation V6.5 software (SCANCO,
Switzerland).

6.13. Histology and immunohistochemistry

Histological and immunohistochemical examinations were per-
formed on both in vitro ECO model and in vivo calvarial samples. The
calvarial specimens were decalcified using 10 % EDTA solution over a
period of four weeks. Following a sequential dehydration process in
graded ethanol series, the samples were embedded in paraffin at a sec-
tion thickness of 7 mm. Staining was carried out with hematoxylin and
eosin (H&E), Safranin O, Alcian blue, and Masson’s trichrome. For
immunohistochemical analysis, antibodies targeting Col-I (Novus,
NB600-408, 1:100), Col-II (bs-10589R, 1:200), and Col-X (eBioscience,
14-9771-82, 1:200) were employed. The neocartilage, developed
through the ECO process in vitro, was quantitatively assessed using the
Bern Score [75].
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6.14. Bone histomorphometry analysis

For mineralization rate analysis, alizarin red (30 mg/kg, Sigma-
Aldrich, United States) and calcein (30 mg/kg, Sigma-Aldrich, United
States) with fluorescent labeling were injected intraperitoneally at 3 and
21 days before euthanasia, respectively. Sample collection and histo-
logical processing were performed as described above. Non-decalcified
sections were observed using a fluorescence microscope (Olympus,
Japan).

6.15. Single-cell RNA-seq library preparation and sequencing

Preparation and quality control of the single-cell suspension: MSC
microspheres (n = 5 for each group) cultured for 6 weeks in vitro for
endochondral induction, then placed in complete medium containing
0.1 % type I Collagenase degradation in 37 °C constant temperature
shaking table at a speed of 40 rpm for 1 h. The cell dissociation solution
was filtered through a 40 pm cell strainer, centrifuged at 400 g, resus-
pended in 1 ml PBS containing 0.04 % BSA, and washed twice. Subse-
quently, an appropriate amount of PBS was added to the cell precipitate
to obtain a single-cell suspension at a concentration close to the target
value. The single-cell suspension was then inspected for cell quality.
Once high activity (>85 %), less agglomeration, a clean background,
and an appropriate concentration were obtained, the sample was
immediately placed on ice for subsequent use.

Construction, quality control, and sequencing of the library: After
obtaining a qualified single-cell suspension, water in the oil drop library
was prepared through a microfluidic channel. A single gel bead and
single cell were first wrapped by separate water-in-oil droplets to form
gel bead-in-emulsions (GEMs). Each gel bead had a unique barcode,
unique molecular identifier (UMI) sequence, and poly-dT primer
sequence for the reverse transcription reaction. Subsequently, in the
GEM reaction system, the cells were lysed, mRNA was released, and the
reverse transcription reaction was initiated with the poly-dT primer
sequence using reverse transcriptase to produce the first-strand cDNA.
The first-strand cDNA was then enriched by PCR amplification and the
library was constructed. Library concentration was then measured using
a nucleic acid quantitative analyzer (Qubit® 3.0, Life Technologies,
Carlsbad, USA), and a highly sensitive DNA detection kit (Agilent
Technologies, Santa Clara, USA) was used to determine the length dis-
tribution of the library fragments. Quantitative PCR (qQPCR) was used to
quantify the effective concentration of the library, expected as greater
than 10 nmol/L. After the qualified library was prepared, it was
sequenced using an Illumina HiSeq platform (San Diego, USA).

Data quality control: Bcl2fastq2 (v2.18, Illumina) was used to extract
data and generate FASTQ files for each cell using unique barcode
combinations in the Nextera XT DNA Library. The FASTQ files of the 12
samples were processed using Cell Ranger (v3.1.0) and sus scrofa (pig)
Sscrofall.1.90 chromosome was used as the reference genome in Cell
Ranger to generate the feature barcode matrix. Next, the Seurat object
list was generated using the Seurat package (v. 3.2.0) 7, 41 with R
software (v.3.5.1) according to the following criteria: (1) minimum cells
=5; (2) 800 < nFeature_RNA <10,000; (3) percentage mt < 0.2. In other
words, genes expressed in at least 5 cells and cells detected gene number
ranged from 800 to 10,000 were kept for further analysis. Low-quality
cells were also filtered if > 20 % UMIs derived from the mitochondrial
genome. Doublet cells were evaluated using Scrublet 49 and were
removed in the following analysis.

Data dimensionality reduction: The filtered gene matrix was
normalized using the NormalizeData function, and 2000 variable genes
with high intercellular variation were analyzed using the FindVaria-
bleFeatures function 30. To reduce the dimensionality of the datasets,
the RunPCA function was executed with default parameters on linear
transformation-scaled data generated by the ScaleData function. To
eliminate batch effects across samples, the first 20 dimensions of ca-
nonical correlation analysis (CCA) and principal component analysis
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(PCA) were used. Cells were clustered using the FindNeighbors and
FindClusters functions (0.1 resolution setting) and UMAP (Uniform
Manifold Approximation and Projection) visualization was performed
with the first 20 dimensions.

Identification of cell subsets and marker genes: Clusters were clas-
sified and annotated based on the expression of canonical markers of
particular cell types. Correlation analysis between clusters and Single R
score were used to distinguish chondrocyte subsets from non-
chondrocyte subsets. Based on the conclusions of previous studies,
functional enumeration analysis was used to assist in identifying cell
subsets. Markers for each of the identified clusters were identified using
the FindAllMarkers function of Seurat. Additionally, an R package Sin-
gleR was used as a reference-based single-cell RNA-Seq annotation tool,
and the human BlueprintEncodeData dataset was chosen as references
by using homologous genes.

DEG identification and functional enrichment analysis: the Find-
Markers function of Seurat was used to identify differentially expressed
genes (DEGs) between two groups of cells with default parameters
(logfc.threshold = 0.25, test. use = “wilcox,” min. pct = 0.1, p_val adj
<0.01). We performed Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) functional enrichment analyses with hy-
pergeometric tests. Enrichment terms were obtained with p. adjust
<0.05. P-value adjustment (FDR) was performed using the Benjamini-
Hochberg method.

Single-cell trajectory analysis: By studying the gene expression
changes of each cell, we analyzed the overall gene trajectory to place
each cell in the appropriate position in the trajectory and obtain the
arrangement relationships between cell subsets. Single-cell trajectory
analysis was performed using Monocle 2 with DDRTree dimensionality
reduction and default parameters 36. The raw expression counts of cells
were filtered. Branch expression analysis modelling (BEAM) was per-
formed for branch fate-determined gene analysis. Using scRNA-seq data,
the dynamic change direction and rate for the whole transcriptome were
inferred by the accurate and sensitive detection of RNA abundance
signals.

6.16. Statistical analysis

Data are expressed as mean + SEM. Statistical comparisons for two
groups were made using unpaired Student’s t-test, while one-way
ANOVA was employed for multiple group analyses, followed by post-
hoc tests for detailed pairwise comparisons. These analyses were con-
ducted using GraphPad Prism software (version 9.5; La Jolla, California,
USA). For ANOVA, post-hoc comparisons were performed using Tukey’s
multiple comparisons test, as appropriate, to adjust for multiple testing.
A p-value of less than 0.05 was deemed to indicate statistical
significance.
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